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Abstract
Fisher

Garden symphylans (Scutigerella immaculata Newport) are increasingly

important pests of below-ground parts of over 100 crops in Oregon. The focus of

our work was to improve S. iininaculata management through 1) development of a

bait sampling method, 2) examination of the susceptibility of selected crops to S.

immaculata feeding in the field and laboratory and a reanalysis ofpreviously

published results, and 3) investigation of the suitability of selected crops and soil

for the development of S. iinrnaculata populations in the field and laboratory.

Sample size requirements were developed for the bait and soil sampling

methods. Estimating densities of I to 20 S. immaculata at fixed precision levels

required 1.5 times more sample units for the baiting method than the soil method.

Sampling recommendations for the baiting method performed well when validated

by resampling a large independent data set. The bait sampling method provides an

effective reliable alternative to the standard soil sampling method.

In the laboratory, as S. immaculata densities increased, dry weight of

spinach (Spinacia oleracea L.) and tomato (Lycopersicon esculentum L.) seedlings
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were significantly reduced from 85 to 89%, whereas corn (Zea mays L.) and potato

(Solanurn tuberosurn L.) dry weight were not reduced. As S. iminaculata densities

increased in the field, the normalized difference vegetation index (NDVI) of squash

(Cucurbitapepo L.) and broccoli (Brassica oleracea L.) crops sharply decreased,

while the NDVI of corn and potato crops was only slightly reduced. In reanalysis

of previously published data, the stand counts of crops seeded into S. immaculata

infested soil appeared to increase as seed size increased. These findings will be

used to help develop action thresholds and sample size requirements, and reduce S.

immaculata damage.

In the laboratory, S. inunaculata population growth was significantly

greater on spinach than on tomato, sweet corn, potato, or soil alone, and

significantly lower on potato than on spinach, corn, tomato, or soil alone. In the

field, greater S. immaculata population decreases were observed in potatoes than in

sweet corn or clean fallow. These results provide strong evidence that crop rotation

may significantly influence S. immaculata population levels.
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Sampling and Management of Garden Symphylans (Scutigerella immaculata
Newport) in Western Oregon

CHAPTER 1. Introduction

Garden symphylans (symphylid), Scutigerella immaculata (Newport), are

serious pests of many vegetables, fruits and specialty crops in western Oregon.

These arthropods are white, soft-bodied "centipede-like" animals which are not

insects, but members of the Class Symphyla. Several Symphyla species are present

in western Oregon. However, garden symphylans are the most widespread species

present in Oregon's agricultural soils and the only Symphyla species currently

recognized as a pest in the western US (Scheller 1986).

Members of the class Symphyla have similarities to both insects and other

myriapods, and have been of interest to systematists for centuries for their

phylogenetic significance (Edwards 1957a, Waterhouse 1963, Scheller 1986).

However, the initial report of S. immaculata as a pest (of asparagus) in 1905 near

Sacramento, CA (Woodworth 1905), established additional interest in the class, and

in S. immaculata in particular. Following this report, S. immaculata was

subsequently identified as a pest in several other states, including Indiana,

Michigan, New Jersey, New York, Ohio and Oregon (Waterhouse 1970) and

internationally (Michelbacher 1938).

Major early studies concerning the pest status of S. immaculata were

conducted by Wymore and Michelbacher in California (Wymore 1931,



Michelbacher 1935, 1938, 1949), Riley in Indiana (Riley 1929), Filinger and

Martin in Ohio (Filinger 1928, Martin 1940), Illingworth in Hawaii (Illingworth

1927) and Thomas in Pennsylvania (Thomas 1949). Work with S. immaculata in

Oregon began with preliminary trials in 1924 (Morrison 1937). Efforts were

subsequently expanded in 1937 when the Oregon legislature allocated the

Experiment Station $2,400 for the Departments of Entomology and Horticulture to

study respectively the life history, habits, ecology and control of S. immaculata and

the effects of commercial fertilizers at sites with S. immaculata infestations

(Morrison 1937). The entomological portion of this work was directed by Hugh E.

Morrison who continued to work extensively with S. immaculata at Oregon State

College up to his death in November of 1967.

Much of Morrison's work focused on chemical control of S. immaculata,

but it also included studies addressing sampling, biology, movement, novel control

methods such as dynamite (Morrison 1960) and the effects of agronomic practices

on S. immaculata populations (Morrison 1953). S. immaculata research at Oregon

State University in the years following Morrison's death included continued work

with chemical control methods (Berry and Crowell 1970), but also focused on

biological control (Swenson 1965, Koontz 1968, Berry 1973), laboratory rearing

(Ramsey 1969, 1971), biology (Berry 1972), bionomics (Savos 1968) and

relationships with host plants (Simigrai and Berry 1974, Eltoum and Berry 1985).

In the mid-1990s, the loss and impending loss of many of the chemical

controls used against S. immaculata and the increasing prevalence of organic and
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reduced-input farming systems in which S. immaculata had become problematic

led to an integrated study focusing on cover crop and tillage system effects on S.

immaculata and its predators (Peachey et al. 2002). Among the outcomes of this

study were a newly recognized significance of vegetation type on S. immaculata

populations and the preliminary development of a bait sampling method (William

1996). Our work, subsequent to this study, focused on the management of S.

immaculata in western Oregon agroecosystems through continued study of

sampling issues and the relationships between S. immaculata and selected crops.

In Chapter 2 we further developed the recently devised bait sampling

method (William 1996). Although accurate estimation of S. immaculata densities

is essential in order to make informed management decisions, the vertical

movement and patchy distributions of S. immaculata populations have previously

necessitated extensive resources to obtain accurate population density estimates.

Until the recent development of bait sampling methods, S. iinmaculata sampling

had primarily employed time-consuming soil sampling methods using hand-sorting,

flotation or Berlese funnels to extract the S. immaculata. Preliminary advantages

of the bait sampling method included a significant per sample unit time reduction

and measurement of only the actively feeding portion of the S. immaculata

population. h this chapter we used Taylor's power law (Taylor 1961) and standard

sample size formulae to develop sampling recommendations (i.e., sample sizes) for

using the bait sampling method to estimate S. immaculata densities at fixed

precision levels. We then validated these recommendations by resampling a cohort
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of independent data sets and compared them to the sample size requirements of the

soil sampling method, developed by applying Taylor's power law (Taylor 1961) to

a large set of Morrison's historical soil sampling data.

In Chapter 3 we examined the relationship between S. immaculata densities

and the health (susceptibility) of selected crops in the field and laboratory and

through a reanalysis of a study conducted by Morrison (1937). The relationships

addressed in this chapter have been of interest to growers and researchers since the

first observance of S. immaculata feeding on asparagus stems and roots

(Woodworth 1905) and remain fundamental to making informed management

decisions concerning S. immaculata (e.g., pesticide applications, tillage intensity,

crop choice). Coupling an understanding of these relationships with accurate

population density estimates may in itself provide an effective means of reducing S.

i'nmacu1ata damage, by simply avoiding the planting of highly susceptible crops at

sites with high S. immaculata densities. Without elucidation of these relationships,

accurate population estimates are of limited value for management purposes.

In Chapter 4 we addressed the suitability of selected crops and soil for the

development of S. immaculata populations in the field and in the laboratory.

Factors influencing population levels are of paramount importance to researchers

and growers. Although considerable population stability has been documented

(Edwards 1958), dramatic population shifts have also been observed (Michelbacher

1937, Edwards 1958). These shifts may be partially related to the suitability of

food sources available to S. immaculata, and possibly may be manipulated by



growers. However, the influence of food sources on population levels is not well

understood.

Numerous researchers have kept S. immaculata alive for months to years

without living plant material (Williams 1907, Wymore 1924, Michelbacher 1938).

Also, S. immaculata have been shown to feed on manure, compressed yeast, soil

and fungal hyphae and spores (Martin 1948, Edwards 1957a, Shanks 1966, Savos

1968), survive longer in non-sterile than sterile laboratory environments (Williams

1907, Waterhouse et al. 1969) and commonly occur in soils with high organic

matter andlor manure (Wymore 1931, Michelbacher 1938). The addition of

organic matter, however, has not been demonstrated to provide a direct or indirect

food source that will attract S. immaculata away from the roots of crops. Numbers

of S. immaculara within fields have been shown to be greater in regions of soil

containing root systems than in bare soils (Michelbacher 1938, Edwards 1961), and

Shanks (1966) demonstrated that S. immaculata are not able to reproduce

significantly without live plant material. Using personal and growers'

observations, along with previous reports (Martin 1940), we therefore hypothesized

that crop type could exert a major influence on S. immaculata populations, and

examined manipulation of food sources as a method of reducing populations.



CHAPTER 2

Sampling Considerations for Garden Symphylans (Symphyla, Scutigerellidae:
Scurigerella immaculata Newport) in Western Oregon

J. R. Umble and J. R. Fisher

Submitted to Journal of Economic Entomology
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ABSTRACT

Sampling recommendations were developed for a potato bait sampling

method used to estimate garden symphylan (Scutigerella immaculata Newport)

densities in western Oregon. Sample size requirements were developed using

Taylor's power law to describe the relationship between sample means and

variances. Developed sampling recommendations performed well at sample sizes

of 30 and greater, when validated by resampling a cohort of 40 independent data

sets. Sample size requirements for the bait sampling method were 1.5 times greater

than the requirements for the soil sampling method over densities from 1 to 20 S.

iin,'naculata per sample unit. As S. i,ninaculata densities increased from April to

May, sample size requirements decreased by 36% for fixed precision levels. For

sampling in April, decreasing the damage threshold from 20, to 10 and S S.

iinrnaculata per sample unit, required a 1.6 and 2.5 times greater sample size

requirement, respectively, for a fixed precision level (c) appropriate for pest

management (c = 0.25). The bait sampling method provides an efficient reliable

alternative to the standard soil sampling method used to monitor garden symphylan

populations.



Introduction

Garden symphylans, Scutigerella immaculata Newport, have been

economically important pests of the roots and other subterranean parts of many

crops in Oregon since the 1920s (Morrison and Bouquet 1938). Presently,

pesticides continue to be used as a preventative pest management tactic against S.

immaculata due to the difficulties in sampling populations, incomplete damage

thresholds, and a lack of other known effective tactics.

The omnivorous habits (100 hosts in Oregon) of S. immaculata confound

management (Morrison 1953), and the ability of this pest to persist in soils when no

host is present by feeding on organic matter and other soil fauna perpetuates latent

populations (Martin 1948). Devastating losses are common in some cases,

especially in organic and reduced-input systems. Moreover, the loss and

impending loss of many soil pesticides active against S. immaculata will likely lead

to crop losses in systems where S. immaculata damage is currently controlled.

To address current and impending crop losses, recent S. iinrnaculata

management efforts have focused on crop rotation (Peachey et al. 2002, Umble

2002), tillage manipulation and conservation of natural enemies (Peachey et al.

2002). However, the effectiveness of these tactics, as well as the more judicious

use of conventional tactics, is constrained by sampling difficulties. All lifestages

may be present at any time during the year in western Oregon (Savos 1968) and

patchy spatial distributions and vertical movement to a soil depth of over 1 meter

complicate accurate estimation of population density.



Sampling methods for S. immaculata have predominately used direct soil

counts, with the depth and area of the sampling unit varying from 10 to 122 cm and

from 81 to 929 cm2 respectively (Edwards and Dennis 1962, Morrison 1965).

Sampling to a depth of 46 cm to the subsoil has led to absolute S. immaculata

densities as high as 22,200 and 19,000 per m2 (Edwards and Dennis 1962), which

are notably larger estimates than those resulting from efforts that only considered

the surface horizons as a potential habitat (Edwards 1958).

Absolute density estimates, however, are often not essential for pest

classification which requires elucidation of the relationship between sampled pest

densities (absolute or relative) and crop health. For S. immaculata, this relationship

is complicated because the impact of a fixed density on a crop varies temporally

during cyclical feeding/molting stages. During these stages, these pests may

consume 0 to 15 times their own weight in 24 11 (Edwards 1961). Therefore, S.

iinmaculata densities estimated by soil sampling techniques are difficult to relate to

crop health (Howitt et al. 1959); and damage thresholds have not been well

developed. Morrison (1965) advocated that S. iinmaculata are "definitely"

problematic if an average of 108 S. im,naculata per m2 (10 S. immaculata / 30.5

x 30.5 x 30.5 cm shovelful) are found after taking 30 or more representative sample

units (shovelfuls) from the surface soil. In more recent years, recommendations are

lower and suggest that "problems usually occur" when densities exceed 54 5.

iminaculata per m2 (5 S . immaculata / shovelful) (Anonymous 1998). No

recommendations based on soil sampling provide variable thresholds for different
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crops, which vary greatly in their susceptibility to S. immaculata (Morrison 1937,

Edwards 1957a, Umble 2002).

A bait sampling method (William 1996) has shown great potential for

improving sampling accuracy and effectiveness. We recently used this method to

describe the relative susceptibility of a number of crops to S. immaculata, possibly

leading to variable treatment thresholds, and/or the manipulation ofplantings based

on pre-plant S. immaculata densities (Umble 2002). The benefits of this method

include per sample-unit time reduction and measurement of only those S.

immaculata that are feeding. The drawbacks of this method include an inability to

complete sampling in id and a possibility of counts being influenced by daily

temperature fluctuations. Our four objectives were: 1) to develop sampling

recommendations for the bait sampling method, 2) to compare the sample size

requirements for the bait sampling method with the requirements for the soil

sampling method (Morrison 1965), 3) to perform a validation analysis for the bait

sampling method, and 4) investigate how sample size requirements change

temporally through the spring and early summer in western OR, using a previously

described temporal population trend (Umble 2002).

Materials and Methods

Bait sampling method. Each sample unit (bait) consisted of one half of a

longitudinally sliced number 80 russet potato (227 - 369 g) placed on the soil

surface (William 1996) which had been skimmed-lightly to expose moist soil. Baits

were covered with white, no-hole pots measuring a 16.5 cm diameter by 12.7 cm



high (McConkey Co., Woodburn Oregon, Pot #JMCJD5O). Following placement,

baits were left undisturbed for 2 to 5 d after which S. immaculara were sampled by

removing the pot, lifting up the potato, counting the S. immaculata on the soil, and

then counting the S immaculata on the potato. S. immaculata on the potato were

removed from the sites. Baits for each plot were monitored in one morning (7:00

a.m. - 12:00 p.m.).

Sample size requirements. Sample size recommendations were developed

using the formula a = s2/2c2 (Karandinos 1976) where n is the number of sample

units required for a given sample mean () and variance (s2) at the specified

precision level (c) expressed as the coefficient of variability (i.e., standard error to

mean ratio: (s/)/). Because S. im,naculata dispersion patterns are known to be

clumped (i.e. s2/ > 1) (Edwards 1958, Taylor 1961), the relationship between the

mean and variance was described using Taylor's power law (Taylor 1961):

s2 = am" where a and b are deterniined by regressing logio sample variances on

log jo sample means: log1o(s2)= log10(a)±bIog10(). Using the power law to

describe the relationship between the sample mean and variance in the previously

described sample size formula yields the formula: n = a2/c2 (Ruesnik 1980)

where a and b are coefficients derived from the power law. Sample size

requirements were calculated for 3 levels of precision: c = 0.10, 0.15 and 0.25 for

the bait and soil sampling methods.
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Derivation of Taylor's power law coefficients. For the bait sampling

method, sample variance estimates were determined over a range of pest densities

by sampling 11 plots with historic S. immaculata pressure in western Oregon and

northern California in the spring and summer of 2001. Plots varied in size from

600 to 4800 rn2 and were sampled in conjunction with parallel studies relating S.

immaculata samples to plant health variables (Umble 2002) and comparing host

plant effects on growth and temporal trends of S. i,nmaculata populations (Umble

2002). Eight of these plots were located at 5 sites, and sampled on 2 dates between

1 May and 10 July 2001. The other three plots were located at 1 site, and sampled

on 37 dates from I May to 19 September 2001. For all sites, sample units were

placed in a systematic 4 m x 4 m pattern. The management of these plots varied

(e.g. crop type, tillage, pesticide usage) and is detailed in Umble (2002). The range

of conditions and the geographic location of these plots were representative of the

conditions and region for which the sampling method was intended to be

implemented.

For the soil sampling method, variance estimates were obtained at a number

of pest densities using historical soil sampling data from annual and biennial

reports from research conducted by H.E. Morrison in western Oregon from 1937

through 1947 (Morrison 1937, Morrison and Bouquet 1938, Morrison 1939,

Morrison et al. 1942, Morrison and Rasmussen 1945, 1946, Morrison et al. 1947).

Many of the earlier reports (1937-1938) provided detailed description of

experimental design and sampling methods with generally decreasing detail
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through the 1940s. All of the studies in these reports which presented raw data

were used. Data from 1948-196 1 were available but not used because raw data

were not generally reported. Although the experimental designs of these studies

varied, many used completely randomized or latin square designs to compare 3 to

20 treatments (e.g., tillage, pesticides, amendments, rotations) using 3 to 5

replicated plots of 9.3 to 37.1 m2. S. immaculata density was estimated for each

plot by hand sorting 3 sample units of 30.5 x 30.5 x 30.5 cm blocks of soil

(0.028m3), which took 10 to 50 minutes per sample unit (Morrison and Bouquet

1938). Therefore, a typical data set for mean and variance estimation consisted of

S. immaculata counts from 1 5 sample units (3 sample units X 5 plots).

Validation of the baiting method and sample unit time requirements.

The sample size requirements developed for the baiting method were validated by

resampling a cohort of independent data sets similar to the method advocated by

Naranjo and Hutchison (1997). Our resampling and validation methodology is

different from that used by Naranjo and Hutchison (1997) who presented a

resampling protocol and software to validate sequential and binomial sampling

plans. The validation data sets were collected in conjunction with a parallel study

in the year 2000 (Umble 2002). These 40 data sets were collected by sampling 1

site over time, with 300 sample units taken at each sampling event, i.e. sample size

(n) = 300. Sampled densities for these data sets ranged from 0 to 14 S. immaculata

per sample unit.
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These data were resampled by repeatedly drawing random samples from

each data set for each of 6 sample sizes, n: 15, 20, 30, 50, 90 or 170 sample units

using S-Plus (S-Plus 2000). For each sample size, 500 samples were drawn with

replacement, from each data set. For example, for the sample size (n) of 15, 1) a

cohort of 15 sample units (i.e. sample) was randomly drawn from the first data sets

300 sample units; 2) this was repeated 499 times; 3) 500 cohorts of 15 sample units

were then selected from the second data sets 300 sample units, and for each of the

subsequent data sets; and 4) this 3-step process was repeated for each of the other

five sample sizes. The resultant data set, therefore, contained 500 cohorts of

sample units for each data set (40 total) for each sample size.

500

The average precision for each data set (
[

(s/i)/]/soo) was

calculated for each sample size. We compared how the observed precision levels

for each sample size related to the precision levels predicted by the developed

sampling recommendations: c = a b_2)/n , where = the density estimate for

each data set using all sample units (n = 300), by calculating the total variation in

observed precision levels explained by the predicted precision levels (r2). Also, we

calculated the average difference (error) between the observed and predicted

precision levels (predicted c - observed c) for each sample size at the densities of 0

to 3, 3 to 6, 6 to 9, and 9 tol4 S. immaculata per sample unit as well as the standard

deviation of these differences.
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The approximate range of the time required for each sample unit in this

cohort of data sets was estimated from the field notes taken while sampling this

plot by calculating 1) the average time required to take each of the 300 sample units

at maximum population density, 2) the average time required to take each of the

300 sample units at the lowest population density and 3) the average time required

to set-up each of the 300 sample units.

Sampling considerations with respect to temporal trends. The time at

which thresholds have been developed is from late June through early July (Umble

2002). However, sampling is usually conducted from April through early June.

Thus, to investigate how sample size requirements change temporally from mid-

April through early July, the number of sample units required in late June through

early July was compared with the number required during April and May.

Representative data describing the temporal trend of the relative density of bait-

sampled populations from mid-April through mid-July were taken from Umble

(2002) where this trend and the management of this plot are described in detail.

Briefly, the field was a weedy fallow through the winter; glyphosate (1.12 kg

Al/ha) was applied on 17 May; the seed bed was prepared on 12 June with a cover

crop disk; and sweet corn (Zea mays L.) was planted on 14 June and overhead

irrigated at a rate of 2.54 cm I wk throughout the season (Umble 2002).

The densities on each sampling date in April, May and early June projected

to increase to the threshold densities of 5, 10 and 20 in late June through early July

were calculated so that sample size requirements could then be determined for these
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dates/projected densities. The relative density for each date (d,) was transformed

to a percent (p1) of the maximum density observed in late June and early July (d1):

P1 = d,/d. Sample size requirements were calculated for each date by using the

developed sample size recommendations for the targeted density (i,) expressed as

a percent (p,) of the selected threshold (th) on the 1th date: j = P1 *
th (i.e. = the

density on the 1th date projected to increase to the threshold (th) in late June and

early July). Sample size requirements were calculated for three precision levels (c

= 0.10, 0.15, 0.25) at the fixed threshold of 5, and for three thresholds (th = 5, 10,

20) at the fixed precision of c 0.25.

Results

Sample size estimation. Taylor's power law for the bait sampling method

produced coefficients of a = 5.03 (95% CI 4.63, 5.46) and b = 1.34 (95% CI 1.29,

1.39) (r2 = 0.95) (Fig. 2.1A) while the soil sampling method produced Taylor's

power law coefficients of a = 2.74 (95% CI 2.35, 3.20) and b 1.44 (95% CI 1.37,

1.50) (r2 = 0.89) (Fig. 2.1B).

Using these coefficients, the required number of samples using the bait

sampling method for densities of 1 to 20 ranged from 80 to 11 at precision (c) =

0.25, from 224 to 31 at c = 0.15 and from 503 to 69 at c = 0.10 (Fig. 2.2A). Direct

soil sampling required fewer samples for any given density and precision

combinations compared with the baiting method (Fig. 2.2B). At a precision of



G)
C.)

I-

>
0J

4

3

2

-1

A

Bait Samples

B
4

Soil Samples
3 a=2.74
2 b=1.44
I r2=O.89
o

-2 -1 0 1 2

Log Mean

Fig. 2.1: Taylor's power law ( iogio(s2)= 1og10(a)+ b1og10()) for the bait (A) and soil (B) sampling methods
-1



w
E
w
I-

C)

C)
N

C/)
C)

E
U)

500

200

300

100

Bait Samples
c=0.10
c = 0.15

c 025

B Soil Samples

yyyyy

0 5 10 15 20

S. immaculata Density

Fig. 2.2: Sample size requirements (n = ax 2>/c2 ) for the bait (A) and soil (B) sampling methods for S. immaculata at 3

levels of precision (c)



19

0.25, for densities from 1 to 20 the soil sampling method required from 44 to 8

samples (Fig. 2.2B), an average of 32% (range from 26 to 46%) fewer samples than

required by bait sampling (Fig. 2.2).

Validation of the baiting method and sample unit time requirements.

The precision calculated by resampling independent data fit the precision predicted

by the developed sampling recommendations with an r2 of 0.78 for a sample size of

20 and an r2 of 0.85 for a sample size of 170 (Fig. 2.3; Table 1). The coefficient of

determination (r2) increased from 0.26 to 0.85 as sample size increased from 10 to

170 (Table 1). The magnitude of the errors, predicted c observed c , ranged

from 0.135 to 0.007, observed at respective sample sizes of 10 and 170 and the

densities of 0 to 3 and 3 to 6 S. i,nrnaculata per sample unit (Table 1). For sample

sizes of 10 through 30, the observed precision levels were better (predicted c -

observed c = positive number) than the predicted precision levels for densities 0 to

3 and 9 to 15 S. immaculata per sample unit, and worse than the predicted precision

levels for densities of 3 to 9 S. immaculata per sample unit (Table 1). For sample

sizes of 50 through 170, the observed precision levels were better than the

predicted precision levels for densities 9 to 15 S. immaculata per sample unit, and

worse than the predicted precision levels for densities of 0 to 9 5. immaculata per

sample unit (Table 1).

The time required to set tip the 300 sample units for this study was

approximately 2 h, or 24s / sample unit. The time required to monitor the 300
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Table 1: Comparison of predicted precision levels with precision levels derived from sampling an independent data set.
Avg. err. = average error ( predicted c - observed c) ± standard deviation over listed densities ()

10 15 20
sample size

30 50 90 170

r2 0.26 0.67 0.78 0.85 0.85 0.85 0.85

Avg. err.: = 0 31 0.135 ± 0.19 0.063 ± 0.13 0.032 ± 0.10 0.002 ± 0.08 -0.011 ± 0.07 -0.014 ± 0.05 -0.012 ± 0.04

Avg. err.: = 3 - 6 -0.009 ± 0.07 -0.015 ± 0.06 -0.014 ± 0.05 -0.013 ± 0.04 -0.011 ± 0.03 -0.009 ± 0.02 -0.007 ± 0.02

Avg. err.: = 6 - 9 -0.021 ± 0.09 -0.019 ± 0.08 -0.019 ± 0.07 -0.014 ± 0.05 -0.012 ± 0.04 -0.010 ± 0.03 -0.007 ± 0.02

Avg. err.: = 9 - 15 0.080 ± 0.14 0.065 ± 0.12 0.055 ± 0.10 0.046 ± 0.08 0.035 ± 0.06 0.026 ± 0.05 0.019 ± 0.03

Average error for ranges of mean density, e.g. 0 - 3 S. immaculata per sample unit
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sample units over the 40 sampling dates ranged from approximately 3h or 36 s /

sample unit at low densities to 5h or 60s / sample unit at peak densities.

Sampling considerations with respect to temporal trends. The average

density for April was 6% of the maximum (threshold) density (Fig. 2.4A, right y

axis), while the average density for May was 16% of the maximum density. At the

fixed precision of 0.25, an average of 75 samples was required in April for the

threshold of 20 (Fig. 2.4B). Decreasing the threshold to 10 required 1.6 times

more samples, while decreasing the threshold to 5 required 2.5 times more samples

(Fig. 2.4B).

At the fixed threshold of 5, the average sample size requirements in April

for the 3 levels of precision (c 0.10, 0.15, 0.25) were 1178, 524 and 189 samples

respectively (Fig. 2.4C). As density generally increased through May, these

requirements decreased 36% to 750, 333 and 120 samples respectively (Fig. 2.4C).

Discussion

The baiting method has the potential to be a useful tool for sampling S.

immaculata populations. Mean densities estimated using this method had greater

variances than comparable densities estimated by the standard soil sampling

method, requiring an average of 1.5 times more samples for densities from 1 to 20

at fixed precision levels (Fig. 2.2). However, density estimates for bait samples

took approximately 60 to 84s per sample unit, including set-up time, (Umble 2002),

while Morison's direct sampling took from approximately 10 to 50 minutes per

sample unit (Morrison and Bouquet 1938). Therefore, depending on the additional
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resources required for bait sampling, the relative net precision (Ruesnik 1980) of

the bait sampling method may, in some instances, be greater.

Modification of the sample unit size used for soil sampling may alter the

relative net precision of this method. For example, some crop consultants in

western OR from 1982 to 2002 have used a smaller sample unit size of 15.2 cm x

15.2 cm x 30.5 cm deep which has taken approximately 5 to 10 minutes per sample

unit (Todd 2002, Personal Communication) which is shorter than the per sample

unit time requirements for Morrison's method. However, sample size requirements

have not been developed for this smaller sample unit size.

Sample mean and variance estimates from bait sampled populations closely

fit the power law (Fig. 2.1, r2 = 0.95). The sampling recommendations developed

from Taylor's power law performed well in the validation analysis, explaining an

average of 84% of the total error of resampled precision levels (i2 = 0.84) from a

cohort of independent data sets for sample sizes of 30 and greater (Table 1).

Sampling recommendations performed best at sample sizes of 30 to 170

(Table 1). Therefore, the bait sampling recommendations should be used with

caution when the required number of samples is below 30. This would rarely be a

concern for the precision commonly used for research purposes where c = 0.10

(Buntin, 1994), because greater than 30 samples would be required for all densities

below 70. But it may be problematic at the lower precision levels commonly used

for pest management, c = 0.15 and c = 0.25 (Buntin 1994), where fewer than 30

samples would be required for densities exceeding 21 and 5 S. immaculata per
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sample unit respectively. Under these conditions it may be appropriate to use 30 as

a minimum sample size.

Sampling recommendations based on Taylor's power law intrinsically

account for the pattern of dispersion, but no direction is provided concerning the

sampling pattern, or actual location of the samples within a field. Though distances

between samples will obviously vary with scale, consideration of likely patch sizes

is important when determining sampling patterns with respect to most accurately

representing the true population mean. Reported patch sizes for S. immaculata

have varied from 10 to 30 m in diameter (Umble 2002) up to 17 ha (Morrison

1965). Samples taken at distances greater than the patch size could, for example,

leave entire patches unsampled. Also, though systematic sampling patterns would

likely perform well overall, stratification based on soil type, may increase sampling

accuracy and precision. Actual delineation of patch boundaries, required in

precision agricultural applications, would require further supplemental sampling,

possibly using an adaptive sampling design.

The inability to complete sampling in 1 d is a limitation of this and other

baiting and trapping methods. For most applications, this excludes the use of

sequential sampling methods, which derive sample size requirements (for fixed

precision levels) based on sequential population mean and variance estimates from

initial subsets of samples taken continuously (usually within a day). When not

using sequential methods, therefore, sample size calculation requires specification

of both the desired precision level and an a priori pest density estimate (Figs. 2, 3).
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For classification of pest status, the damage threshold of the crop is a suitable a

priori pest density on which to base sampling recommendations (Southwood 1966).

However, the number of samples required at a fixed threshold is dynamic due to

temporal shifts in density (Fig. 2.4). We used a reported temporal trend to set the

targeted density as the density at the time of sampling which is projected to

increase to the selected threshold density in late June and early July (Fig. 2.4).

From this analysis, sample size requirements would consequently increase

primarily due to 3 factors: I) increasing precision, 2) decreasing the threshold and

3) sampling earlier in the season (Fig. 2.4).

Further research is needed to address emerging issues concerning the

baiting method. However, the method shows promise. Samples taken using the

baiting method have recently been related to plant health, which has been difficult

using soil samples (Umble 2002). We have now shown that sampling

recommendations based on this method performed well in a validation analysis.

The accuracy and effectiveness of these recommendations may be greatly improved

by taking into account the spatial and temporal patterns of surface feeding S

immaculata populations measured using this method.
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Abstract

The influence of garden symphylan (Scutigerella immaculata Newport) root

feeding on crop health was measured in the laboratory and in the field. In the

laboratory, the relative susceptibility of sweet corn (Zea mays L.), potato (Solanum

tuberosum L.), spinach (Spinacia oleracea L.) and tomato (Lycopersicon

esculentum L.) to S. immaculata feeding was investigated by subjecting each crop

to three levels of pest pressure (0, 15 and 45 S. immaculata). As S. immaculata

densities increased from 0 to 45, root length and dry weight of above-ground plant

parts of week-old spinach and tomato seedlings were reduced 85 to 98%, whereas,

corn root length was reduced by 34%. Potato and corn dry weight and potato root

length were not reduced. The pest-host association was investigated in the field by

examining the relationships between S. immaculata densities and two vegetational

parameters: 1) crop health measured by the normalized difference vegetation index

(NDVI) and 2) post-tillage spring weed densities. S. iinrnaculata densities were

estimated using a baiting method. NDVI in corn and potato was only slightly

reduced with increasing within-field S. immaculata densities after adjusting for

spatial autocorrelation. Squash and broccoli showed sharp decreases in NDVI at

densities from 1 to 10 S. immaculata per sample unit. The nonlinear asymptotic

form of the Bleasdale-Nelder curve was selected as the best curve to describe the

damage/pest relationship for all crops using Akaike information criteria. The

relative susceptibilities of direct seeded crop varieties to S. iminaculata in western

Oregon reported in 1937 by Morrison were reanalyzed to make comparisons with
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our data. In further analysis, seed size appeared to be linearly related with

susceptibility of direct-seeded crops to S. i,ninaculata feeding. Stand count was

predicted to increase by 0.24% for each 1 mg increase in seed size. These findings

can be used to help develop action thresholds and sample size requirements, and to

help reduce S. immaculata damage by avoiding the planting of highly susceptible

crops at sites with high S. iminaculata populations.
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Introduction

Garden symphylans (Class Symphyla, Scutigerellidae: Scutigerella

i,nmaculata Newport) are worldwide pests of roots and other below-ground parts of

more than 100 plants and fungi (Morrison 1953, Edwards 1957a). Widely

distributed in the United States (Waterhouse 1970), garden symphylans were first

recognized as a pest (of asparagus) near Sacramento, CA in 1905 (Woodworth

1905) and have been particularly significant in the western states of Oregon and

California. In these states, growers sustained major crop losses due to S.

immaculata through the I 930s and 1 940s until the alternate use of infested land

(e.g. switch from vegetable to tree fruit production) and increased pesticide use in

the 1 950s permitted crop production in S. i,n,naculata infested soils (Howitt I 959a,

b, Howitt et al. 1959, Berry and Robinson 1974).

Current management strategies are still predominately chemical, and

although they are generally effective in reducing crop losses, garden symphylans

remain ubiquitous. The ability of S. immaculata to retreat to a depth of several

meters in the soil when surface conditions are unfavorable, coupled with the

capacity to persist when no host plant is present by feeding on organic matter and

other soil fauna, makes eradication unlikely and promotes latent populations

(Michelbacher 1938). The significance of these latent populations has been

evidenced by recent economic injury due to S. immaculata in many organic and

reduced-input farming systems in Oregon and California over the past decade

(Seydel 1999, Peachey et al. 2002). Additionally, the removal (and impending
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loss) of many soil pesticides poses a threat of widespread losses to S. irn,naculata in

more pesticide-reliant systems.

These increasingly frequent crop losses from S. immaculata have fostered

interest in improving management through further refinement of sampling methods

and the development of alternative management tactics. Central to these objectives

is a thorough understanding of the relationship between S. immaculata root feeding

and plant health. Accurate sampling is of limited use when meaningful thresholds

are not clearly defined. Also, an understanding of relative crop susceptibility may

in itself provide an effective alternative management tactic simply by avoiding the

planting of susceptible crops at sites with high pest densities.

Little is known about the quantitative relationship between S. immaculata

densities and plant health within and among plant species. In the laboratory, snap

bean (Phaseolus vulgaris L.) leaf water potential, carbon dioxide assimilation, root

and shoot dry weight and fresh weight of pods were reduced as S. innnaculata

density increased from 0 to 10 S. immaculata per pot but were not reduced as

density increased from 0 to 5 S. immaculata per pot (Eltourn and Berry 1985).

Fifty S. iminaculata were shown to decrease the dry weight of broccoli (Brassica

oleracea L. ) (Simigrai and Berry 1974), corn (Zea mays L.), and snap beans

(Ramsey 1969).

In the field, however, results have been inconsistent (Morrison 1953, Howitt

et al. 1959). Elucidation of S. irninaculata-crop relationships is difficult due to

patchy distributions and vertical movement, which can require extensive resources
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to obtain accurate population density estimates (Morrison 1953, Howitt et al.

1959). Also, distinct feeding/molting cycles (Edwards 1959) complicate

determination of the percent of the population in damaging stages. Nonetheless,

several studies have loosely identified relationships between S. immaculata

infestations and vegetational parameters such as weed density (Howitt 1 959a),

yield (Howitt and Bullock 1955, Howitt 1959a), dry weight (Simigrai and Berry

1974), stand counts (Morrison 1937, Gould and Edwards 1968) and qualitative

measures (1-Iowitt et al. 1959). However, in these studies, only limited

documentation of S. iminaculata sampling methods and density estimates was

provided.

In the most comprehensive susceptibility work, Morrison (1937) found that

the stand counts of 20 different crop varieties differed greatly in S. immaculata

infested soil, with beans performing better than crops such as carrots (Daucus

carota L.), lettuce (Lactuca sativa L.) and spinach (Spinacia oleracea L.).

However, Morrison failed to address crop susceptibility to any great extent in his

work with S. immaculata in the following 28 years (Morrison 1953, 1965),

commenting that "virtually all row crops are susceptible to S. immaculata attack,

potatoes (Solanum tuberosum L.) may be the one exception to this statement"

(Morrison et al. 1947).

Among all documented field studies, only Morrison (1937) examined the

relative susceptibility of different crops, and only Eltoum and Berry (1985)

investigated damage over a range of pest densities. Therefore, due to the clear need
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for further research concerning the pest-host relationship, we had three objectives:

1) to evaluate the pest-host association in the field by quantifying the relationship

between sampled S. immaculata densities and crop health and post-tillage spring

weed densities, 2) to determine the susceptibility of sweet corn, potato, spinach and

tomato (Lycopersicon esculenturn L.) under 3 levels of pest pressure in the

laboratory and 3) to reanalyze the direct seeded crop susceptibility data presented

by Morrison (1937) in order to make comparisons with our data.

Materials and methods

Field study. The pest-host association was investigated in the field by

examining the relationships between S. immaculata densities and two vegetational

parameters: crop health as measured by the normalized difference vegetation index

(NDVI) (Tucker 1979) as well as weed density as measured by post-tillage spring

weed counts. NDVI is a vegetation index that uses the infrared portion of the

electromagnetic spectrum. Decreases in this index have been associated with

increasing crop stress from factors such as insect feeding (Carter et al. 1998) and

weather damage (Silleos et al. 2002). Howitt (1959a) reported a relationship

between S. immaculata populations and weed densities. We had also observed a

possible relationship between S. immaculata populations and weed densities and

wanted to investigate further and evaluate the use of weed counts as a possible

indicator for S. immaculata populations to aid in sampling.

Site selection. Because S. immaculata have patchy distributions and poorly

understood shifts in population levels (Howitt et al. 1959), we needed to develop
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NDVI were required to meet four criteria: 1) no pesticides applied for soil

arthropods in the past year, 2) a minimum area of 400 m2, 3) a history of S.

immaculata pressure and 4) annual monoculture crop grown. Candidate sites for

the measurement of weed density were required to meet criteria 1-3 with two

additional requirements that spring tillage occurred at least 3 w before sampling

and planting (to allow weeds to germinate) and no herbicides were applied after

spring tillage.

Twelve sites meeting either the NDVI or weed density criteria were

identified in western Oregon and northern California in the winter of 2001 and

sampled for S. immaculata in the spring. Six of these were eliminated because

either no S. immaculata were found, or high populations were found but sites were

not cropped and did not meet the weed criteria. Of the acceptable sites, four met

the NDVI criteria; these were monocultures of broccoli (var. Everest), squash

(Cucurbita pepo L. vars. Delicata, Acorn), corn (var. Early Sunglow) and potato

(var. Russet Burbank) (Table 3.1). Two sites met the weed density criteria (Table

3.1). No sites met both the NDVI and weed density criteria.

Sampling. Because of reported difficulties in sampling S. immaculata and

our interest in spatial patterns, a spatially implicit sampling program was

implemented. Experimental units were delineated by superimposing a 4 m X 4 m

grid over each field, so that the total number of experimental units per site = site

area I experimental unit area (16 m2) (Table 3.1).



Table 3.1: Details of six sites used in parts of this
study. NA = not relevant.

Site Criteria Met Location

Size

m2 n Crop

Planting
Date

Crop

Stage

S. immaculata

Sampled

Response
Measured

1 NDVI Corvallis, OR 1440 90 potato 6/14 seed piece 7/1, 7/3 8/30

2 NDVI Corvallis, OR 1440 90 corn 6/14 seed 7/1, 7/3 8/30

3 NDVI Noti, OR 1008 63 squash 6/1 20d transplant 7/7, 7/9 8/1

4 NDVI Noti, OR 1792 112 broccoli 5/7-6/18 30d transplant 7/7, 7/9 7/1, 8/1

5 weed density Santa Cruz, CA 2720 170 NA NA NA 4/25, 4/27 4/26

6 weed density Santa Cruz, CA 2448 153 NA NA NA 4/25, 4/27 5/26
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S. immaculata were sampled using the potato bait sampling method

(William 1996). For each bait (sample unit) a longitudinally sliced number 80

russet potato (227 - 369 g) was placed, sliced side down, on the soil surface and

covered with a white no-hole pot measuring 16.5 cm in diameter and 12.7 cm in

height (McConkey Co., Woodburn Oregon, Pot #JMCJD5O). One bait was placed

in the center of each experimental unit, and left undisturbed for 3 6-48 h. S.

i,nrnaculata were sampled by carefully lifting the potato and counting the S.

immaculata on the soil, then counting the S. immaculata on the potato. S.

immaculata on the potato were removed from the site. After the first sampling

event, the sampling location was moved approximately 60 cm from the initial

location within the experimental unit. Then a thin surface layer of the potato ( 3

mm) was removed and the potato was placed under the pot. These 2 sampling

events were treated as subsamples and averaged together to obtain the S.

immaculata density estimate for each experimental unit. Sampling at each site was

completed in the morning to help control for variability due to daily temporal

population shifts.

Weed densities were measured by counting the total number of plants

emerging in 3 randomly selected 0.5 m2 sample units within each experimental

unit. The 3 sample units were averaged to obtain the weed density estimate for the

experimental unit. Weed sampling was completed during I d within the same week

as S. iminaculata sampling. Species determinations were not possible since many

of the weeds had not yet developed true leaves.
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Aerial photographs used to calculate NDVI were taken using an automatic

Nikon (model Lite*Touch QD) camera with Kodak Ektachrome Professional

Infrared EIR slide film and a number 12 Kodak gelatin filter. The camera was

mounted on a helium balloon attached to a cord marked in m and guided with a

halibut fishing rod. We used a remote controller to operate a servo that depressed

the shutter release on the camera. All photographs were taken from an elevation of

approximately 150 m above the ground within 2 h of sunrise. At this time wind

was usually minimal and the sun angle consistent between sites. S. immaculata

sampling pots, placed at known locations in each field and clearly visible in the low

elevation aerial photographs, were used as ground control points.

Photographs were scanned at 300 dots per inch (Nikon super cool scan 4000

ED) and imported into Idrisi (Eastman 1997). In Idrisi, images were resampled to

the coordinate system of each experimental sampling grid and down to the lower

resolution of 10 cm2, which was predetermined to be the largest pixel size that

maintained the detail required for subsequent analyses. The root-mean-square error

(Eastman 1997) was used to assess the level of geometric distortion in the images.

The near infrared and red wavelengths of the resampled images were used

to produce NDVI images using the formula: NDVI = (NIR R) / (NIR + R) where

NIR and R are the near infrared and red portions of the electromagnetic spectrum

(Tucker 1979), 0.70 to 0.90 and 0.63 to 0.69 tm respectively. The NDVI images

were sampled by taking 4 one-pixel sample units from the geometric center ofeach

experimental unit. When these pixels included part of an alley between rows or
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one of the white ground control pots, the next pixel to the north or south

(depending on the location of the obstruction) was used in its place. The 4 sample

units were averaged to obtain the NDVI estimate for the experimental unit.

Photographs of each crop were taken within two weeks of harvest, for the

corn, potatoes and broccoli (Table 3.1). Photographs of the broccoli were taken on

2 dates, each within two weeks of harvest but corresponding to the different

planting dates for portions of the field (Table 3.1). Due to the stunted growth of the

squash, the grower was considering an alternate use for portions of the field. The

squash, therefore, was photographed 5 weeks before harvest (Table 3.1).

Statistical aiialyses. Initially we determined the appropriateness of each of

4 models, or hypotheses, to describe the relationship between densities of S.

immaculata and vegetational parameters at each site. After determining which

model fit best at each site we selected the model that fit best over all sites for each

response variable. The 4 models, where y = vegetational parameter and x = S.

immaculata density, were:

1) The standard linear model, y fl + fl2 * x + s

2) The Seinhorst model, y = m + (1 - ,n)zt) + 6, used extensively to model

nematode crop damage, predicts a nonlinear relationship, where t = tolerance level,

or pest density at which damage is first evident, m = value of measured vegetational

response remaining at high pest densities and z = slope parameter (Seinhorst 1965).
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model the relationship between plant density and yield (Mead 1979). It predicts an

asymptotic relationship. The reciprocal of /3 can be interpreted generally as the

value of the response when no pest pressure is present ("genetic potential")

(Ratkowsky 1983), though not interpretable as such for this study since the

responses were standardized (described below). The parameter /32 is a biologically

meaningful parameter that is related to the value of the response at the highest

observed pest levels ("environmental potential") (Ratkowsky 1983), since x'y

approaches 11/32 at high pest densities ( x f cc). However, no allowance is

provided for a tolerance level (e.g., the "t" in the Seinhorst equation) or constant

amount of vegetation at high pest densities (e.g., the "m" in the Seinhorst equation).

The reciprocal curve is embedded in a number of other yield-density curves (Seber

and Wild 1989).

4) The Bleasdale-Nelder curve (or Bleasdale's simplified equation),

= (flu + fl * x)_13 + s, is a 3 parameter model also used to describe yield-

density relationships (Bleasdale and Nelder 1960, Ratkowsky 1983). Similar to the

reciprocal curve, this curve has no allowance for a tolerance level ("t" in Seinhorst

equation), but has greater flexibility than the reciprocal curve due to the addition of

the third parameter, /33, which allows the curve to also describe parabolic functions.

This curve is equal to the reciprocal curve when fl 1, but in other cases the
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addition of this parameter confounds the biological interpretation of /32 (Ratkowsky

1983).

Model fitting. The data from each site were transformed to relative values

using the formula y,/0 where the ith response measurement was divided by the

average response at zero S. immaculata density. All models were fitted using the

MIXED procedure in SAS (SAS 1999), which uses restricted maximum likelihood

estimation (REML) to estimate variance components and allows for both fixed and

random effects, along with correlated error structures. The NLINMIX macro was

used to fit the nonlinear models (Littell et al. 1996).

Because S. immaculata occur in clumped distributions (Michelbacher 1949)

we suspected that the data failed to meet the independence assumption (i.e.,

uncorrelated errors). We therefore examined the residuals from the fitted models

for spatial autocorrelation by calculating Moran's I autocorrelation statistic:

fin /

1(h) = n(h) (y1 YIYJ -y)/ w(y1 -5) at 5 m distance classes (S-
i=1j=1 / /=1

PIus 2000). Moran's I describes the correlation between pairs (y1y) of

observations at a distance of h units apart, where the strength or weight of the

relationship between each pair (o) is 1 if the pair is in the same distance class and

0 otherwise, and W is the sum of these weights (Moran 1950). Moran's I ranges

from -1 to 1; the null hypothesis of no spatial autocorrelation is therefore I = 0. We

considered that the rejection of the null hypothesis (P <0.05) for any distance class
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indicated that the independence assumption was not tenable and the fitted model

was not appropriate without adjustment.

When significant autocorrelation was diagnosed, the initial regression

model was adjusted by incorporating additional covariance parameters to account

for the correlation structure of the errors as follows. Three standard semivariogram

models (spherical, exponential and gaussian) were sequentially fitted to the

n(h)

empirical semivariance (y): y(h) = l/2n(h)
)2 (notation as above) of the

autocorrelated residuals to obtain estimates of the sill, range and nugget (nugget

optional) for each semivariogram in S-plus (S-Plus 2000). These estimates were

used in PROC MIXED to model the covariance structure of the regression model

by selecting and parameterizing each respective correlation structure (spherical,

exponential, gaussian) through the use of the REPEATED statement. The

covariance structure that produced the smallest 2 REML log-likelihood (largest

likelihood) was used in the final regression model. Although PROC MIXED can

estimate the parameters of a specified correlation structure directly using REML,

we used empirical estimates since the REML estimates were frequently found to be

inappropriate for our data in preliminary analyses. This is a documented occasional

problem of PROC MIXED (Littell et al. 1996). The significance of the addition of

spatial covariance parameters to each regression model was evaluated by

comparing the likelihood ratio statistic, (-2 REML log-likelihood independent error

model) - (-2 REML log-likelihood adjusted model), to a chi-squared distribution
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with 2 degrees of freedom, resulting from the addition of 2 covariance parameters

(Sill and Range) (Littell et al. 1996).

Mode/selection. The coefficient of determination was not used in the

model selection process because it was not appropriate when the errors were

correlated. The best model for each site was selected using Akaike information

criteria (AIC)

AICC = 2 log(L(Odata)) +2K + (2K(K + l)/(n K 1)) where log(L(Odata)) is

the maximized log-likelihood (REML) over the parameters 9 for a specified

model, and K is the number of parameters in the model (Burnham and Anderson

1998). Because AIC values are relative, they were resealed by subtracting the

lowest AIC value from every other AICC = AICL)

(Burnham and Anderson 1998). For each site, the model with the lowest AIC

value (A, = 0) was selected as the best of the 3 models.

Akaike weights o, = exp(O.5A1 )/ exp(-0.5 Ar) were computed to

compare models within a site. These weights were interpreted as the probability

that model I is the best of the 4 models, where o,/w is the relative likelihood of

model i compared to modelj (Burnham and Anderson 1998).

Laboratory study. The relative susceptibility of sweet corn ( var. Early

Sunglow), potato (var. Russet Burbank), spinach ( var. Bloomsdale Savoy) and

tomato (var. Early Girl) to S. immaculata was investigated by subjecting each crop
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to 3 levels of pest pressure (0, 15 and 45 S. iminaculata) with 10 replications in a

completely randomized design with factorial arrangement of treatments.

Rearing and potting media. Chehalis (Fine-silty, mixed, superactive, mesic

Cumulic Ultic Haploxeroll), an alluvial soil in which S immaculata are commonly

problematic in western Oregon, was used for a rearing and potting medium. Soil

was sieved to 2 mm to allow S. immaculata to move freely (Edwards 1 957b)

through the medium. Soil was frozen at 80°C for 48h to kill S. immaculata and

predators. such as centipedes, without destroying the soil structure.

S. zininaculata. Garden symphylans were collected from 2 sites near

Corvallis, OR from 15 May to 10 June using the bait collection method described

above. Every 2-4 d, baits were checked and S. immaculata were transferred into 6

X 6 X 4 cm plastic containers filled to a depth of 2 cm with prepared soil. By using

baits, only feeding S. immaculata were collected, thus reducing variation due to

feeding stages. S. immuculata were not provided with living plant material while in

rearing containers. On 8 June the treatments were prepared using a metal spatula to

transfer 2400 mature immaculata in 40 cohorts of 15 and 40 cohorts of 45 onto

eighty 100 mm petri dishes filled with 2 mm of plaster of Paris.

Potting system. Pots were constructed specially for this experiment in order

to maintain similar moisture content between pots and provide S. immaculata with

a moisture gradient within which they could seek an optimum. Pots consisted of

7.6 cm diameter polyvinyl chloride (pvc) pipe standing in 7.6 cm repair couplers

and fitted into circular concrete bases measuring 15 cm in diameter and 2 cm in



thickness. Pots were placed on a greenhouse bench and subirrigated by flooding

the bench to a depth of 5 cm, using an automatic float valve (Miller Manufacturing,

Eagan, Minnesota). This system allowed manipulation of the moisture gradient by

either changing the height of the pot or the media pore size (soil sieved to different

diameters) while maintaining a constant water level. For this experiment, pots 25.4

cm high were filled with porous volcanic pumice to a depth of 2 cm above the

water level with prepared soil in the remaining 20.4 cm.

Untreated seeds/seed pieces of each crop were started in peat moss in a mist

chamber at 25°C. Homogenous seven day old seedlings were transplanted into pots

1 d before application of treatments. Plants were fertilized with 10 ml of fertilizer

(14.8 cc 20-20-20 NPK, / 3.9 1 water) bi-weekly.

Data collection and statistical analysis. We measured the dry weight of

above-ground plant parts and root length 28 d after application of treatments. The

above-ground plant parts were removed and dried in an oven at 45°C for 5 d to

obtain the above-ground dry weight for each replicate. Roots, for each replicate,

were removed from the soil, washed, patted dry with paper towels, cut into 2 cm

sections, homogenized by hand-mixing, and weighed. Root length was calculated

for a 1 g root subsample from each replicate using the method of Kaspar and Ewing

(1997). Root length for each replicate was calculated using the formula: total root

length = subsample root length * (total wet weight / subsample wet weight).

Data were checked for normality and constant variance. Analysis of

variance (ANOVA) was used to test whether the average dry weight of the above



ground plant parts and root length of each crop differed (P < 0.05) among S.

immaculata treatments (12 planned comparisons for both response variables), using

SAS (SAS 1999).

Further analysis of previously reported experimental results. The

relative susceptibilities of direct seeded crop varieties to S. immaculata reported by

Morrison (1937), published in a yearly report, were reanalyzed to make

comparisons with our data. For these data, 20 direct seeded crop varieties were

planted on 19 July 1937, into what was considered generally homogenous S.

immaculata infested soil in western OR to investigate crop susceptibility using a

completely randomized design with 5 replications. Crops were irrigated weekly,

and stand counts were made on 10 August. Percent germination of the seeds of

each crop was measured in the laboratory. S. immaculata densities were estimated

for each replication on 8 11 September by hand-counting the number of S.

immaculata in 3 soil sample units (30.5 x 30.5 x 30.5 cm).

Reported stand counts were adjusted for variable germination by

multiplying the observed stand counts by the percent laboratory germination

reported by Morrison (1937). Adjusted stand counts for each crop were then

ranked and plotted. ANOVA was used to test whether the stand counts of crops

differed significantly (P < 0.05). Paired comparisons were then made between

crops reported by Morrison (1937) that were also used in our study (corn, spinach,

squash and tomato). The adjusted stand counts were regressed against approximate

seed size for each crop (AOSA 1998).
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Results

Field study. S. immaculata densities at the 6 sites ranged from 0 to 37 S.

immaculata per experimental unit (Fig. 3.1). Root-mean-square errors from the

resampling of the aerial images were 0.11, 0.26, 0.24, 0.86 and 0.50 m for the

squash, broccoli date 1, broccoli date 2, corn and potato plots respectively. NDVI

in the four crop plots ranged from 0.018 to 0.549 (Fig. 3.1). In potato and corn,

the average NDVI at zero S. immaculata density was 0.47 and 0.36, respectively.

NDVI was 0.47 and 0.36 respectively at the greatest observed densities for potato

and corn (23 and 35 5. immaculata per sample unit). In squash and broccoli, the

average NDVI at zero S. immaculata density was 0.25 and 0.23, respectively.

NDVI was 0.07 at the greatest observed densities for both crops (24 and 39 S.

i,nrnaculata per sample unit).

Weed densities in the 2 weed plots ranged from 0 to 37 weeds per 0.5 m2

(Fig. 3.1). The average weed density at zero S. immaculata density was 19.4 for

plot 1 and 10.5 for plot 2. An average of 0 weeds was present in the experimental

unit with the greatest S. immaculata density in plot 1. An average of 1.7 weeds was

present in the experimental unit with the greatest S. immaculata density in plot 2

(Fig. 3.1).

Residuals from the fitted models were positively autocorrelated (P < 0.05)

at all sites other than the squash site (Table 3.2, Autocone.). The addition of
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Table 3.2: AIC model selection for each site. Lin = linear model, Rec
reciprocal model, Sei = Seinhorst model, Ble = Bleasdale-Nelder model, Mean
Parm. = mean parameters, Initial LL = -2 REML log-likelihood for the initial
model fits, autocorre = presence of positive autocorrelation (P < 0.05) in the
residuals of the initial model fits using Moran's I, Coy. Struc. = the spatial
covariance structure (sph = spherical, gau = gaussian) that produced the
largest -2 REML log-likelihood, Adj. LL = the -2 REML log-likelihood of each
model after the addition of 2 spatial covariance parameters, A LL = the
reduction in the -2 REML log-likelihood after adding covariance parameters,
* signifies statistically significant reduction (P < 0.05) from a likelihood ratio
test (see text), AIC = Akaike information criteria, AAICc = AIC - mm AIC,

= AIC weight, Rank = rank of each model at each site based on AIC criteria.

Potato Corn Squash
Lin Rec Sei Ble Lin Rec Sei Ble Lin Rec Sei Ble

MeanParm 2 2 3 3 2 2 3 3 2 2 3 3

InitialLL. -198 -199 -214 -245 -139 -139 -150 -262 1 -39 -49 -76
Autocorre. Y Y Y Y Y Y Y Y N N N N
Coy. Struc. gau gau gau gau sph sph gau gau sph sph sph sph
Adj.LL -262 -263 -237 -287 -165 -165 -150 -273 -2 -39 -51 -77
ALL 64* 64* 23* 26* 26* 0 11* 3 0 2 1

A1C -251 -252 -224 -274 -154 -154 -137 -260 4 -33 -42 -68

A AICc 23 22 50 0 106 106 123 0 72 35 26 0

0.00 0.00 0.00 0.99 0.00 0.00 0.00 0.99 0.00 0.00 0.00 0.99
Rank 3 2 4 1 3 2 4 1 4 3 2 1

Broccoli Weed Plot 1 Weed Plot 2
Lin Rec Sei Ble Lin Rec Sei Ble Lin Rec Sei Ble

MeanParm 2 2 3 3 2 2 3 3 2 2 3 3

InitialLL. 106 62 59 47 131 37 42 40 189 133 138 132

Autocorre. Y Y Y Y Y Y Y Y Y Y Y Y
Coy. Struc. sph sph sph sph sph sph sph sph sph sph sph sph
Adj.LL 62 43 37 26 41 12 15 16 153 121 125 116

ALL 44* 19* 22* 21* 90* 25* 28* 24* 36* 12* 13* 16*

AIC 73 54 49 39 51 22 27 28 163 131 137 129

AAIC 34 15 11 0 29 0 5 6 35 3 9 0

0.00 0.00 0.01 0.99 0.00 0.87 0.08 0.05 0.00 0.20 0.01 0.79
Rank 4 3 2 1 4 1 2 3 4 3 2 1
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spatial covariance modeling of the residuals significantly reduced the -2 REML

log-likelihood of each of these models, except for the Seinhorst model at the corn

site (Table 3.2, ALL). The spherical covariance structure was the best (smallest2
REML log-likelihood) covariance structure in 18 of the models, and the gaussian

covariance structure was the best covariance structure in 6 of the models (Table

3.2, Coy. Struc.).

For all crops, the Bleasdale-Nelder curve had the lowest AIC (Table 3.2,

AICc), and thus the highest rank (Table 3.2, Rank). No other models were close

competitors at any site (Table 3.2, aij. The closest competitor to the Bleasdale-

Nelder curve for any crop was the Seinhorst curve in the broccoli crop, but even in

this case the Bleasdale-Nelder curve was better (4v = 0.994). Considering the

Seinhorst curve, the values of the tolerance level (parameter "t") for the crops

squash, broccoli, corn and potato were respectively -0.002 (± 0.039 SE), 0.5302 (±

0.600 SE), 0.002 (± 0.290 SE) and -2.423 (± 6.484 SE).

For the weed plots, the reciprocal curve fit best in plot 1 (w = 0.87), and

the Bleasdale-Nelder curve fit best in plot 2 ( = 0.78). The average AIC weight

for the two sites was 0.87 for the reciprocal curve and 0.78 for the Bleasdale-Nelder

curve. Thus the reciprocal curve was selected as the best overall curve. However,

the Bleasdale-Nelder curve was a very close competitor.
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The final models for potato and corn predicted a 3 to 6% decrease in the

transformed NDVI as density increased from 0 to 5 S. immaculata per sample unit

with less than 0.5% added decrease as S. immaculata densities increased to 15 (Fig.

3.2). The final models for the squash and broccoli plots predicted 65 and 40%

decreases in the adjusted NDVI respectively as density increased from 0 to 5 S.

immaculata per sample unit (Fig. 3.2) and 71 and 49% decreases respectively as

density increased from 0 to 15 S. immaculata per sample unit. The final models for

the weed plots 1 and 2 predicted a 68 and 74% decrease respectively in relative

weed density as S. immaculata density increased from 0 to 5, and an 87 to 90%

decrease respectively as S. i,nrnaculata density increased from 0 to 15 (Fig. 3.2).

Laboratory study. The interaction between food source and S. immaculata

density was significant for both root length (F 5.19; df= 6, 106; P < 0.0001) and

dry weight of above ground plant parts (F 9.37; df 6, 106; P <0.0001). Potato

root length and dry weight were not significantly different (P> 0.05 for all

combinations) among the 3 5. immaculata densities (Fig. 3.3). Corn dry weight

was not significantly different among the 3 S. immaculata densities (Fig. 3.3).

Corn root length at the high S. immaculata density was 34% (95% CI 23, 45) lower

than when no S. irninaculata were present and 33% (95% CI 21, 44) lower than

when 15 5. immaculata were present. Tomato root length and dry weight were

reduced by 93 (95% CI 57, 129) and 88% (95% CI 66, 110), respectively, as S.

immaculata density increased from 0 to 45, and by 92 (95% CI 47, 136) and 85%

(95% CI 55, 114), respectively, as S. immaculata density increased from 15 to 45
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(Fig. 3.3). Four of the tomato plants were killed at the S. immaculata density of 45.

Spinach root length and dry weight were reduced by 98 (95% Cl 59, 137) and 89%

(95% CI 27, 151), respectively, as S. immaculata density increased from 0 to 45.

Spinach root length, when 15 S. immaculata were present, was 69% (95% CI 30,

108) lower than when no S. immaculata were present. Two spinach plants were

killed at the S. immaculata density of 15 and 7 spinach plants were killed at the S.

immaculata density of 45.

Comparison with previously published results. S. immaculata counts

determined to be generally homogenous by Morrison (1937) ranged from 3.3 to 8.6

(Fig. 3.4A). Stand counts varied significantly among the different crops (F

62.67; df= 19, 80; P <0.0001). Carrot had the lowest stand count 0.11% (95% CI

8, 8) out of the 20 crop varieties (Fig. 3.4B). Bean varieties had the greatest stand

counts ranging from 78 (95% CI 70, 86) to 82% (95% CI 74, 91), followed by the

corn varieties with counts of 68 (95% CI 59, 77) to 64% (95% CI 55, 72). Squash

was the eleventh most susceptible crop with a stand count of 36.9% (95% CI 28,

46). Spinach and tomato were the second and third most susceptible crops with

stand counts of 0.23 (95% CI 8, 8) and 0.29% (95% CI -8, 8), respectively. The

stand count in the field corn was significantly greater than in squash (P < 0.000 1),

tomato (P < 0.0001) and spinach (P < 0.0001). Stand counts were 68% (95% CI

56, 46) lower in spinach and tomato and 32% (95% CI 19, 44) in squash than in the

field corn.
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Fig. 3.4: Presentation and reanalysis of Morrison's (1937) seed
susceptibility data. A: the S. immaculata counts for each treatment (± SE), B: the
ranked adjusted percent stand counts (± 95% CI pooled SE from ANOVA), C: the
general seed size for each crop (mg). Crops: bean I (Phaseolus vulgaris L. var.
Dwarf Horticulture), bean 2 (P. vulgaris L. var. Burpee Stringless), bean 3 (P.
vulgaris L. var. Kentucky Wonder), bean 4 (P. vulgaris L. var. Bountiful), bean 5
(P. vulgaris L. var. Pencil Pod Black Wax), field corn (Zea mays var. Minnesota #
13), pop corn (Z ,nays L. var. Baby Rice), soy bean (Glycine max L.), lentil (Lens
culinaris Medic.), squash (Curcurbita maxima, Duchesne. var. Baby Hubbard), pea
(Pisum sativum L. var. Wyoming Wonder), radish (Raphanus sativus L. var. Early
Scarlet Globe), beet (Beta vulgaris, L. var. Early Wonder), black locust (Robinia
pseudoacacia L.), lettuce (Latuca sativa L. var. Great Rapids), pepper (Capsicum
spp. L.), turnip (Brassica rapa L.), tomato (Lycopersicon esculentuni L.), spinach
(Spinacia oleracea, L. var. Bloomsdale Long Standing), carrot (Daucus carota L.
var. Oakhart)
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The susceptibility of the ranked varieties was, generally, inversely related to

seed size (Fig. 3.4C). In linear regression analysis, seed size had a significant

effect on stand count (F= 71.84; df= 1, 18; P <0.0001). Seed size explained 79%

of the total variation in stand counts. The regression model predicted an intercept

of 6.84 (95% CI -3.5, 17.2) and an increase in stand count of 0.24% for each I mg

increase in seed size (95% CI 0.18, 0.30).

Discussion

The crops examined in this study exhibited strikingly different

susceptibilities to S. iminaculata in laboratory and field trials, and in a reanalysis of

previously published work. Post-tillage spring weed densities also showed strong

relationships with S. immaculata densities. Description of these damage

relationships will aid in developing sampling recommendations and action

thresholds, and may help reduce damage from S. immaculata by simply avoiding

the planting of highly susceptible crops (or growth stages such as seeds) in sites

with high S. immaculata populations.

In the laboratory, tomato and spinach seedlings appeared to be considerably

more susceptible to S. immaculata pressure than corn and potato seedlings, with

root length generally showing greater sensitivity to S. immaculata feeding than dry

weight of above ground plant parts (Fig. 3.3). As S. immaculata density increased

from 0 to 45, the dry weight of above ground plant parts of tomato and spinach

were reduced respectively by 88 and 89% and root length was reduced by 92 and

98%. Corn root length was reduced by only 34% at the high S. immaculatadensity
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and dry weight was not reduced at any density. Potato root length and dry weight

were not significantly reduced at any S. i,nmaculata density.

In the field, corn and potato appeared to be less susceptible than broccoli

and squash. The Bleasdale-Nelder curve predicted a decrease in the adjusted NDVI

of 3 to 4% as S. immaculata density increased from 0 to 15 in corn and potato. For

broccoli and squash this model predicted a decrease in adjusted NDVI of 49 to 71%

for the same range of S. immaculata densities.

Our findings in the laboratory and field support the findings of Morrison

(1937) whose reported stand counts of corn (pop corn and field corn) were

significantly greater than that of tomato, spinach and squash in S. immaculata

infested soil. Morrison et al. (1947), moreover, suggested that potato may not be

very susceptible to S. immaculata feeding. When analyzed further, Morrison's

(1937) stand count data also appeared to be generally related to seed size. Seed

size has been shown to be related to such features as seedling vigor (Leishman et

al. 2000).

Sweet corn showed a relatively high ability to withstand S. immaculata

feeding, compared to tomato, squash, broccoli and spinach. However, these

findings were somewhat surprising since S. immaculata, historically, have been

considered a major pest in corn (Howitt et al. 1959, Morrison 1965, Gould and

Edwards 1968). This discrepancy may result from variable susceptibility of corn

varieties (reported in different studies) to S. immaculata feeding. It is also possible

that previously reported damage in corn occurred in plots with higher S.
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immaculata densities than we observed. Damage may also be influenced by

interactions with S. immaculata root wounding and soil pathogens (Edwards

1957a), planting date (Morrison 1965), stage of crop (e.g., seed vs. large transplant)

(Edwards 1 957a), fertilization and irrigation. Therefore, variation in susceptibility

within crops, between sites, studies and/or years is not uncommon (Howitt et al.

1959). For example Morrison (1937) was surprised at how well the bean varieties

performed in his susceptibility trial, since S. immaculata were a perennial problem

in western OR beans in the 1930s.

The description of the relationship between NDVI and S. immaculata

densities in the field is of potential benefit for calculating sample size requirements,

and determining action thresholds. Although laboratory damage relationships are

beneficial for describing relative susceptibilities at absolute S. immaculata

densities, the use of these relationships in the field is not tenable since relative

samples are used for most agricultural purposes. As sampled S. i,nmaculata

densities (relative) increased from 0 to 15, the adjusted NDVI decreased

dramatically at very low S. immaculata densities in the field for the squash and

broccoli. Additionally, the Seinhorst model predicted that the sampled density at

which damage was evident (parameter "I". tolerance level) was less than 0.6 5.

immaculata for all four of the crops examined. It is possible that greater tolerance

levels may be observed in the squash and broccoli under different management

conditions (e.g., larger transplants) or in sweet corn and potatoes under more



intense S. i,n,naculata pressure, or different management conditions (e.g. water

stress or high plant pathogen levels).

Since low sampled S. immaculata densities are associated with steep

reductions in plant health in highly susceptible crops, a large, possibly prohibitive,

number of samples may be required to precisely estimate densities before planting

such crops (since sample size is generally inversely related to pest density). It is

these prohibitive sample size requirements that contribute to the use of preventative

pesticide applications. In general, it may be unwise to plant highly susceptible

crops in S. uninaculata infested soil following crops that support high populations,

such as white mustard (Sinapsis alba L. var. Martiginia) (Peachey et al. 2002).

Indirect measures, such as post-tillage spring weed densities may aid in

directing sampling and estimating the scope and magnitude of infestations. Weed

densities have been shown to be related to S. inimaculata densities in previous

studies (Howitt 1 959a), and in this study weed densities decreased with increasing

S. immaculata densities (Fig. 4.2). This relationship has similarities to the S.

immaculata effects on stand counts of a small-seeded crop (since weeds are

germinating from seed), although weed patchiness may result from numerous other

factors.

In our experience, the pattern of the density/health of weeds that are present

before tillage in western OR often fails to show a strong relationship to S.

immaculata densities. We speculate that this may occur because 1) the pattern of S.

immaculata densities shifts through the period when weeds are germinating (often



61

in fall/winter depending on location) to the period before spring tillage, 2) some

weeds survive through S. immaculata feeding and obscure the pattern and/or 3) S.

immaculata feeding in the late-fall and winter is probably not as intense as in the

late-spring. The usefulness of weed densities to direct sampling, therefore, would

probably work best when ample time is provided after tillage for weeds to

germinate, and for S. immaculata populations to stabilize (after being disrupted by

tillage) and to return to the soil surface. Sub-optimal moisture conditions (and

other factors adding stress to weeds) would likely strengthen the relationship

between weed stand counts and S. immaculata densities. Indirect measures should

not be used as a substitute for direct S. iminaculata counts, but they may provide

considerable insight into infestation dynamics.

This study should improve understanding of the relationship of S.

jininaculata to plant health. Elucidation of these relationships can be used to

develop action thresholds, thereby improving S. immaculata management by

increasing sampling accuracy and efficiency. Post-tillage spring weed densities

may also prove useful to help direct sampling efforts. Knowledge of relative

susceptibility itself may provide a valuable means of reducing S. immaculata

damage, by simply avoiding the planting of highly susceptible crops at sites with

high S. immaculata populations.
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Abstract

The suitability of selected crops and soil for garden symphylan

(Scutigerella immaculata Newport) population growth was studied in the

laboratory and field. In the laboratory, we measured the population increase of S.

imniaculata after 8 wks from a starting density of 35 in pots of spinach (Spinacia

oleracea L., var. Bloomsdale Savoy), tomato (Lycopersicon esculentum Mill., var.

Early Girl), sweet corn (Zea mays, L. var. Early Sunglow), potato (Solanurn

tuberosum L., var. Russet Burbank) and soil alone. Population growth was

significantly greater on spinach than on tomato, sweet corn, potato or soil alone,

and significantly lower on potato than on spinach, corn, tomato or soil alone. In the

field, temporal population trends were characterized by sampling S. i,ninaculata

twice-weekly through the growing season of sweet corn (var. Early Sunglow) in

2000, and of potato (var. Russet Burbank) / squash (Cucurbitapepo L. var.

Delicata) and corn / squash rotations in 2001 and 2002. Temporal population

trends appeared to be related to crop species present, with populations dramatically

decreasing in 2001 in potatoes (var. Russet Burbank) as compared with sweet corn

(var. Early Sunglow) or clean fallow. We feel that these results provide strong

evidence that crop rotation may significantly influence S. immaculata population

levels.
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Introduction

Garden symphylans (Scutigerella immaculata, Newport) are key pests of

many crops in western Oregon. They feed on and injure the roots and below-

ground plant parts. Management strategies have primarily used chemical tactics

since S. immaculata were first recognized as a pest in Oregon in the l930s

(Morrison 1953), though a number of alternative tactics have been examined.

Host susceptibility to S. immaculata varies greatly (Morrison 1937,

Simigrai and Berry 1974, Umble 2002); consequently, damage may be effectively

reduced by avoiding the planting of highly susceptible crops in S. immaculata

infested soils (Umble 2002). Plant establishment may also be promoted through

the use of large transplants (Ramsey 1969) and/or disrupting S. immaculata

movement with tillage (Morrison 1953). However, few effective non-chemical

tactics exist to reduce populations.

Tillage has been the most widely used non-chemical population reduction

tactic, reducing populations directly through mechanical crushing (Morrison 1953,

Peachey Ct al. 2002). Flooding (Michelbacher 1935), amendments (Morrison 1937,

Shanks 1966), biological control (Getzin and Shanks 1964, Swenson 1965,

Stimmann 1968, Waterhouse 1969, Berry 1973, Peachey et al. 2002) and dynamite

(Morrison 1960) have all shown varying degrees of success. However, none have

consistently reduced population levels sufficiently to grow highly susceptible crops

in S. immaculata infested soil.



Crop rotation has not been used successfully to reduce populations. This is

probably related to the long-lived nature of S. immaculata (over 7 y in the

laboratory) (Edwards 1990) and their ability to persist when no plant host is present

that can concurrently act to stabilize populations (Edwards 1958). Although stable

populations have been reported (Edwards 1958), dramatic population shifts also

occur (Michelbacher 1937, Edwards 1958). Michelbacher (1937) observed lower

population levels in fields following onion (A ilium cepa L.) crops than in those

following sugar beet (Beta vulgaris L.) crops. He suggested that the sugar beets

may provide a better food source for population growth, but believed that

management differences between the two crops more likely led to this decrease

(Michelbacher 1937). We have also noticed considerable population shifts in

rotational systems, and have hypothesized that some of these shifts may be related

the suitability of crops within these rotations for S. iminaculata population growth.

The suitability of different food sources for S. immaculata population

growth has been addressed in the context of laboratory rearing (Michelbacher 1938,

Shanks 1966, Ramsey 1969), primarily focusing on crops that support high

numbers for experimental purposes. Under these conditions population growth was

greater on lettuce (Latuca saliva L.) leaves and carrot (Daucus carota L.) roots than

on non-growing bean (Phaseolus vuigaris L.) (Shanks 1966, Ramsey 1969), alfalfa

(Medicago saliva L.) (Shanks 1966), barley (Astreblapectinata (Lindl.) F. Muell.)

(Shanks 1966), rye (Secaie cereale L.) (Shanks 1966) and sweet corn (Zea mays L.)

(Ramsey 1969) roots. When no plant material was provided (in laboratory trials),



S. immaculata have been shown to feed on food sources such as compressed yeast

and other soil biota (Michelbacher 1938, 1949), though populations do not

generally increase (Shanks 1966). Specific rates of increase on given food sources

often vary between studies, possibly due to numerous factors such as initial

population density, temperature, moisture, media, rearing container, S. immaculata

age and length of experiment. In the most comprehensive study reviewed, Shanks

(1966) found that a population density of 20 S. immaculata increased 3.2 times

after 8 wk when reared in Felida silt loam (loamy, siliceous, superactive,

hyperthermic arenic endoaqualf) at 25% moisture and fed carrot. Populations

remained generally stable for 20 wk following, after which they again appreciably

increased (Shanks 1966).

Other than the onion and sugar beet rotation effect observed by

Michelbacher (1937), few studies have reported evidence of food source affecting

populations in the field. Edwards (1958) suggested that a rotation of tomatoes

(Lycopersicon esculentuni Mill.) and lettuce may lead to a population increase.

Peachey et al. (2002) found higher numbers of S. immaculata following a winter

white mustard (Sinapis alba L. var. Martiginia) cover crop than after oat (Avena

sativa L. var. Monida) or rye (var. Wheeler). Martin (1940) reported (without data)

that potatoes (Solanum tuberosum L.) led to a population decrease. Also, during

our work on a related study (Umble and Fisher 2002) a California grower reported

it possible to grow strawberries (Fragaria chiloensis (L.) Mill.), a relatively

susceptible crop, in S. immaculata infested soil following a potato crop.



We were interested in further investigating the suitability of different crops

and soil for S. immaculata population growth. Our 3 objectives were to: 1)

characterize the temporal trend and spatial patterns of S. immaculata populations in

sweet corn, a crop in which S. immaculata cause perennial problems in western

OR, 2) compare the temporal trend of S. immaculata populations in a sweet corn

and squash (Cucurbita pepo L.) rotation with the temporal trend of S. immaculata

populations in a potato and squash rotation and 3) investigate the effect of corn,

potato, spinach (Spinacia oleracea L.), tomato and soil alone (simulate clean

fallow) on population growth in a greenhouse container study.

Materials and methods

Objectives 1 and 2. Field studies were conducted in a 60 x 80 m field on

Kiger Island in Benton County, near Corvallis OR. The soil at this site is classified

as Chehalis (fine-silty, mixed, superactive, mesic Cumulic Ultic Haploxeroll) in the

convex regions and as Chapman (fine-loamy, mixed, superactive, mesic Cumulic

Ultic Haploxeroll) and Cloquato (coarse-silty, mixed, superactive, mesic Cumulic

Ultic Haploxeroll) in the concave regions. Melon (Cucumis melo L.) plants were

severely damaged by S. immaculata at this site in 1997. The field was in a weed

fallow during 1998 and 1999.

Experimental design. The entire field was planted to sweet corn (var. Early

Sunglow) in 2000 and sampled for S. immaculata throughout the season to

characterize the temporal trend and spatial patterns of the S. immaculata

populations (objective 1). Based on the spatial patterns observed in 2000 and lack



of information about S. immaculata movement and migration, the effect of corn /

squash (var. Delicata) and potato (var. Russet Burbank) / squash rotations on

temporal S. immaculata population trends (objective 2) were studied using a non-

replicated design in 2001 and 2002. For this design, the 60 x 80 m field was

divided longitudinally into 3 plots, A, B and C (Fig. 4.1). In 2001, the treatments

were randomly applied to two 60 x 28 m plots on the ends of the field (A, C). The

center plot (B, 60 x 24 m) was left as a clean fallow in an effort to keep the end

plots independent (Fig. 4.1). In 2002 each of the 3 plots were planted to squash.

This design was intended to minimize the confounding problem of S.

immaculata movement between treatments and focused on comparison of the

temporal pattern within each plot among 2000 (both plots corn), 2001 (plot A corn,

plot C potato), and 2002 (both plots squash). This method was similar to that used

by Michelbacher (1937) to describe a crop rotation effect in California and by

Edwards (1959) to make comparisons between the temporal patterns of populations

in different habitats. Care was taken to minimize the effects of known

confounding factors (e.g., timing of planting and harvest, timing and intensity of

tillage and irrigation), and the experiment was supplemented by laboratory trial

(objective 3).

Plot management. General plot management was similar for the three

years (Table 1). Winter weeds were controlled in April or May with an application

of glyphosate (1. 12 kg Al/ha). The seed bed was prepared in the spring with a
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60m _____
Plot A (corn / corn / squash)

Plot B (corn / fallow / squash)

Plot C (corn / potato / squash)

Fig. 4.1: Experimental site showing delineation of plots for the application of
treatments in 2001. Crops shown in parentheses are the crops grown in each plot
for 2000, 2001 and 2002 respectively. The grid represents the 300 sampling cells
(4 rn x 4 m). Concentric circles represent an illustration of points included as pairs
of the point x1

for the 0 to S (inner 5 m radius circle) and 5 to 10 m (between inner
and outer 10 in radius circles) distance classes used for the calculation of Moran's



Table 4.1. Plot management details for 2000 - 2002. Herb. = herbicide, Harv. = harvest,
Irrig. = irrigation. In the herbicide column M = metolachlor, A = Atrazine, m = Metribuzin,
G = Glyphosate, H = Halosulfuran. *squash was planted in each of the 3 plots established in
2001.

Plot Spacing Pre- Pre- Side
size Spring Till Plant (cm) plant N plant dress N Harv. Irrig.
(m2) herb. date date row plant (kg/ha) herb. (kg/ha) date (cmlw)

Corn'OO 4800 5/17 6/12 6/14 91 30 40 M,A 112 8/31 2.54
Corn'Ol 1680 5/8 5/21 6/15 91 30 40 M,A 112 9/4 2.54
Potato '01 1680 5/8 5/21 6/15 91 46 84 M, m 0 9/4 2.54
Fallow '01 1440 5/8 5/21 6/15 NA NA 0 M, A 0 NA 2.54
Squash'02 4800* 4/15 5/13 5/25 182 15 13 H,G 112 NA 2.54
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cover crop disk to a depth of 20 cm and worked with a Lely® roterra. Crops were

overhead irrigated at a rate of 2.54 cm per week throughout each season (Table 1).

In 2000, sweet corn was seeded at 30 cm spacing into 91 cm center rows

with 330 kg/ha of banded starter fertilizer (12-29-10, NPK). Metolachlor (0.73 kg

AJIha) and atrazine 4.0 (1.12 kg AIJha) were used for pre-emergent weed control.

Nitrogen was side-dressed (112 kg/ha) at the V6 stage and ears were harvested by

hand (Table 1).

In 2001 as part of a peripheral project, spinach (var. Bloomsdale Savoy)

was planted over the entire field at 10 cm spacing into 91 cm rows on 16 May and

tilled-out with a roterra on 14 June. Corn was managed similarly to 2000 (Table 1).

Potatoes were planted concomitantly with the corn on 15 June at 46 cm (within-

row) spacing into 91 cm center rows with 560 kg/ha of banded fertilizer (15-15-15,

NPK) (Table 1). Metolachlor (0.634 kg AT/ha) and metribuzin (1.81 kg Al/ha)

were used for pre-emergent weed control. Potatoes were not hilled after planting.

Potato plants were dug with a single row potato digger on 5 September. The fallow

and corn plots were also dug with the potato digger to standardize soil disturbance

among plots.

In 2002 squash was seeded to each of the 3 plots using 18 cm in-row

spacing on 182 cm center rows. One hundred kg/ha of fertilizer (12-29-10, NPK)

was banded at planting. Halosulfuran (0.034 kg Al/ha) and glyphosate (1.21 kg
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Al/ha) were used for pre-emergent weed control and N was side-dressed (112

kg/ha) 6 wk after planting.

S. j,n,,zaciilata sampling. Sampling cells were delineated byplacing a 4 x 4

m grid of 60 cm marking flags over the field, for a total of 300 cells (Fig. 4.1).

Systematic samples were taken in a 4 m x 4 m pattern (1 sample unit per sampling

cell) at 2 to 5 d intervals from 10 April through 19 September 2000, from 4 May

through 23 September 2001 and from 31 May through 2 July 2002, except during

the dates that the field was being tilled and planted (Table 1). The section in the

center of the field located between the two treatments (fallow 2001, squash 2002)

was also sampled, though not statistically independent from the two treatments.

Sampling was conducted using the potato baiting method (William 1996).

Each sample unit consisted of a longitudinally sliced, number 80 russet potato (227

369 g) placed on the scraped-off soil surface and covered with a white no-hole pot

(McConkey Co., Woodbum Oregon, Pot #JMCJD5O) measuring 16.5 cm in

diameter. Baits were left undisturbed for 2 to 5 d after which S. immaculata were

sampled by removing the pot, lifting up the potato, counting the S. immaculata on

the soil, then counting the S. immaculata on the potato. Approximately 3 cm of the

surface of the bait was then removed, and the bait placed on the scraped-offsoil

within the sampling cell approximately 45 cm away from the previous sampling

location. and covered with the pot. All of the baits were replaced when it was no

longer possible to reasonably skin the bait surface (approximately 4 wk). For each

date, sampling was completed in one morning. S. immaculata on the potato were
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removed from the site to minimize the number of individuals that were counted

repeatedly.

Assessment of squash health. Squash health was evaluated in the three

plots by calculating the average value ( ± st. dev.) of the normalized difference

vegetation index (NDVI) (Tucker 1979) for each plot from an aerial image of the

field. NDVI ranges from -1 to 1 with higher values within a given crop

representing healthier plants, and 0 representing the approximate value of bare soil.

The NDVI image was produced from an aerial photograph taken on 7 August 2002

with an automatic Samsung (model AF Slim) camera, Kodak Ektachrome

Professional Infrared EIR slide film and a number 12 Kodak gelatin filter, using the

method described by Umble (2002). The photograph was scanned at 300 dots per

inch (Nikon, Super Coolscan 4000 ED) and imported into Idrisi (Eastman 1997).

In Idrisi, the image was resampled to the coordinate system of the sampling cells

and down to the lower resolution of 10 cm2. The root-mean-square error (Eastman

1997) was used to assess the level of geometric distortion in the images. The near

infrared and red wavelengths of the resampled image were used to produce NDVI

images using the formula: NDVI = (NIR R) / (NIR + R) where NIR and R are the

near infrared and red portions of the electromagnetic spectrum (Tucker 1979), 0.70

to 0.90 and 0.63 to 0.69 tm, respectively.

Statistical analyses. The temporal pattern of bait sampled S. immaculata in

2000 was described by plotting the relative density ( = where x is the
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number of S. immaculata observed at the 1th sample unit and n is the number of

sample units/sample cells in a given area) for each date over the season for the

entire field (n = 300). The temporal pattern in sweet corn was compared to the

temporal patterns of soil sampled S. immaculata populations observed by

Michelbacher (1937) in California sugar beets, Morrison et al. (1942) in Oregon

table beets and Edwards (1959) in southern England strawberries. In 2001 and

2002 the temporal trend of relative density was described for each of the 3 plots

(Fig. 4.1, Plot A: n = 105, Plot B: n = 90 , Plot C: n 105) and compared to the

temporal trend observed in each of these plots in 2000.

For 2000, the spatial pattern was described for each date using two

measures, the index of patchiness (Lloyd 1967) and patch size estimated using

Moran's I autocorrelation statistic (Legendre and Fortin 1989). The index of

patchiness describes the relative magnitude of spatial, quadrat to quadrat variations

of population density (Kuno 1991). Statistically it is the ratio of mean crowding

(Lloyd 1967), defined as "the mean number per individual of other individuals

coexisiting in the same quadrat" (Kuno 1991), to the mean: ( +

Patchiness can be interpreted as "how many times as 'crowded' an individual is, on

the average, as it would have to be if the population had a random distribution"

(Lloyd 1967). Moran's I (Moran 1950):

/
2

1(h) = n(h)> yj -)/ W(y1 -) describes the correlation
i=1j=1 / i=1
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between pairs (y,y1) of observations at a distance of/i apart, where the strength or

weight of the relationship between each pair (w1) is 1 if the pair is in the same

distance class and 0 otherwise, and Wis the sum of these weights (Moran 1950).

Moran's I was calculated for 5 m distance classes. Since sample units were 4 m

apart, Moran's I for first distance class (0 to 5 m) was a measure of correlation

between sample units related by the rook pattern (Fig. 4.1), while Moran's I for

each of the following distance classes were a measure of correlation between

sample units separated by increasingly greater distances (Fig. 4.1). The largest

distance class at which positive (significant, P < 0.05) autocorrelation was present,

before becoming 0 or negative, was considered the patch size of a given sampling

date (Legendre and Fortin 1989).

Objective 3. The suitability of corn, potato, spinach, tomato and soil (clean

fallow) for population growth was investigated by measuring S. imniaculata density

after 8 wk, from a starting density of 35. We used a completely randomized design

with 10 replications. This experiment began on 14 July 2001, 1 d before treatments

were applied in the field trial (2001), and 2 calendar d before the date that Shanks

(1966) began his study of factors influencing reproduction of S. immaculata.

Potting System. Chehalis (Fine-silty, mixed, superactive, mesic Cumulic

Ultic Haploxeroll), soil was used for potting media. Soil was sieved to 2 - 4 mm to

ensure that macropores were of sufficient size for S. immaculata movement

(Edwards 1957b). The soil was then frozen at 80°C for 48 h to kill indigenous S.
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iin,naculata and possible predators, such as centipedes, without destroying the

aggregates.

Special pots were constructed for this experiment in order to maintain

similar moisture contents between pots and provide S. immaculata with a range of

moisture levels appropriate for spermatophore deposition and oviposition. Pots

consisted of 24.4 cm sections of diameter polyvinyl chloride pipe measuring 10.2

cm in diameter, which stood in 10.2 cm repair couplers fitted into concrete bases

measuring 15 cm in diameter and 2 cm in depth. Pots were placed on a greenhouse

bench and filled with porous volcanic pumice to a depth of 4 cm and potting media

in the remaining 19.4 cm. Pots were subirrigated by flooding the bench to a depth

of 5 cm (1 cm below the height of the pumice), using an automatic float valve

(Miller Manufacturing, Eagan, Minnesota).

Source of S. i,n,naculata. Garden symphylans were collected from 2 sites

near Corvallis, OR from 15 May 10 June using the bait sampling method

described above. S. immaculata were transferred from baits into 6 X 6 X 4 cm

plastic containers filled to a depth of 2 cm with potting media with no living plant

material provided. On 12 June the treatments were prepared using a metal spatula

to transfer 2250 late-instar (5-7) S. immaculata in cohorts of 45 into 50 petri dishes

100 mm in diameter, filled with 2 mm of plaster of Paris mixed with ground silt

(Edwards 1957b).

Source ofPlants. Untreated seeds/seed pieces of sweet corn (var. Early

Sunglow), spinach (var. Bloomsdale Savoy), tomato (var. Early Girl) and potato



(var. Russet Burbank) were started in peat moss in a mist chamber at 25°C.

Homogenous 7-day old seedlings were transplanted into pots 1 wk before

application of treatments. Plants were fertilized with 10 ml of 20-20-20 (NPK) (4 g

/ L) bi-weekly. Plants were replaced if they were killed by S. immaculata so that

fresh root material was available at all times.

Data Collection and StatisticalAnalysis. Fifty-six days after the

application of the treatments, S. immaculata were extracted from each pot by hand

sorting. Data were checked for normality and constant variance, and treatment

differences of final densities were tested using analysis of variance (ANOVA)

(SAS 1999).

Results

Temporal trend and spatial patterns in 2000. The relative density for the

entire field generally increased from 0.95 S. inirnaculata per sample unit on 10

April to 5.9 S. irninaculata per sample unit before tillage on 12 June (Fig. 4.2A).

Density decreased to 2.3 and 3.3 S. immaculata per sample unit respectively 7 and

11 days after tillage and planting, then gradually increased to an early summer

maximum of 12.2 S. linmaculata per sample unit on 5 July. At the early summer

maximum, density was 6.3 times greater than the average density in May and 20.9

times greater than the average density in April. Density decreased through the

remainder of July to a mid-summer minimum of 0.13 S. immaculata per sample

unit on 1 August, increasing again after tasseling to a late summer
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Fig. 4.2: The temporal pattern of bait sampled S. immaculata populations in
western Oregon sweet corn in 2000 (A) compared to the temporal pattern of soil
sampled S. immaculata populations in table beets in western Oregon (Morrison et.
al 1942) (B), sugar beets in California (Michelbacher 1937) (C) and strawberries in
England (Edwards 1959) (D). Mean density = average number of S. immaculata
per sample unit (soil sample unit, or bait sample unit).



maximum of 13.7 S. immaculata per sample unit on 10 September (Fig. 4.2A). The

time required to monitor the 300 sample units over the 40 dates varied from

approximately 3 h, or 36 s per sample unit with the lowest densities, to a maximum

of 5 h, or 60 s per sample unit.

The observed temporal trend was similar to the trend of soil sampled S.

immaculata populations reported by Morrison et al. (1942) in table beets (Fig.

4.2B). Mean density (Morrison et al. 1942) reached an early summer maximum of

68 S. immaculata per sample unit (hand-sorted 30.5 x 30.5 x 30.5 cm block of soil)

on 15 July, 10 d following the date of the early summer maximum density we

observed in sweet corn. Density also decreased through the end of July in table

beets and reached a late summer maximum on 9 September (Morrison et al. 1942),

1 d before populations reached a post harvest maximum density in sweet corn.

Comparison with the trends reported by Michelbacher (1937) and Edwards

(1959) are less robust because they are from sites with very different environmental

conditions and are conducted at broader sampling intervals. The trend reported by

Michelbacher (1937) shows a density peak just after planting and later in the

growing season (Fig. 4.2C), a similar pattern to those observed in OR by Morrison

et al. (1942) and in this study. The timing of these peaks, however, occurs at

different dates. The trend reported by Edwards (1959) also shows an early summer

density peak, although this peak is not associated with planting since the site was a

second year strawberry planting (Fig. 4.2D).
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Lloyd's patchiness index was inversely related to relative density (Fig.

4.3A,C). At the early and late summer maximums, individuals were on average 2.8

and 1.5 times 'as crowded', respectively as they would have been if the population

had a random distribution. While at the mid-summer minimum density on 7

August, individuals were 19.2 times 'as crowded' on average, as they would have

been if the population had a random distribution (Fig. 4.3A).

Over the season patch size showed a positive trend with relative density,

ranging from 10 to 20 m before tillage, from 0 to 20 m during crop growth period,

and from 20 to 30 m after harvest (Fig. 4.3, Plot C). Patch size was 10 and 20 m at

the two greatest densities in early summer, and 30 and 25 m at the two greatest

densities in late summer.

Temporal patterns in corn, potato and fallow in 2001. Because sampling

was conducted on different dates in 2000 and 2001, events that occurred in 2001

within ± 4 d of the dates that those events occurred in 2000 are reported as

occurring within the same sampling interval. The actual magnitude and direction

of the observed differences follow each reported comparison in parentheses. The

temporal pattern of surfaceS. immaculata populations was very similar in 2000 and

2001 in Plot A where sweet corn was grown for both seasons (Fig. 4.4, Plot A, Fig.

4.5A,B). The range of relative densities was also very similar in both years.

Density generally increased through the spring of 2001, reaching an early summer

maximum of 12.0 S. immaculata per sample unit on 2 July, 5 d earlier than the

maximum of 14.1 S. immaculata per sample unit that occurred in 2000. Numbers
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Fig. 4.4: Temporal trend of S. immaculata densities in Plots A, B and C in 2000
(open circles), 2001 (dark circles) and 2002 (open triangles). Sweet corn (c) was
grown in all plots in 2000. In 2001 sweet corn was grown in Plot A, potatoes (p)
were grown in Plot C and Plot B was clean fallowed (f). Squash (s) was grown in
all plots in 2002.



Fig. 4.5: Spatial patterns of S. immaculata populations from 2000 (A), 2001
(B) and 2002 (C), relating to sampling densities presented in Fig. 4.4. FS =
first sampling, ESM = early summer maximum density (entire field), MSM
= mid-summer minimum density (entire field), LS = last sampling, m = max
sample unit count for the given date, Total = total number of S. immaculata
observed in each sampling cell for 2002. Pot. = potato, Fal. = fallow, Squ.
= Squash. Black circles represent sample units where no S. immaculata
were found. White circles represent sample units where S. immaculata were
found where the size of the circle represents the relative size of the count
(scaled from 1 to max sample unit count, m, for each date). Last frame in
2002 is a grayscale NDVI image calculated from an aerial photograph of the
squash crop taken on 7 August, scaled from -0.20 (dark, unhealthy plants or
bare soil) to 0.76 (light, healthy plants).
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decreased through the end of July, reaching a mid-summer minimum density of

0.23 S. immaculata per sample unit on 11 August, within the same sampling

interval (4 d later) that the mid-summer minimum of 0.12 S. immaculata per

sample unit occurred in this plot in 2000. Density increased through mid August to

a late summer maximum of 12.9 S. immaculata per sample unit on 13 September,

within the same sampling interval (3 d later) that the late summer maximum of 13.5

S. immaculata per sample unit occurred in this plot in 2000.

The temporal pattern of surface S. immaculata populations was different

between years in Plot C where sweet corn was grown in 2000, and potato was

grown in 2001 (Fig. 4.4, Plot C, Fig. 4.5A, B). Density reached an early summer

maximum of 6.3 S. immaculata per sample unit on 2 July, within the same

sampling interval (3 d earlier) that this maximum occurred in this plot in 2000. The

magnitude of this peak was less than half the magnitude that was observed in this

plot during 2000. For both years, density generally decreased through mid-July. In

2001, however, densities did not increase in late August as they had in 2000.

August densities, in this plot, ranged from 0.12 to 10.4 S. immaculata per sample

unit in 2000 and from 0.10 to 0.98 S. immaculata per sample unit in 2001.

September densities ranged from 3.1 to 14.8 S. immaculata per sample unit in 2000

and from 0 to 0.09 S. immaculata per sample unit in 2001.

The temporal pattern of surface S. immaculata populations was also very

different between years in Plot B where sweet corn was grown in 2000 and the plot

was left fallow in 2001 (Fig. 4.4, Plot B, Fig. 4.5A, B). Density was 8.3 S.



immaculata per sample unit on 6 August 2001, 1 d before the early summer

maximum of 11.1 S. immaculata per sample unit occurred in 2000. Then density

increased to 13.0 S. immaculata per sample unit on 17 July 2001, 10 d following

the early summer maximum of 2000. Density did not decrease sharply in mid-July

as occurred in the other plots for both years. The average density for plot 2 from

15 July to 15 August was 0.54 S. iininaculata per sample unit in 2000 and 7.9 S.

immaculata per sample unit in 2001. The average density in the other two plots

during this time period for both years ranged from 0.31 to 1.4 S. irninaculata per

sample unit. Density gradually decreased through the remainder of the summer and

did not show a sharp late season increase as occurred in this plot in 2000.

Temporal patterns and squash health in 2002. At the first sampling in

2002 (weedy fallow, before planting) density in Plots A, B and C were 3.8, 1.6 and

0.01 5. inunaculata per sample unit respectively (Fig. 4.5). Plots A, B and C each

reached their respective early summer maximum densities of 14.7, 6.3 and 0.3 S.

inimaculata per sample unit on 19 June, earlier than in any of the plots for the

preceding years (Fig. 4.4). From 10 April to 2 July 2002, 72 total S. immaculata

were counted (removed + non-removed) in Plot C (corn / potato / squash), and

10,121 S. immaculata were counted in Plot A (corn / corn / squash) (Fig. 4.5). The

average value of the NDVI for the squash was 0.46 (± 0.08) in Plot C, 0.37 (± 0.11)

in Plot B and 0.36 (± 0.16) in Plot A with an RMS error of 5.1.

Suitability of crops and soil in the laboratory. Data were log transformed

to stabilize the variance. Food source significantly affected S. immaculata
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population development (F 55.32; df= 4, 45; P < 0.001). The average log-

transformed S. immaculata extracted from the potato was significantly lower (P <

0.05) than all of the other treatments (Fig. 4.6). The average number of S.

immaculata extracted was 2.4 times smaller in the potato than in the corn and

tomato (95% CI 1.75, 3.03). The average number of S. immaculata extracted was

1.8 (95% CI 1.19, 2.49) times smaller in the potato than in the fallow and 3.13

(95% CI 2.49, 3.77) times smaller than in the spinach. The average log-transformed

S. immaculata extracted from the spinach was significantlyhigher (P < 0.05) than

all of the other treatments. The average number of S. immaculata extracted was

0.74 (95% CI 0.09, 1.37) times larger in the spinach than in the corn and tomato

and 1.3 (95% CI 0.66, 1.95) times larger than the fallow.

Discussion

Manipulation of food sources was associated with clear shifts in temporal

population trends in the field, and significant differences in population levels in the

laboratory. These differences appear to be related to the suitabilityof the food

source for population growth, and may explain some of the dramatic population

shifts that occur in rotational systems. Furthermore, manipulation of these food

sources may improve pest management by both reducing populations directly

and/or reducing damage by not planting susceptible crops following crops that

support high populations.



Both of the spatial measures indicated that S. immaculata occurred in

patches in 2000, and experimental designs that assume a random distribution would

not be appropriate. Additionally, the largest patches occurred near the late summer

maximum density, a possible indication of population spread through the season.

Purely statistical problems with spatial autocorrelation (non-independence between

plots) could be adjusted during analysis (Littell et al. 1996). Statistical methods,

however, could not ameliorate biological problems due to movement of S.

immaculata between plots, which is poorly understood. To minimize difficulties

with autocorrelation and movement we used a non-replicated design in 2001 where

treatments were separated by a distance of the approximate patch size. This design

focused on comparison of temporal patterns of populations among the plots.

The temporal pattern of bait sampled S. immaculata populations, including

the amplitude of the population peaks, was remarkably similar in the plot that was

cropped in sweet corn for both years. The population stability was comparable to

that observed by Edwards (1959) in southern England. Bait sampling does not

represent the same population quantity as measured by soil sampling measures.

Nonetheless, the trend observed in corn using bait sampling was generally

consistent with previous trends observed using soil sampling by Morrison et al.

(1942) in western OR table beets, Michelbacher (1937, 1939) in central CA sugar

beets and Edwards (1959) in a second year southern England strawberry planting.

The temporal pattern observed in Plot C (potatoes) in 2001 was strikingly

different from Plot A (corn), with densities in Plot C remaining low after the crops
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were harvested, and also through June of 2002. Populations showed similar

decreases in potato in the concomitant laboratory trial. We believe that this

strongly indicates that the decrease observed in the field was caused by the potatoes

and not by an uncontrolled confounding variable. Population levels in potato were

also lower than the fallow treatments both in the laboratory and in the field,

indicating that levels were not decreasing simply due to the lack of a suitable host

plant, but that the potatoes adversely affected populations.

S. immaculata are reported as direct pests of potatoes, although no evidence

has been reported of reductions in root length, biomass or vigor. Potatoes have

been also suggested as the only crop that is not measurably affected by S.

imniaculata (Morrison et al. 1947). Regardless of whether S. immaculata directly

feed on tubers and/or roots, we speculate that the observed decrease may be related

to glycoalkaloids that are present in the tuber skins and roots (Friedman and

McDonald 1997). Relatively low concentrations in the flesh (Friedman and

McDonald 1997) may partially explain why S. immaculata are not repelled by the

baits, which were potatoes sliced in half.

Given only the temporal trend observed in the crop plots, high temperature

would likely be the putative factor leading to the late July population decreases,

since moisture was controlled. But the somewhat unexpected observed temporal

trend in the fallow plot indicates that other factors may interact with or preclude

temperature and moisture in some cases. No previous work has addressed

population dynamics in a clean fallow. Reported population trends have been



92

shown to vary greatly between bare areas and root zones within cropped fields in

CA (Michelbacher 1938) and England (Edwards 1959). These, however, are very

different conditions from a clean fallow. Savos (1968) reported that populations

peaked on 2 August, when sampling in vegetated and non-vegetated areas at a site

in western OR (Morrison 1957). This is considerably later than the peaks observed

in cropped areas by Morrison et al. (1942) and in our study; however, direct

comparison is not tenable since Savos's sampling was not stratified by vegetation.

Crop andlor S. immaculata physiology may be important factors leading to

the trend we observed in the fallow plot. Concerning crop physiology, the density

increase in late August may be related to changes in the corn physiology since it

occurs just following tasseling when corn stops producing new roots and shifts

energy to reproductive growth (Mengel and Barber 1974). Concerning S.

immaculata physiology, garden symphylans exhibit cyclical periods of intense

feeding in the surface soil, alternating with periods of habitation in the deeper soil

strata where molting and reproduction occur (Edwards 1961). It is possible, for

example, that the lack of living plants could lead to surface feeding populations

throughout the summer. This is mere speculation, and needs further research since

fallow plot dynamics may have importance both for the possibility ofreducing

populations and for implementing delayed planting tactics.

This study has shown clear effects of food sources on temporal population

trends in the field, and significant differences in S. immaculata population levels in

the laboratory. These differences may explain some of the dramatic population
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shifts that occur in rotational systems. Further research is needed into such issues

as the specific mechanisms leading to population decreases in potato, fallow plot

dynamics and the relationship between bait samples and soil samples. With our

findings and continuing research, manipulation of food sources may improve pest

management by reducing populations directly and/or reducing damage by not

planting susceptible crops following crops that support high populations.
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Cii APTER 5. Conclusion

The intent of this research was to advance the understanding of the ecology

of S. imniaculata, and to improve management of S. immaculata by examining key

issues concerning occunence of S. immaculata in western Oregon agroecosystems.

We have improved tools to quantify S. immaculata populations in the field

by developing and validating sample size requirements for the bait sampling

method. From this work we have shown that bait sampling is more variable than

conventional soil sampling, thus requiring more sample units to estimate S.

immaculata densities at a given level of precision. Bait sampling, however, has

considerable advantages because it measures only feeding S. immaculata, and

greatly reduces the time required for each sample unit. More research is needed to

investigate other key issues concerning this method (e.g., the relationship between

soil and bait samples when vegetation is and is not present). Nevertheless,

growers have responded favorably to bait sampling in preliminary work, and the

method has already proved to be valuable for research purposes.

The bait sampling method was an extremely important tool for

accomplishing our additional research objectives. It enabled us to conduct rigorous

field studies that led to hypotheses generated from direct observation, not solely

from the literature. From strictly the current body of literature, cultivation of

potatoes would not show great potential to reduce S. immaculata populations.

Several factors would seem to support this inference; potato tubers are used as baits

to attract S. immaculata, S. immaculata are reported pests of potatoes and in
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unfavorable conditions S. immaculata may survive by feeding only on organic

matter and microbes. However, we coupled observations of growers with sampling

data showing extremely low S. immaculata densities at sites that had been

previously cropped in potatoes to develop a well-founded hypothesis concerning

the suitability of crops for S. immaculata population growth.

We have also extensively examined the relationship between S. immaculata

populations and crop health. Through this work we have demonstrated that the

broad range of crops on which S. immaculata feed may vary greatly in their

response to this feeding. From historical reports it appeared that stand counts of

direct-seeded crops grown under S. immaculata pressure tended to increase with

increasing seed size. Also, under controlled conditions in the laboratory, week-old

seedlings of 4 crops showed clear differences in their susceptibility to S.

immaculata feeding. The methods we developed to assess crop susceptibility in the

laboratory could be used effectively to screen a range of additional crops, crop

varieties and crop stages to develop a susceptibility index that would be useful for a

number of applications.

In the field, matters are considerably more complex. Knowledge about

susceptibility may be used as a tactic to reduce damage simply by avoiding the

planting of susceptible crops at sites with high sampled S. immaculata densities.

However, in our experience, observations by growers and reports in the literature,

crop susceptibility in the field is highly variable among years and sites. This

variability partially stems from the difficulty of accurately and precisely sampling
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populations, which is complicated by prohibitive sample size requirements, spatial

heterogeneity, measuring S. immaculata in the feeding stage and timing of the

sampling. Other factors such as planting date, length of planting date after tillage,

intensity of tillage, timing and intensity of irrigation, plant spacing, plant stage

(e.g., seed vs. transplant), soil type, presence of secondary pathogens, bed/row

management, weed control, pesticide applications and interactions between these

factors are also likely important sources of variation. Further investigation of the

relative importance of these factors/interactions within a highly susceptible crop

may provide considerable insight into the relationships between S. immaculata

densities and crop health in the field, thus reducing variability and risk currently

associated with the implementation of this tactic.

Along with examining tactics to reduce damage from S. immaculata, we

have also investigated tactics to reduce populations by manipulating the suitability

of crops for S. immaculata population growth. Our findings, showing a clear

population decrease in potato crops both in the laboratory and field, highlight the

importance of crop suitability for S. immaculara population development, and

could lead to considerable improvements in management of S. immaculata in

western Oregon. The effective use of crop rotation tactics to reduce populations,

coupled with knowledge about susceptibility and accurate sampling, could

substantially reduce risk and crop loss to S. immaculata and reliance on pesticide

use.
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In addition to the creation of a susceptibility index as described above, the

greenhouse methods, which we have developed to assess the suitability of different

crops and soil for S. immaculata population growth, could be applied to a range of

crops and/or soils, composts or amendments to provide additional insight into

factors that may increase, decrease or maintain populations. While potatoes are not

easily integrated into a number of cropping systems, other crops, that would fill

complementary roles in cropping systems, may have similar effects on S.

immaculata populations.

Numerous other studies could also be conducted to examine further the

population reduction observed in potatoes, including studies focusing on the actual

mechanism behind the decrease, the time required for populations to recover after

the observed decrease and the effect of potatoes grown with a crop or weed that is a

good host for S. immaculata.

We believe that identifying crops that dramatically increase S. immaculata

populations (such as spinach) is also important when designing a rotation.

Although the susceptibility of crops varies, under favorable conditions S.

immaculata populations may reach levels that cause considerable crop loss to

relatively tolerant crops.

Overall, these studies have contributed significantly to the understanding

and management of S. immaculata in western Oregon cropping systems. Improved

sampling methods aid in quantifying S. immaculata populations. Our investigation

into interactions between S. immaculata and selected crops can lead to the further



development of tactics to reduce populations and the damage to crops that they

cause.
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