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Slugs are common pests of grass seed fields in western Oregon and the current focus of repeated, and
often unsuccessful, efforts by growers to control them using molluscicides. Here we document rapid loss
of molluscicidal bait pellets to earthworms and the resulting adverse effects on slug control. Three years
of field studies were conducted at 17 locations with contrasting crops, soil types, residue levels, and
tillage management programs. Baits were isolated in covered, sunken, open bottom arenas in the field to
exclude removal by slugs, rodents, or birds. Forty hours of nighttime field observations and photographic
documentation were collected to support the hypothesis that earthworms were removing slug bait
before it had the opportunity to kill slugs. Greenhouse studies were conducted on the gray field slug
(Derocerus reticulatum Mueller), in screen-topped arenas to determine the effects on mortality, seedling
survival, and egg fecundity in a bait-depleting environment. Field data showed that an average of 17% of
all bait pellet types were removed nightly by earthworms, with a range of 5.1e6.4 days until 100%
disappearance. Individual earthworms in the field were observed removing up to three bait pellets
per hour. Earthworms removed a 5% metaldehyde formulation significantly faster than either 4%
metaldehyde or 1% iron phosphate pellet baits, possibly because of the smaller physical pellet size.
Seedling survival in the greenhouse � 65% was achieved by the highest rate of 4% metaldehyde bait
pellets, the two highest rates of 7.5% metaldehyde granules, and the two highest rates of 25%
metaldehyde liquid formulation. Earthworms showed no behavioral interest in the granular or liquid
formulations, providing growers with attractive alternatives to the ineffectual pelleted baits currently
in widespread use.

Published by Elsevier Ltd.
1. Introduction

Significant crop damage and economic losses are attributed to
the grey field slug (GFS) in many agricultural regions of the world
(South, 1992; Hommay and Briard, 1989; Glen and Moens, 2002;
Hammond and Byers, 2002; Port and Ester, 2002). Populations of
the GFS are especially destructive to crops in western Oregon,
a region characterized by average annual precipitation in excess of
1000 mm (Fisher et al., 1995).

Mechanical control of slugs with inversion tillage and field
burning to remove straw residue reduced slug populations in grass
seed production fields in western Oregon until relatively recently
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(Fisher et al., 1996). During the past two decades, however,
fundamental changes in the practices used to produce annual and
perennial grass seed crops have occurred in response to air quality
and public safety concerns. Oregon state legislation reduced the use
of burning from approximately 140,000 ha to less than 16,000 ha,
leaving large quantities of straw for which producers are respon-
sible. Producers have increasingly adopted conservation practices
for residue management by returning straw to the field to improve
soil quality, reduce erosion, and participate in USDA Farm Bill
Conservation Title programs. As a result, significant quantities of
straw remain after harvest, averaging 1 Mg ha�1 of straw after
baling and 3e5 Mg ha�1 when all straw is returned to the soil
(Steiner et al., 2006). Recent increases in fuel cost have caused
growers to reduce the number of soil disturbance operations and
decrease tillage depth. These changes in field-level ecology have
been associated with greater crop damage from slugs and reduced
efficacy of slug control measures. The presence of straw residues
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has been shown to increase slug populations in wheat (Glen et al.,
1994; Glen, 2000) after straw is chopped and returned to the soil
surface or incorporated. Increased slug populations have also been
documented in soybean and corn crops in Ohio and in oilseed rape
(Brassica rapa L.) in the U.K. after plant residue was returned to the
production fields (Hammond and Stinner, 1987; Glen and Moens,
2002).

Changes in residue management practices have been accom-
panied by reduced tillage practices that have impacted earthworm
ecology in production fields. Tillage can have a significant adverse
affect on earthworm populations (Chan, 2001; Kladivko, 2001).
Rotary type cultivation can reduce earthworm numbers by 60e70%
(Bostrom, 1988), and near total elimination of earthworms by
repeated tillage was shown in potato culture (Curry et al., 2002).
Reduced tillage is frequently associated with increased earthworm
populations. Earthworm densities in soils subject to perennial and
no-till cropping systems ranged from 82 to 251 m�2 in perennial
ryegrass (Lolium perenne L.) systems (Boyle et al., 1997), 2e343 m�2

in continuous conventional and no-till corn (Kladivko, 1993),
400 m�2 in bluegrass/clover, and 1300 m�2 in dairy pasture and
manure (Gray, 2003). Earthworm densities in regularly cultivated
arable soils in Norway ranged from 30 to 350 individuals m�2

(Pommeresche and Loes, 2009).
Earthworms are key organisms in the breakdown of plant

organic matter and are important in soil formation because they
ingest large amounts of organic matter that is subsequently mixed
with mineral particles to form water stable aggregates (Edwards,
2004). Large, deep, permanent burrowing species, such as Lum-
bricus terrestris L., consume significant quantities of surface resi-
dues, and populations usually expand in relation to the availability
of organic matter (Nuutinen, 1992; Karlen et al., 1994; Fraser and
Piercy, 1998; Edwards, 2004).

The increases in slug and earthworm populations that accom-
pany implementation of conservation farming practices can impact
measures that are used to control slug populations in production
fields. A significant decrease in the number of bait pellets
consumed, and increased earthworm mortality was associated
with their consumption of SLUGGO�, an iron phosphate formula-
tion used at eight times the recommended treatment rate in
a funnel test (Langan and Shaw, 2006) and at a rate that was five
times the recommended level (Edwards et al., 2009). Earthworm
foraging activity also appeared to decrease after exposure to these
levels of Sluggo�. In contrast, a metaldehyde formulation had no
effects on L. terrestris behavior or body weight (Bieri et al., 1989;
Bieri, 2003). Current slug control methods rely on either metal-
dehyde or iron phosphate in pellet form, or to a lesser extent,
Table 1
Crop production field sites sampled in 2006, 2007, and 2008 harvest years. All sites were
soil moisture content ¼ � 30%, 5.0-cm soil temperature ¼ 12 �C).

Sitea Crop Stand age Tillage Residue Drainage

1 Lolium multiflorum 10 None High Poor, sea
2 Lolium multiflorum 10 None High Poor, sea
3 Lolium multiflorum 1 Conventional Low Good dra
4 Lolium multiflorum 1 Conventional Low Poor, sea
5 Lolium multiflorum 10 None High Poor, sea
6 Limanthes alba 1 Conventional Low Good dra
7 Dactylus glomerata 2 None High Good dra
8 Dactylus glomerata 2 None High Good dra
9 Dactylus glomerata 5 Conventional High Good dra
10 Lolium perenne 3 None Low Good dra
11 Lolium perenne 2 None High Good dra
12 Festuca arundinacea 5 Conventional High Good dra
13 Festuca arundinacea 5 Conventional High Good dra
14 Trifolium repens 3 Conventional Low Good dra
15 Trifolium repens 4 Conventional Low Good dra

a Sites 1, 2, 3, 4, 6, 7, 10, 12 and 13 were sampled in 2005e06; sites 8, 9, 11, and 14 w
granular and liquid formulations of metaldehyde. Even though the
mode of action in slugs is different for metaldehyde and iron
phosphate, both share similar meal-based attractants. Presently in
western Oregon, 75,000 ha of grass seed fields are treated 2e5
times per year with metaldehyde baits at an average rate of
11 kg ha�1, while 10% of the fields are treated with iron
phosphate (Bloom, 2006). An estimated 1.3 million kg of slug bait
per year is sold inwestern Oregon, at an annual cost of $3.7 million.

The objectives of this study were to quantify the earthworm
removal of slug baits in a field setting and to measure the effect of
bait removal on slugmortality, perennial ryegrass seedling survival,
and egg fecundity utilizing contrasting bait formulations under
controlled experimental conditions. We also quantified earthworm
densities at 15 different sites under contrasting cropping systems
typical of western Oregon and determined the time required for
removal of different baits at each site over a three year period.

2. Methods and materials

2.1. Trial sites

This research was conducted from the 2006 through 2008
harvest years during the cool wet season (NovembereMarch)when
earthworm species tend to concentrate in surface soil. Fifteen sites
in the Willamette Valley, Oregon, were selected in grass, white
clover (Trifolium repens L.), and meadowfoam (Limnanthes alba
Benth.) seed production fields. A description of the sites and
practices used is shown in Table 1. The climate is characterized by
a modified Mediterranean climate with wet, sporadically frosty
winters (mean annual precipitation� 1000mm) and dry, moderate
summers. Contrasting tillage practices employed at these sites
ranged from shallow disc/raked/rolled to long term (10 years) no-
till volunteer annual ryegrass production. Soil and drainage varia-
tion among sites matched the average range found in the Will-
amette Valley including representation of the increasing number of
fields that have been tiled to improve drainage and crop yields.
Grass straw residue was either chopped and left in place or baled
and removed depending on the market value of straw, the on-farm
need for straw, or the management philosophy of the grower.

2.2. Field evaluations

Initial tests to quantify bait pellet removal were conducted in
a field following a grower application of a mixture of 4 and 5%
metaldehyde products with a spin spreader at recommended field
rates. A total of 16 points were marked along a 300-m transect for
sampled during a two week period when conditions were appropriate (gravimetric

Soil type description

sonally flooded Amity, fine silty, mixed, mesic Arqiaquic Xeric Argialbolls
sonally flooded Dayton, fine, montmorillonitic, mesic Abruptic Arqiaquolls
inage, tiled field Amity, fine silty, mixed, mesic Arqiaquic Xeric Argialbolls
sonally flooded Dayton, fine, montmorillonitic, mesic Abruptic Arqiaquolls
sonally flooded Dayton, fine, montmorillonitic, mesic Abruptic Arqiaquolls
inage, tiled field Dayton, fine, montmorillonitic, mesic Abruptic Arqiaquolls
inage, sloped field Dayton, fine, montmorillonitic, mesic Abruptic Arqiaquolls
inage, tiled field Woodburn, fine-silty, mixed, mesic Aquultic Arqixerolls
inage, sloped field Woodburn, fine-silty, mixed, mesic Aquultic Arqixerolls
inage, tiled field Dayton, fine, montmorillonitic, mesic Abruptic Arqiaquolls
inage, tiled field Woodburn, fine-silty, mixed, mesic Aquultic Arqixerolls
inage, tiled field Dayton, fine, montmorillonitic, mesic Abruptic Arqiaquolls
inage, tiled field Woodburn, fine-silty, mixed, mesic Aquultic Arqixerolls
inage, tiled field Dayton, fine, montmorillonitic, mesic Abruptic Arqiaquolls
inage, tiled field Dayton, fine, montmorillonitic, mesic Abruptic Arqiaquolls

ere sampled in 2006e07; and sites 5 and 13 were sampled in 2007e08.
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positioning a 0.25-m2 frame within which bait pellets were coun-
ted on a daily basis. Pellet distribution ranged from 80 to 2098 g
a.i.ha�1 for 4% metaldehyde and from 182 to 1334 g a.i. ha�1 for 5%
metaldehyde. This study (site 1, Table 1) was conducted in the
autumn and was not repeated due to the variability and unre-
producable application method.

To improve the uniformity of bait pellet dispersal and to exclude
slug, insect, amphibian, or rodent influence, a system of enclosed
arenas was developed for use in a subsequent field study so
controlled amounts of baits could be applied within arenas and to
adjacent open areas. Arenas were constructed by removing the
bottom of an 18.9 L plastic bucket and driving it 30 cm deep into the
soil, fitted with a screened lid. Slugs present in the soil enclosed
within each arena were removed daily for 4 d from beneath moist-
ened cotton blankets placed on the soil surface prior to testing,
similar to the defined area trap developed in New Zealand (Ferguson
et al., 1989). Bait disappearance was also measured in open, unpro-
tected field areas adjacent to the protected arenas within a 0.25 m2

area defined by a rigid frame. This second field test was conducted
using 10 pellets per protected arena and 10 replications. The number
of remaining bait pellets were counted daily until all had been
removed (usually 4e5 days). Sites 1 and 2 (Table 1) were used in this
study and were repeated in the same field in two crop seasons.

The third field study was conducted at a total of 15 site-years
over three growing seasons using methods similar to those of the
second field study, but without sampling in any unprotected areas.
Earthworm densities were quantified to a depth of 30 cm within
each replication at each site immediately following the conclusion
of the test using a hand-sorting method (Callaham and Hendrix,
1997). All treatments were replicated 12 times in each of the 15
tests (totals of 9, 4, and 2 tests were conducted in the 2005e06,
2006e07, and 2007e08 growing seasons).

Since there is a paucity of data regarding earthworms in Will-
amette Valley soils, we concentrated our efforts on the large,
abundant, non-native species, L. terrestris. The nocturnal surface
foraging behavior of this species, coupled with the ratio of earth-
worm size to pellet size, made this themost likely candidate for bait
removal. Density of active earthworm burrows with fresh castings
as high as 50 per m2 has been observed in western Oregon grass
seed fields (unpublished data).

Products used in the field experiments were donated by Crop
Production Services, Tangent, OR. Pellets used in arena testing were
applied at several times higher than recommended field rates to
reduce granularity of the data.

2.3. Nocturnal field observations

Forty hours of nocturnal observations were made after earth-
worms were conditioned to low levels of light supplied by a 40 W
incandescent bulb for two nights. Observations were limited to
2e3 h after sunset when earthworms were most active. Fresh
metaldehyde or iron phosphate baits were added to the surface
of the soil 2 h before dark. Four observation stations were
monitored until the onset of activity, then observations
commenced on the most active subjects. Observations on
individuals were discontinued when earthworms withdrew into
their burrows. No attempts were made to recover unused baits in
the burrows, or to compare the effect of aged or weathered baits
on earthworm behavior. All observations were repeated for 10
days (4 h per night) when weather conditions permitted.

2.4. Greenhouse evaluations

In order to separate effects of bait pellet depletion on slug
control from environmental influences encountered in the field,
bait depletion trials were conducted in a temperature-controlled
greenhouse with no shading during winter months and natural
daylength and light intensity. Three criteria of responses were
measured: slug mortality, perennial ryegrass seedling survival, and
egg fecundity of the surviving slugs. Arenas consisted of round
plastic bucket bottoms, 27 cm interior diameter, 559 cm2 area, and
10 cm height, fitted with a screened lid. Native soil (Woodburn and
Dayton soils) was added to each arena to a depth of approximately
3.0 cm and moistened to 30% water content. A center row of
perennial ryegrass seeds (60 seeds per row, a seeding rate equiv-
alent to 12.4 kg ha�1) were planted and allowed to grow for 5 d
after emergence before slugs were introduced. Small water absor-
bant felt pads were placed on the soil surface to provide cover and
refuge for slugs. The GFS (mean biomass ¼ 0.80 g, standard
error ¼ 0.02 g) were field collected one week prior to testing and
fed lettuce until introduction into the arenas. Slugs were held in
growth chambers maintained with a single incandescent light
source set for 8 h daylength, and 8 �C temperature (mean
temperature variance �4 �C). Each treatment was replicated eight
times.

Each product was applied at three rates covering the full range
of manufacturer recommendations (2, 3, and 4 pellets/arena of 4%
metaldehyde and of 1% iron phosphate baits; 4, 5, and 6 pellets/
arena of 5% metaldehyde bait; 25, 50, and 75 granules/arena of 7.5%
metaldehyde granules; and 2.3, 4.7, and 7.0 L ha�1 of 25% liquid
formulation). In non-depleting arenas, bait pellets weremaintained
at initial rates until the end of the experiment. In depleting arenas,
treatment began with the highest rate of each formulation, from
which a single bait pellet was removed at the end of each day until
none remained, a depletion rate of 25% per day for 4% metaldehyde
and 1% iron phosphate, and 16.7% per day for 5% metaldehyde.
Slugs were exposed to baits for 5 d, mimicking the typical number
of days we observed any bait remaining in the field. After a 5-
d exposure period, slugs were removed from arenas and placed
into clean speciman cups (100mL by volume) fittedwith screed lids
and fed lettuce two weeks to allow for recovery from poison. Eggs
and slugs were recovered and counted by hand searching at the end
of the two-week recovery period. Products, rates, and active
ingredients used in greenhouse and field experiments were:
Deadline MP�, 4% metaldehyde pellet, AMVAC, Los Angeles, CA,
USA; Metarex�, 5% metaldehyde pellet, De Sangosse S.A., Bonnel,
FRANCE; Sluggo�, 1% iron phosphate pellet, W. NEUDORFF, GmbH,
KG, GERMANY; Durham 7.5�, 7.5% metaldehyde granular, AMVAC,
Los Angeles, CA, USA; and Slugfest AWF�, 25% metaldehyde liquid,
OR-CAL, Junction City, OR, USA.

2.5. Statistical analysis

Responses such as slug mortality or natural bait pellet depletion
were measured daily for a minimum of 7 d after treatment,
allowing the option to conduct separate analyses of variance on
each date or to view time as an additional treatment factor in the
analysis and use repeated measures or regression approaches. Two
major problemswith suchmethods were the large number and size
of tables needed to display all the results and the heterogeneity of
variance over time caused by the presence of large number of zero
values near the end of the measurement periods. To compress the
data and simplify the analyses, days to 50% bait pellet loss or 50%
slug mortality were defined using linear interpolation between the
last date of less than 50% effect and the first date of more than 50%
effect unless there was exactly 50% effect on any single date, in
which case it was directly used. Days to 100% effect were defined as
the first date at which all pellets were removed or all slugs killed. In
rare cases where a single pellet remained on the soil surface
through 7 d, it was assumed to have disappeared the next day. Days
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to either 50 or 100% effect were calculated separately within each
replication, followed by analysis of variance. All datawere tested for
heterogeneity of variance among treatments, and whenever raw
data was not homogeneous we employed logarithmic [log(X þ N)]
and arcsine square root percent transformations for analysis of
variance andmeans separation followed by back transformation for
presentation in tables. Means separation tests were conducted at
the P < 0.05 level using Fisher’s protected LSD. Greenhouse tests
were conducted twice, and data from the two experiments of four
replications each were pooled after preliminary analysis revealed
no significant run� treatment interactions for any of the measured
variables. Regression of bait disappearance over time in field study
1 was conducted using a logistic model with a transformation
[ln((100.5/(0.4 þ X))� 1)] that rescaled 0, 50, and 100% responses
as 5.5, 0.0, and �6.9 to directly include observations of 0 and 100%
bait loss in the regression. Regression of slug mortality or seedling
survival in the greenhouse versus metaldehyde rate used loga-
rithmic transformation of metaldehyde rate, and arbitrarily
assigned 100 g a.i. ha�1 to the untreated control to allow its
inclusion in the regressions.

3. Results

3.1. Field evaluation

Distribution of pellets following grower application was highly
variable, ranging from 8 to 224 and 28 to 212 pellets per m2 among
replications for the 4 and 5% metaldehyde baits, respectively. No
statistically significant difference (P < 0.05 level) in pellet
disappearance was observed between the two bait types regardless
of whether analyses were conducted using a chem-
ical� days� replication model (ignoring inequality of error vari-
ances among treatments), in a chemical� replicationmodel of days
to 50 or 100% disappearance, or in models of linear or logistic
regression over time (Fig. 1). Metaldehyde bait pellets disappeared
at an average rate of 39.6% in the first night or, equivalently, with
a time to 50% loss of 1.42 d. The final remaining baits were last
observed in any plots at 7 d after application, though they had
Fig. 1. Loss in the field of grower mixture of 4 and 5% metaldehyde bait products over
time at fifteen randomly selected 0.25 m2 stations on a 300-m transect visited daily
until all bait pellets had been removed. R2 for logistic regression pooled over the two
bait products was 0.594, significant at P < 0.001, using upper and lower offsets in the
logistic transformation of 100.5 and 0.4% to allow inclusion of observations of total or
no bait loss in the regression. Multiple stations experienced total bait loss from day 3
onward.
disappeared in some replications by as soon as 3 d. Given the
extreme variability in application rates of baits applied by growers,
we elected to conduct further experiments using better-controlled
application methods rather than trying to detect factors affecting
grower treatments within settings of highly variable (local-scale)
application rates.

In our repeat of the field study, we investigated the effects of bait
pellet disappearance in both protected and unprotected environ-
ments (Table 2). Using a chemical� days� environment type -
� replication model, differences among chemical formulation,
days, and environment type were all highly significant (P < 0.001),
as were the chemical� days, chemical� environment, and
days � environment interactions. The interaction between chem-
ical� days� environment was not significant (P � 0.153). Because
error variances were not equal over time, with a strong trend to
diminish after the first three days, we conducted additional anal-
yses of time to 50 and 100% bait loss for the three molluscicides in
protected and unprotected environments. In the unprotected
environment, which corresponds to conditions present in the first
field study, 50% bait loss of the 4%metaldehyde product occurred in
just under 3 d, 0.3e0.5 d faster (significant at P < 0.05) than loss of
the 5% metaldehyde or 1% iron phosphate products (Table 2). Total
(100%) bait loss for both of the metaldehyde formulations occurred
0.9e1.2 d faster (significant at P< 0.05) than for 1% iron phosphate.
Relative to that which occurred in the unprotected environment,
bait survived longer in the protected environment for all three
products in terms of time to 50% loss and for 4% metaldehyde in
time to 100% loss, but differences only ranged from 0.36 to 1.61 d.
Even though bait pellet loss was slower in the second field study
than it had been in the first, total depletion still occurred in less
than a week.

The main effects at 15 sites for naturally depleting bait pellets
are summarized in Table 3. The number of bait pellets were stan-
dardized to 10 per arena (2e3 times recommended field rates for
areas of 559 cm2). Variation in earthworm density among sites
lacked any obvious explanation. There were no significant
differences in earthworm densities among soil types, residue
management, tillage, or harvest year. Younger stands (1e3 years
of age), however, had significantly fewer earthworms than older
stands. We found no significant interaction between the number
of days to 50 or 100% bait loss (all products combined) and
earthworm density (range of 39e258 earthworms m�2 among
replications across sites) between sites or years.

A simple univariate test across all sites and years found that 5%
metaldehyde bait disappeared significantly (P < 0.05) faster
(4.92 de100% loss, 1.76 d to 50% loss) than did either 4%
metaldehyde (5.77 de100% loss, 2.57 d to 50% loss) or 1% iron
phosphate (5.93 de100% loss, 2.74 d to 50% loss) baits. Since
variances were not homogeneous among sites, treatments were
more properly compared with each other in separate analyses
conducted at each site. The 5% metaldehyde bait disappeared
Table 2
Field study 2measuring time to 50 and 100% bait pellet removal amongmolluscicide
treatments in protected arenas and adjacent unprotected open field areas.

Formulation Time to 50% bait loss (days) Time to 100% bait loss (days)

Protected Unprotected Protected Unprotected

4% Metaldehyde 4.20bZa 2.97bY 6.20aZ 4.90bY
5% Metaldehyde 3.64bZ 3.28aY 5.10bZ 5.20bZ
1% Iron phosphate 5.06aZ 3.45aY 6.40aZ 6.10aZ

a Means followed by the same lower case letter within a column or the same
upper case letter for protected versus unprotected environments within a row do
not differ at P < 0.05. Analyses among molluscicides were conducted separately for
protected and unprotected environments due to heterogeneity of variances when
environments were pooled.



Table 3
Field study 3 measuring days to half or total bait loss for three pelleted molluscicides at 15 sites over three years. Earthworm density was measured once within each
replication in areas near the treatment arenas.

Site Time to 50% bait removal (days) Time to 100% bait removal (days) Earthworms (number m�2)

4% Metaldehyde 5% Metaldehyde 1% Iron phosphate 4% Metaldehyde 5% Metaldehyde 1% Iron phosphate Mean density Standard error

1 4.17 aa 1.63 c 3.08 b 6.58 a 6.58 a 6.58 a 258 78.7
2 3.19 a 2.86 a 3.15 a 6.58 a 5.17 c 5.92 b 106 14.3
3 3.44 a 2.13 b 3.09 a 7.17 a 5.58 b 6.92 a 45 10.6
4 2.14 b 1.81 c 2.49 a 5.50 b 4.67 c 6.33 a 39 7.7
5 2.92 a 1.63 b 3.35 a 6.75 a 5.42 b 6.83 a 220 60.2
6 3.07 b 1.79 c 3.99 a 7.08 a 5.33 b 7.17 a 58 21.1
7 1.92 a 1.53 b 1.81 a 5.75 a 4.75 b 5.00 b 61 16.9
8 2.49 a 1.56 b 2.25 a 5.83 a 4.67 b 5.58 a 76 34.9
9 2.15 a 1.77 b 2.18 a 4.92 a 4.42 b 5.25 a 80 24.0
10 2.05 a 1.32 b 1.99 ab 4.83 a 3.83 b 4.92 a 96 17.7
11 2.01 a 1.59 b 2.09 a 4.92 a 4.33 b 5.08 a 87 14.0
12 1.81 a 1.33 b 2.05 a 5.08 a 4.25 b 5.25 a 75 36.3
13 3.10 b 1.51 c 4.35 a 5.83 b 4.92 c 7.00 a 121 26.9
14 1.47 c 2.05 b 2.63 a 4.25 b 4.67 ab 5.25 a 113 19.1
15 2.58 a 1.97 b 2.64 a 5.50 ab 5.17 b 5.83 a 258 38.4
Average 2.58 1.76 2.81 5.77 4.92 5.99 113 28.1

a Chi-square test for homogeneity of variances of full site by chemical model equaled 184.35 and 91.71 with 44 dF for days to 50 and 100% bait removal, exceeding values
required to reject the null hypothesis at P < 0.001. Analysis of variance and means separation tests were therefore conducted separately at each site. Means followed by the
same letter within a row do not differ at P< 0.05. Treatment effect F-values for time to 50 and 100% bait removal at each of the 15 sites with 2 and 33 degrees of freedomwere
as follows: 28.27 and 0.00 at site 1; 0.66 and 20.94 at site 2; 11.97 and 24.95 at site 3; 9.06 and 33.00 at site 4; 18.23 and 23.10 at site 5; 30.92 and 24.60 at site 6; 5.30 and 10.21
at site 7; 14.46 and 9.80 at site 8; 3.24 and 8.62 at site 9; 2.84 and 8.86 at site 10; 5.75 and 9.45 at site 11; 8.21 and 15.33 at site 12; 18.59 and 20.98 at site 13; 9.53 and 2.55 at
site 14; and 6.90 and 6.95 at site 15. Critical F-values for 2 and 33 degrees of freedom were 2.47, 3.28, 5.31, 8.59, and 12.33 at P ¼ 0.10, 0.05, 0.01, 0.001, and 0.0001.
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faster (P < 0.05) than both of the other two products at 12 or 11 of
the 15 sites measured as time to 50 or 100% bait loss, respectively.
Iron phosphate lasted longer than 4% metaldehyde at 4 or 3 of the
15 sites measured as time to 50 or 100% bait loss. Iron phosphate
disappeared faster than 4% metaldehyde at 1 or 2 of the 15 sites
in time to 50 or 100% bait loss.

3.2. Greenhouse evaluation

3.2.1. Slug mortality
We observed an expected dose response with all formulations

except the 5% metaldehyde product, which had the least effect on
slug mortality at all rates and was not significantly different from
the untreated control (P < 0.05) (Table 4). Slug mortality in the
depleting pellet environment for any of the formulations was not
significantly greater than the untreated control. The only pelleted
molluscicides to significantly improve slug control relative to that
measured in depleting environments were the highest rate of 4%
metaldehyde and the two highest rates of iron phosphate. Only the
highest application rate of the granular and liquid formulations
killed significantly more slugs than the three pelleted baits in the
depleting environments. Graphing slug mortality versus metal-
dehyde rate allowed us to more clearly separate effects of formu-
lation from those of rate (Fig. 2).

3.2.2. Seedling survival
All molluscicides protected significantly more perennial

ryegrass seedlings than the untreated control with the sole
exception of the lowest rate of the liquid formulation of metal-
dehyde (Table 4). The highest rate of the liquid formulation pro-
tected more seedlings than any other treatment except the two
highest rates of the granular formulation.

Graphing seedling survival versus metaldehyde rate showed the
primary importance of rate over formulation effects (Fig. 3). The
metaldehyde rate needed to insure 50% seedling survival in the
greenhouse can be estimated at 740 g a.i. ha�1 from the regression
line, a rate that was exceeded by only six of our treatments. Using
the 4% pellet in the gradually depleting environment matched the
seedling survival predicted for 410 g a.i. ha�1 metaldehyde without
depletion, or 57% of the rate applied at day 0. This suggests that
seedling survival was more closely related to bait pellet rates
present at about 2 d after application than to the initially applied
rates.

3.2.3. Egg fecundity
Significantly (P < 0.05) fewer eggs per surviving slug were laid

with all rates of the 4% metaldehyde formulation in the non-
depleting environment than in either the untreated check or the
depleting treatment that started out with a full 716 g ha�1 rate of
the 4% formulation (Table 4). There were no differences among the
non-depleting rates for the 4% formulation. Significantly more eggs
per slug were laid with the two higher rates of 5% metaldehyde and
all rates of 1% iron phosphate formulations in non-depleting envi-
ronments than in depleting environments. The lowest rate of 5%
metaldehyde had significantly fewer eggs per slug than the
untreated control, while the highest rate of iron phosphate has
significantly more eggs per slug than the untreated control. All
rates of the granular and liquid formulations reduced egg per slug
relative to the untreated control.

3.3. Nocturnal observations

Nighttime foraging by earthworms began several hours after
sundown and continued throughout the night while L. terrestris
foraged for litter and fine roots of decaying plants. Hunting and
gathering appeared deliberate, and often involved apparent
sampling of substrates that were consumed on the surface or pulled
into the burrow. Many substrates were rejected during this
sampling process, followed by resumed foraging until successful
harvest encounters occurred or external influences caused with-
drawal into the burrow.

No behavioral differences were noted when earthworms
approached bait pellets relative to that which occurred when
natural substrates were approached. Bait pellets were either
accepted or rejected. Approximately 20% of the time pellets were
engulfed entirely on the surface, while 10% of the time baits were
engulfed and then rejected. The most common response involved
pulling the bait into the burrow. Individuals removed as many as



Table 4
Effects of molluscicides on slug mortality, perennial ryegrass (Lolium perenne L.) seedling survival, and egg fecundity in greenhouse experiments, in pellet depleting and non-
depleting environments. Depleting treatments initially received the highest product rate, followed by 25% removal each day for the next 4 days for 4%metaldehyde and 1% iron
phosphate, and by 17% removal each day for the next 6 days for 5% metaldehyde.

Formulation Rate
(g a.i. ha�1)

Slug mortality
(%)

S.E.c

(%)
Seedling
survivala (%)

S.E.c

(%)
Fecundityb

(eggs slug�1)
S.E.c

(eggs slug�1)

4% Metaldehyde pellet 358 51 aeed 2.95 15 i 4.02 10 cd 2.27
537 55 abc 4.23 42 eeh 4.89 10 cd 3.12
716 68 a 3.66 75 bc 8.27 11 cd 1.31
Depleting 33 cef 4.12 32 gh 3.70 18 eeh 1.95

5% Metaldehyde pellet 259 29 cef 2.95 42 fgh 3.01 8 bc 0.97
388 36 bef 4.98 32 eeh 3.46 24 hi 4.69
517 35 cef 5.00 38 gh 7.74 21 ghi 2.48
Depleting 33 cef 2.50 26 hi 6.52 5 ab 0.99

1% Iron phosphate pellet 132 36 bef 4.98 56 deg 7.50 19 fgh 4.85
198 63 ab 3.66 52 def 5.65 29 ij 4.03
264 70 a 2.67 48 def 5.53 39 j 3.83
Depleting 28 def 1.64 59 cde 3.81 9 c 0.94

7.5% Metaldehyde granular 842 48 aee 5.90 59 cde 10.89 13 cef 2.00
1683 53 aed 2.50 84 ab 4.67 13 cde 1.44
2525 66 a 3.75 88 ab 3.44 5 a 0.51

25% Metaldehyde liquid 588 25 ef 3.27 3 j 2.02 14 deg 1.05
1177 36 bef 1.83 65 cd 5.23 3 a 0.53
1765 73 a 2.50 92 a 1.12 4 a 1.36

Untreated control 10 f 2.67 3 j 3.24 23 hi 2.19
Treatment effect F (18, 133 degrees of freedom)e 23.766 21.682 19.427
P-values <0.0001 <0.0001 <0.0001
Levene’s homogeneity of variances F

(18, 133 degrees of freedom)f
2.055 2.729 2.072

P-values 0.011 0.001 0.01

a Arcsine square root percent transformed for means separation, then backtransformed.
b Log(X þ 2) transformation for means separation, then backtransformed.
c Standard error of the mean calculated on raw, non-transformed data.
d Means followed by the same letter within a column do not differ at P < 0.05.
e In the completely randomized design, analysis of variance has only two factors (treatments and error), with only one F-test, mean square treatment effects divided by

mean square error.
f Levene’s test for homogeniety of variances produced weaker evidence for rejection of the null hypothesis for untransformed slug mortality, arcsine square root percent

transformed seedling survival and log transformed fecundity than for any other transformation of the variables.

Fig. 2. Slug mortality in the greenhouse versus metaldehyde rate for all pelleted bait,
granular, and liquid formulations of metaldehyde. R2 for regression of mortality versus
logarithm of metaldehyde rate was 0.482, significant at P < 0.01. Regression excluded
the depleting treatments, but included the untreated control by arbitrarily defining its
rate as 100 g a.i. ha�1 metaldehyde.

Fig. 3. Perennial ryegrass (Lolium perenne L.) seedling survival in the greenhouse
versus metaldehyde rate for all pelleted bait, granular, and liquid formulations of
metaldehyde. R2 for regression of survival versus logarithm of metaldehyde rate was
0.708, significant at P < 0.001. Regression excluded the depleting treatments, but
included the untreated control by arbitrarily defining its rate as 100 g a.i. ha�1

metaldehyde.
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three bait pellets per hour. We made no effort to recover baits from
the burrow in the observational areas because of the amount of
disturbance that would be involved. In a separate field study, 20% of
the bait pellets could be recovered from the upper 25 cm of the
burrow (unpublished data). Partial usage of some of the collected
bait pellets has been observed where they were incorporated into
the side walls of burrows (Bieri, personal communication).

Other invertebrates observed partially consuming baits at the
surface included carabid beetles (Coleoptera: Carabidae), centi-
pedes (Chilopoda: Lithobiomorpha), and sowbugs (Isopoda: Armi-
dilidium armatus L.). No attempts were made to quantify losses to
these other invertebrates, but earthworms were clearly responsible
for a large majority of bait disappearance.

4. Discussion

The aim of this study was to determine whether the rate of bait
disappearance was as severe as anecdotal observations suggested.
Clearly, pellet disappearance can be attributed at least partially to
active populations of earthworms, in particular L. terrestris, when
field and environmental conditions are most likely to favor both
earthworms and bait pellet usage. No pellet disappearance is ex-
pected to occur during the dry conditions of summer when
earthworms are not active on the surface. The use of smaller-sized
pellet formulations appeared to increase disappearance rates.
Meal-based attractants may have helped earthworms identify
pellets as potential food sources as observed nocturnally. The rapid
disappearance of half of the bait pellets in 2.38 days (average all
baits and sites) quickly reduced the number of baits per unit area
and consequently limited the number of targets available to slugs.
Our experiments that simulated this bait depletion environment
showed the deleterious effect on slug control and seedling survival
associated with rapid bait removal.

The second aim of this study was to evaluate other formulations
that potentially would not be removed from the soil surface by
earthworms. Both the granular and liquid formulations of metal-
dehyde can suppress slug populations when earthworms are
surface-active. The highest rate of the granular product may
initially seem cost prohibitive but the high level of slug control and
seedling protection it offered may outweigh the cost of re-seeding
a field of high value crops. The highest rate of the liquid formulation
tested (the recommended minimum rate) incurred higher slug
mortality, improved seedling survival, and resulted in fewer eggs
per surviving slugs, than any other product in these experiments. It
is likely that periods of high rainfall should be avoided when using
any of these alternate formulations. These formulations are similar
to those observed to control snail pests on greenhouse orchids in
trials in Hawaii (Hollingsworth and Armstrong, 2003), and appear
to offer an appropriate alternative control option when earthworm
population surface activity is high.

Regressing time to 50 or 100% bait loss versus earthworm
density described only 2.1 and 3.0% of the total variation across sites
and replications, and although statistically significant (P < 0.001),
the positive values of the linear regression coefficients imply that
baits lasted slightly longer at sites with the highest density of
earthworms. All baits disappeared by seven or eight days after
application at all sites. The simplest way to reconcile these results is
to view earthworm densities at all sites as greatly exceeding pop-
ulations needed to rapidly remove slug baits.

Better performanceof the4%over the 5%productwasnot aneffect
of application rates, sinceeachof the three rates of the5%productwas
actually slightly higher than the corresponding rates of the 4%
product. In spite of the increased application rates of the 5% product,
the three rates of the 4% product averaged 18% greater slugmortality
than predicted by regression. The 5% product averaged 6% below the
regression line (and 10% below it if the actual application rates of 5%
metaldehyde are used). Using the 4% pellet in the gradually depleting
environment matched the slug control predicted for 340 g a.i. ha�1

metaldehyde, only 47% of the rate applied at day 0. This suggests that
slug control was more closely related to bait pellet rates present at
about 2 d after application than to the initially applied rates.

The two highest rates of the granular formulation of metal-
dehyde protected more seedlings than any other treatment except
the highest rate of 4% metaldehyde pellets. Ten of the nineteen
treatments failed to protect >50% of the seedlings, performance
that would be considered a crop failure in the field environment.
Only 4% metaldehyde protected significantly more seedlings in
non-depleted than in gradually depleting environments.

Diminished differences among formulations for seedling
survival compared to those seen for slug mortality suggests that
some of the treated slugs were too sick to cause lethal injury to
perennial ryegrass, but still healthy enough to recover once they
were removed from the treated environment. There were no
significant differences in seedling survival among thematrices used
in these formulations nor was there any behavioral differences
observed between formulation matrix during the nocturnal
observations. Clearly, effective slug control is associated with the
continued presence of an appropriate formulation. The observa-
tions that earthworms showed little behavioral interest in the
granular or liquid formulations provide growers with alternatives
to the pelleted baits which are rapidly removed by earthworms.

Although these observations were made in grass seed fields in
western Oregon, U.S.A., L. terrestris is widely distributed in Europe
and North America and it is likely that similar foraging activities of
these earthworms impact measures to control slug and snail pests
in other parts of the world. Populations of these earthworms can
exceed 1300 m�2 in when adequate soil moisture and nutrients
such as those from crop residues are provided (Kladivko,1993). One
possible approach to reduce the impact of earthworm foraging on
slug and snail control is the development of new bait matrix
formulations that are less attractive to earthworms.
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