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ABSTRACT
Pterostichus melanarius (Coleoptera: Carabidae) is a Palearctic generalist predator native
to Europe that was introduced to North America in the 1920’s and has since become widespread
in the United States. This beetle is non-native to the U.S., yet appears to have little to no negative
effect on native carabids and is a critical natural enemy in agricultural systems, especially
because it feeds on the invasive gray garden slug Deroceras reticulatum. My thesis begins with a
review that compiles in one publication the details of P. melanarius distribution, life history, diet,
and factors that influence its populations. I used ecological niche modeling to determine the
current potential range of P. melanarius in the United States and found that annual mean
temperature and precipitation of the driest month were the most important factors to determine
probable habitat suitability.
My second chapter investigates the effects of crop rotation and integrated pest
management on pests and natural enemies in no-till cropping systems in central Pennsylvania.
Overall, I found that diversified rotations that implemented continuous crop cover with perennial
forages and cover crops and incorporated IPM enhanced the abundance of natural enemies early
in the growing season and can suppress pests to similar levels attained by simple rotations
managed with Bt hybrids, pesticidal seed treatments, and prophylactic pesticide application. I also
found that protecting and increasing carabid abundance, especially P. melanarius, is important for
slug control and can be achieved by reducing tillage, increasing crop species diversity, and using
integrated pest management.
Lastly, I examined the predator-prey relationship between ground beetles and slugs by
investigating non-consumptive effects of P. melanarius on D. reticulatum behavior and
physiology. I found that combined physical and chemical cues of P. melanarius induced fear
behavior in D. reticulatum that resulted in increased hiding and decreased foraging by D.
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reticulatum. Due to the ineffectiveness of radioimmunoassays, I could not determine a
physiological fear response. Nevertheless, there appear to be non-consumptive effects, which
suggest that the pest management value of ground beetle predators such as Pterostichus
melanarius may be underestimated in agricultural systems.
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Chapter 1
Life History, Biology, and Ecological Niche Modeling of Pterostichus
melanarius in the United States

Introduction
In the United States, and globally, agriculture has become intensively managed with
simplified cropping practices (Matson et al. 1997; Foley et al. 2005). These practices are often
disruptive to the environment and negatively affect natural enemy populations (Bianchi et al.
2006). Natural enemies are important for pest suppression; without them, our costs for pest
control would increase (Losey and Vaughn 2006). In the United States, $4.5 billion per year is the
estimated value of pest control by insect natural enemies in agricultural systems (Losey and
Vaughn 2006).
Ground beetles, or carabids (Coleoptera: Carabidae) are especially sensitive to intensive
farming practices (Lövei and Sunderland 1996; Kromp 1999). The majority of temperate carabids
are ground-dwelling with their early life stages inhabiting the soil (Kromp 1999), which makes
them vulnerable to soil disturbances such as tillage (Purvis and Fadl 1996; Kromp 1999; Kennedy
et al. 2012). However, due to their polyphagous nature, carabids are important generalist
predators in agriculture (Lövei and Sunderland 1996; Kromp 1999; Symondson et al. 2002).
Several species, including P. melanarius, are important for slug control (Thiele 1977; South
1992; Bohan et al. 2000; McKemey et al. 2003a).
Pterostichus melanarius (Coleoptera; Carabidae) is a Palearctic generalist predator native
to Europe. It was introduced to North America in the mid 1920’s and has since become
widespread, particularly in the Northeast, Midwest, and Northwestern United States (Bousquet
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and Larochelle 1993; Bousquet 2012). This beetle is non-native, yet appears, at least by one
measure, to have little to no negative affect on native carabid abundance or diversity in Alberta,
Canada (Niemelä and Spence 1991). Several hypotheses for the low competition between P.
melanarius and native carabids include: filling an empty niche, abundant prey, or reduced
competition outside of anthropogenic areas (Niemelä and Spence 1991). P. melanarius is a
beneficial predator of many pests in agricultural systems including arthropods, slugs, and weed
seeds (Thiele 1977; Pollet and Desender 1985; South 1992; Goldschmidt and Toft 1997; Bohan et
al. 2011). P. melanairus can also compose a large portion of carabid assemblages. For instance, in
some agricultural research sites in central Pennsylvania, P. melanarius composed almost 89% of
the carabid population (see Chapter 2).
Even though P. melanarius is a critical natural enemy in agricultural systems, we are not
aware of any effort to compile in one publication details of its distribution, life history, diet, and
factors that influence it populations. Moreover, given that it is an exotic species whose range
appears to be still expanding, it will be valuable to use available information to predict its
potential distribution in North America under current climatic conditions. Therefore, the goals of
this review are to: 1) compile information on the life history and biology of P. melanarius, 2) use
ecological niche modeling to determine the potential range of P. melanarius in the United States
and determine which climate variables are most important for range expansion, and 3) review the
effects of various agricultural practices on this species.

Taxonomy
Pterostichus (Morhphnosoma) melanarius (Illiger, 1798) is in the Pterostichini tribe of
the Carabidae family (Bousquet 2010). There are several synonyms for P. melanarius including:
Carabus melanarius (Illiger, 1798), Omaseus arvernus (Sirguey, 1924), Platysma brevistylis
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(Jeannel, 1942), Platysma bulgaricus (Lutshnik, 1915), Pterostichus (Morphnosoma) nivalis
(Apfelbeck, 1904), and Pterostichus (Morphnosoma) vulgaris auct. (Taglianti 2013).

Current distribution
Pterostichus melanarius (Coleoptera: Carabidae) is a Palearctic generalist predator native
to Europe (Thiele 1977). This species has an extensive European range that reaches as far north
as the 63° N latitude in Scandinavia (Lindroth 1992a) and as far south as the mainlands of
southern Italy and Greece (Taglianti 2013). P. melanarius is found as far west as Ireland while
the eastern range extends across Russia into Siberia (Lindroth 1992a; Taglianti 2013). Although
this species is widespread in Europe, P. melanarius appears to be absent from: Andorra,
European Turkey, Iceland, Macedonia, Monaco, Portugal, Vatican City and many of the islands
in the Mediterranean Sea (Taglianti 2013).
In North America, P. melanarius was first identified on the east coast in Nova Scotia in
1926 (Lindroth 1957), followed by the west coast in Seattle, Washington in 1927 (Hatch 1933).
The exact mode of entry remains unclear, but it is suspected that the beetle arrived via ship
ballasts or in the soil of nursery crops (Spence and Spence 1988). As of 1957, P. melanarius was
established on both coasts of North America (Lindroth 1957). Since then, the species has spread
inward and across North America. In 1993, P. melanarius was documented in ten provinces of
Canada and 16 U.S. states (Bousquet and Larochelle 1993). In Canada, P. melanarius has been
found in the provinces bordering the United States from British Columbia to New Brunswick as
well as Newfoundland, Nova Scotia, and Prince Edward Isle (Bousquet and Larochelle 1993;
Bousquet 2012; Figure 2). As of 2012, it was documented in 25 U.S. states, including
Washington to northern California, Idaho, Montana, Wyoming, and northern portions of Utah and
Colorado (Bousquet 2012). The distribution continues through the upper Midwest, South Dakota,
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Iowa, Illinois, and Ohio, and extends eastward across Pennsylvania, New York, and the entire
New England region (Bousquet 2012; Figure 2).

Predicted range of P. melanarius in the U.S.
Due to its importance as a natural enemy species in agricultural systems and its rapid
range expansion since its introduction in the late 1920’s, it would be useful to know the potential
range in North America of P. melanarius. This knowledge can be extrapolated from current and
historic range information using ecological niche modeling, which creates a predicted species
distribution based on a maximum entropy algorithm (Phillips et al. 2006). Therefore, I used an
ecological niche model to gain insight on the current distribution of P. melanarius in the United
States.
In collaboration with a colleague, I used a species distribution model (MAXENT version
3.3.3k) to determine the current probability of habitat suitability of P. melanarius within the
United States. The model determines the distribution of a species based on ecological and spatial
features of recorded specimen locations (Phillips et al. 2006).
I acquired georeferenced distribution records from online databases (Barcode of Life
Data systems 2014; iDigBio 2016) using search terms “Pterostichus melanarius”. I also included
specimens from The Frost Entomology Museum at The Pennsylvania State University and the
NE-SARE Dairy Cropping Systems project field site where I have collected many P. melanarius.
If GPS coordinates were not provided, but a city location was listed and the location was clear, I
added coordinates for the center of the city (Google Maps 2016). Any ambiguous locations that
were missing GPS coordinates were removed from the data set. Two data points from the iDigBio
database did not fit the most currently documented distribution of P. melanarius (Bousquet
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2012). I verified both of the data points by contacting museums. Due to misidentification, one of
the data points was discarded.
We used the current climate data (Hijmans et al. 2005) from the WorldClim database
(version 1.4 accessed through www.worldclim.com) at 30 arc-seconds resolution. These data
consisted of 19 bioclimatic variables (annual mean temperature, mean diurnal range,
isothermality, temperature seasonality, maximum temperature of warmest month, minimum
temperature of coldest month, temperature annual range, mean temperature of wettest quarter,
mean temperature of driest quarter, mean temperature of warmest quarter, mean temperature of
coldest quarter, annual precipitation, precipitation of wettest month, precipitation of driest month,
precipitation seasonality, precipitation of wettest quarter, precipitation of driest quarter,
precipitation of warmest quarter, and precipitation of coldest quarter) and represent the climate
from 1950-2000.
Prior to running MAXENT, we “clipped” the map using the extract by rectangle tool in
ArcMap10.3.1 to adjust the extent of the layer to be the area between latitudes 8.9 to 88.4 and
longitudes -135.619 to 65.1. We then converted the layers to ASCII files, and ran the MAXENT
model with all nineteen bioclimatic variables over 15 replicates. We assessed the model based on
the area under the curve (AUC) statistic and permutation importance. We then selected the top
five climate variables to rerun our MAXENT model over 15 replicates. For all runs, 80% of the
data was used for training the model and 20% was used for testing.

Ecological niche modeling results
Of the nineteen climate variables included in the MAXENT model, the most important
climate variables for predicting habitat suitability for P. melanarius were: annual mean
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temperature, maximum temperature of the warmest month, precipitation of driest month,
precipitation of the wettest month, and precipitation seasonality.
Our final model based on the top five climate variables had a good fit based on the AUC
value of 0.923 and generally fit recorded locations for P. melanarius from a recent publication
(Bousquet 2012). Annual mean temperature was most important with a permutation percentage of
53.5% followed by precipitation of driest month at 21% (Table 1).
P. melanarius can thrive in a variety of habitats (Thiele 1977; Niemelä and Spence 1991;
Lindroth 1992a; Bousquet 2010). This is most likely due to the species being a generalist predator
(Johnson and Cameron 1969; Thiele 1977; Lindroth 1992b) that can tolerate a wide range of
temperatures (Thiele 1977). P. melanarius is also a hygrophilious species, preferring humid or
moist environments (Thiele 1977).
Our model predicts that annual mean temperature accounts for 53.5% of the variation in
distribution in our model and is the most important climate variable for predicting the presence of
P. melanarius (Table 1). It may seem surprising that the presence of a eurythermic species would
be most affected by annual mean temperature, however, P. melanarius larvae require a period of
cold temperatures to pupate (Thiele 1977). Environments that have moderate to warm
temperatures year around may not be suitable for P. melanarius to complete development.
The second most influential variable in the model was precipitation of driest month,
accounting for 21% of the variation in our model (Table 1). The importance of this variable also
appears to be valid since P. melanarius is hygrophilous (Thiele 1977). In lab experiments,
females deposited 75% of eggs on a wet substrate compared to a dry substrate (Tréfás and van
Lenteren 2008),which suggests that eggs and larvae of this species may have moisture
requirements for development or survival.
Annual mean temperature and precipitation of driest month, accounted for almost 75% of
the variation in our model. Both of these variables are supported by a long-term study in Scotland
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that found decreased annual maximum temperatures and increased precipitation to be important
climate factors that affect carabid assemblages (Pozsgai et al. 2016). These environmental
changes increased generalist species and decreased specialist species (Pozsgai et al. 2016). With
P. melanarius being a fairly tolerant generalist species, it is not surprising that our model yielded
similar results.
As with any model, there are caveats with for using the MAXENT model to determine
species distribution. General limitations include those related to using specimen locality records,
such as sampling effort bias for specific sites (Phillips et al. 2009). The databases chosen could be
biased towards specific countries or institutions; and, without verification of every specimen,
there is a possibility of misidentification. Moreover, due to these complications, the
environmental factors selected may not completely describe or predict the niche of P. melanarius.
However, we used a large data set that included 650 specimen records for P. melanarius from
Europe and North America to reduce the likelihood of these errors in the model. We also chose
our final climate variables by first running all nineteen variables with replicates and then selecting
the top variables for our final model.
Our ecological niche model for P. melanarius appears to match fairly well with recent
records by state (Bousquet 2012). Based on the model, the most suitable habitats in the United
States are New England, the upper Midwest, and the Pacific Northwest (Figure 3). There are also
various patches in the western United States along the Rocky Mountains that have a high
probability of presence or may be colonized in coming years.
It is likely that P. melanarius has a greater distribution in the U.S. than in published
reports due to rare incidence of unrecorded occurrences. For example, a single specimen from the
iDigBio database was collected in Kansas and verified by a museum curator. In the most recent
assessment, P. melanarius did not inhabit Kansas (Bousquet 2012). This suggests that it is likely
that P. melanarius is also present in Nebraska, because it is now recorded in all surrounding
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states. Based on the results of our model, it is also possible that P. melanarius has colonized
further south than currently records suggest (Figures 2 & 3) with a small probability that it could
advance and colonize the southeastern U.S.

Habitat and range expansion
P. melanarius prefers moist environments and can tolerate a wide range of temperatures
(Thiele 1977). This species can be found on a variety of soil types, but avoids pure sand and
gravel (Lindroth 1992a). Due to its adaptability to a wide range of temperatures and soils as well
as being a generalist feeder (see below for details), P. melanarius can inhabit a variety of
environments including: urban areas, roadsides, forests, forest edges, meadows, grasslands, lake
and river banks, orchards, and arable land (Thiele 1977; Niemelä and Spence 1991; Lindroth
1992a; Bousquet 2010).
P. melanarius is also capable of relatively rapid range expansion. This species can reach
running speeds of almost 9 cm per second (Thiele 1977) with a mean daily dispersal distance of
2.5-5 meters (Wallin and Ekbom 1988; Thomas et al. 1998). However, individuals are capable of
moving up to 44 m in a night (Wallin and Ekbom 1988). Daily dispersal distance can also
increase during mate finding in late summer (Thomas et al. 1998).
Although P. melanarius is capable of walking fairly long distances, wing dimorphism
and flight capabilities may be the key to rapid range expansion (Niemelä and Spence 1991;
Bourassa et al. 2011). Individuals with macroptery, a recessive trait that results in long hindwings, can fly whereas individuals with brachyptery, a dominant trait that results in short hindwings, are flightless (Lövei and Sunderland 1996; Bourassa et al. 2011). Macropterous
individuals tend to compose a greater percentage of newly established populations whereas
brachypterous individuals increase with habitat stability and time since colonization (Den Boer
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1970; Lövei and Sunderland 1996; Bourassa et al. 2011). Having flight capabilities in newly
established regions provides an advantage for rapid range expansion and may reduce intraspecfic
competition for resources. In Europe, macroptery tends to be rare and can compose less than 2%
of P. melanarius populations (Lindroth 1992b; Den Boer and Van Dijk 1996). In Canada, wing
dimorphism was studied for a decade in establishing populations of P. melanarius and appeared
to stabilize at 44% macroptery (Bourassa et al. 2011).

Biology and lifecycle
P. melanarius adults are 12-18mm in length (Lindroth 1974; Bousquet 2010). They are
black with straight elytra striations and are distinguished from other Pterostichus species by their
laterobasal carina and denticulate posterior angles of the pronotum (Bousquet 2010; Figure 1).
P. melanarius is considered a true autumn breeder (Thiele 1977; Lindroth 1992a;
Basedow 1994). Their abundance begins to increase around mid-May to June (Niemelä and
Spence 1991; Fadl et al. 1996) with a peak in populations around mid-July to August when
mating occurs (Niemelä and Spence 1991; Fadl et al. 1996; Symondson et al. 1996; Thomas et al.
1998). Egg-laying occurs from mid-July through September (Fadl et al. 1996).
Females prefer to oviposit in dense vegetation (Tréfás and van Lenteren 2008). In choice
experiments, 72% of eggs were deposited in barley compared to 28% in Brussels sprout (Tréfás
and van Lenteren 2008). In lab experiments, more eggs were deposited on wet substrate (75%), in
shadow (70%), and in structurally complex environments (74%) artificially constructed with wire
(Tréfás and van Lenteren 2008). Site selection for oviposition is important because carabid larvae
cannot move long distances to find resources (Lövei and Sunderland 1996). Females lay 2-12
eggs at a time parallel to each other (Tomlin 1975). The eggs measure approximately 1.1 x 2 mm
and are translucent white but darken before hatching (Tomlin 1975). In a laboratory setting,
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larvae emerged in about 8 to 10 days at 21°C day and 16°C night temperatures, but cooler
incubation temperatures resulted in longer time to emergence (Tomlin 1975).
Larvae of P. melanarius have a highly sclerotized, dark reddish brown head. The body
segments fade from a light brown of the first few body segments to yellowish white (personal
observations). P. melanarius goes through three larval stages with the third instar requiring a cold
period to complete development (Thiele 1977). In a laboratory setting, larvae remained in the 1st
instar for 12-15 days and in the 2nd instar for 15-20 days (Tomlin 1975). All larval instars occur in
the soil, and P. melanarius larvae can be found at soil depths of 30-35 cm in cultivated fields
(Thiele 1977). Usually, the larval stage overwinters, but in Europe, a small number of adults also
hibernate (Lindroth 1992a, 1992b).
P. melanarius larvae tend to consume an animal-based diet (Lindroth 1992b) and can
detect prey using olfactory cues (Thomas et al. 2008). Gut dissections of 3rd instar larvae found
their diet comprised of nematodes, insects, plant tissue, and spores (Pollet and Desender 1985). In
both lab and semi-field conditions, larvae feed on slugs (Thomas et al. 2009) and cannibalism is
not uncommon (Tomlin 1975).

Adult diet
P. melanarius is an omnivore and generalist (Lindroth 1992b) but feeds primarily on
animals (Johnson and Cameron 1969), which comprise approximately 90% of their diet (Thiele
1977). Adults consume about 0.5 g or almost 3 times their body weight per day (Thiele 1977).
Studies suggest that P. melanarius uses olfactory cues for both habitat selection and prey location
(Kielty et al. 1996; Tréfás et al. 2001; Oster et al. 2014). Adult prey items include: ants, aphids,
beetles, caterpillars, earthworms, flies, grubs, mites, mollusks, spiders, springtails, plant tissue,
seeds, spores, and fungal hyphae (Johnson and Cameron 1969; Tomlin 1975; Thiele 1977; Pollet
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and Desender 1985; Larochelle 1990; Goldschmidt and Toft 1997; Bohan et al. 2000; Oberholzer
and Frank 2003).
P. melanarius is a beneficial predator in agricultural systems. It consumes many
arthropod pests and even feeds on slugs (Thiele 1977; South 1992), which can be a challenging
agricultural pest. Gut dissections revealed mollusk remains were present in 83.5% of P.
melanarius collected in winter canola in England (Symondson et al. 1996), which suggests that
slugs are an important component of their diet. Several studies have found aggregations of P.
melanarius in areas of high slug biomass (Symondson et al. 1996; Bohan et al. 2000). This
species has also been found to effectively reduce slug abundance and distribution (Bohan et al.
2000; McKemey et al. 2003a), making this species an important biological control agent.
In addition to animal prey, P. melanarius consumes weed seeds (Goldschmidt and Toft
1997; Bohan et al. 2011). In a lab study, P. melanarius consumed seeds from shepherd’s purse,
meadow grass, and dandelions (Goldschmidt and Toft 1997). Although plants make up a small
fraction of their diet, consumption of weed seeds by P. melanarius reduced the number of
monocotyledon weed seeds entering agricultural seedbanks (Bohan et al. 2011).

Predation and parasitism of P. melanarius

Predators of carabids include mice, bats, hedgehogs, shrews, frogs, toads, and
occasionally moles (Thiele 1977). Birds are the primary predators of carabids with nuthatch
(Sitta spp.) and little owl (Athene noctua) specifically consuming P. melanarius (Thiele
1977). Both P. melanarius adults and larvae are parasitized by mites, wasps, flies, and
nematodes (Rivard 1964; Thiele 1977; Lindroth 1992b). In Canada, approximately 10% of P.
melanarius brought into the lab for experiments died from parasitism by horsehair worms
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(Nematomorpha) (Tomlin 1975). A study from Germany found almost 40% of P. melanarius
were parasitized by two Eutarsopolipus spp. of mites (Thiele 1977).

Agricultural practices

Tillage
Agricultural practices, including tillage, can negatively affect carabid populations
(Kromp 1999). Sensitivity to tillage may be related to lifecycle. For instance, P. melanarius is an
autumn breeder that overwinters in the soil as larvae (Thiele 1977; Lindroth 1992a; Basedow
1994). Spring tillage can disrupt larvae and pupae, reducing abundance before adults emerge late
in the spring (Fadl et al. 1996). Conventional tillage can also delay peak activity density
(Kosewska et al. 2014) and egg maturity (Basedow 1994).
Higher activity-densities of P. melanarius in no-till fields in August and September
(Symondson et al. 1996) suggest that females prefer no-till fields for oviposition. This may be
attributed prey availability. Compared to fields managed with conventional inversion tillage,
fields managed with no-till had higher densities of soil-arthropods and earthworms (House and
Parmelee 1985). The mass of crops, a food storage area in the fore gut of insects, from P.
melanarius were heavier in beetles from no-till compared with conventionally-tilled plots
(Symondson et al. 1996), which indicates a higher abundance of food in no-till plots.
Large carabid species, including P. melanarius, tend to be especially sensitive to tillage
(Kennedy et al. 2012). In Ireland, conventional inversion tillage in the spring reduced emergence
densities of P. melanarius by 80% (Purvis and Fadl 1996). A study comparing the effects
moldboard plow, chisel plow, and rotary tillage found that P. melanarius activity density
decreased by about 50% in all tillage types compared to no-till (Shearin et al. 2007).
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Several studies contradict these results and suggest that tillage has minimal to no effect
on P. melanarius (Cárcamo et al. 1995; Baguette and Hance 1997). However, methodology may
be the reason for varying results. Studies that found detrimental effects of tillage on P.
melanarius used emergence traps or enclosures in the field after tillage to prevent carabid
movement between plots (Purvis and Fadl 1996; Shearin et al. 2007; Kennedy et al. 2012). The
rapid movement and dispersal of adults after emergence may hide the effects of tillage in studies
that have open plots.

Cover crops and intercropping
Increasing crop species diversity and continuous crop cover by using cover crops and
intercropping increases carabid abundance (Fan et al. 1993; Carmona and Landis 1999; Kromp
1999; Witmer et al. 2003). Throughout the season, plots containing red clover cover crops tended
to have greater carabid abundance with twice the carabid activity density in June compared to
plots with no cover crop (Carmona and Landis 1999). This same study found that P. melanarius
activity-densities were highest, at 51%, in flowering refuge strips, followed by 32% in cover crop
plots, and 13% in plots with no cover crop (Carmona and Landis 1999). P. melanarius has been
found to favor intercropped fields over monocultures (Carcamo and Spence 1994; Armstrong and
McKinlay 1997). Activity-densities were higher in a low-input bean cropping system that
incorporated a wheat cover crop without inversion tillage and with fewer synthetic chemical
inputs compared to the control that used inversion tillage, herbicides and synthetic fertilizers (Fan
et al. 1993). When released at the intersection of four crop types within field arenas, 51% of
recaptured P. melanarius preferred intercropped peas and barley over monocultures of barley,
faba bean, or fescue (Carcamo and Spence 1994).
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P. melanarius also prefers structurally complex environments for oviposition (Tréfás and
van Lenteren 2008). In field experiments, more larvae were captured in intercropped Brussels
sprouts and barley plots compared to a monoculture of Brussels sprouts (Tréfás and van Lenteren
2008). In lab experiments, 72% of eggs were deposited in barley and 28% in Brussels sprouts
(Tréfás and van Lenteren 2008). Crop structure, specifically crop height, affects carabid
assemblages depending on the preferences of particular species (Goosey et al. 2015). For
example, P. melanarius activity-densities were higher in alfalfa planted with a barley nurse crop
compared to an alfalfa monoculture (Goosey et al. 2015). The environment with the nurse crop
was the tallest and it was suggested that P. melanarius, a nocturnal and hygrophilous species,
may be attracted to these environments due to shade and, potentially, higher humidity near the
soil (Goosey et al. 2015).

Insecticides
In the United States, preventive use of pesticides is common in conventional agriculture
(Matson et al. 1997; Douglas and Tooker 2015), a practice that does not promote the conservation
of natural-enemy populations. Carabid beetles, in particular, are susceptible to a wide range of
insecticides including carbamates, pyrethroids, organophosphates, and neonicotinoids (Pullen et
al. 1992; Wiles and Jepson 1992; Mauchline et al. 2004; Mullin et al. 2005; Douglas et al. 2015).
Carabids can face several risks associated with insecticide use in the fields where they are living,
including: direct exposure (Pullen et al. 1992; Wiles and Jepson 1992), indirect exposure by
consuming contaminated prey (Mauchline et al. 2004; Mullin et al. 2005), and starvation from
decreased prey populations (Chiverton 1983; Pullen et al. 1992).
Direct exposure to insecticides can negatively affect carabids. Adult P. melanarius
become active in mid-May, when many field activities, such as insecticide application, tend to
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occur in agricultural fields, increasing mortality risk of vulnerable adults. Among large carabid
species, P. melanarius was the most sensitive to pyrethroids with an LD50 of 135.8 ng arthropod-1
(Wiles and Jepson 1992). Compared to full field application rates, pyrethroid applications of one
fourth the recommended field rate had 62% more P. melanarius (Navntoft et al. 2006). Autumn
application of pyrethroids in an open field reduced activity densities of all carabid species up to
90% immediately following application (Pullen et al. 1992). P. melanarius activity density was
significantly lower 30 days after application in open plots (Pullen et al. 1992). Using barriers that
prevented carabid immigration and emigration between plots, this same study found that
abundance of P. melanarius remained significantly reduced 160 days after insecticide application
compared to the control (Pullen et al. 1992). Field rates of organophosphates also showed short
term declines of P. melanarius for several weeks after insecticide applications compared to the
control (Holland et al. 2000; Kennedy et al. 2001). However, beetle dispersal and movement
between fields may mask the true effects of insecticides on carabid populations.
Carabids can also be indirectly exposed to insecticides. P. melanarius does not avoid
insecticide contaminated prey and consumption of toxic prey causes mortality (Mauchline et al.
2004; Mullin et al. 2005). P. melanarius that consumed aphids exposed to field application rates
of an organophosphate resulted in complete mortality (Mauchline et al. 2004). Even feeding on
aphids exposed to 1/10th the field application rate resulted in 90% mortality after three days
(Mauchline et al. 2004). Consumption of corn rootworms fed on neonicotinoid treated seeds
caused almost complete mortality among 18 carabid species, including P. melanarius (Mullin et
al. 2005).
Pesticide applications can also increase the risk of prey scarcity and starvation for
carabids (Chiverton 1983; Dixon and McKinlay 1992; Pullen et al. 1992). In both spring and fall
applications of insecticides, P. melanarius activity density briefly declined followed by a
dramatic increase 35 to 50 days later that surpassed activity-densities in control plots (Chiverton
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1983; Pullen et al. 1992). However, this increase in activity density was most likely due to
increased foraging and lack of prey (Chiverton 1983; Pullen et al. 1992). Moreover, gut content
analysis from one of the studies revealed that P. melanarius had eaten more in untreated plots
compared to insecticide treated plots (Chiverton 1983), which supports the hypothesis of
increased foraging in insecticide-treated plots.

Conclusion
Although P. melanarius is non-native in North America it appears to provide benefits as
a natural enemy in agricultural systems and is not known to displace native carabid species.
Based on ecological niche modeling, this species may inhabit more of the United States than is
currently recorded, especially in the Midwest and Rocky Mountain regions. It may also expand
further south into the southeastern United States. Due to benefits provided by P. melanarius,
efforts should be made to conserve this species in the United States. Ground-dwelling predators,
such as P. melanarius, can be enhanced by: reducing insecticide applications in the spring and
fall, reducing spring tillage, and increasing crop diversity and ground cover through the use of
cover crops and intercropping.
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Tables

Table 1-1: Final permutation importance of the top five climate variables from MAXENT
analysis (n=15; AUC=0.923).
Variable

Permutation importance

Annual mean temperature

53.5%

Precipitation of driest month

21%

Maximum temperature of the warmest month

14%

Precipitation seasonality (Coefficient of Variance)

7.6%

Precipitation of the wettest month

3.9%
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Figures

Figure 1-1: Pterostichus melanarius adult specimen collected at Russell E. Larson Agricultural
Resesearch Center at Rock Springs, Pennsylvania Furnace, PA (40.721384, -77.919952; Photo
courtesy of Nick Sloff).
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Figure 1-2: Based on information from Bousquet and Larochelle 1993 and Bousquet 2012, the
current distribution of Pterostichus melanarius in the United States and Canada (UNC Herbarium
map software version 1.13 (Lee 2012)).
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Legend

Figure 1-3: Current probability of habitat suitability for P. melanarius in the United States based
on database localities in Europe and North America and the five most important climate
variables. The darkest areas depict a high probability of habitat suitability and lightest areas
depict a low probability of habitat suitability (AUC=0.923).
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Chapter 2
Effects of rotation diversity and integrated pest management on pests and
natural enemies in no-till maize

Introduction
Monocultures of continuous maize have become common in United States agriculture.
These simplified agroecosystems typically rely on intensive management and many inputs to
produce and protect yields (Matson et al. 1997; Foley et al. 2005). This intensive management
and associated lack of diversity can strongly influence both pests and natural enemies (Altieri
1999). Simplified cropping systems tend to have more frequent and severe pest problems
(Willson and Eisley 1992; Witmer et al. 2003; Meehan et al. 2011) and accompanying insecticide
use (Meehan et al. 2011), with a lower abundance of natural enemies (Witmer et al. 2003).
Compared to conventional approaches, diversified rotations with continuous crop cover, which
can include practices such as conservation tillage, crop rotations, cover crops, and intercrops can
enhance ecosystems services while producing similar yields, reducing inputs, and conserving
environmental health (Kremen and Miles 2012; Schipanski et al. 2014).
Conservation tillage, which can include no-till, strip-till, and ridge tillage among others,
causes minimal soil disturbance and can provide soil health benefits, prevent erosion, and reduce
labor costs (Stinner and House 1990; Uri 1999, 2000; Kladivko 2001; Palm et al. 2014).
Compared to conventional tillage which inverts the top layer of soil, farming with conservation
tillage can also support higher abundances of natural enemies, including spiders and carabid
beetles (Brust 1986; Stinner and House 1990; Kladivko 2001; Holland and Reynolds 2003;
Tamburini et al. 2016), which are groups of generalist predators that contribute to pest
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suppression (Symondson et al. 2002). Tillage disrupts the life cycle and increases mortality of
epigeal and subterranean communities of predaceous arthropods, including carabid beetles, the
adults of which live at the soil surface and larvae which live below ground (Fadl et al. 1996;
Kromp 1999). Large carabid species tend to be adversely affected by tillage and are more
prevalent in reduced tillage systems (Kennedy et al. 2012).
No-till farming is a form of conservation tillage with the least amount of soil disturbance.
Using specialized planters and drills, no-till farmers can place seeds directly into the ground
through residue of the previous crop (Uri 2000). No-till farming in the United States has been
widely promoted and adopted to reduce agricultural run-off along waterways such as the Ohio
and Mississippi Rivers, and especially in Mid-Atlantic States because of requirements to protect
the Chesapeake Bay (NRCS 2011). In the Chesapeake Bay area, 88% of cropland is under
reduced tillage management with at least 48% in no-till (NRCS 2011). In Pennsylvania,
approximately 70% of corn and soybean acres are not tilled (USDA-NASS 2014). In addition to
improving water quality, no-till farming also provides other benefits, including enhanced soil
health, conservation of water and soil resources, and reduced labor and fuel costs (Stinner and
House 1990; Uri 1999, 2000; Kladivko 2001; Palm et al. 2014).
Due to the lack of soil disturbance provided by no-till practices, slugs have become one
of the most challenging pests of no-till fields (Douglas and Tooker 2012). Slugs feed on seeds
and seedlings, which can reduce crop establishment and yield (Tonhasca and Stinner 1991; South
1992; Hammond and Byers 2002). They are also difficult to control. Most classes of insecticides
are ineffective on slugs and commercially available molluscicides provide inconsistent slug
control (Hammond and Byers 2002; Douglas and Tooker 2012). Natural enemies have become
appealing for slug control and research has indicated that biological control is effective for
reducing slug abundance and protecting yields (Bohan et al. 2000; McKemey et al. 2003; Douglas
et al. 2015). While slugs can be exacerbated by no-till systems, the abundance of arthropod pests
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varies in no-till. Some studies have reported that arthropod pest abundances in no-till did not
increase significantly compared to conventional tillage (Stinner and House 1990), whereas others
found that armyworm and cutworm increased in reduced tillage systems, even though, these pests
did not cause severe damage (Tonhasca and Stinner 1991). This lack of damage in no-till may be
at least partially due to higher abundances of ground-dwelling predators, which led to increased
predation of pest species (Brust 1986; Tamburini et al. 2016).
Beyond no-till, increasing crop species diversity, maintaining continuous crop cover, and
reducing pesticide usage can also increase populations of arthropod predators (Witmer et al.
2003; Diehl et al. 2013). Crop diversification can be achieved temporally using a multi-crop
rotation or spatially with cover crops and interseeding (Altieri 1999). Ground-dwelling predators
tend to prefer diverse and structurally complex plant habitats over simple ones (Kromp 1999). For
example, increased plant diversity and ground cover was positively correlated with species
richness of web-building spiders (Diehl et al. 2013), whereas abundance of carabid beetle species
tended to increase in intercropped fields (Kromp 1999).
Crop diversification not only provides habitats for natural enemies, but can also improve
yield and profitability. Adding just one crop to a continuous maize rotation can increase both
maize yields and net returns (Meyer-Aurich et al. 2006). Moreover, maize yields positively
correlate with increased rotational species diversity and these diversified systems with reduced
external inputs of synthetic chemicals such as fertilizers and pesticides can produce yields similar
to those of conventional systems (Liebman et al. 2008; Smith et al. 2008). Some of the benefits to
be derived from diversification, or at least not simplifying agricultural landscapes, stem from
pesticide use and their associated costs. Agricultural fields in simplified landscapes in the
Midwest tend to have insecticide costs that are $48 per hectare higher than those in diversified
landscapes due in part to higher insect-pest populations, though some portion of this cost is likely
attributable to preventative insecticide applications (Meehan et al. 2011). Nevertheless, this
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research emphasizes that more diverse farming landscapes tend to have lower pest populations
and less of a need to apply insecticides in part because local natural enemy populations can
contribute to pest control. Therefore, in diverse farming landscapes there should be an even
greater incentive to adopt integrated pest management (IPM). IPM relies on scouting pest
abundance and damage to calculate an economic injury level, which can increase profitability by
guiding farmers to only apply pesticides when there is a solid economic justification (Stern et al.
1959).
As part of the Northeast SARE Dairy Cropping Systems project (Penn State 2016), my
goal was to assess the effects of local crop diversity and management practices on pest and
natural-enemy populations in no-till cropping systems. I compared a simple, two-year corn-soy
rotation that used conventional pest management practices including Bt maize varieties, pesticidal
seed treatments, and prophylactic insecticide application with two six-year diversified rotations
which implemented continuous crop cover with perennial forages and cover crops and was
managed for pests as necessary using IPM. The overall project aims to sustainably provide the
forage, feed, and fuel for an averaged sized dairy cow operation in Pennsylvania by simulating a
60 cow, 240 acre dairy at 1/20th the scale on 12 acres at the Penn State agronomy research farm.
My objectives were to:
1. Determine the effects of crop diversification on maize pest populations by assessing
establishment of maize grown for grain, slug abundance and damage, and European
corn borer (ECB) damage.
2. Assess the influence of potato leafhopper-resistant alfalfa on populations of potato
leafhopper and the need to protect alfalfa with insecticides.
3. Determine the effects of crop diversification on seasonal natural-enemy abundance
and predation.
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I hypothesized that slug abundance would be lower in the diversified rotations due to
higher natural enemy populations fostered by higher levels of crop species diversity and
continuous crop cover. I also hypothesized that slug damage to corn would be higher in the
simplified, conventionally managed rotation. Due to Bt maize varieties in the simplified rotation,
I hypothesized that there would be greater ECB damage in the diversified rotations. I
hypothesized that predation and natural enemy abundance would be higher in the diversified
rotation compared to the simple rotation due to increased species diversity and continuous crop
cover. Because potato leafhopper resistant varieties take time to establish and develop the
trichomes necessary to resist potato leafhoppers, I hypothesized that the resistant variety would
not reduce potato leafhopper abundance compared to non-resistant varieties until the second year.

Materials and methods

Study site
My field experiments were conducted during the 2014 and 2015 seasons at Russell E.
Larson Agricultural Research Center at Rock Springs (Pennsylvania Furnace, PA; 40.721384,
-77.919952) as part of the Northeast SARE Dairy Cropping Systems project. The project has been
ongoing since 2010 and comprises three cropping systems that mimic a real farm with dynamic
rotations from year to year. Two, six-year diversified rotations included cover crops and perennial
forages for continuous crop cover without the use of Bt maize varieties, pesticidal seed
treatments, or prophylactic insecticide application. The diversified rotations have several
differences. The Pest Rotation had three years of alfalfa followed by canola, rye cover crop,
soybeans, rye cover crop, maize grown for silage, and oat cover crop. The Manure Rotation had
three years of alfalfa followed by maize grown for grain interseeded with annual rye grass
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(Lolium multiflorum L.) and clover mix, maize grown for silage, rye silage underseeded with
clover, maize grown for silage, and oats. Our Control Rotation was a maize-soy rotation that used
Bt maize varieties, pesticidal seed treatments, and a prophylactic insecticide application shortly
after planting. For a rotation schematic and summary of management practices in maize, refer to
Figure 1 and Tables 1 and 2 respectively.
The study site was implemented as a full-entry, nested split-split plot randomized
complete block design. Each block was replicated four times and contains fourteen plots, each
measuring 27.4 × 36.6 m, to represent each year of the three rotations. Each plot was further
divided into four split-split plots measuring 27.4 × 9.15 m. Grass alleyways surrounded each plot
and separated plots by at least 12 m.
Within the rotations at the split-plot level are injected and broadcast manure treatments in
the Manure Rotation and reduced and standard herbicide treatments in the Pest Rotation. The
Control Rotation consisted of four treatments: one split-split plot each of injected and broadcast
manure with a synthetic fertilizer treatment in the other two split-split plots (Figure 1). I did not
analyze pest and natural-enemy populations based on these nutrient and weed management-based
treatments because previous years of the study found their influence on insect populations to be
low (Douglas 2012), however, these management practices were accounted for in the model as
nested factors within rotation.

Maize establishment and damage assessments
To determine stand establishment and early season damage in maize, I randomly sampled
two 3 m sections of row, one each from the east and west halves, in each split-split plot at V2 and
V5 stages. The number of seedlings was recorded. If slug damage was present, each seedling was
rated based on missing leaf area on the following scale 1 = < 25%, 2 = 25-50%, 3 = 50-75%, and
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4 = > 75%. Other damage from caterpillars, particularly black cutworm and true armyworm was
also recorded.

Slug activity-density
To assess arthropod and slug activity density, I used two 0.3 m2 pieces of white roofing
shingles placed 9 m apart in each split-split plot. Refuge traps are an effective sampling method
for slugs that is more economical and less labor intensive than soil sampling (Douglas and Tooker
2012). I checked shingle traps weekly, in the morning, to record the number of slugs and
arthropod predators present. I recorded slug activity densities in maize grown for grain, soybean,
and first year alfalfa treatment plots.

Crimson clover versus red clover cover crop
Red clover (Trifolium pretense L.) and crimson clover (Trifolium incarnatum L.) cover
crops were split-split plot treatments within manure treatments in the Manure Rotation (Figure 1).
To determine the influence of clover cover crop on slug damage in the maize that followed, I
analyzed data collected from maize establishment and damage assessments. Because crimson
clover did not survive the winter of 2013-2014, I was unable to appropriately compare slug
damage in the 2014 maize grown for silage. For 2015, I compared clover treatment within
broadcast manure and injected manure treatments.
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European corn borer damage assessments
To assess ECB populations in maize, I stripped leaves off of 12 randomly selected plants,
3 each from rows 3, 4, 8, and 9 of each split-split plot before harvest. I counted the number of
stalk tunnels and presence of larvae on the 12 randomly selected plants. I also recorded the total
number of lodged maize plants in rows 3, 4, 8, and 9. To assess the influence of ECB on maize
productivity, I compared the amount of stalk tunnels and lodging damage in all maize across
rotation treatments.

Seasonal potato leafhopper abundance
To assess potato leafhopper prevalence in first and second year alfalfa (Medicago sativa
L.), I monitored populations with weekly sweep net samples and calculated the economic
threshold (Calvin et al. 2013). From each split-split plot, I took two samples of ten sweeps and
recorded the number of potato leafhoppers. I pooled samples to split-split plot prior to analysis.
To assess the influence of potato leafhopper-resistant alfalfa varieties on potato leafhopper
abundance, I compared sweep net samples by split-plot treatment within and among Manure and
Pest rotations. The Pest Rotation was monitored in both years and consisted of a standard
herbicide treatment with pure alfalfa and a reduced herbicide treatment with potato leafhopperresistant alfalfa mixed with orchardgrass (Dactylis glomerata L.). The Manure Rotation was
monitored in 2015 and consisted of a broadcast manure treatment with alfalfa and orchardgrass
mix and an injected manure treatment with potato leafhopper-resistant alfalfa mixed with
orchardgrass (Figure 1).
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Activity-density of arthropod predators
Monthly pitfall traps followed sentinel prey experiments to assess arthropod predator
activity densities. In each split-split plot in maize grown for grain, two 16-oz plastic deli
containers (8 cm tall, 11.5 cm diameter Reynolds Del Pak ®) were inserted into the ground so
that the top of the trap was flush with the ground between maize rows 6 and 7 and spaced at 9 and
18 meters from the west edge. A 50:50 mixture of propylene glycol and water was used as a
killing agent and preservative with a drop of dish soap to break the surface tension. To protect the
pitfalls from rain and plant debris, a plastic plate held up by a tripod of nails (8.89 cm tall) was
used to cover each pitfall trap. After being open for 72 hours, the contents of the traps were
collected, washed, and stored in 80% ethanol. Carabids were pinned, curated in Smith boxes, and
identified to species using a key for the Northeastern North America (Bousquet 2010). With the
exception of ants and separating lycosids (wolf spiders) from all other spiders (Araneae), I
identified all other arthropods to order. I pooled the two samples collected from each split-split
plot prior to the analysis.

Seasonal predation
Monthly sentinel prey experiments assessed predation by using waxworm prey in
vertebrate exclusion cages. The cages were constructed with 1.3 cm sized mesh wire, measuring
9.5 cm tall and 11.5 cm in diameter with a plastic deli container lid (Reynolds Del Pak ®) for the
top. In maize grown for grain treatment plots, I installed four sentinel prey cages in each splitsplit plot between rows 7 and 8 and spaced 3, 9, 15, and 21 meters respectively from the west
edge. In the lab, I pinned waxworms (Galleria mellonella) through their last abdominal segment
and secured the pin to a piece of modeling clay approximately 2.5cm in diameter. Waxworms
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were pinned within eight hours of being used in experiments, kept in the refrigerator at 5°C, and
then transported to the field on ice. I placed a pinned waxworm in the center of each cage and
covered the clay with soil so that the waxworm was visible above the ground. I observed
predation at 3, 12, 15, and 24 hours with missing or dead wax worms replaced at 12 hours to
differentiate day versus night predation. I recorded waxworm observations as present or absent,
dead or alive, and whole or partial, and noted any predators present or whether they were actively
feeding on the waxworm. Waxworms that were dead with no signs of predation or waxworms
absent from cages missing lids were excluded from statistical analysis.

Statistical methods
To compare the effects of crop rotation on predation, arthropod predators, and slug
damage, I used linear mixed models (PROC MIXED; SAS 9.4, SAS Institute Inc. 2013). My
model included block as a random factor, rotation as a fixed factor, and manure management
(split-plot) as a fixed factor nested within rotation. Date was also a fixed factor and its
interactions with block, rotation and manure management were also included. The majority of my
models had repeated measures. If rotation or date were significant, I used the SLICE analysis of
simple effects for mean separation by date (SAS 9.4, SAS Institute Inc. 2013).
To assess rotation effects on European corn borer, I used a linear mixed model (PROC
MIXED; SAS 9.4, SAS Institute Inc. 2013) to compare damage in all corn plots by rotation with
block as a random factor. I used Tukey’s post-hoc assessments to separate means.
To assess alfalfa treatment effects on potato leafhopper prevalence, I used a linear mixed
model (PROC MIXED; SAS 9.4, SAS Institute Inc. 2013) to compare abundance in split-plot
treatments within rotations. I used the SLICE analysis of simple effects for mean separation by
date (SAS 9.4, SAS Institute Inc. 2013). I then compared all alfalfa treatments across rotations
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with alfalfa treatment nested within rotation. I used Tukey’s post-hoc assessments to separate
means. I then pooled alfalfa treatments containing orchardgrass to compare the effects of
orchardgrass presence on potato leafhopper abundance. I used the SLICE analysis of simple
effects for mean separation by date (SAS 9.4, SAS Institute Inc. 2013).
To ensure an accurate comparison, I excluded synthetic fertilizer treatments from the
control when comparing results from the maize grown for grain treatments in the Control and
Manure Rotations. To satisfy normality assumptions and homoscedasticity, I square root
transformed the data unless otherwise stated. Based on the lowest AICC value, I selected the bestfit covariate structure (Littell et al. 2006). For repeated measures analysis with unbalanced design,
I used the Kenward-Roger degrees of freedom correction (Kenward and Roger 1997) for slug and
predator activity densities and sentinel prey experiments.
Prior to analysis of maize stand establishment, I first converted plants per 3 m row to
plants per hectare. I then calculated seedling establishment as a percentage of seeding rate.

Results

Maize establishment and damage assessments
In 2014, establishment of maize grown for grain in the Control and Manure Rotations
was 100% of the 80,000 seeds per hectare seeding rate. In 2015 at the V5 stage, maize grown for
grain in the Manure Rotation established at 93.7% of the 82,500 seeds per hectare seeding rate
while the Control Rotation maize grown for grain remained at 100% of the 80,000 seeds per
hectare seeding rate (Table 3).
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Slug activity-density
I detected gray garden slugs (Deroceras reticulatum), marsh slugs (Deroceras laeve), and
banded slugs (Arion fasciatus) in our maize grown for grain treatment plots. For my analyses, I
pooled number of slugs of all three species. In 2014, slug populations remained low in maize
grown for grain for the majority of the season with a gradual increase in early September (Figure
2). Slug populations differed significantly by date (F20,207 = 52, P < 0.0001) with an average of 0.4
slugs per refuge trap in the Manure Rotation compared to zero slugs in the control in early June.
This higher abundance of slugs early in the season may be driven by the three years of alfalfa that
preceded maize in the Manure Rotation, which provided ground cover and a stable environment
during the winter compared to no winter crop cover in the control. The two rotations differ in
mid-September with twice as many slugs per refuge trap in the control and again in mid-October
with twice as many slugs per refuge trap in the Manure Rotation. Throughout the season, there
was no clear trend of slug populations being associated with a rotation treatment.
In 2015, slug populations were more variable between the two rotations and appeared to
cycle between high and low abundance through the season. Populations showed clear differences
across dates between rotations (Date*Rotation interaction: F18,216 = 2.01, P = 0.0105). Slug
activity-density was generally similar between the two rotations, except for three dates (Figure 2).
Compared to the control, I detected peaks of slug activity-density that were twice as high or
greater in the Manure Rotation at the end of May, early July, and early August (P < 0.05; Figure
1). These peaks in the Manure Rotation were followed by sharp declines in slug abundance,
which suggests that predators may be driving slug populations down in a predator-prey cycle.
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Slug damage to maize seedlings grown for grain
In 2014, slug damage to maize seedlings grown for grain did not differ between the
Manure and Control Rotations (Figure 2), but maize seedlings of different stages received
different amounts of damage (Stage V2 vs. V5: F1,18 = 9.73, P = 0.0059). In 2015, there was a
significant interaction of seedling stage by rotation (Rotation*Stage interaction: F1,21 = 9.41, P =
0.0058) with twice as many seedlings damaged by slugs at the V5 stage in mid-June (F1,21 =
29.68, P < 0.0001; Figure 3). This increase in seedling damage was most likely driven by the
lower abundance of predators, particularly Pterostichus melanarius, in the Control Rotation
compared to the Manure Rotation (Figures 6 and 7).

Crimson clover versus red clover cover crop
Within the broadcast manure and injected manure treatments, there were no significant
differences in slug damage between red clover and crimson clover treatments in the following
maize grown for silage (BM: F1,3 = 0.62, P = 0.4891; IM: F1,3 = 1.05 P = 0.3818; Table 4).
However, slug damage differed between seedling stages (BM: F1,6 = 181.04, P < 0.001; IM: F1,6 =
32.29 P = 0.0013), but treatment by seedling stage was not significant (Treatment*Stage
interaction: BM: F1,6 = 2.86, P = 0.1419; IM: F1,6 = 0.13 P = 0.7311).

European corn borer damage assessments
Over the 2014 and 2015 seasons, European corn borer damage remained low in all
rotations and was well below economic thresholds (Table 5). In 2014, maize in the Manure
Rotation suffered slightly more damage than plants in the Control Rotation which were protected
by a Bt trait (F2,6=4.04, P=0.078; Table 6), but there were no significant differences between
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treatments based on Tukey’s post-hoc tests. In 2015, the percentage of plants with tunnels was
equal between rotations (Table 6), and in both years the percentage of plants lodged was equal
between rotations (Table 6).

Seasonal potato leafhopper abundance
In 2014 in newly planted alfalfa plots in the Pest Rotation, differences across sampling
dates between treatments were significant (Interaction: Rotation*Date interaction: F7,21 = 5.17, P
= 0.002). The abundance of potato leafhoppers trended lower throughout the season in the potato
leafhopper-resistant alfalfa and orchardgrass mix with a triticale nurse crop treatment with
significantly lower abundances mid-June and early August (P < 0.05; Figure 4). In mid-June, the
pure alfalfa had almost twice as many potato leafhoppers compared to the orchardgrass mix with
triticale, which may be attributed to the triticale nurse crop. Because resistant varieties take time
to establish and develop the trichomes necessary to resist potato leafhoppers, it was most likely
the orchardgrass versus the resistant variety that drove potato leafhopper populations down in
early August.
In 2014, the established alfalfa in the Pest Rotation differed significantly among
treatments (F1,3 = 17.05, P = 0.026) and across sampling date (F6,18 = 71.32, P < 0.0001). The
abundance of potato leafhoppers trended lower throughout the season in the potato leafhopperresistant alfalfa and orchardgrass mix treatment. In mid-June, the pure alfalfa treatment had 1.5
times more potato leafhoppers compared to the potato leafhopper-resistant alfalfa mixed with
orchardgrass (P < 0.05; Figure 4). However, I was unable to discern if the differences in potato
leafhopper abundance were due to the resistant alfalfa variety or intercropped orchardgrass.
In 2015, all newly planted alfalfa treatments in the Pest and Manure Rotations were
compared. Differences across sampling dates between treatments were significant (Interaction:
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Rotation*Date interaction: F18,54 = 2.67, P = 0.0028) with over twice as many potato leafhoppers
in the alfalfa and orchardgrass mix treatment compared to the pure alfalfa. The resistant alfalfa
variety treatments did not differ from pure alfalfa or the non-resistant alfalfa and orchardgrass
mix treatments (Figure 5). However, an insecticide application in only the pure alfalfa stand on
June 12th decreased leafhopper abundance in mid-June and may have caused the lower abundance
of potato leafhoppers in the pure alfalfa stand in early July.
In 2015, all established alfalfa was compared among the Pest and Manure Rotations
which differed significantly among treatments (F3,9 = 23.26, P = 0.0001) and across sampling date
(F5,15 = 150.38, P < 0.0001). There were clear differences between the pure alfalfa and all other
treatments at the end of June. In mid-June, pure alfalfa stands had twice as many potato
leafhoppers compared to the resistant alfalfa and orchardgrass mix that had a triticale nurse crop
the previous year. At the end of July, pure alfalfa had over twice as many potato leafhoppers
compared to the alfalfa and orchardgrass mix. There were no differences between any treatments
containing orchardgrass throughout the entire season (Figure 5). I pooled all treatments
containing orchardgrass to compare the effects of presence or absence of orchardgrass on potato
leafhopper abundance. Differences were significant between presence or absence of orchardgrass
treatments (F2,6 = 35.36, P = 0.0005) and across sampling date (F5,69 = 151.92, P < 0.0001). For
the month of June and late July, orchardgrass treatments had almost half as many potato
leafhoppers compared to the pure alfalfa treatment. My results suggest that orchardgrass rather
than potato leafhopper-resistant varieties reduced potato leafhopper abundance.

Activity-density of arthropod predators
Over the 2014 and 2015 seasons, P. melanarius was the most common ground beetle
captured in pitfall traps, accounting for 88.7% of carabids (Table 7). Bembidion quadrimaculatum
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oppositum was the second most common (3.3%) followed by Pterostichus mutus (2%). All other
species made up less than 1% of ground beetles in pitfall captures.
In June of both years, I captured in my pitfall traps significantly higher activity-densities
of carabids, lycosids, and other spiders in the Manure Rotation compared to the control (P < 0.06;
Figure 6); but the activity-density of ants was similar between rotations (P > 0.06; Figure 6). In
2014, seasonal activity-densities of carabids and P. melanarius differed significantly between
dates (carabids: F2,29.3 = 19.76, P < 0.0001; P. melanarius: F2,29.2 = 22.08, P < 0.0001). Over twice
as many carabids (F1,20.8 = 4.2, P < 0.0531) were captured in June in the Manure Rotation but
numbers did not differ from the control in July and August (Figure 6). Abundances of P.
melanarius followed a similar trend, but were not significant (Figure 7).
In 2015, carabid and P. melanarius seasonal activity-densities differed significantly
across dates between rotations (Date*Rotation interaction: carabids: F2,28.2 = 6.37, P = 0.0052; P.
melanarius: F2,22.8 = 6.06, P = 0.0077). Over three times more carabids (F1,9.88 = 10.23, P =
0.0097; Figure 6) and 3.5 times more P. melanarius (F1,9.78 = 9.11, P = 0.013; Figure 7) were
captured in June in the Manure Rotation compared to the control, but numbers did not differ
statistically in July and August.
The lower predator abundance early in the season in the control compared to the Manure
Rotation may be attributed to pest management and cover crops. The Control Rotation uses
insectide seed treatments and prophylactic insecticide application in the spring, which may have
reduced the predator populations early in the season. Maize grown for grain in the Manure
Rotation followed alfalfa, which provided a winter ground cover compared to no ground cover in
the control. The alfalfa preceding maize grown for grain in the Manure Rotation could provide a
habitat for predators over the winter and in early spring.
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Seasonal predation
In 2014, my sentinel prey experiments indicated that rotational treatments significantly
differed at night (F1,6 = 6.57, P = 0.0427) and across dates (day: F2,30 = 15.1, P < 0.0001; night:
F2,30 = 6.79, P = 0.0037). There was approximately twice as much predation in the Manure
Rotation at night in June and during both the day and at night in July (P < 0.05; Figure 8).
In 2015, rotational treatments differed significantly during the day (F1,33 = 8.82, P =
0.0055) and across dates during the day (F2,33 = 12.83, P < 0.0001), but only date was marginally
significant at night (F2,30 = 6.79, P = 0.0988). Compared to the control, predation in June was
three times higher during the day and 25% higher at night in the Manure Rotation (P < 0.07;
Figure 7).
Overall, my results suggest that the Manure Rotation has higher predation early in the
season compared to the control (Figure 8). These results are consistent with predator activitydensity and may also be attributed to winter cover crops and insecticide applications. The
perennial forage before maize in the Manure Rotation may provide a better overwintering habitat
for predators compared to no winter ground cover in the Control Rotation. The Control Rotation
includes a prophylactic insecticide application in the spring and is planted with pesticidal seed
treatments that could have reduced predator populations and predation early in the season.

Discussion
Increasing crop diversity and reducing management intensity can enhance ecosystem
services, yield, and profitability. For instance, conservation tillage provides many soil health
benefits and reduces labor costs (Stinner and House 1990; Uri 1999, 2000; Kladivko 2001; Palm
et al. 2014), but it also fosters higher abundances of natural enemies (Brust 1986; Stinner and
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House 1990; Kladivko 2001; Holland and Reynolds 2003). Increasing crop diversity through
cover cropping, crop rotations, or interseeding creates complex habitats that attract and enhance
natural-enemy populations (Kromp 1999; Diehl et al. 2013) while also increasing crop yields and
net returns (Meyer-Aurich et al. 2006; Smith et al. 2008). Additionally, IPM can increase
profitability by applying pesticides only when pests reach economic thresholds (Stern et al.
1959). Within the larger Sustainable Dairy Cropping Systems project, I compared the effects on
pests and natural enemies of a simple corn-soy rotation that used conventional pest management
practices including Bt maize varieties, pesticidal seed treatments, and prophylactic insecticide
application to two six-year diversified rotations which implemented continuous crop cover with
perennial forages and cover crops and was managed for pests as necessary using IPM.
Several studies have found that increasing crop species diversity, maintaining continuous
crop cover, and reducing pesticide applications in maize increases activity densities of carabids
(Witmer et al. 2003; O’Rourke et al. 2008) and spiders (Witmer et al. 2003; Diehl et al. 2013).
Compared to the simplified Control Rotation, I found that predator abundance and predation
trended higher in the Manure Rotation, with significantly more predation, carabids, and spiders in
June (Figures 6 and 8). Ground beetle and ant activity-densities were consistent through out the
season, while spider populations drastically diminished by July, suggesting that ground beetles
and ants provide the majority of pest control later in the season, consistent with our field
observations.
Increased early-season predator populations and predation in the Manure Rotation may
be the result of several factors. Both neonicotinoid seed treatments and pyrethroids used in the
Control have been found to negatively affect carabids (Pullen et al. 1992; Mullin et al. 2005;
Douglas et al. 2015) and may have suppressed populations early in the season. Both rotations had
similar activity-densities and predation rates by the middle of the season, which may be
attributable to rapid dispersal of carabids in open plots which can mask the effect of insecticides
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on ground beetles (Pullen et al. 1992). Intercropping and cover crops, that were used in the
diverse rotation, have been found to increase carabid abundance (Kromp 1999). The most
abundant carabid at my field site P. melanarius has been found to choose intercropped plots over
monocultures (Carcamo and Spence 1994). This may be due to the species’ oviposition site
preference in dense vegetation in the fall (Tréfás and van Lenteren 2008), which could have
resulted in higher carabid overwintering and emergence in the alfalfa that preceded maize grown
for grain in the Manure Rotation. Nevertheless, my results suggest that diversified cropping
systems that implement continuous crop cover and manage pests with IPM foster higher earlyseason predator populations, which can protect vulnerable seedlings from early-season pests.
Ground beetles are especially important for controlling slugs in no-till cropping systems.
Most classes of insecticides are not effective against slugs (Douglas and Tooker 2012) and
commercially available molluscicides can provide inconsistent control (Hammond and Byers
2002; Douglas and Tooker 2012). As a result, biological control is an appealing and viable option
for slug control (Douglas et al. 2015). Pterostichus melanarius comprised 88.7% of carabids at
my field site (Table 7) and is a known slug predator (Thiele 1977; South 1992; Symondson et al.
1996). In 2014, slug damage to maize seedlings grown for grain did not differ between rotations;
however, in 2015, damage at the V5 stage in the control rotation was twice as high as was found
in the diversified rotation (Figure 3). This higher seedling damage in 2015 may be due to
abundance of P. melanarius. Compared to the control, pitfall samples collected three days after
damage assessments in maize at the V5 stage had 3.5 times higher P. melanarius abundance in
the Manure Rotation (Figure 7). A study in Europe found that P. melanarius significantly reduce
slug abundance (McKemey et al. 2003b). Several other studies suggest that P. melanarius
aggregates in areas of high slug biomass (Symondson et al. 1996; Bohan et al. 2000). Protecting
and building carabid populations, especially P. melanarius, is important for slug control.
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Carabids are sensitive to anthropogenic activities and can be used as bioindicators
(Kromp 1999). Conventional management practices in the Control Rotation such as neonicotinoid
seed treatments, prophylactic pesticide use, and Bt hybrids are often used as “crop insurance”
against pests. However, while neonicotinoid seed treatments and soil-applied insecticides may
reduce pest populations, they also negatively affect natural-enemy populations (Brust 1986;
Mullin et al. 2005; Douglas et al. 2015). Neonicotinoid seed treatments are a fairly new
technology which have been rapidly adopted by farmers in the United States (Douglas and
Tooker 2015). In 2011, 34-44% of soybean and 79-100% of maize hectares were planted with
insecticidal seed treatments (Douglas and Tooker 2015). Fields planted with neonicotinoid seed
treatments significantly reduced slug predator abundance and predation while slug populations
increased, decreasing stand establishment and yield (Douglas et al. 2015). The mechanism behind
this increase in slug populations and decrease in yield is that neonicotinoid insecticides do not
affect slugs even though they consume the systemic insecticide when feeding upon plants grown
from treated seeds (Douglas et al. 2015). Moreover, after feeding upon these plants, slugs contain
enough of the insecticide to poison ground beetles; more than 60% of beetles exposed to toxic
slugs were impaired or died (Douglas et al. 2015). Another study found consumption of corn
rootworms that had fed upon plants grown from neonicotinoid treated seeds caused almost
complete mortality among 18 carabid species (Mullin et al. 2005).
Pyrethroids have also been found to have negative effects on ground beetles and among
large carabid species, P. melanarius was the most sensitive (Pullen et al. 1992; Wiles and Jepson
1992). In the Control Rotation, we applied a pyrethroid at seedling emergence. Although ground
beetle activity-densities were equal by mid-season in both the diverse and control rotations, rapid
dispersal and movement between plots may have masked the true consequences of insecticides.
For instance, insecticides reduced P. melanarius activity-density in open plots for up to 30 days,
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but in plots with barriers that prevented movement, P. melanarius activity density was reduced
for 160 days (Pullen et al. 1992).
Many conventional pest management practices not only affect pests and natural enemies,
but also come at a cost premium for farmers. If yield increases are not sufficient to increase net
profits, the technology becomes an added cost to farmers. For example, in slug infested fields,
neonicotinoid seed treatments decreased yield by 5% due to increased slug abundance (Douglas
et al. 2015). In both years of my study, slug populations remained relatively low and
establishment of maize grown for grain was almost 100% of seeding rate in both the Control and
Manure Rotations (Table 3). Moreover, yields of maize grown for grain were higher in the
Manure Rotation in 2014 and were similar between rotations in 2015 (Jahanzad, Malcolm, and
Karsten, unpublished data). Other studies found that maize yields were positively correlated with
increased species diversity in rotations (Smith et al. 2008) and that these diversified systems with
reduced external inputs of synthetic chemicals such as fertilizers and pesticides can produce
similar or higher yields compared to conventional systems (Liebman et al. 2008; Smith et al.
2008). In 2014, net profits from maize grown for grain were higher in the Manure Rotation by
approximately $75per hectare (Malcolm and Karsten, unpublished data). When crop scouting
costs are included at $16.25 per hectare (E. Rosenbaum, personal communication), the maize
grown for grain in the Manure Rotation has net profits of approximately $68.50 per hectare more
than the Control Rotation.
In both years of this study, damage from European corn borer was low (Table 5). As
expected, due to Bt seed traits, the Control Rotation had virtually no damage from ECB. Although
the Pest and Manure Rotations had some ECB damage, it was minimal and did not differ
statistically from the control. Across Pennsylvania and much of the Midwest, ECB abundance
and damage has declined because of widespread use of Bt hybrids (Hutchison et al. 2010,
Bohnenblust et al. 2014). These regional decreases in ECB populations and the lower associated
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threat from ECB raises the question if the higher cost of Bt seeds remains a necessity for farmers.
Indeed, farmers that grow non-Bt corn hybrids in areas of Pennsylvania that have low populations
of ECB can realize equivalent yields and greater profits compared to growing Bt hybrids, which
carry much higher seed costs (Bohnenblust et al. 2014). Compared to non-Bt maize varieties, Bt
maize hybrids increased yields at 11 of 29 sites, however, due to price premiums, only one farm
increased net profits (Bohnenblust et al. 2014). There may be more profitable solutions for
farmers to control ECB and enhance ecosystem services. For example, a study in Ohio found that
no-till and strip intercropping maize with soybeans reduces ECB damage compared to
conventional tillage or monocultures (Tonhasca and Stinner 1991).
As with Bt maize hybrids, I did not find an advantage of using potato leafhopper-resistant
alfalfa varieties, at least not in fields containing an alfalfa and orchardgrass mix. In 2014, the Pest
Rotation tended to have lower trends of potato leafhopper abundance in the potato leafhopperresistant alfalfa (Figure 4). However, the non-resistant treatment was a pure monoculture of
alfalfa and I was unable to determine if the reduced abundance of potato leafhoppers was due to
the resistant variety or the intercropped orchardgrass. In 2015, I was able to compare four alfalfa
treatments between the Pest and Manure Rotations. When orchardgrass treatments were pooled
together, they had approximately half as many potato leafhoppers compared to the pure alfalfa on
four out of six sampling dates (Figure 5). The potato leafhopper-resistant varieties mixed with
orchardgrass did not differ from the non-resistant alfalfa mixed with orchardgrass. It appears that
the orchardgrass rather than the resistant variety was important for reducing potato leafhopper
abundance.
Several studies have found that intercropping alfalfa reduces potato leafhopper
abundance (Lamp 1991; Straub et al. 2014). Using oats as an intercrop reduced potato leafhopper
density by 77-82% per square meter compared to alfalfa monocultures (Lamp 1991).
Intercropping alfalfa with orchardgrass increased potato leafhopper movement between plants,
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which increased their predation by arthropod predators (Straub et al. 2014). Although I did not
compare resistant varieties in pure alfalfa stands, a study found that if given no choice, potato
leafhoppers will still settle on potato leafhopper-resistant alfalfa (Shockley and Backus 2002). My
results suggest that potato leafhopper resistant alfalfa varieties do not reduce potato leafhopper
abundance in intercropped fields.

Conclusion
Overall, in no-till systems, I found that diversified rotations that implemented continuous
crop cover with perennial forages and cover crops and incorporated IPM enhanced the abundance
of natural enemies early in the growing season and can suppress pests to similar levels attained by
simple rotations managed with Bt hybrids, pesticidal seed treatments, and prophylactic pesticide
application. I did not find strong evidence that conventional management practices such as
neonicotinoid seed treatment, prophylactic insecticide application, and Bt hybrids in maize or
potato leafhopper-resistant alfalfa varieties were necessary for pest suppression. In 2015, slug
damage to maize seedlings was higher in the Control Rotation. Protecting and increasing carabid
abundance, especially P. melanarius, is important for slug control. A balanced cropping system
that incorporates conservation tillage, increases crop species diversity with continuous crop
cover, and utilizes IPM can compete with conventional systems by: enhancing ecosystem services
(House and Brust 1989; Fan et al. 1993; Kromp 1999; Kremen and Miles 2012), improving yield
(Meyer-Aurich et al. 2006; Liebman et al. 2008), and reducing input costs (Losey and Vaughn
2006; Liebman et al. 2008), which can increase profitability.
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Tables

Table 2-1: Management practices in maize grown for grain.
Year

Management Practice
Maize variety
Interseed variety

2014

Seed treatment
Transgenic traits
Soil insecticide
Previous crop
Planting date
Interseed date
Maize variety
Interseed variety

2015

Seed treatment
Transgenic traits
Soil insecticide
Previous crop
Planting date
Interseed date

Control Rotation
P0210YXR
CLO, THX
HXX, LL, RR2
Pyrethroid at planting
Soybean
5/30/14
TA566-31
CLO, THX
HXX, LL, RR2
Pyrethroid at planting
Soybean
5/14/15
-

Manure Rotation
P0210R
Annual Rye grass: RootMax
RC: Common
CC: Dixie
Og: L63492 (King Agril)
RR2
Alfalfa + orchardgrass
5/30/14
7/1/14
TA566-18
Annual Ryegrass: KB
Supreme
RC: Common
Radish: CC solutions
Og: Potomac
RR2
Alfalfa + orchardgrass
5/14/15
6/18/15

Key:
RC = Red clover
CC = Crimson clover
Og = Orchard grass
CLO = Clothianidin (Neonicotinoid)
THX = Thiamethoxam (Neonicotinoid)
HXX = Herculex xtra (Bt traits for Lepidoptera and Coleoptera pests)
LL = Liberty link (Glufosinate tolerant)
RR2 = Round up ready 2 (Glyphosate tolerant)
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Table 2-2: Management practices in maize grown for silage.
Year

2014

2015

Management
Practice
Maize variety
Seed treatment
Transgenic traits
Soil insecticide

304-02 ND
RR
-

Previous crop

Rye

Planting date
Maize variety
Seed treatment
Transgenic traits
Soil insecticide

5/31/14
TA089-00
-

Previous crop

Rye

Planting date

5/15/15

Pest Rotation

Key:
RR = Round up ready (Glyphosate tolerant)
RC/CC = Red clove or crimson clover

Manure Rotation
Before Rye
Before Oats
304-02 ND
304-02 ND
RR
RR
Interseeded
RC/CC
clover mix
5/12/14
5/12/14
TA089-00
TA089-00
Interseeded
RC/CC
clover mix
5/14/15
5/14/15
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Table 2-3: Percentage of maize grown for grain seedlings established at V2 and V5 stages
(LS-mean ± SE, n=4). These estimates are from manure treatments represented in both rotations.
The synthetic fertilizer treatment in the control rotation is excluded.
Year
2014
2015

V2
Control
103.8 ± 2.3
105.8 ± 1.9

V5
Manure
100.1 ± 2.3
100.0 ± 1.9

Control
103.6 ± 2.3
104.5 ± 1.9

Manure
100.1 ± 2.3
93.7 ± 1.9

Table 2-4: Percentage of maize seedlings grown for silage damaged by slugs following clover
cover crop treatments in the Manure Rotation (LS-mean ± SE, n=4). Values were square root
transformed for analysis, but untransformed means are shown here.
Manure
Management
BM
IM

Seedling
Stage
V2
V5
V2
V5

Crimson
Clover
6.46 ± 2.84
40. 05 ± 2.84
4.88 ± 4.71
29. 04 ± 4.71

Red Clover

F1,6

P

3.96 ± 2.84
43.87 ± 2.84
7.33 ± 4.71
32.03 ± 4.71

3.07
0.41
0.96
0.22

0.1305
0.5462
0.366
0.656
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Table 2-5: European corn borer damage (LS-mean ± SE) by year and rotation. Values were square
root transformed for analysis, but untransformed values are shown here.
Year
2014

2015

Rotation
Control
Manure
Pest
Control
Manure
Pest

Plants with
tunnels (%)
0 ± 0.80
2.08 ± 0.46
0 ± 0.80
0 ± 3.7
5.03 ± 2.1
4.17 ± 3.7

Lodged
plants (%)
0 ± 0.03
0.07 ± 0.02
0.02 ± 0.03
0.02 ± 0.04
0.05 ± 0.03
0.04 ± 0.04

Table 2-6: Analysis of variance of European corn borer damage for 2014 and 2015.
Year
2014
2015

Damage
Plants with tunnels (%)
Lodged plants (%)
Plants with tunnels (%)
Lodged plants (%)

Num DF
2
2
2
2

Den DF
6
6
6
6

F
4.04
2.41
0.92
0.23

P
0.0775
0.1709
0.4470
0.7986
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Table 2-7: Total counts of Carabidae from pitfall catches in 2014 and 2015.
2014

Species
Pterostichus melanarius (Illiger)
Bembidion quadrimaculatum oppositum Say
Pterostichus mutus (Say)
Dyschirius spp.
Harpalus pensylvanicus (DeGeer)
Poecilus lucublandus (Say)
Agonum punctiforme (Say)
Amara spp.
Chlaenius tricolor Dejean
Scarites subterraneous Fabricius
Poecilus chalcites (Say)
Bembidon rapidum (LeConte)
Colliurus pensylvanica (Linné)
Anisodactylus rusticus (Say)
Cincidela punctulata punctulata Olivier
Cincindela sexguttata Fabricius
Clivinia bipustulata Fabricius
Harpalus affinis (Schrank)
Agonum placidum (Say)
Anisodactylus harrisii LeConte
Amphasia interstitalis (Say)
Dicaelus elongates Bonelli
Harpalus rubripes (Duftschmid)
Pterostichus femoralis (Kirby)
Scarites quadriceps Chaudoir
Stenolophus comma (Fabricius)
Other Carabidae
Total Carabidae

2015

Combined

Total

%

Total

%

Total

%

654
25
8
5
8
10
2
8
1
7
5
1
2
2
1
1
1
1
1
1
1
1
746

87.7
3.4
1.1
0.7
1.1
1.3
0.3
1.1
0.1
0.9
0.7
0.1
0.3
0.3
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
100

1042
38
30
13
7
4
8
1
8
2
1
1
2
1
1
1
1
1
3
1165

89.4
3.3
2.6
1.1
0.6
0.3
0.7
0.1
0.7
0.2
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.3
100

1696
63
38
18
15
14
10
9
9
7
5
3
3
2
2
2
2
2
1
1
1
1
1
1
1
1
3
1911

88.7
3.3
2.0
0.9
0.8
0.7
0.5
0.5
0.5
0.4
0.3
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
100
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Figures

Figure 2-1: NE-SARE Dairy Cropping Systems project rotation schematic for 2014 and 2015.
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Figure 2-2: Average slugs per trap in maize grown for grain (LS-mean ± SE, n=4). Data was
square root transformed for analysis, but untransformed values are shown here. Values marked
with [*] are statistically different (PROC MIXED with repeated measures; Covariate Type VC;
Kenward Roger approximation; P ≤ 0.05) based on SLICE analysis of simple effects by date.
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Figure 2-3: Percent of maize grown for grain seedlings damaged by slugs (LS-mean ± SE, n=4) at
V2 and V5 stages by rotation treatment. Values marked with [*] are statistically different (PROC
MIXED with repeated measures; Covariate Type VC; Kenward Roger approximation; P ≤ 0.05)
based on SLICE analysis of simple effects by seedling stage.
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Figure 2-4: 2014 mean number of leafhoppers per sweep (LS-mean ± SE, n=4) in the Pest Rotation.
Values marked with [*] are statistically different (PROC MIXED with repeated measures; Covariate
Type VC; P ≤ 0.05) based on SLICE analysis of simple effects by date. PLR Alf + Og: potato
leafhopper-resistant alfalfa mixed with orchard grass; Alfalfa: pure alfalfa stand ($ = insecticide
spraying; ↑ = alfalfa harvest).
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Figure 2-5: 2015 mean number of leafhoppers per sweep (LS-mean ± SE, n=4) in the four alfalfa
treatments. Values marked with letters are statistically different (PROC MIXED with repeated
measures; Covariate Type VC; P ≤ 0.05) based on Tukey’s post-hoc test. Values marked with [*]
indicate that all orchardgrass treatments combined are statistically different from the pure alfalfa
(PROC MIXED with repeated measures; Covariate Type VC; P ≤ 0.05) based on SLICE analysis
of simple effects by date. Alfalfa: pure alfalfa in the Pest Rotation; Alf + Og: alfalfa and
orchardgrass in the Manure Rotation; PLR Alf + Og: potato leafhopper-resistant alfalfa in the
Manure Rotation; PLR Alf + Og + Tr: potato leafhopper-resistant alfalfa and orchardgrass with a
triticale nurse crop from the previous year ($ = insecticide spraying; $** = only pure alfalfa
treatment sprayed ↑ = alfalfa harvest).
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Figure 2-6: Mean number of arthropod predators per plot (LS-mean ± SE, n=4). Data was square
root transformed for analysis, but untransformed values are shown here. Values marked with [*]
are statistically different (PROC MIXED with repeated measures; Covariate Type VC; Kenward
Roger approximation; P ≤ 0.06) based on SLICE analysis of simple effects by date.
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Figure 2-7: Mean number of Pterostichus melanarius per plot (LS-mean ± SE, n=4). Data was
square root transformed for analysis, but untransformed values are shown here. Values marked
with [*] are statistically different (PROC MIXED with repeated measures; Covariate Type VC;
Kenward Roger approximation; P ≤ 0.05) based on SLICE analysis of simple effects by date.
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Figure 2-8: Percent caterpillar predation (LS-mean ± SE, n=4) during the day and at night.
Values marked with [*] are statistically different (PROC MIXED with repeated measures;
Covariate Type VC; Kenward Roger approximation; P ≤ 0.07) based on SLICE analysis of
simple effects by date.
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Chapter 3
Non-consumptive effects of a ground beetle predator Pterostichus melanarius
on the gray garden slug Deroceras reticulatum

Introduction
Approximately 30% (1.3 million acres) of all cropland in Pennsylvania relies on no-till
practices (USDA-NASS 2014) that reduce labor, conserve soil and water resources, and protect
the Chesapeake Bay from nutrient runoff. Due to the habitat stability provided by no-till practices
and the humid environment of the mid-Atlantic region, slug populations infest many no-till acres,
and the severity of slug infestations appears to be increasing. In Pennsylvania, slugs have become
one of the most challenging pests that no-till farmers face (Douglas and Tooker 2012).
In particular, the gray garden slug Deroceras reticulatum is considered the most
destructive slug pest of no-till corn and soybeans (Hammond and Byers 2002). The gray garden
slug is an exotic species from Europe and has invaded much of North America (South 1992;
Hammond and Byers 2002), primarily feeding on seeds and seedlings in the spring and fall
(South 1992). Damage from slugs can be severe and can contribute to yield loss (Tonhasca and
Stinner 1991; Hammond and Byers 2002). Currently, farmers have few control options available
to manage slug populations. Slugs are most abundant in no-till agronomic crops where they can
reduce yields by up to 19% compared to conventionally tilled corn (Tonhasca and Stinner 1991).
Tillage is a possible control option, but dedicated no-till farmers usually avoid this option due to
benefits provided by no-till. Another management option to reduce slug populations is to remove
some of the crop residues that remain after harvest, and some farmers will do this by gathering
corn stover for a variety of uses (Douglas and Tooker 2012). Chemical control options for slugs
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are limited. Most classes of insecticides are not effective against slugs (Douglas and Tooker
2012) and commercially available molluscicides provide inconsistent control (Hammond and
Byers 2002; Douglas and Tooker 2012). As a result, biological control of slugs has become more
appealing and research has revealed that biological is a viable option for protecting yield
(Douglas et al. 2015).
Various generalist predators attack slugs, including vertebrates and invertebrates such as
geese, snakes, toads, spiders, and ground beetles (South 1992). These predators directly consume
prey but can also emit non-lethal sensory cues (Rosier and Langkilde 2011) that can indirectly
influence prey behavior (Werner and Peacor 2003; Hermann and Thaler 2014) and physiology
(Werner and Peacor 2003; Hawlena et al. 2011, 2012). Such “non-consumptive” effects stem
from prey fear and intuitive behaviors of prey to reduce their predation risk. Evidence of nonconsumptive effects has been found in vertebrates (Sheriff et al. 2009; Hossie et al. 2010; Travers
et al. 2010), arthropods (Hawlena et al. 2012; Hermann and Thaler 2014), and mollusks
(Armsworth et al. 2005; Bursztyka et al. 2013, 2016; Freeman et al. 2013). Some examples
include reduced foraging, mating, or habitat range and fewer social interactions (Lima 1998;
Rosier and Langkilde 2011; Clinchy et al. 2013). These predator avoidance behaviors impose a
cost on potential prey. Although they decrease the likelihood of being attacked, they can also
limit access to resources, which can slow development of offspring and decrease mating success
(Lima 1998; Rosier and Langkilde 2011; Clinchy et al. 2013).
The influence of non-consumptive effects can be nearly as strong as the direct effects of
consumption (Preisser et al. 2005), and can alter ecosystems and ecosystem processes through
top-down interactions that cascade through the food chain (Lima 1998; Preisser et al. 2005;
Sheriff and Thaler 2014). For instance, in the presence of spider predators, grasshoppers altered
feeding which resulted in a higher carbon to nitrogen body ratio (Hawlena et al. 2012). When
carcasses from these predator-stressed grasshoppers returned to the soil, decomposition was
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slower and affected soil communities (Hawlena et al. 2012). This soil legacy from nonconsumptive effects may influence plant and animal communities. Because of potentially farreaching effects in ecosystems, it is important to study non-consumptive effects to fully
understand the influence of predator populations on prey and predator-prey relationships.
Several ground beetle species (Coleoptera; Carabidae), including Pterostichus
melanarius, feed on slugs (Thiele 1977; Lindroth 1992b; South 1992), but few studies have
investigated their non-consumptive effects on terrestrial mollusks. Compared to other arthropod
predators, the presence of P. melanarius reduced damage to soybean seedlings by gray garden
slugs and also decreased the mass of slugs that were not consumed (Douglas 2012). Gray garden
slugs avoided filter paper previously exposed to P. melanarius (Armsworth et al. 2005). Other
studies suggest that chemical cues may be important for slugs to avoid predation. Species of
Carabus, including Carabus nemoralis are known to feed on the gray garden slug (Fawki and
Bak 2003). Cuticular extracts from the ground beetle C. nemoralis significantly reduced gray
garden slug foraging on oilseed rape seedlings (Bursztyka et al. 2016). When given the choice of
shelters containing carabid cuticular extracts or an alcohol control, gray garden slugs avoided
shelters containing C. nemoralis extracts (Bursztyka et al. 2013). Several other Carabus species
extracts were tested and the gray garden slugs did not avoid all of them (Bursztyka et al. 2013),
which suggests that non-consumptive effects are highly specific between species.
In vertebrates, measurements of fear responses can be made with radioimmunoassay
(RIA) to screen blood, saliva, or feces for glucocorticoids, an important class of hormones in
stress response that include cortisol (Sheriff et al. 2011). RIAs function similarly to an ELISA
(i.e., enzyme-linked immunosorbent assay) but use a radioactive marker. Although the stress
response model in mollusks remains unclear, fresh-water snails and the Mediterranean mussel
have cortisol-like molecules in their hemocytes (Ottaviani et al. 1998). RIAs could be a useful
tool to quantify physiological fear response in slugs.
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The goal of this study was to explore the predator-prey relationship between ground
beetles and slugs by investigating non-consumptive effects of P. melanarius on D. reticulatum
behavior and physiology. I chose to study P. melanarius because it is abundant at my study site in
Pennsylvania, but also because it shares a European origin with D. reticulatum (Lindroth 1957;
Thiele 1977). Moreover, non-consumptive effects between these two species have been
previously documented (Armsworth et al. 2005; Douglas 2012). My objectives were to: 1)
investigate which cues from ground beetles are most important for inducing fear responses in
slugs and 2) determine if RIA is an effective method for assessing cortisol-like hormone
concentrations in slugs.
I hypothesized that chemical cues would have the greatest influence on gray garden slug
behavior and physiology through 1) increased hiding behavior, 2) decreased foraging, and 3)
increased cortisol-like hormone concentrations. Understanding whether indirect effects of
predators in this system influence slug behavior and physiology may help explain community
dynamics and lead to a better understanding of mechanisms underlying biological control in
agricultural systems. Moreover, investigating non-consumptive effects between ground beetles
and slugs will provide a more complete appreciation of predator-prey interactions and help
delineate how fear responses of terrestrial mollusks contribute to predator-mediated control of
slug populations in mid-Atlantic field crops.

Materials and methods

Collecting and maintaining slugs
I collected all gray garden slugs used in this study in 2015 from the Russell E. Larson
Agricultural Research Center at Rock Springs (Pennsylvania Furnace, PA; 40.721384,
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-77.919952). I maintained slugs on moistened soil at room temperature in modified plastic food
storage containers (Rubbermaid ® 24.77cm L x 35.6 cm W x 8.9 cm H) that had a panel of the
lid cut out and replaced with organza. In the lab, I feed slugs organic cabbage and provided water
via moistened cotton balls.

Collecting and maintaining ground beetles
To conduct laboratory experiments, I collected P. melanarius beetles in 2015 using dry
pitfall traps in no-till research fields at the Russell E. Larson Agricultural Research Center
(Pennsylvania Furnace, PA; 40.721384, -77.919952). In the lab, I maintained beetles at room
temperature in individual diet cups (Dart ® 30mL, Dart Container Corporation, Mason, MI) with
lids and a thin layer of moistened potting soil. I fed beetles moistened cat food twice a week and
replaced moistened cotton balls as a source of water weekly.

Microcosm fear study
To assess the physiological and behavioral influences of ground beetle cues on slugs, I
created lab microcosms with P. melanarius and D. reticulatum to establish the following
treatments (experimental details below): slug only (control), slug harassed with forceps (physical
cues), slug with a carabid beetle isolated in a cage (chemical cues), and slug with a beetle that has
mouthparts glued shut (combined cues without consumption). I conducted four trials of the
experiments, which were blocked by slug size with 15 slugs per treatment (except for the last
experiment which had 10 slugs per treatment; total sample size per treatments N = 55.
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Preparing animals
Approximately 16 h before the microcosm experiment, I randomly selected beetles to
prepare them for each treatment. For the chemical cue treatment, I transferred fifteen randomly
selected beetles to individual diet cups (Dart ® 30mL, Dart Container Cooperation, Mason, MI)
with lids in which I established an organza-covered window to provide airflow. The bottom of the
container contained a thin lay of moistened soil and a piece of moistened cotton.
For the combined cue treatment, I randomly selected eighteen beetles for preparation.
After anesthetizing beetles with CO2, under a dissecting microscope I glued their mandibles
together by applying superglue (Gorilla ® Super Glue Gel, Gorilla Glue, Inc., Cincinnati, OH)
with the tip of a pin. Once I applied the glue, I transferred beetles to an empty diet cup with soil
and placed it in a refrigerator (7°C) for seven minutes to minimize activity until the glue dried. I
then randomly selected fifteen of the eighteen beetles to use in the experiment. Mortality from the
mandible gluing process was rare (1 or 2 out of 18).
Six hours before setting up microcosm experiments, I transferred slugs of similar size to
small containers with moistened cotton, but no food. The slugs were allowed to rehydrate on wet
cotton for 2 h, then I weighed them individually, and transferred them singly to a numbered diet
cup containing a wet cotton ball.

Experimental set-up
I created microcosms using 16-oz plastic deli containers (8-cm tall, 11.5-cm diameter,
Reynolds Del Pak ®) containing approximately 2 cm of moistened soil that had been sifted
through a 2 mm sieve. For food, I supplied approximately 1.6 g of black cutworm diet (mixed
according to package directions; Southland Products Inc.) on a plastic platform in the middle of
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the microcosm. D. reticulatum readily ate this diet and gained mass during pilot feeding trials of 1
wk. I provided a moistened cotton ball for water. Microcosms were numbered and randomly
assigned a treatment.
I randomly assigned slugs of known mass to containers and using a paintbrush placed one
slug on the food platform in a microcosm. Microcosms were placed in the growth chamber and
the slugs were allowed to acclimate for one hour prior to the treatments being applied. Before
adding the treatments, I recorded the location of each slug. The control microcosms remained
unaltered, and contained only the slug with food and water. The physical cue treatment consisted
of attacking slugs with soft forceps (Bioquip ®) for 20 seconds every 24 hours, which is the
average time P. melanarius attacked slugs (personal observation). I added a caged beetle to
microcosms to establish the chemical cue treatment whereas I released a beetle with its mandibles
glued shut into microcosms to establish the combined (physical + chemical) cue treatment.
The microcosm experiment in the growth chamber lasted for seven days at 20 °C with
14:10 h day:night cycle. To improve the convenience of nocturnal observations (when slugs and
beetles are most active), I reversed the cycle of the growth chamber. Every 24 hours, I “attacked”
slug in the physical cue treatment and recorded the location and survivorship of each slug. If the
slug was on top of the soil, on the food or food platform, or on the side of the microcosm less
than 2 cm above the soil, it was considered “exposed to predators”. If the slug was underneath the
food platform, in the soil, or on the sides of the microcosm from the middle to the top, it was
considered “hiding”. If I found a dead beetle, I replaced it immediately.
At the end of the experiment, I transferred slugs with a paintbrush to individual diet cups
with a wet cotton ball to rehydrate before weighing them. After recording their final mass, I froze
individual slugs at -80 °C for RIA. The remaining cutworm diet was also weighed at the end of
the experiment to assess consumption.
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Radioimmunoassay (RIA) pilot study
To assess the efficacy of RIA to detect cortisol-like molecules in slugs, I conducted a
pilot study that comprised three treatments: a control, and slugs disturbed with a paintbrush for
1.5 or 3 minutes. I based times and the type of disturbance on a study that determined slugs stop
producing mucus after 3 minutes (Mair and Port 2002). Individual slugs of similar size were
randomly assigned treatments. To bother slugs, I moved individuals to moistened paper towels
where I harassed them vigorously with a paintbrush for 1.5 or 3 minutes.
To determine if slug mass affected RIA results, I also grouped slugs together in batches
of 1, 2, or 3 slugs per RIA sample. Due to limited availability of slugs, the control group
consisted of one replicate per grouping of 1, 2 or 3 slugs, while all other samples for RIA
consisted of three replicates. Immediately after attacking slugs with a paintbrush, I moved them to
1.8mL eppendorf tubes and froze them at -80°C.
Using a plastic micropestle, I homogenized frozen slugs from the pilot study in a 1.8mL
centrifuge tube with 100% molecular grade ethanol and liquid nitrogen (to aid cell lysing). I
centrifuged the tubes (7,000 g) and remove the supernatant, which I transferred to a new tube and
removed the ethanol via evaporation with compressed nitrogen. I then froze the supernatant (-80
°C) until running RIAs. I performed RIAs for cortisol on slug extracts using a cortisol kit (MP
Biomedicals, LCC; ImmuChem™ Coated Tube Cortisol 125I RIA Kit), under direction of Dr.
Michael Sheriff (Department of Ecosystem Science and Management at Penn State, University
Park).
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Statistical methods
To compare the effects of beetle cue treatments on slug hiding behavior, I first
aggregated daily observations to find the mean percent time spent hiding per individual slug. I
analyzed the means by analysis of variance (PROC GLM; SAS 9.4, SAS Institute Inc. 2013) and
used Tukey’s posthoc test to separate LS-means. To compare the effects of beetle cue treatments
on slug feeding behavior, I analyzed final slug mass by analysis of covariance (PROC GLM; SAS
9.4, SAS Institute Inc. 2013) with starting mass as the covariate (Raubenheimer and Simpson
1992). I used Tukey’s post-hoc test to separate LS-means. The RIA pilot study was too small to
run a statistical analysis, but I calculated LS-means and standard error (Figure 3).

Results

Behavioral response
Exposure to cues associated with predators significantly influenced hiding behavior by
slugs (F3,9 = 16.16, P < 0.0001; Table 1; Figure 1). Slugs exposed to the combined physical and
chemical cues (i.e., beetles with glued mouthparts) hid significantly more frequently than slugs
exposed to physical or chemical cues, which hid more than undisturbed, control slugs.
Predator cue treatment also significantly influenced slug mass (F3,9 = 5.16, P = 0.002;
Table 2; Figure 2). The changes in slug mass during the experiment in the physical and chemical
cue treatments were similar to the mass change of control slugs. However, the physical and
combined cue treatments had significantly lower change in slug mass than the chemical cue
treatment (P ≤ 0.05; Figure 2).
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Radioimmunoassay (RIA) pilot study
Cortisol concentrations were low in all samples tested using RIAs. I was not able to
confirm if cortisol or cortisol-like molecules were present. It appears that this protocol does not
work on slugs. The pilot study was too small to run statistical analysis, however, the controls and
attack treatments yielded similar means (Figure 3). Due to the lack of evidence that the protocol
worked, I did not continue RIAs with samples from the microcosm study.

Discussion
Non-consumptive effects alter prey behavior and physiology (Sheriff and Thaler 2014)
and can be as important as direct consumption (Preisser et al. 2005). Investigating nonconsumptive effects between slugs and ground beetles can provide insight into the importance
predators for slug control in agriculture systems and may lead to better management practices.
My results suggest that there are non-consumptive effects of P. melanarius on the behavior of D.
reticulatum. Combined physical and chemical cues from P. melanarius were most effective in
increasing slug hiding and decreasing slug foraging behaviors, which suggests that a combination
of cues rather than a single cue are important for inducing fear in slugs.
Slugs spent significantly more time hiding in the combined cue treatment compared to
the control and single cue treatments (Figure 1). Surprisingly, the chemical cue treatment alone
was not significant compared to the control. Other studies have suggested that gray garden slugs
avoid chemical cues of ground beetle predators (Armsworth et al. 2005; Bursztyka et al. 2013,
2016). However, these studies were choice experiments that assessed immediate behavioral
responses of slugs from minutes to hours after exposure. My experiment was conducted in
enclosed microcosms, which made it impossible for slugs to escape chemical cues and they may
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have become desensitized to predator cues after constant exposure for one week. Another study
found that exposure to chemical cues from P. melanarius stimulated the olfactory nerve in gray
garden slugs for up to 3 minutes (Dodds et al. 1997). Predator detection and avoidance by D.
reticulatum may be important for survival because there is a delay of several seconds to produce
defensive mucus (Dodds et al. 1997). During a prolonged attack, defensive mucus production
only lasts for 2-3 minutes before gray garden slugs have exhausted this defense mechanism
(Pakarinen 1994). Therefore, immediate avoidance response to predators may be critical in slug
survival.
My results on slug foraging behavior did not support my hypothesis that chemical cues
would be most effective in reducing slug mass. In fact, chemical cues alone were associated with
increased slug mass compared to the control while treatments with physical cues reduced slug
mass (Figure 2). These results suggest that physical attack may be more influential than chemical
cues in reducing foraging behavior of D. reticuatum. P. melanarius reduces both abundance and
foraging of gray garden slugs (Buckland and Grim 2000; McKemey et al. 2003a). Another study
that observed slug predation, which exposed slugs to both physical and chemical cues, found that
surviving gray garden slugs also had lower mass when exposed to P. melanarius compared to
other arthropod predators (Douglas 2012).
P. melanarius is not the only ground beetle to induce non-consumptive effects in D.
reticulatum. The genus Carabus is composed of many mollusk-feeding species (Fawki and Bak
2003). Carabus nemoralis in particular is known to feed on the gray garden slug (Fawki and Bak
2003). A study in Europe found that gray garden slugs avoided chemical cues from some
Carabus species, including C. nemoralis, but not others (Bursztyka et al. 2016). This suggests
that slugs can recognize specific predators based on chemical cues. It also suggests that fear
responses appear to be highly specialized between species, yet most ground beetles are generalist
predators (Thiele 1977; Lövei and Sunderland 1996; Kromp 1999).
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Determining a physiological response to non-consumptive effects can confirm stressors
and provide insight into behavioral response (Sheriff et al. 2011; Zanette et al. 2014). The
samples that I tested with RIAs from my pilot study had such low concentrations of cortisol that
the results were inconclusive (Figure 3). After several preliminary attempts to extract cortisol
from slugs, it appears that the RIA technique was not effective. Although mollusks produce
cortisol-like molecules, the identity of the molecule is still unknown (Ottaviani et al. 1998). Some
of the basic chemistry behind stress responses in vertebrates and mollusks is conserved, but there
are major differences in anatomy and physiology (Ottaviani et al. 2007). RIA kits were designed
for use in vertebrates, however, assays still need to be validated for every species to ensure that
hormone concentrations are accurate (Sheriff et al. 2011). Even closely related vertebrate species
can have varying validation results (Sheriff et al. 2011). It may not be a lack of physiological
response in slugs, but rather a lack of similarity between the cortisol-like molecule in slugs and
cortisol in mammals that caused the technique to fail. With further development of our
understanding in mollusk stress response, it may be possible in the future to use RIAs or similar
technology to determine slug fear.

Conclusion
Combined physical and chemical cues of P. melanarius induced fear behavior in slugs
resulting in increased hiding and decreased foraging. In determining a physiological fear
response, RIA techniques were not effective in testing cortisol-like hormone concentrations in
slugs. Further laboratory and field studies are needed to better understand how non-consumptive
effects of P. melanarius induce fear behaviors in gray garden slugs, especially physiological
responses. Moreover, the value of ground beetle slug predators like Pterostichus melanarius may
be underestimated in their potential to protect crops from slug damage.

83
References
Armsworth, C. G., D. A. Bohan, S. J. Powers, D. M. Glen, and W. O. C. Symondson. 2005.
Behavioural responses by slugs to chemicals from a generalist predator. Animal Behaviour
69(4): 805–811.
Buckland, S. M. and J. P. Grim. 2000. The effects of trophic structure and soil fertility on the
assembly of plant communities: a microcosm experiment. Oikos 91(2): 336–352.
Bursztyka, P., C. Lafont-Lecuelle, E. Teruel, J. Leclercq, A. Brin, and P. Pageat. 2016. The
foraging behaviour of the slug Deroceras reticulatum (Müller, 1774) is modified in the
presence of cuticular scents from a carabid beetle. Journal of Molluscan Studies 1–6.
Bursztyka, P., D. Saffray, C. Lafont-Lecuelle, A. Brin, and P. Pageat. 2013. Chemical compounds
related to the predation risk posed by malacophagous ground beetles alter self-maintenance
behavior of naive slugs (Deroceras reticulatum). PLoS ONE 8(11): 1-11.
Clinchy, M., M. J. Sheriff, and L. Y. Zanette. 2013. Predator-induced stress and the ecology of
fear. Functional Ecology 27: 56–65.
Dodds, C. J., I. F. Henderson, and P. Watson. 1997. Induction of activity in the olfactory nerve of
the slug Deroceras reticulatum (Müller) in response to volatiles emitted by carabid beetles.
Journal of Molluscan Studies 63: 297–298.
Douglas, M. R. 2012. The influence of farming practices on slugs and their predators in reducedtillage field crops in Pennsylvania. Thesis, The Pennsylvania State University.
Douglas, M. R., Rohr J. R., and J. F. Tooker. 2015. Neonicotinoid insecticide travels through a
soil food chain, disrupting biological control of non-target pests and decreasing soya bean
yield. Journal of Applied Ecology 52: 250–260.
Douglas, M. R. and J. F. Tooker. 2012. Slug (Mollusca: Agriolimacidae, Arionidae) ecology and
management in no-till field crops, with an emphasis on the mid-Atlantic Region. Journal of

84
Integrated Pest Management 3(1): 1–9.
Fawki, S. and S. S. Bak. 2003. Food preferences and food value for the carabid beetles
Pterostichus melanarius , P. versicolor and Carabus nemoralis. Proceedings of the 11th
European Carabidologist Meeting 114: 99–109.
Freeman, A. S., J. T. Wright, C. L. Hewitt, M. L. Campbell, and K. Szeto. 2013. A gastropod’s
induced behavioral and morphological responses to invasive Carcinus maenas in Australia
indicate a lack of novelty advantage. Biological Invasions 15: 1795–1805.
Hammond, R. B. and R. A. Byers. 2002. Agriolimacidae and Arionidae as pest in conservationtillage soybean and maize cropping in North America, In: Barker, G.M. (Ed.), Molluscs as
Crop Pests. CAB International, Wallingford, United Kingdom, 301–314.
Hawlena, D., H. Kress, E. R. Dufresne, and O. J. Schmitz. 2011. Grasshoppers alter jumping
biomechanics to enhance escape performance under chronic risk of spider predation.
Functional Ecology 25: 279–288.
Hawlena, D., M. S. Strickland, M. A. Bradford, and O. J. Schmitz. 2012. Fear of predation slows
plant-litter decomposition. Science 336(1434): 1434–1438.
Hermann, S. L. and J. S. Thaler. 2014. Prey perception of predation risk: volatile chemical cues
mediate non-consumptive effects of a predator on a herbivorous insect. Oecologia 176: 669–
676.
Hossie, T. J., B. Ferland-Raymond, G. Burness, and D. L. Murray. 2010. Morphological and
behavioural responses of frog tadpoles to perceived predation risk: a possible role for
corticosterone mediation? Ecoscience 17(1): 100–108.
Kielty, J. P., L. J. Allen-Williams, N. Underwood, and E. A. Eastwood. 1996. Behavioral
responses of three species of ground beetle (Coleoptera: Carabidae) to olfactory cues
associated with prey and habitat. Journal of Insect Behavior 9(2): 237–250.

85
Kromp, B. 1999. Carabid beetles in sustainable agriculture: a review on pest control efficacy,
cultivation impacts and enhancement. Agriculture, Ecosystems and Environment 74: 187–
228.
Lima S. L. 1998. Nonlethal effects in the ecology of predator-prey interactions. Bioscience 48(1):
25–34.
Lindroth, C. H. 1957. The Faunal Connections Between Europe and North America. Almqvist &
Wiksell, Stockholm.
Lindroth, C. H. 1992b. Ground Beetles (Carabidae) of Fennoscandia: A Zoogeographic Study
Part III General Analysis with a Discussion on Biogeographic Principles. National Science
Foundation, Washington, D.C.
Lövei, G. L. and K. D. Sunderland. 1996. Ecology and behavior of ground beetles. Annual
Review of Entomology 41: 231–256.
Mair, J. and G. R. Port. 2002. The influence of mucus production by the slug, Deroceras
reticulatum, on predation by Pterostichus madidus and Nebria brevicollis (Coleoptera:
Carabidae). Biocontrol Science and Technology 12(3): 325–335.
McKemey, A. R., W. O. C. Symondson, and D. M. Glen. 2003. Predation and prey size choice by
the carabid beetle Pterostichus melanarius (Coleoptera: Carabidae): the dangers of
extrapolating from laboratory to field. Bulletin of Entomological Research. 93: 227–234.
Ottaviani, E., A. Franchini, and C. Franceschi. 1998. Presence of immunoreactive corticotropinreleasing hormone and cortisol molecules in invertebrate haemocytes and lower and higher
vertebrate thymus. Histochemical Journal 30: 61–67.
Ottaviani, E., D. Malagoli, and C. Franceschi. 2007. Common evolutionary origin of the immune
and neuroendocrine systems: from morphological and functional evidence to in silico
approaches. Trends in Immunology 28(11): 497–502.
Pakarinen, E. 1994. The importance of mucus as a defence against carabid beetles by the slugs

86
Arion fasciatus and Deroceras reticulatum. Journal of Molluscan Studies 60: 149–155.
Preisser, E. L., D. I. Bolnick, M. E. Benard. 2005. Scared to death? The dffects of intimidation
and consumption in predator-prey interactions. Ecology 86(2): 501–509.
Raubenheimer, D. and S. J. Simpson. 1992. Analysis of covariance: an alternative to nutritional
indices. Entomologia Experimentalis et Applicata 62: 221–231.
Rosier, R. L. and T. Langkilde. 2011. Behavior under risk: how animals avoid becoming dinner.
Nature Education Knowledge 2(11): 8.
Sheriff, M. J., B. Dantzer, B. Delehanty, R. Palme, R. Boonstra. 2011. Measuring stress in
wildlife: techniques for quantifying glucocorticoids. Oecologia 166: 869–887.
Sheriff, M. J., C. J. Krebs, R. Boonstra. 2009. The sensitive hare: sublethal effects of predator
stress on reproduction in snowshoe hares. Journal of Animal Ecology 78: 1249–1258.
Sheriff, M. J. and J. S. Thaler. 2014. Ecophysiological effects of predation risk; an integration
across disciplines. Oecologia 176: 607–611.
South, A. 1992. Terrestrial Slugs: Biology, Ecology and Control. Chapman & Hall, London, UK.
Thiele, H-U. 1977. Carabid Beetles in Their Environments: A Study on Habitat Selection by
Adaptation in Physiology and Behaviour. Translated from German by J. Wiesner.
(Zoophysiology and Ecology, Vol. 10). Springer-Verlag, Berlin-Heidelberg-New York.
Thomas, R. S., D. M. Glen, and W. O. C. Symondson. 2008. Prey detection through olfaction by
the soil-dwelling larvae of the carabid predator Pterostichus melanarius. Soil Biology &
Biochemistry 40: 207–216.
Tonhasca, A. and B. R. Stinner. 1991. Effects of strip intercropping and no-tillage on some pests
and beneficial invertebrates of corn in Ohio. Environmental Entomology 20(5): 1251–1258.
Travers, M., M. Clinchy, L. Zanette, R. Boonstra, and T. D. Williams. 2010. Indirect predator
effects on clutch size and the cost of egg production. Ecology Letters 13: 980–988.
U. S. Department of Agriculture-National Agricultural Statistics Service. 2014. 2012 Census of

87
Agriculture – Pennsylvania State and County Data 1(38): 1-554.
Werner, E. E. and S. D. Peacor. 2003. A review of trait-mediated indirect interactions in
ecological communities. Ecology 84(5): 1083–1100.
Zanette, L. Y., M. Clinchy, and J. P. Suraci. 2014. Diagnosing predation risk effects on
demography: can measuring physiology provide the means? Oecologia 176: 637–651.

88
Tables

Table 3-1: ANOVA table for percent time spent hiding by slugs.
Variable

Degrees of
Freedom

F

P

treatment

3

16.16

<0.0001

block

3

2.57

0.0561

residual

9

1.14

0.3379

Table 3-2: ANCOVA table comparing starting mass and ending mass of slugs with starting mass as the
covariate.
Variable

Degrees of
Freedom

F

P

treatment

3

5.16

0.0020

block

3

3.51

0.0168

start

1

38.58

<0.0001

residual

9

0.37

0.9494
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Figure 3-1: Average percent time hiding of D. reticulatum by predator cue treatment (LS-mean ±
SE, n=4) from microcosm experiments. Bars with different letters are significantly different
based on Tukey’s post-hoc comparisons at P ≤ 0.05. Physical: daily attack with forceps;
Chemical: caged P. melanarius; Combined: P. melanarius with mandibles glued together.
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Figure 3-2: Average mass difference of D. reticulatum from the start and end of the microcosm
experiment by predator cue treatment (LS-mean ± SE, n=4). Bars with different letters are
significantly different based on Tukey’s post-hoc comparisons at P ≤ 0.05. Physical: daily attack
with forceps; Chemical: caged P. melanarius; Combined: P. melanarius with mandibles glued
together.
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Figure 3-3: Mean cortisol concentration of slugs exposed to physical harassment with a
paintbrush (mean ± SE).

