TRANSGENIC PLANTS AND INSECTS
Transgenes Sustain Epigeal Insect Biodiversity in Diversified
Vegetable Farm Systems

T. W. LESLIE,' G. A. HOHEISEL,? D. ]. BIDDINGER, |. R. ROHR, anp S. J. FLEISCHER

501 ASI Building, The Pennsylvania State University, University Park, PA 16802

Environ. Entomol. 36(1): 234-244 (2007)

ABSTRACT Many ecological studies have focused on the effects of transgenes in field crops, but few
have considered multiple transgenes in diversified vegetable systems. We compared the epigeal, or
soil surface-dwelling, communities of Coleoptera and Formicidae between transgenic and isoline
vegetable systems consisting of sweet corn, potato, and acorn squash, with transgenic cultivars
expressing Cryl (A)b, Cry3, or viral coat proteins. Vegetables were grown in replicated split plots over
2 yr with integrated pest management (IPM) standards defining insecticide use patterns. More than
77.6% of 11,925 insects from 1,512 pitfall traps were identified to species, and activity density was used
to compare dominance distribution, species richness, and community composition. Measures of
epigeal biodiversity were always equal in transgenic vegetables, which required fewer insecticide
applications than their near isolines. There were no differences in species richness between transgenic
and isoline treatments at the farm system and individual crop level. Dominance distributions were also
similar between transgenic and isoline farming systems. Crop type, and not genotype, had a significant
influence on Carabidae and Staphylinidae community composition in the first year, but there were
no treatment effects in the second year, possibly because of homogenizing effects of crop rotations.
Communities were more influenced by crop type, and possibly crop rotation, than by genotype. The
heterogeneity of crops and rotations in diversified vegetable farms seems to aid in preserving epigeal
biodiversity, which may be supplemented by reductions in insecticide use associated with transgenic
cultivars.
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Agriculture, which covers roughly one half of usable
land on the planet, inevitably affects biodiversity, and
its expansion and/or intensification could further im-
pact biodiversity and ecosystem services (Stoate et al.
2001, Tilman et al. 2001, 2002). This has become a
concern reflected in international policy; in 2002, 190
countries committed to the goals of the Convention on
Biological Diversity that proposed to reduce the rate
of biodiversity loss by 2010 (Balmford et al. 2005).
Managing agricultural pests and maximizing crop
yields, while simultaneously minimizing the effects to
nontarget organisms, has become an important chal-
lenge in modern farm management (Green et al.
2005).

The influence of pest management on nontarget
communities has drawn much attention with the in-
creased development and use of transgenic crops.
Many have looked specifically at monocultures of field
crops using experimental designs intended to isolate
the effect of introduced transgenes (Sisterson et al.
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2004, Dively 2005, Whitehouse et al. 2005). Some,
typically dealing with herbicide tolerant crops (but
also see Cattaneo et al. 2006 for a recent example
including insect-resistant cotton), have used a farm
systems approach where differences in chemical in-
puts as a result of the introduction of transgenics are
inherently expressed as part of the experimental de-
sign (Squire et al. 2003). However, no studies have
considered diversified vegetable farm systems, which
include different insecticide use patterns tied to in-
tegrated pest management (IPM) practices than are
common in modern agriculture. To understand the
effect of transgenic crops on biodiversity, more studies
are needed that incorporate pest management changes
that occur when using transgenic crops (e.g., changes in
pesticide use patterns), while still representing common
farm system practices (e.g., crop rotations).
Invertebrates comprise a large part of the biodiver-
sity in agroecosystems, and the adoption of transgenic
crops could influence invertebrate diversity (Angle
1994, Groot and Dicke 2002). Indirect effects on non-
targets, including reduction of bees, butterflies, and
weed seed-eating carabids, were present with adop-
tion of certain herbicide-tolerant field crops in Great
Britain (Brooks et al. 2003, Haughton et al. 2003). In
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contrast, 11 large ecotoxicology experiments showed
little or no detrimental effects of insecticidal trans-
genic cultivars of field crops on insect diversity and
abundance (Naranjo et al. 2005). Riddick et al. (2000)
found no differences in coccinellid, formicid, or epi-
geal carabid populations in transgenic and nontrans-
genic potato farming systems that included foliar in-
secticide treatments timed with IPM thresholds. The
epigeal, or soil surface-dwelling, invertebrate commu-
nity is often included in ecological analyses because of
their contribution to ecosystem functions [e.g., regu-
lation of invertebrate herbivores (Asteraki 1993, Clark
et al. 1994) and weed seed banks (Hartke et al. 1998,
Tooley and Brust 2002) |, ease of collection, and high
capture rate of species and individuals, which can
increase the power of statistical analyses (Duelli et al.
1999). Additionally, epigeal taxa can be good bio-
indicators of varying habitat features or farm manage-
ment systems (e.g., Carabidae: Carcamo et al. 1995,
Ellsbury et al. 1998, Holland and Luff 2000, Thorbek
and Bilde 2004; Staphylinidae: Lassau et al. 2005; For-
micidae: Andersen and Majer 2004).

At least three transgenic vegetable crops with in-
secticidal proteins, or with gene constructs that influ-
ence insect-transmitted plant pathogens, have been
commercially considered or are being introduced into
northeastern U.S. agroecosystems. These include (1)
sweet corn expressing the Cryl (A)b protein that pro-
tects against several lepidopterans, (2) potatoes that
express the Cry3 protein aimed primarily against Lep-
tinotarsa decemlineata, and (3) acorn squash (Cucur-
bita spp.) that express viral coat proteins that protect
against several aphid-transmitted viruses. In diversi-
fied fresh market farms in the northeastern United
States, all three crops often occur on the same farm, in
agroecosystems comprised of a complex mosaic of
small fields or even multiple crops within a field. Al-
though the transgenic potato cultivars were recently
removed from commercial application, they could be
reintroduced; the acorn squash cultivars are commer-
cially available and commonly grown in some areas,
and the sweet corn cultivars seem to be slowly gaining
in adoption rates. These complex and constantly
changing agroecosystems contain a greater variety of
food resources and refuges, which should allow or-
ganisms to partition resources both temporally and
spatially, permitting a larger complex of species to
exist (Root 1973, Anderson 2000, Landis et al. 2000).

Here, we compare the diversity of soil surface-
dwelling beetles and ants within diversified transgenic
and nontransgenic vegetable farming systems that fol-
lowed current IPM standards for insecticide use pat-
terns. We use species richness and dominance distri-
bution comparisons and direct gradient ordination
analyses to examine the influence of transgenic veg-
etable cultivars on epigeal beetle and ant diversity. We
hypothesized that transgenic and nontransgenic farm
systems would require different pest management in-
puts, which would result in differences in biodiversity.
Furthermore, we expected that these differences
would depend on crop type.
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Materials and Methods

Experimental Design. We grew vegetables in a split
plot design at the Russel E. Larson Experimental Farm
in Rock Springs, PA, in 2001 and 2002. Two “genotype”
main plots— consisting of all transgenic or all isoline
(identical line without transgenes) cultivars—were
replicated three times. In 2001, each main plot was
split among three crops: sweet corn, acorn squash, and
potatoes. In 2002, each main plot was split among two
crops: sweet corn and potatoes (because of crop fail-
ure, acorn squash was not grown). Cultivars (isoline
and transgenic, respectively) consisted of TJackpot’
and ‘BC 0801 expressing the CrylAb & endotoxin for
sweet corn, ‘Taybelle’ and ‘Taybelle PM’" expressing
plant viral coat proteins for acorn squash, and ‘Supe-
rior’ and ‘New Leaf Superior’ expressing the Cry 3A §
endotoxin for potatoes.

Main plots were 61 by 30.5 m (0.186 ha) and sub-
plots were 20.3 by 30.5 m (0.062 ha), for a total of 1.116
ha (2.76 acres) in vegetable crops; in addition, we
established mowed alfalfa/grass borders around all
main plots, resulting in a 1.22-ha (3 acre) experimental
field with drip irrigation per year. The experiment was
planted in spring of 2001 after an alfalfa crop. In 2002,
the sweet corn was rotated after potatoes, and pota-
toes after the acorn squash, while keeping the trans-
genic or isoline cultivars within their respective “ge-
notype” main plots. The sweet corn and potatoes were
planted with a 0.30-m seed spacing totaling 100 plants/
row or 2,600 plants/ corn subplot (0.76 m row spacing)
and 1,900 plants/potato subplot (0.91 m row spacing).
The acorn squash was planted in plastic mulch, was
drip-irrigated, and was spaced at 1.22 m, for a total of
25 plants/row or 275 plants/subplot (1.83 m row spac-
ing). Planting dates were 8 May (potatoes), 31 May
(sweet corn), and 6 June (acorn squash) in 2001 and
13 May (potatoes) and 28 May (sweet corn) in 2002.

We monitored for pests within subplots twice a
week by scouting 10 plants/subplot in all crops and
using sweep nets in potatoes. We also established and
serviced traps baited with pheromones (Hercon En-
vironmental, Emigsville, PA) to monitor corn ear-
worm, European corn borer, and fall armyworm. In
both transgenic and isoline mainplots, insecticides
were applied when the average pest population among
all replicates of a main plot treatment for that crop
reached predetermined thresholds described in Fos-
ter and Flood (1995). Based on standard potato pro-
duction practices, imidacloprid was applied at plant-
ing (without pest monitoring) in the isoline plots. All
insecticides were applied at the midpoint of the la-
beled rate range. Applications of fungicides (in pota-
toes) and herbicides (in all crops) did not vary among
treatments and are described in Hoheisel (2002).

Insect Collection and Identification. In both 2001
and 2002, we placed six pitfall traps in each subplot.
The pitfall traps, 14.1 cm deep with 10.9 cm ID, were
inserted flush with the ground and contained small
collection cups (5.5 cm deep, 8.2 cm ID) filled with
ethylene glycol. Inverted funnels, made from 2-liter
soda bottles, fit inside the rim of the plastic container.
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Table 1. Insecticide applications used on isoline and transgenic vegetable cultivars in diversified Pennsylvania farm plots during 2001
and 2002
Year Genotype Crop Target species Product
2001 Isoline Sweet corn Delia platura (Meigen) Diazinon + lindane®
Helicoverpa zea (Boddie) Lambda-cyhalothrin®
Helicoverpa zea (Boddie) Lambda-cyhalothrin
Potato Leptinotarsa decemlineata (Say) Imidacloprid®
Empoasca fabae (Harris) Cyfluthrin?
Acorn squash Acalymma vittata (Fabricius) Cyfluthrin
Anasa tristis (DeGeer) Cyfluthrin
Transgenic Sweet corn D. platura Diazinon + lindane
Popilia japonica Newman Lambda-cyhalothrin
Potato E. fabae Esfenvalerate®
E. fabae Cyfluthrin
Aphididae Oxamyl’
Acorn squash A. vittata Cyfluthrin
2002 Isoline Sweet corn Helicoverpa zea (Boddie) Lambda-cyhalothrin
Helicoverpa zea (Boddie) Lambda-cyhalothrin
Potato Leptinotarsa decemlineata (Say) Imidacloprid
Empoasca fabae (Harris) Cyfluthrin
Transgenic Potato E. fabae Cyfluthrin
E. fabae Cyfluthrin

Insecticide use was based on common preventative measures (at-planting applications) and pest threshold scouting.
“ Germate Plus, Trace Chemical LLC, Perkins, IL, 15% AI (diazinon), 25% Al (lindane), 2.23 g/kg seed.

b Warrior, Syngenta Crop Protection, Greensboro, NC, 11.4% AI, 222 ml/ha.

¢ Admire 2F, Bayer CropScience, Research Triangle Park, NC, 21.4% Al 950 ml/ha.

4 Baythroid, Bayer CropScience, Research Triangle Park, NC, 25% AI, 117 ml/ha.

¢ Asana XL, E. L. Dupont, Wilmington, DE, 585 ml/ha.
/Vydate L, E. I. Dupont, Wilminton, DE, 4677 ml/ha.

The funnels and their placement within the pitfall trap
provided a barrier between the collection container
and small mammals (Morrill et al. 1990). Between
trapping periods, the traps were closed with a plastic
lid.

Three pitfall traps per subplot were open at any
given time. In 2001, we opened three traps early in
each week for 24 h, and the other three pitfall traps
later in the same week also for 24 h. Because of de-
creased labor availability in 2002, three pitfall traps
were opened for 48 h once a week and were alternated
weekly with the other three traps. For both years, all
data were recorded as no./48 h/wk. Therefore, for
each week, we recorded data from 54 traps (3 traps X
3 crops X 6 main plots). The collection period (late
June to late August) lasted for 8 wk in 2001 and 9 wk
in 2002.

We emptied pitfall traps onto a 420-um (0.004 cm)
sieve and sorted out all ants (only in 2001) and beetles.
Insects were preserved in 70% ethanol. R. Davidson
and R. Andow (Carnegie Museum of Natural History,
Pittsburgh, PA) identified or confirmed identifications
of Buprestidae, Cerambycidae, Carabidae, and Cicin-
idelidae. R. Hoebeke of Cornell University identified
most of the 2001 Staphylinidae. All additional taxo-
nomic work was done by D. Biddinger (Coleoptera)
and G. Hoheisel (Formicidae) of the Pennsylvania
State University. Voucher specimens are currently
being held in the Fleischer Laboratory, Department of
Entomology, Pennsylvania State University.

Data Analysis. We compared epigeal biodiversity be-
tween transgenic and isoline cultivars at the farm system
level, where all crops were combined for transgenic or
isoline cultivars, and individual crop level using multi-
variate analyses and measures of species richness and

evenness to investigate effects of treatment variables
(i.e., crop, genotype, and crop X gentoype interactions)
on community composition. We estimated species
richness with rarefaction curves (Gotelli and Colwell
2001) using EstimateS 7.5 (Colwell 2005). Samples
were randomly reordered 50 times and standardized to
the number of individuals caught. Rarefaction curves
were developed for all specimens, and for Carabidae
separately, because all carabids were identified to species
level. Significance was determined by nonoverlapping
confidence intervals. We examined the dominance dis-
tribution of the Carabidae and Staphylinidae communi-
ties, the two most abundant families, between years and
treatments with rank abundance curves. Percent of total
abundance was used to determine the most dominant
species, those representing >1% of total abundance.
We performed redundancy analyses (RDA) using
CANOCO 4.5 (ter Braak and Smilauer 2002) to de-
termine associations between species and treatment
variables (crop, genotype, and crop X genotype in-
teractions) for Carabidae and Staphylinidae. RDA is a
form of direct gradient analysis, or constrained ordi-
nation, where the ordination of the species data are
constrained by the axes determined by the treatment
variables (Lep$ and Smilauer 2003). Because the ex-
perimental design had two levels of variability (geno-
type = whole plot; crop type = split plot) we used a
split plot restriction in our analysis. Treatment vari-
ables were assessed using Monte Carlo simulations
with 999 iterations and forward stepwise selection.
Abundance data were Hellinger-transformed (Leg-
endre and Gallagher 2001), centered, and standard-
ized. Species scores were divided by the SD after axes
extraction. Bi-plot diagrams of the ordination results
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Table 2. Coleoptera and Formicidae identified from Pennsylvania diversified vegetable farm plots in 2001 and 2002 (excluding
Carabidae and Staphylinidae; see Tables 2 and 3)

Anthicidae
Anthicus cervinus LaF.
A. species 1-3
A. thomasi Pic.
Notoxus anchora Hentz
Tomoderus constrictus (Say)

Bruchidae

Byrrhidae
Curimopsis species 1
C. strigosa (Melsh.)

Byturidae
Byturellus grisescens (Jayne)

Cantharidae
Cantharis scitulus Say

Cerambycidae
Elaphidion incertum Newman

Chrysomelidae
Acalymma vittata (F.)
Aphthona nigriscutis Foundras
Chaetocnema confinis Crotch
C. cribrifrons LeConte
C. denticulata (Illiger)
C. minuta (Melsh.)
C. pulicaria Melsh.
Diabrotica barberi Smith & Lawr.
D. unidecimpunctata howardi Barber
D. virgifera Le Conte
Disonycha xanthomelas (Dalmar)
Epitrix cucumeris (Harris)
E. fuscula Crotch
E. hirtipennis (Melsh.)
E. humeralis Drury
E. species 1-2
Leptinotarsa decemlineata (Say)
Psylliodes punctulata Melsh.
P. species 1
Phyllotreta ramosa (Crotch)
Systena frontalis (Forster)

Cicindellidae
Cicindela punctulata Olivier

Clambidae
Clambus species 1

Cleridae
Enoclerus rosmarus (Say)

Coccinellidae
Coccinella septempunctata L.
Coleomegilla maculata DeGeer
Harmonia axyridis Pallas
Hippodamia convergens Guerin
H. parenthesis (Say)
Psyllobora vigintimaculata (Say)
Scymnus americanus Mulsant

Corylophidae
Molamba lunata (LeConte)
Sericoderus obscurus LeConte
S. species 1

Cryptophagidae
Anchicera ephippiata Zimmermann
A. species 1
Atomaria pumilio Casey
A. species 1
Species 1-4

Cucujidae
Telephanus velox Haldemann

Curculionidae

Elateridae
Aecolus dorsalis (Say)
Conoderus lividus (DeGeer)

Formicidae
Camponotus
Formica
Lasius
Myrmica
Prenolepis imparis (Say)
Solenopsis
Tetramorium

Histeridae
Phelister subrotundus Say
Saprinus assimilis (Paykull)

Hydrophilidae
Cercyon connivens Fall

Lampyridae
Photinus pyralis (L.)

Lathrididae
Melanophthalma cavicollis Mannerhelm
M. species 1-3

Languriidae
Toramus pulchellus (LeConte)

Mycetophagidae
Litargus balteatus LeConte
Typhaea stercorea L.

Nitidulidae
Carpophilus humeralis (F.)
C. lugubris Murray
C. sayi Parsons
Glischrochilus fasciatus (Olivier)
G. quadrisignatus (Say)
Stelidota geminata (Say)

Phalacridae
Acylomus ergoti Casey
A. piceous Casey
Phalacrus species 1
Stilbus apicalis (Melsh.)
S. species 1

Ptiliidae
Ptilinus species 1

Ptilodactylidae
Anchytarsus bicolor (Melsh.)
Ptilodactyla species 1

Scarabaeidae
Ataenius spretulus (Haldeman)
Onthophagus species 1
Phyllophaga fraterna Harris
Popillia japonica Newman
Serica sericea (1lliger)

Scolytidae

Silphidae
Silpha americana L.

Throscidae
Aulonothroscus convergens Horn

were generated using CanoDraw (ter Braak and Smi-
lauer 2002).

Results

Insecticide Inputs. Transgenic and isoline crops
received different insecticide treatments based on
commonly used preventative measures, such as at
planting applications and pest threshold scouting.
The isoline cultivars received 11 insecticide appli-
cations, whereas the transgenic cultivars received 8
applications, primarily because of the efficiency of
the transgenic cultivars at protecting against major
pests. Insecticide use information is detailed in
Table 1.

Insect Collection and Taxonomic Resolution. A to-
tal of 11,925 beetle and ant specimens were collected

in 1,512 pitfall traps over both years. Activity density
rates were fairly consistent between years because 864
traps accumulated 6,750 specimens (7.8 specimens/
trap/48 h) in 2001 and 648 traps accumulated 5,175
specimens (7.9 specimens/trap/48 h) in 2002. Cara-
bidae and Staphylinidae represented more than one
half of all specimens collected, with 4,261 and 2,677
specimens, respectively. All other Coleoptera totaled
2,885 specimens, and Formicidae (collected only in
2001) totaled 2,102 specimens.

Coleoptera consisted of a diverse array of species
belonging to 32 families (Tables 2 and 3, Carabidae;
Table 4, Staphylinidae); 77.6% of specimens were
identified to the species/ morphospecies level, includ-
ing all Carabidae (Table 3), which consisted of 47
species. Ninety-four percent of the Staphylinidae
were identified to species or genus level (Table 4),
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Table 3.

ENVIRONMENTAL ENTOMOLOGY

Carabidae species identified from Pennsylvania di-

versified vegetable farm plots in 2001 and 2002

Agonum cupripenne (Say)

A. muelleri (Herbst)

A. placidum (Say)

A. punctiforme (Say)

Amara aenea DeGeer

A. familiaris (Duftschmid)

A. impuncticollis (Say)

A. littoralis Mannerheim

A. species 1

Anisodactylus sanctaecrucis
Fabricius

Bembidion affine Say

B. impotens Casey

B. obtusum Audinet-Serville

B. patruele Dejean

B. quadrimaculatum oppositum
Say

B. rapidum (LeConte)

B. versicolor (LeConte)

Bradycellus rupestris (Say)

Calathus gregarius (Say)

Chlaenius tricolor tricolor Dejean

Clivina impressifrons LeConte

Cymindis limbata Dejean

Dicaelus elongatus Bonelli

Dyschirius globulosus Say

Elaphropus anceps (LeConte)
Harpalus affinis (Shrank)

H. caliginosus Fabricius

H. compar LeConte

H. erythropus DeJean

H. faunus Say

H. herbivagus Say

H. longicollis LeConte

H. pensylvanicus (DeGeer)

H. rubripes (Duftschmid)
Lebia viridis Say

Microlestes linearis (LeConte)
Notiobia terminata (Say)
Notiophilus ceneus (Herbst)
Patrobus longicornis (Say)
Poecilus chalcites (Say)

P. lucublandus (Say)
Pterostichus melanarius (Illiger)
Scarites quadriceps Chaudoir
Stenolophus comma (Fabricius)
S. ochropezus (Say)

S. species 1

Trechus quadristriatus (Schrank)

representing at least 30 species. Formicidae consisted
of seven genera, which also are included in Table 2.

Species Richness. There were no significant differ-
ences in rarefied species richness estimates of all taxa
between isoline and transgenic cultivars at the farm
system or crop level in either year (Figs. 1 and 2).
Although the transgenic treatments exhibited higher
species richness in all instances except sweet corn in
2002, the 95% CIs were always overlapping (data not
shown). There was a trend of lower species richness
in 2002; however, comparison of all taxa between years
is not possible because of the removal of acorn squash
from the fields and because no formicid taxa were
included in the 2002 analyses.

Carabidae had no differences in rarefied species
richness estimates at the farm system or crop level for

Table 4. Staphylinidae species identified from Pennsylvania
diversified vegetable farm plots in 2001 and 2002

Neohypnus spp.
Paederus littorarius

Acylophorus species 1
Aleochara curtula (Gavenhorst)

A. gracilicornis Bernhauer Gravenhorst

A. verna Say Philonthus concinnus
Anotylus species 1 (Gravenhorst)

A. tetracarinatus Block P. debilis (Gravenhorst)
Astenus longiusculus Mannerheim P. species 1

Belonuchus rufipennis (Fabricius)
Dinaraea angustula (Gyllenhal)
Falagria dissecta Erichson
Gabrius nigritulus (Gravenhorst)
Hoplandria lateralis (Melsheimer)
Lobrathium collare Erichson
Neobisnius sobrinus (Erichson)

Neohypnus obscurus complex (Erichson)

Platystethus species 1

Scaphisoma convexum Say

S. suturale LeConte

Stenistoderus rubripennis
(LeConte)

Stenus species 1

Strigota ambigua
(Erichson)

Tachinus fimbriatus
Gravenhorst

Tachyporus nitidulus
(Fabricius)

Tinotus species 1

Vol. 36, no. 1

either year (Figs. 3 and 4). As in the all taxa analyses,
species richness estimates were always higher in the
transgenic treatments except for corn in 2002, but the
95% Cls were overlapping in all instances (data not
shown). Carabidae species richness estimates were
consistently lower in 2002. At the farm system level,
this may be caused by the removal of acorn squash
from the experiment; however, direct comparisons
can be made for sweet corn and potato at the crop
level. In sweet corn, rarefied estimates at 300 individ-
uals resulted in 17-23 species for 2001 but only 13-14
species in 2002 (Fig. 4). For potato, rarefied estimates
at 300 individuals resulted in 16-19 species for 2001
and 15-16 species in 2002.

Dominance Distribution. Dominance distributions
of the Carabidae community were highly skewed be-
cause of the extremely high abundance of a single
species, Pterostichus melanarius (Illiger), which ac-
counted for 73.5% of all carabids. Of 47 carabid species,
only 7 species accounted for >1% of the total abun-
dance at the farm systems level (for both years com-
bined), whereas all other carabid species combined
accounted for 8.1% of total abundance. In addition to
P. melanarius, five species were among the most abun-
dant in both years: Poecilus chalcites (Say), Harpalus
affinis (Shrank), Harpalus pensylvanicus (DeGeer),
Anisodactylus sanctaecrucis Fabricius, and Poecilus lu-
cublandus (Say). The order of dominance varied be-
tween years; however, P. melanarius was always the
most dominant species (Fig. 5).

Staphylinidae displayed a skewed dominance dis-
tribution as well, although the most abundant species
was not consistent between years (Fig. 6). In 2001,
Dinaraea angustula (Gyllenhal) was the most domi-
nant species and accounted for 55% of the total abun-
dance. In 2002, the Staphylinidae community exhib-
ited a more even distribution, and Hoplandria lateralis
(Melsheimer) was the most dominant species, repre-
senting 38.4% of the total abundance. In addition to D.
angustula and H. lateralis, Strigota ambigua (Erichson)
was among the three most abundant species in both
years. The rank abundance of the remaining species
was similar in both years.

Genotype and Crop Influence on Community
Composition. An RDA of the 2001 Carabidae data
revealed that there were differences in community
composition associated with crop type (Fig. 7a). Po-
tato significantly differentiated from the other crops
(F = 375, P = 0.002) and explained 21.4% of the
unconstrained species variation and 60.2% of the con-
strained species variation (A, = 0.21). Of the most
influential species, P. melanarius was highly associated
with potato. The remaining species were more highly
associated with sweet corn and acorn squash. In 2001,
genotype (isoline versus transgenic) did not have sig-
nificant effects (F = 1.19, P = 0.808) on Carabidae
community composition, although Agonum muelleri
(Herbst) and Elaphropus anceps (LeConte) were col-
lected more often in transgenic plots, whereas A. sanc-
taecrucis and P. lucublandus were found more often in
isoline plots (Fig. 7a). No significant treatment effects
caused by crop (F=1.12, P = 0.096) or genotype (F =
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Fig. 1. Species rarefaction curves for epigeal beetles and

ants found in transgenic and isoline diversified vegetable
farm systems consisting of sweet corn, potatoes, and acorn
squash in 2001 and sweet corn and potatoes in 2002 (based
on 50 permutations of data). Expected number of species is
plotted against number of individuals. 95% CIs (data not
shown) are overlapping for all transgenic versus isoline com-
parisons.

0.53, P = 0.902) on Carabidae community composition
were found in 2002 (data not shown).

An RDA of the Staphylinidae data yielded results
that were similar to that for Carabidae. Crop type had
a significant influence on Staphylinidae community
composition (Fig. 7b) in 2001. Potato significantly
differentiated from the other crops (F = 4.72, P =
0.002) and explained 24% of the unconstrained species
variation and 52.6% of the constrained species varia-
tion (A; = 0.24). Seven of the nine most influential
species had higher activity densities in transgenic
management; however, genotype (F=2.31, P = 0.092)
did not have a significant effect on Staphylinidae com-
munity composition. In 2002, crop (F = 2.19, P =
0.058) and genotype (F = 0.98, P = 0.69) had no
significant effect on Staphylinidae community com-
position (data not shown).

Discussion

Insecticidal transgenic crops have the ability to re-
duce the number of insecticide applications in trans-
genic versus conventional farm systems (Lynch et al.
1999, Qaim et al. 2003, Hutchison et al. 2004). Many
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studies have documented negative effects of insecti-
cides on nontarget invertebrates, including decreases
in species richness or abundance of important pred-
ators, such as carabids (Los and Allen 1983, Teodor-
escu & Cogalniceanu 2005). Duan et al. (2004) com-
pared transgenic and nontransgenic potato management
on nontarget communities and found a significant de-
crease in spider abundance caused by permethrin but
not transgenic management. In laboratory trials, Mullin
et al. (2006) found no detrimental effect of Bt pollen fed
to carabids, but documented high levels of mortality
caused by neonicotinoid seed treatments. These trends
suggest a possible difference in biodiversity between
transgenic and nontransgenic management regimens as
typified by a dose- or frequency-dependent response.
Because of a high degree of target specificity and pos-
sibility for insecticide reductions, certain Bi-transgenic
crops may be important in sustaining biodiversity on
agricultural lands and an important component of IPM
systems using biological control (Musser and Shelton
2003, Romeis et al. 2006).

In this study, transgenic and isoline diversified veg-
etable crops, consisting of sweet corn, potato, and
acorn squash, required different insecticide inputs
based on IPM pest thresholds and normal manage-
ment procedures. Over 2 yr, transgenic crops received
fewer insecticide applications than the isoline crops
(isoline = 11; transgenic = 8). This difference was
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Fig. 2. Species rarefaction curves for epigeal beetles and
ants found in transgenic and isoline sweet corn, potato, and
acorn squash in 2001 and sweet corn and potatoes in 2002
(based on 50 permutations of data). Expected number of
species is plotted against number of individuals. 95% CIs
(data not shown) are overlapping for all transgenic versus
isoline comparisons.
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Fig. 3. Species rarefaction curves for Carabidae found in
transgenic and isoline diversified vegetable farm systems
consisting of sweet corn, potatoes, and acorn squash in 2001
and sweet corn and potatoes in 2002 (based on 50 permu-
tations of data). Expected number of species is plotted
against number of individuals. 95% CIs (data not shown) are
overlapping for all transgenic versus isoline comparisons.

primarily because of the ability of the transgenic cul-
tivars to effectively control the target pests, in that
transgenic sweet corn and transgenic potatoes re-
quired no insecticide applications for lepidopteran
pests or Colorado potato beetle, respectively. Con-
versely, the isoline cultivars received insecticide inputs
in the form of a preventative at planting neonicotinoid
application in potatoes or responsive pyrethroid appli-
cations during the reproductive stage of sweet corn.
There were instances where the greater selectivity of
the transgenic system increased the number of foliar
insecticide applications. For example, transgenic
potatoes did not control Empoasca fabae (Harris),
whereas imidacloprid at planting did early in the sea-
son, resulting in more foliar sprays directed at E. fabae
in transgenic than isoline potatoes.

Despite differences in insecticide inputs, there
were no detectable differences in species richness
(Figs. 1-4) between transgenic and isoline treat-
ments, whereas crop type had the only significant
effect on biodiversity by altering community compo-
sition (Fig. 7). In almost all cases, transgenic treat-
ments had higher species richness estimates; however,
these differences were not significantly different
(Figs. 1-4). There was evidence of a decrease in spe-
cies richness from 2001 to 2002 for carabids in sweet
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corn and potatoes (Fig. 4). This may be a result of the
increase in management intensity on our study site,
such as soil tillage and insecticide applications, com-
pared with the previous conditions of the uniform
alfalfa stand in 2000. Interestingly, the decrease in
carabid species richness from 2001 to 2002 seemed to
be caused by the loss of rare species, because the
dominant species composition was similar between
years (Fig. 5).

Multivariate analyses of community composition in-
dicated that crop type had the largest effect on Cara-
bidae and Staphylinidae communities in 2001 (Fig. 7).
The diversified farm plots were preceded by a uniform
alfalfa crop in 2001. Therefore, epigeal beetle com-
munities may have been defined by the different
crops, which represent differences in vegetative ar-
chitecture, soil manipulation, and pest management
practices. These combined characteristics may have
created habitat niches for various species as seen in
Fig. 7. No treatment variables explained community
composition in 2002. By 2002, crop rotations may have
confounded any distinct community assemblages that
were developing in 2001. Thus, crop rotation may act
as amechanism for species mixing in diversified, small-
scale agroecosystems.

The carabid community was defined by species pos-
itively or negatively associating with potato (Fig. 7a).
P. melanarius was the only species that seemed to
prefer potato plots. Potato could be considered the
most highly “disturbed” habitat because of the intense
cultivation (i.e., hilling) of the soil and insecticide use
in the isoline plots. P. melanarius thrives in highly
disturbed habitats and may have found an interspecific
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Fig.4. Species rarefaction curves for Carabidae found in
transgenic and isoline sweet corn, potato, and acorn squash
in 2001 and sweet corn and potato in 2002 (based on 50
permutations of data). Expected number of species is plotted
against number of individuals. 95% CIs (data not shown) are
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competitive advantage in this crop type. The other
influential carabid species were common in acorn
squash and sweet corn. Acorn squash plots and early
season sweet corn plots contained the most open en-
vironment, allowing weed invasion (not quantified) in
which A. sanctaecrucis and H. pensylvanicus, weed
seed predators, may have found an important food
resource. Poecilus spp. may have been attracted to the
open foraging environments (Larochelle and Lariviere
2003) of sweet corn and acorn squash, which could
account for their higher abundances in these crops.

Species-level community analyses of Staphylinidae
are rare. Our work showed at least 29 epigeal species
existing in northeastern agroecosystems. An RDA of
the staphylinid community indicated that species
were separating out by those associated with potato
and those associated with sweet corn and acorn
squash. Of the most abundant species, H. lateralis and
S. ambigua were found more often in potato, whereas
D. angustula was associated more with sweet corn and
acorn squash.

The dominance distributions of Carabidae (Fig.
5) and Staphylinidae (Fig. 6) were highly skewed.
In an agricultural setting, many epigeal taxa such as
carabids (Tonhasca 1993) and staphylinids (Byers
et al. 2000) often exhibit a dominance structure in
which only a few species comprise a large propor-
tion of the total abundance. This disparity seems to
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Fig. 6. Rank abundance of Staphylinidae in transgenic
and isoline diversified farm systems in 2001 and 2002. Species
shown represent at least 1% of total abundance.

increase with agricultural intensification and loss of
natural habitat (Desender et al. 1994, Kromp 1999).
Tonhasca (1993) likened these assemblage charac-
teristics to those of early successional communities
because of the frequent disturbance of the agricul-
tural habitat. This may be especially evident in
small, diversified vegetable farms because of high
disturbance levels associated with annual crop ro-
tations and a variety of intensive pest management
techniques.

The skewed dominance structure was readily ap-
parent for Carabidae, where one species, P. melana-
rius, accounted for 73.5% of all the specimens. P. mela-
narius is an introduced generalist predator that has
thrived in disturbed environments and has the ability
to out compete native species (Larochelle and
Lariviere 2003). Temporal niche partitioning may ex-
plain the success of the other dominant carabid spe-
cies. P. melanarius is an autumn breeding species,
whereas many of the other abundant generalist pred-
ators in this study (Bembidion quadrimaculatum op-
positum Say, P. chalcites, and P. lucublandus) are
spring breeding species. There is also evidence of
temporal niche partitioning in another functional
group: two well-known weed seed predators that
were found in high abundance, A. sanctaecrucis
(spring breeder) and H. pensylvanicus (autumn
breeder), have similar trophic roles, yet segregate
temporally (Lundgren 2005).

The most abundant Staphylinidae (D. angustula, H.
lateralis, and S. ambigua) all belong to the subfamily
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Aleocharinae, which, like many of the dominant cara-
bid species, are considered generalist predators. The
most dominant species shifted from D. angustula in
2001 to H. lateralis in 2002. This may indicate that D.
angustula was better suited to the environment of
the alfalfa crop in the years preceding the study,
resulting in a carryover effect in 2001, or possibly, H.
lateralis is better suited to deal with environmental
disturbance and gradually surpassed D. angustula in
dominance.

Biodiversity studies with invertebrates are often
constrained because of the high number of species and
corresponding difficulties with identification. Our
work will help focus future epigeal coleopteran stud-
ies in agroecosystems by identifying, as a baseline,
community members that are predominant in the
Carabidae and Staphylinidae. We also provide alist of
the seven formicid genera, including one species iden-
tification, collected during our study. While ants are
primarily associated with tropical agroecosystems
(Way and Khoo 1992), the large number of specimens
found in diversified vegetable plots provides evidence
that ants should be further studied in temperate ag-
ricultural systems to better define their role. This
study also shows that northeastern U.S. agroecosys-
tems are not sterile communities but contain a rela-
tively high level of biodiversity.

This study indicates that implementing transgenic
vegetable crops in diversified farm systems has little
or no effect on species richness and dominance
distribution of several dominant epigeal insect taxa.
Additionally, genotype effects were not evident in
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multivariate analyses of community composition for
Carabidae and Staphylinidae. Instead, crop type was
a better predictor of variation in species assem-
blages. In diversified farm systems, longer-term,
larger-scale (e.g., approaching monoculture), or
continuous-cropping studies may be needed to de-
tect effects on biodiversity caused by the deploy-
ment of transgenic crops. However, at least in the
short term, the heterogeneity of crops coupled with
crop rotation patterns common to diversified veg-
etable farms in northeastern U.S. agroecosystems
seems to aid in preserving epigeal biodiversity,
which may be supplemented by reductions in in-
secticide use associated with transgenic crops.
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