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ABSTRACT: Cost-effective and rigorous risk assessments for chemicals may be based on hazard quotients (HQs): the ratio of a
measure of exposure to a substance and a measure of the effect of that substance. HQs have been used for many years in ecological
risk assessments for the use of synthetic pesticides in agriculture, and methods for calculating pesticide HQs have been adapted for
use with transgenic crops. This paper describes how laboratory methods for assessing the ecotoxicological effects of synthetic
pesticides have been modified for the measurement of effects of insecticidal proteins, and how these effect measures are combined
with exposure estimates to derive HQs for assessing the ecological risks from the cultivation of insect-resistant transgenic crops. The
potential for ecological modeling to inform the design of laboratory effects tests for insecticidal proteins is also discussed.
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B INTRODUCTION

Transgenic crops producing insecticidal proteins have been in
commercial cultivation for over 15 years and are providing
economic, human health, and environmental benefits in devel-
oped and developing countries."” Before transgenic crops may be
sold commerecially, they must undergo regulatory scrutiny, which,
among other things, considers whether the ecological risks posed
by their large-scale cultivation are acceptable. In the case of insect-
resistant transgenic crops, the ecological risk assessments (ERAs)
concentrate on the likelihood of harm to nontarget organisms
and, in particular, those which provide biological control of
agricultural pests or are threatened or endangered species.”*
Conservation of biological control organisms is important to
maintain the benefits of reduced applications of synthetic insecti-
cides previously used to control the target pest of the transgenic
crop; owing to the narrow spectrum of activity of the insecticidal
proteins, secondary pests may flourish under reduced pesticide
applications unless they are controlled biologically.>*

Risks to nontarget organisms from the cultivation of insect-
resistant transgenic crops arise from two sources: first, transforma-
tion may introduce harmful unintended changes into the crop, such
as increases in the concentrations of endogenous toxins; second, the
insecticidal protein may be toxic to nontarget organisms at con-
centrations that result from cultivation of the crop. The risks posed
by unintended changes are assessed by a series of plant character-
ization studies that compare the chemical composition and gross
phenotype of the transgenic crop with suitable nontransgenic crop
comparators; if the composition and phenotype of the transgenic
crop are not different from those of comparators that pose
acceptable ecological risk, then the ecological risk from umntended
changes in the transgenic crop may also be considered acceptable.®

The ecological risks posed by toxicity of insecticidal proteins
produced in transgenic crops are assessed by methods very
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similar to those used to assess the ecological risks of chemical
pesticides: the effects of the proteins on nontarget organisms
measured in laboratory studies are compared with concentra-
tions of the proteins to which those organisms are likely to be
exposed in the field durmg or immediately following cultivation
of the transgenic crop.” If the ratio of the exposure and effect
estimates (the hazard quotient, HQ) is below an agreed trigger
value, the ecological risks posed by the protein in the crop may be
deemed acceptable, and no further studies may be required to
complete the risk assessment.

This paper reviews the use of HQs in the ecological risk
assessment of synthetic pesticides and how methods used for
pesticides have been adapted for ecological risk assessments of
insect-resistant transgenic crops. The paper concentrates on
adaptations of the laboratory methods used to measure the
ecotoxicological effects, because this is an area that has received
much attention recently, but also briefly reviews methods to
estimate exposure. Finally, potential problems of interpreting
HQs in the light of ecological complexity are discussed, and the
use of mathematical modeling as a possible solution to these
problems is illustrated.

B HAZARD QUOTIENTS IN ECOLOGICAL RISK
ASSESSMENTS

In Europe and North America, ecological risks from the use of
synthetic pesticides are evaluated using tiered risk assessments.
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Central to such ecological risk assessments are laboratory studies,
which determine the effects of the active ingredient or the
formulated product on a range of organisms. The tested organ-
isms represent the functional or taxonomic groups that may be
exposed to the pesticide during normal use and act as surrogates
for species that may be exposed, but which are not tested.
The groups tested vary among jurisdictions, but in general, the
effects of the pesticide are measured on one or more species of
mammal, bird, fish, soil invertebrate, foliar nontarget arthropod,
and nontarget plant.*’

In the laboratory tests of the effects of the pesticide a common
measure is the LCgs: the concentration of a compound that kills
50% of a test population.'® Depending on the physical chemistry
of the compound, longer term studies that measure the “no
observed adverse effect concentration” (NOAEC), the highest
concentration of the compound that has no observed adverse
effect, may also be required."" The effects are measured under
extremely simple conditions; for example, terrestrial arthropods
may be exposed to compounds sprayed onto glass plates'” and
aquatic invertebrates to compounds in beakers with no move-
ment of the test solution.'® These conditions are often referred to
as worst-case because exposure to the compound is unavoidable
and there is no environmental heterogeneity that may mitigate
the effect of the compound.'*

The worst-case measure of the effect for a species is compared
with a worst-case (i.e., very conservative) estimate of exposure
for the group represented by that species to the pesticide under
the proposed use. Exposure estimates are called the predicted or
estimated environmental concentrations (PECs or EECs) of the
pesticide. The worst-case EECs for various groups use the
highest recommended application rates and the recommended
maximum number of applications under the proposed uses,
along with conservative assumptions about the movement and
degradation of the pesticide in the habitat of the relevant
taxonomic or functional group.'®'® The potential effects of
metabolites and bioaccumulation of the pesticide are also
assessed if relevant.'®

In tiered risk assessments, the worst-case exposure estimates
and effects measures are referred to as tier 1 data and are
combined to give a tier 1 measure of risk: exposure + effect =
HQ."® The next stage of a tiered risk assessment depends on
whether any HQ exceeds the maximum value of the HQ (the
trigger value) that decision-makers have decided indicates ac-
ceptable risk based on tier 1 data. If an HQ for an organism
exceeds its particular trigger value, further “higher tier” studies to
evaluate effect and exposure under more realistic conditions, and
thereby to further characterize the risk to the taxonomic or
functional group represented by that organism, would be re-
quired if acceptable risk were to be established. If every tier 1 HQ_
is below its respective trigger value, the risks are deemed
acceptable at tier 1 and no further studies are required.

Tiered risk assessment is a means to identify confidently
substances that pose negligible ecological risk without extensive
testing, and thereby concentrates experimental and regulatory
effort on substances that pose most concern.® To gain similar
advantages for ERA for the cultivation of insect-resistant trans-
genic crops, an analogous system of tiered testing and assessment
has been developed.”'”'® Briefly, the transgenic crop is char-
acterized by molecular, compositional, and morphological ana-
lyses that test for potentially harmful unintended changes that
may have occurred during transformation; such potentially
harmful changes are indications that the transgenic crop may

be a problematic weed, invade nonagricultural habitats, or have
adverse effects on nontarget organisms. If no potentially harmful
changes are detected, the risk assessment can concentrate on
assessing the likelihood of harmful effects to nontarget organisms
from production of the insecticidal active ingredient; this is
done by laboratory effects tests that expose surrogate nontarget
organisms to concentrations of the insecticidal active ingredient
in excess of environmental concentrations likely to result from
cultivation of the crop. If there are no observed adverse effects of
the active ingredient under these conditions, that is, EEC/
NOAEC (= HQ) < 1, risks from cultivating the crop may be
deemed acceptable without further testing.

B ADAPTATION OF EFFECTS TESTS FOR
INSECT-RESISTANT TRANSGENIC CROPS

Tests for ecotoxicological effects of insecticidal proteins
produced by transgenic crops are often based on protocols that
have been used routinely in the evaluation of synthetic pesticides.'
The protocols are modified so that the protein is applied orally, not
topically, but in many other aspects, particularly replication,
validity criteria, experimental apparatus, and environmental con-
ditions, such as temperature, lighting, and humidity, the protocols
are identical. The similar general design of the studies gives
confidence that they will supply information of equal quality to
that used by regulators of synthetic pesticides; for example, the
power of the studies to detect effects of a certain size are well-
known and deemed suitable for regulatory decision-making.

During the development and application of tiered ERA for
insect-resistant transgenic crops, four aspects of the design of
effects studies have received critical attention:**~** the suitability
of the test substance; confirmation of exposure to bioactive test
substance during the study; the test conditions, particularly the
length of exposure and whether suboptimal conditions should be
used; and the use of surrogate species. Attempts to resolve these
problems are discussed below.

Test Substance. Laboratory effects tests for insecticidal
proteins generally use protein produced in transgenic microbes,
such as Escherichia coli, not protein produced by the transgenic
crop. Microbial proteins are used in effects tests because it is
difficult to purify sufficient protein from transgenic plants to
fulfill regulatory data requirements that require exposure to
active ingredients at concentrations greatly in excess of those
in the crop. Often, 60 g of protein is required to complete a set of
studies for worldwide regulatory approvals, and the low concen-
tration and poor extractability of proteins from plant tissue make
it impractical to obtain this amount of purified protein from
plants.

To test whether results of effects tests using microbial protein
are predictive of exposure to proteins in the crop, bridging studies
compare several attributes of the microbial protein and protein
purified from the transgenic crop. Among other things, the
bridging studies test that the proteins have similar molecular
weights, amino acid sequences, glycosylations, reactivities to
antibodies, and bioactivities against sensitive pest species.”*
The purpose of the bridging studies is not to show that the
microbial and plant proteins are identical, but that the microbial
protein is a “suitable surrogate” for the protein produced in the
crop. The suitability of a particular batch of microbial protein is a
judgment by the risk assessor and regulators based on a weight of
evidence from the bridging studies, and it is possible that different
regulators will reach different conclusions about the suitability of
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a microbial protein from the same data. The different decisions
may depend on the degree of confidence that each regulator
places in the data or on differing acceptability criteria among
regulatory authorities.

In a standard tiered assessment, if laboratory tests with high
concentrations of insecticidal protein relative to predicted field
concentrations do not reveal adverse effects on surrogate species,
further, more realistic, tests would not be conducted because
negligible risk to nontarget organisms from cultivation of the
transgenic crop is established adequately.”'” This approach
is considered by some to ignore other important sources of
potential harm to nontarget organisms that may arise through
interaction of the transgene products with plant metabolism or
through other unintended effects of transformation and, there-
fore, it has been suggested that initial effects tests should include
testing with plant material.*® Proponents of the HQ approach
counter that these sources of potential harm are adequately
characterized by compositional analysis carried out to assess the
risks from food and feed derived from the transgenic crop, and
tests with plant material should only be required if compositional
analysis indicates that some nutrients, antinutrients, or toxins
are outside the normal range found in the crop.®”!” Others go
farther and argue that compositional analysis is no longer
necessary for regulatory ERAs because we have sufficient experi-
ence of creating, breeding, and selecting transgenic crops to
know that transgenesis is no more likely to lead to harmful
unintended changes than is conventional breeding.”® Regulatory
authorities are unlikely to waive requirements for compositional
analysis of transgenic crops soon; however, in theory, if evidence
continues to accumulate that the composition of transgenic crops
is not different from that of nontransgenic crops in ways that
indicate potential harm to health or the environment, the need
for compositional data should diminish. It follows that confi-
dence in the adequacy of effects tests using purified protein for
ERA should increase as this evidence builds.

Confirmation of Exposure. If no effect is seen in a study, it is
possible that the organisms were not exposed to bioactive
protein: the protein may have lost bioactivity or the organisms
were able to avoid the protein in a heterogeneous diet. To ensure
continuous or repeated exposure to bioactive protein, diet may
be supplied fresh daily for the exposure part of a study. If the diet
is an aqueous solution, protein is dissolved in a new quantity of
solution each day; similarly, if exposure to an aquatic species is via
protein dissolved in the water containing the organisms, fresh
protein solution is supplied daily. If the diet is solid, a large batch
of diet with protein mixed into it is prepared at the beginning of
the experiment and stored frozen as aliquots that are freshly
thawed daily and immediately supplied to the test organism. In
each case, the old solution or diet is removed when the fresh
material is supplied.***® When there is reason to believe that the
diet may contain proteases that will degrade or otherwise
inactivate the protein, for example, when the diet contains meat
or liver,”” the diet is cooked to denature those enzymes before
the addition of the insecticidal protein. Also, diets based on eggs
of the moth Ephestia coated with insecticidal protein that were
common in early regulatory studies have been replaced with diets
into which the protein can be blended.”” This change has
happened because test species such as Chrysoperla carea, Orius
insidiosus, and ladybird beetle larvae could eat the contents of the
eggs”®?” and not be exposed to the protein on the egg case.

Test diets other than aqueous solutions are analyzed to
determine the concentration of bioactive protein; aqueous diets,

such as sucrose solutions, are not analyzed because the stability of
the protein in aqueous solution is known from other studies,
including analyses of purity and solubility of the microbial
protein preparation. Typical analysis of a diet includes estimates
of protein concentration by enzyme-linked immunosorbent
assay (ELISA), protein intactness by Western blotting, and
bioactivity by a bioassay against a sensitive species, which is
often the target pest of the protein.”**® For diets in which the
protein is mixed into a solid matrix, several samples of diet may be
analyzed by ELISA to test whether the protein was dispersed
uniformly.

Determination of the concentration of bioactive protein to
which an organism was exposed may be based on a weight of
evidence. Earthworms are exposed to Bt proteins in artificial soil;
however, Bt proteins are difficult to extract from soil, and ELISA
values may be as low as 20% of the nominal concentration of
protein. Nevertheless, if the Western blot shows no evidence that
the protein is degraded, and if the bioassay shows a response
similar to a positive control treatment at the nominal concentra-
tion, it may be decided with reasonable confidence that the
worms were exposed to the nominal concentration of protein. In
cases when the ELISA value is below the nominal concentration,
and the bioassay response is less than in the positive control, the
ELISA value is usually used as the concentration to determine the
NOAEC or other measure of the effect of the protein.

Test Conditions. Since the first regulatory ERAs for the
cultivation of transgenic crops, there has been a trend to increase
exposure times in effects tests for insecticidal proteins. In
regulatory studies, most test species are now exposed for at least
10 days, with 14—21 days being common.***® Studies of this
length allow the measurement of developmental end points, such
as pupation and fecundity, and should be adequate to detect
affects that are likely to lead to harmful effects on ecological
functions (see below).

Although laboratory effects studies may achieve worst-case
exposure to the insecticidal protein, they may not be worst-case
with respect to environmental conditions. Effects studies are
carried out to internationally recognized guidelines (for exam-
ples, see refs 24 and 26) that specify test conditions, including
food availability, temperature, humidity, and light, to ensure
survival and normal development of the test organism. It is
possible that NOAECs measured under such conditions under-
estimate the effects of the protein in the field because factors such
as starvation and abiotic stressors may increase sensitivity to the
protein, and therefore some authors recommend introducing
into studies more realistic, “less than optimal”, conditions.*"

It is not obvious that introducing more realism into tier 1
effects studies would be more protective. First, standard test
conditions aim to maintain statistical power and to avoid con-
founding effects due to the test system; a test that introduces
suboptimal conditions may fail to detect adverse effects of the
insecticidal protein because they are obscured by effects of the
test system, for example, by causing high control mortality.
Standard test conditions also help to validate the test so that it
can give repeatable results among different laboratories. Second,
it is assumed that realistic conditions will always worsen any
adverse effect of a protein, whereas it is possible that realistic
conditions will lessen adverse effects.'* An additional complica-
tion is that the number of abiotic factors that could be manipu-
lated is practically unlimited, and testing in excess of worst-case
exposures is designed to account for environmental variation and
to remove the need to test for its effects in the laboratory.
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The idea of introducing supposed suboptimal conditions into
ecotoxicological effects tests is rarely discussed explicitly in the
literature. Instead, there is implicit agreement that standard,
“optimal” conditions are suitable for screening studies: authors
who advocate increasing the ecological content of ERA of
pesticides, and who stress the uncertainties inherent in extra-
polating from the laboratory to the field, do not advocate
introducing additional stressors into screening studies.'***”%*
In addition, validation of HQ methods in pesticide ERA has
shown that standard test conditions do not appear to system-
atically underestimate risk,'® and this seems to be the case in ERA
for transgenic crops producing insecticidal proteins that have
been commercialized to date.***

Surrogate Species. It is not feasible to test every species
potentially exposed to applications of a synthetic pesticide, or to
an insecticidal protein during cultivation of a transgenic crop, for
adverse effects of these substances; therefore, species are chosen
for testing because they are suitable surrogates for all potentially
exposed species. The best surrogates maximize our ability to
extrapolate from results of effects tests to predict risks to species
of value that were not tested; thus, in screening tests an important
property of surrogates is that they are species likely to be at least
as sensitive to the substance being tested as those potentially
exposed species of value that the surrogate represents. Sensitive
species may be identified from experience of testing many
substances similar to those being assessed, as is the case with a
variety of chemicals,'>** or from taxonomic relatedness to the
target species in the case of insecticidal proteins that existing data
suggest have narrow spectra of activity.”*

A more ecological approach to ERA would seek to identify
“keystone™' or “ecologically significant”* species that are vital
for the ecological function the risk assessment is seeking to
protect and test those species instead of, or as well as, the
surrogate species. The idea of testing keystone or ecologically
relevant species is appealing, but has a number of problems: the
species may not be known; the species may not be testable; there
may be different keystone species among the areas where the
transgenic crop is to be cultivated; and some habitats may have
no keystone species, with function being based on species diver-
sity rather than the presence of particular species. Basing ERA on
effects tests of keystone species could therefore involve the
development of a large number of new test methods at consider-
able cost, particularly in terms of time to optimize and validate
the tests. In theory, this effort could improve the ERA; however,
uncertainty about species selection would remain, except that
now it would relate to the ecology underlying the identification of
the keystone species and its predicted ecological function, not to
the ecotoxicology underlying the reliability of the surrogates.
Furthermore, it is not clear that effects tests should necessarily
seek to test the species that the ERA is seeking to protect. If there
is good reason to suppose that the surrogate is more sensitive to
the protein, perhaps from information on its mode-of-action
or spectrum of activity, testing the surrogate may be more
protective than testing the species of interest,”> and under
these circumstances care should be taken that the ERA is not
overprotective.M’31

Given the need for ERAs to apply widely, the cost of regulatory
packages as a limiting factor in realizing the opportunities
presented by insect-resistant transgenic crops,2 the uncertainties
in the identification of keystone species in agroecosystems,* and
the time needed to develop and validate test methods for such
species, a set of effects data that can be used for ERA in different

regions should be favored.*” Under these circumstances, testing
well-chosen surrogates with high concentrations of protein to
allow for extrapolation is likely to give consistently better ERAs
than methods based on testing local keystone or ecologically
significant species.

Bl EXPOSURE ASSESSMENTS FOR INSECTICIDAL
PROTEINS

In ERAs for pesticides, lower tier assessments often assume
that organisms are exposed to the maximum recommended
application rate of the compound.'® A similar approach is
adopted in ERA for insect-resistant transgenic crops, whereby
organisms are assumed to consume diets completely comprising
the relevant transgenic crop tissue; for example, the diet of
pollinators is considered to comprise 100% transgenic crop
pollen and the diet of foliar nontarget arthropods to comprise
100% transgenic crop leaf tissue. The crop tissues are also
considered to contain the highest measured average concentra-
tion of the insecticidal protein.’**® These highly unrealistic
assumptions are useful for ERA because, among other things, it
means it is not necessary to estimate insecticidal protein con-
centrations in transgenic plants from multiple locations: poten-
tial environmental variation in protein production is allowed for
by the conservative nature of the exposure assessment.

Owing to the general lack of observed adverse ecotoxicological
effects of insecticidal proteins, HQs based on exposures via diets
comprising 100% transgenic crop tissue are usually adequate to
demonstrate negligible ecological risk resulting from exposure to
the insecticidal protein during cultivation of the crop: HQ =
worst-case EEC/minimum estimate of NOAEC <1 is a very
conservative estimate of risk.”***® Should exposure assessments
need to be refined to reflect more realistic exposures, simple
empirical models are available; for example, the diets of foliar
nontarget arthropods usually comprise prey that has consumed
crop tissue, not crop tissue itself. Many studies have shown that
the concentration of insecticidal protein in the bodies of herbi-
vores is less than the concentration of the protein in the trans-
genic crop tissue on which they were feeding.*®”** The dilution
of protein varies greatly among herbivores, ranging from little
dilution in spider mites®® to no detectable protein in aphids,*
and an average dilution to 0.2 X the concentration in the leaves of
the transgenic crop has been proposed as a suitable method of
refining the exposure to foliar nontarget organisms.”* Similar
methods for other potentially exposed functional groups have
been suggested.*

When simple empirical exposure models are insufficient to
characterize risk adequately, pesticide ERAs have used sophisti-
cated methods such as geographical information systems and
remote sensing to estimate exposures to certain groups of
organisms.*' These methods are also useful for characterizing
environmental exposures to insecticidal proteins, particularly
when a threatened or endangered species is potentially exposed
to harmful concentrations of protein.** Given the apparently
narrow spectrum of insecticidal proteins in currently commer-
cialized transgenic crops, simple worst-case exposure estimates
are likely to be sufficient for most ERAs.

B INTERPRETATION OF HAZARD QUOTIENTS

Laboratory effects tests often detect clear adverse effects of
synthetic pesticides on one or more surrogate species at con-
centrations likely to result from use of the product. The question
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Table 1. Parameter Values Used To Simulate the Biological Control of Herbivory by a Large- and a Medium-Sized Predator in a

Transgenic Insect-Resistant Crop”

parameter herbivore
juvenile mortality 0.0138
adult mortality 0.009
senescent mortality 0.6
age at senescence (days) 27
foraging radius (m) 0.2
minimum dispersal distance (m) 0
maximum dispersal distance (m) 2
dispersal cost 0.001
single propagule weight (g) 6x107°
reproductive ratio 0.12
proportion free store to base 0.9
proportion free store to propagule 0.5
time as pupae (days) 0
total weight after pupae (%) 1
initial abundance (m™?) 1
daily food demand (% of total weight) 40.6
respiration cost (% of total weight) 2.81
daily development (%) 0.1125

“See refs 47 and 48 for a fuller explanation of the parameters.

medium-sized predator large-sized predator

0.075 0.015
0.01 0.007

0.4 0.4

75 60

0.5 0.5

0 0

3 3

0.001 0.001
2x10°* 84 x 10°
0.05 0.05

0.7 0.7

0.11 0.11

5 8

0.12 0.07

0.05 0.05

61.9 61.9

2.68 268

0.055 0.05

is then to what extent these adverse effects will lead to ecological
harm. As discussed above, part of the problem in predicting
ecological effects from ecotoxicological effects is the representa-
tiveness of the surrogate species. Another important considera-
tion is whether environmental comglexity will mitigate or
exacerbate the effects of the pesticide;1 3 higher tier studies, in
which more realistic exposure scenarios are evaluated, are valu-
able for answering this question, but even after extensive field
testing of a compound, it can never be proved that some
combination of environmental factors will not lead to greater
than predicted effects of its use. In ERA for transgenic crops, clear
adverse effects of insecticidal proteins are rare in laboratory
studies, even at concentrations greater than worst-case field
exposures; however, if one considers the ecological effects of
transgenic crops to be inherently unpredictable from HQs owing
to the complexity of ecological interactions, these observations
may be unconvincing because small adverse effects that are hard
to detect in the laboratory could be amplified in the field and lead
to ecological harm.**

In pesticide ERA, predictive modeling has been suggested as a
means to reduce uncertainty when laboratory data on adverse
ecotoxicological effects are extrapolated to predict the likelihood
of harmful ecological effects and, in particular, to determine how
adverse effects on growth, survival and reproduction measured in
the laboratory will be reflected in changes to the abundance of
valued species and the ecological functions they perform.** Here
we consider whether population modeling can be applied to
increase confidence in ERAs for the cultivation of transgenic
crops in cases when no adverse effect of the insecticidal protein is
observed in the laboratory. The relevant question in this situation
is not how to extrapolate from observed adverse effects in the
laboratory to estimate the likelihood of harmful ecological effects,
but how to identify which effects in the laboratory would indicate
high likelihood of harmful effects in the field.

Functional Group Modeling and ERA of Insect-Resistant
Transgenic Crops. Analyses of ecosystem dynamics can become

complex quickly if the entities represented in the model are
interacting species. A way to suitably simplify and represent such
complexity is functional ecology, which studies the processes
driving ecosystem dynamics.*® Using the ideas of functional
ecology, Caron-Lormier et al.*”*® described a stochastic model of
arable ecosystems based on the trophic interactions among organ-
isms, and which explicitly models the flow of biomass (or energy)
between different trophic groups: plants, herbivores, predators, and
detritivores. Different functional types are represented within each
group: plants comprise crops and weeds, and the latter may be
monocotyledonous or dicotyledonous, annual or perennial; herbi-
vores may feed on sap, leaves, or seeds; and predators may be
generalists or specialists or omnivores that can also feed on plants
directly. The number of these “trophic-functional types” repre-
sented in the model depends on the scenario the model is intended
to simulate.

To simulate ecosystem behavior, similar species are grouped
into trophic-functional types. Basic ecological rules, such as
feeding, reproduction, survival, and dispersal, are implemented
in the model. All functional types are subject to “natural”
mortality according to a daily mortality probability, and herbi-
vores also die as a result of predation. Individuals of the different
types are then explicitly modeled and allowed to interact, and
variables such as biomass and density that describe each trophic-
functional type are calculated at each step of the simulation. The
model accounts for management of the arable ecosystem by
changes in the parameter values of particular trophic-functional
types; for example, the effects of a selective herbicide could be
simulated by greatly reducing the survival and growth rates of
weeds while leaving the values of those parameters for the crop
similar to when no herbicide is applied.

To investigate how this model could be used in ERA for the
cultivation of insect-resistant transgenic crops, we used four
trophic-functional types: a crop, a herbivore feeding on a
hypothetical insect-resistant transgenic crop, and two predator
types feeding on the herbivore. The herbivore is not the target
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Figure 1. Means and standard deviations of 10 simulations of the amount of biological control of herbivory on a hypothetical transgenic insect-resistant
crop provided by a large predator sensitive to the insecticidal protein. Reductions in life-history parameter values represent the hypothetical adverse

effects of the insecticidal protein on the predator.

pest of the crop and is unaffected by the insecticidal protein.
Parameter values for each invertebrate type were obtained from
the published literature and are shown in Table 1. The values are
intended to simulate the behavior of a small sap-feeder (e.g., an
aphid), and two aphid predators (e.g,, a ladybird and a lacewing).
The lacewing type is represented as being potentially sensitive to
the hypothetical insecticidal protein and is the species for which
the simulations may be used to designate adverse effects sizes in
laboratory tests (the “test predator”); the ladybird type is
represented as being insensitive to the protein (the “insensitive
predator”).

Simulations were run with the four trophic-functional types
using the default values in Table 1, and crop yield was analyzed at

the end of the simulations (= CYg.). Simulations were also
run without predators, and again crop yield was analyzed
(= CYpoprea). To simulate the adverse effect of a transgenic
insecticidal protein produced by the crop, simulations were run
in which reproduction, growth, and juvenile survival of the test
predator were each reduced separately by 10% decrements to a
minimum of 50% of the default value; simulations were also run
in which the life-history parameter values were reduced simulta-
neously. Two sets of simulations were run: one set with the crop,
the herbivore, and the test predator; and one set with the crop,
the herbivore, and both the test and the insensitive predators. Ten
simulations were run for each set of parameter values. For each
simulation, the crop yield was analyzed (= CY,) and was used

5882 dx.doi.org/10.1021/jf1042079 |J. Agric. Food Chem. 2011, 59, 5877-5885



Journal of Agricultural and Food Chemistry

AP T
100 ¥ T ) . -
¥ b J.. s i J.
B0 —
s
(=
o
= 5=
3
=
=
o
20
0 -
I I I I 1 1
0 10 20 30 40 50
% reduction in reproduction
T
T 1 i 1 i !
100 - N 1 bl = 1
80 —
8
=
=1
2 80
a
=
°
o
F-1
20
0 —
f T T T T 1
0 10 20 30 40 50

% reduction in growth rate

-
100 — 1 T T T T
3 - d T 4
= 15
80 |
=
£
o
2 60
S
2
S
=1
20
e
| 1 1 1 1 1
0 10 20 30 40 50
% reduction in juvenile survival
¥ T
v 5 * 3 T 7
i
. {
80
=
£
o
S 60
3
=]
L4
S
o
20
e
I T T T T 1
0 10 20 30 40 50

% reduction in all three parameters

Figure 2. Means and standard deviations of 10 simulations of the amount of biological control of herbivory on a hypothetical transgenic insect-resistant
crop provided by a predator sensitive to the insecticidal protein and a predator insensitive to the protein. Reductions in life-history parameter values
represent the hypothetical adverse effects of the insecticidal protein on the sensitive predator.

to calculate the percent biological control provided by the
predator(s):
(CYsim - CYnopred)

X 100
(CYdef - CYnopred)

% biological control =

The loss of biological control was taken as the harmful ecological
effect due to the hypothetical adverse changes in the life-history
parameters caused by the insecticidal protein.

Ecological Effects of Adverse Changes in Life-History
Parameters. Comparison of crop yield under default settings,
with and without the predators, showed that the presence of the

test predator alone increased crop yield by 12%, and the presence
of the insensitive predator alone increased crop yield by 10%; the
presence of both predators also increased yield by 12%. The
reduction in biological control therefore represents the amount
by which the 12% increase in yield due to suppression of
herbivory is reduced by the hypothetical adverse effects of the
insecticidal protein on the test predator.

The loss of biological control resulting from reductions in
parameter values for juvenile survival, growth, and reproduction
of the test predator alone are shown in Figure 1, and the results
for the same parameter values with the presence of the insensitive
predator are shown in Figure 2. Figure 1 shows that biological
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control provided by the test predator is maintained at high levels
when reproduction, growth, and juvenile survival separately are
reduced by up to 30%. At 40—50% reductions in growth and
juvenile survival, biological control is reduced by 15% from that
under the default settings; reductions in reproduction of up to
50% appear to have little effect. When the three parameters are
varied simultaneously, significant loss of biological control is seen
at 20% reduction and above, with biological control reduced by
70% when all parameter values are 50% of the default setting.

Biological control is much more resilient to the adverse effects
on the test predator when the insensitive predator is present:
even 50% reductions in reproduction, growth, and juvenile
survival separately make little difference to the level of biological
control, and 50% reduction in the parameter values together only
reduces biological control by about 10%.

Implications for Laboratory Effects Tests. Results of the
modeling should be interpreted cautiously owing to limited
parametrization and evaluation of the model.*” Nevertheless,
the simulations summarized in Figures 1 and 2 suggest how func-
tional group modeling could be used to help design and interpret
laboratory effects tests. The simulations show how the ecological
implications of ecotoxicological effects can be examined under
highly conservative conditions, when the potentially affected
species is the only predator present, or under less conservative
conditions, when another predator of the crop pest species is
present. Depending on how conservative one wished to make the
assessment, different simulations could be used to determine the
parameters that should be assessed in laboratory effects studies
and the size of an adverse effect in those studies that should
trigger further evaluation in higher tier studies. A conservative
assessment, using the simulations with the test predator only,
might conclude that if juvenile survival were reduced by >20% in
a laboratory test, higher tier studies should be required, whereas
a more realistic interpretation, using the simulations with
both predators, might conclude that no further studies were
required unless reproduction, growth, and juvenile survival were
all reduced by >50%.

The simulations also suggest how the intended effect of the
insect-resistant crop could be integrated into the ERA: just as one
could simulate hypothetical reductions in life-history parameter
values in a predator, one could also simulate the effect of the
insecticidal protein on the target pest. In this manner, one could
compare the yield of a crop that controls a pest but has hypo-
thetical (or known) adverse effects on natural enemies, with the
yield of a crop that is susceptible to the pest but has no adverse
effects on natural enemies. Similarly, simulations could also
investigate integrated pest management options for the control
of secondary pests that increase in abundance owing to removal
of the primary pest and fewer insecticide applications to control
that pest.’

Bl CONCLUSIONS

Assessment of the ecological risks from the use of synthetic
pesticides using HQs provides a pragmatic method of avoiding
excessive testing of compounds that pose negligible ecological
risk. HQs can also be applied to ERA for the cultivation of insect-
resistant transgenic crops. Considerable progress has been made
to ensure that laboratory studies, which provide the ecotoxico-
logical effects data for HQ_estimates, are robust with regard to
suitably lengthy exposures to bioactive protein. Owing to the lack
of detected adverse effects of insecticidal proteins in currently

commercialized insect-resistant transgenic crops, simple esti-
mates of exposure of NTOs to these proteins, which assume
diets comprising transgenic crop tissue only, have been sufficient
to characterize ecological risk.

Concern remains that even though laboratory studies may not
detect adverse effects of insecticidal proteins on nontarget
organisms, subtle effects that are difficult to detect in the
laboratory may be increased by environmental interactions and
result in ecological harm. Functional group modeling is a possible
means to determine the size of effect in a laboratory study that
would be necessary for ecological harm to occur. Preliminary
investigations indicate that large (ca. S0%) simultaneous reduc-
tions in mortality, growth, and reproduction of predatory ar-
thropods must occur before significant loss of biological control
is likely. These results suggest that HQs based on laboratory no-
effect concentrations and exposures estimated by assuming diets
comprise crop tissue only are a highly conservative method of
estimating ecological risks posed by the cultivation of insect-
resistant transgenic crops.

Bl AUTHOR INFORMATION

Corresponding Author
*Phone: +44 1344 414620; fax: +44 1344 416690; e-mail:
alan.raybould@syngenta.com.

B REFERENCES

(1) Qaim, M. The economics of genetically modified crops. Annu.
Rev. Resourc. Econ. 2009, 1, 665-693.

(2) Raybould, A; Quemada, H. Bt crops and food security in
developing countries: realised benefits, sustainable use and lowering
barriers to adoption. Food Sec. 2010, 2, 247-259.

(3) Mendelsohn, M.; Kough, J.; Vaitusis, Z.; Matthews, K. Are Bt
crops safe? Nat. Biotechnol. 2003, 21, 1003-1009.

(4) Romeis, J.; Meissle, M.; Bigler, F. Transgenic crops expressing
Bacillus thuringiensis toxins and biological control. Nat. Biotechnol. 2006,
24, 63-71.

(5) Lu, Y.; Wu, K;; Jiang, Y.; Xia, B,; Li, P.; Feng, H.; Wyckhuys,
K. A. G.; Guo, Y. Mirid bug outbreaks in multiple crops correlated with
wide-scale adoption of Bt cotton in China. Science 2010, 328, 1151~
1154.

(6) Raybould, A.; Tuttle, A.; Shore, S.; Stone, T. Environmental risk
assessments for transgenic crops producing output trait enzymes.
Transgenic Res. 2010, 19, 595-609.

(7) Romeis, J.; Bartsch, D; Bigler, F.; Candolfi, M. P.; Gielkens,
M. M. C; Hartley, S. E.; Hellmich, R. L.; Huesing, J. E.; Jepson, P. C,;
Layton, R.; Quemada, H.; Raybould, A.; Rose, R. L; Schiemann, J.; Sears,
M. K;; Shelton, A. M.; Sweet, ].; Vaituzis, Z.; Wolt, J. D. Assessment of
risk of insect-resistant transgenic crops to nontarget arthropods. Nat.
Biotechnol. 2008, 26, 203-208.

(8) Touart, L. W.; Maciorawski, A. F. Information needs for pesticide
registration in the United States. Ecol. Appl. 1997, 7, 1086-1093.

(9) Weyers, A.; Sokull-Kliittgen, B.; Knacker, T.; Martin, S.; Van
Gestel, C. A. M. Use of terrestrial model ecosystem data in environ-
mental risk assessment for industrial chemicals, biocides and plant
protection products in the EU. Ecotoxicology 2004, 13, 163-176.

(10) Hamer, M. Ecological risk assessment for agricultural pesti-
cides. J. Environ. Monit. 2000, 2, 104N-109N.

(11) Campbell, P.].; Hoy, S. P. ED points and NOELs: how they are
used by UK pesticide regulators. Ecotoxicology 1996, S, 139-144.

(12) Candolfi, M. P.; Bakker, F.; Canez, V.; Miles, M.; Neumann, C.;
Pilling, E.; Primiani, M.; Romijn, K.; Schmuck, R.; Storck-Weyhermuller,
S.; Ufer, A,; Waltersdorfer, A. Sensitivity of non-target arthropods to
plant protection products: could Typhlodromous pyri and Aphidius spp.
be used as indicator species? Chemosphere 1999, 39, 1357-1370.

5884 dx.doi.org/10.1021/j1042079 |J. Agric. Food Chem. 2011, 59, 5877-5885



Journal of Agricultural and Food Chemistry

(13) Stark, J. D.; Walthall, W. K. Agricultural adjuvants: acute
mortality and effects on population growth rate of Daphnia pulex after
chronic exposure. Environ. Toxicol. Chem. 2003, 22, 3056-3061.

(14) Chapman, P. M.; Fairbrother, A.; Brown, D. A critical evalua-
tion of safety (uncertainty) factors for ecological risk assessment.
Environ. Toxicol. Chem. 1998, 17, 99-108.

(15) European and Mediterranean Crop Protection Organization.
Environmental risk assessment scheme for plant protection products.
Chapter 9: non-target terrestrial arthropods. EPPO Bull. 2003, 33,
131—139.

(16) Campbell, P. J.; Brown, K. C.; Harrison, E. G.; Bakker, F;
Barrett, K. L.; Candolfi, M. P.; Canez, V.; Dinter, A.; Lewis, G.; Mead-
Briggs, M.; Miles, M.; Neumann, P.; Romijn, K.; Schmuck, R.; Shires, S.;
Ufer, A.; Waltersdorfer, A. A hazard quotient approach for assessing the
risk to non-target arthropods from plant protection products under 91/
414/EEC: hazard quotient trigger value proposal and validation. J. Pest
Sci. 2000, 73, 117-124.

(17) Garcia-Alonso, M.; Jacobs, E.; Raybould, A.; Nickson, T. E.;
Sowig, P.; Willekens, H.; van der Kouwe, P.,; Layton, R.; Amijee, F.;
Fuentes, A.; Tencalla, F. A tiered system for assessing the risk of
genetically modified plants to non-target organisms. Environ. Biosaf.
Res. 2006, 5, 57-65.

(18) Wolt,J. D.; Keese, P.; Raybould, A.; Fitzpatrick, J. W.; Burachik,
M,; Gray, A; Olin, S. S.; Schiemann, J.; Sears, M.,; Wu, F. Problem
formulation in the environmental risk assessment of genetically modified
plants. Transgenic Res. 2010, 5, 425-436.

(19) Candolfi, M. P; Bliimel, S.; Forster, R.; Bakker, F. M.; Grimm,
C,; Hassan, S. A; Heimbach, U,; Mead-Briggs, M. A;; Reber, B,;
Schmuck, R.; Vogt, H. Guidelines to Evaluate Side-Effects of Plant
Protection Products to Non-Target Arthropods; I0OBC/wprs: Gent,
Belgium, 2000.

(20) Andow, D.; Hilbeck, A. Science-based risk assessment for
nontarget effects of transgenic crops. BioScience 2004, 54, 637-649.

(21) Lovei, G. L.; Arpaia, S. The impact of transgenic plants on
natural enemies: a critical review of laboratory studies. Entomol. Exp.
Appl. 2008, 114, 1-14.

(22) Andow, D. A;; Zwahlen, C. Assessing environmental risks of
transgenic plants. Ecol. Lett. 2006, 9, 196-214.

(23) Romeis, J.; Hellmich, R. L.; Candolfi, M. P.; Carstens, K; De
Schrijver, A;; Gatehouse, A. M. R; Herman, R. A,; Huesing, R. A;;
McLean, M.; Raybould, A.; Shelton, A. M.; Waggoner, A. Recommenda-
tions for the design of laboratory studies on non-target arthropods for
risk assessment of genetically engineered plants. Transgenic Res. 2011,
20, 1-22.

(24) Raybould, A,; Stacey, D.; Vlachos, D.; Graser, G,; Li, X; Joseph, R.
Non-target organism risk assessment of MIR604 maize expressing mCry3A
for control of corn rootworm. J. Appl. Entomol. 2007, 131, 391-399.

(25) Herman, R. A.; Chassy, B. M.; Parrott, W. Compositional
assessment of transgenic crops: an idea whose time has passed. Trends
Biotechnol. 2009, 555-557.

(26) Raybould, A.; Vlachos, D. Non-target organism effects tests on
Vip3A and their application to the ecological risk assessment for
cultivation of MIR162 maize. Transgenic Res. 2010, DOI: 10.1007/
s11248-010-9442-1.

(27) Arijs, Y,; De Clercq, P. Liver-based artificial diets for the
production of Orius laevigatus. BioControl 2004, 49, 505-516.

(28) Hagler, J. R;; Jackson, C. G.; Isaacs, R; Machtley, S. A. Foraging
behavior and prey interactions by a guild of predators on various
lifestages of Bemisia tabaci. J. Insect Sci. 2004, 4, 1-13.

(29) Alvarez—Alfageme, F.; Bigler, F.; Romeis, J. Laboratory toxicity
studies demonstrate no adverse effects of CrylAb and Cry3Bb1 to larvae
of Adalia bipunctata (Coleoptera: Coccinellidae): the importance of
study design. Transgenic Res. 2010, DOI: 10.1007/s11248-010-9430-5.

(30) Forbes, V. E,; Calow, P. Extrapolation in ecological risk
assessment: balancing pragmatism and precaution in chemical controls
legislation. BioScience 2002, 52, 249-257.

(31) Chapman, P. M. Integrating toxicology and ecology: putting
the “eco” into ecotoxicology. Mar. Pollut. Bull. 2002, 44, 7-15.

(32) Calow, P.; Forbes, V. E. Does ecotoxicology inform ecological
risk assessment? Environ. Sci. Technol. 2003, 146A-151A.

(33) Duan, J. J; Lundgren, J. G.; Naranjo, S.; Marvier, M. Extra-
polating non-target risk of Bt crops from laboratory to field. Biol. Lett.
2010, 6, 74-77.

(34) Guilhermino, L.; Diamantino, T.; Silva, M. C.; Soares, A. M. V.
M. Acute toxicity test with Daphnia magna: an alternative to mammals in
the prescreening of chemical toxicity? Ecotoxicol. Environ. Saf. 2000,
357-362.

(35) Raybould, A. Problem formulation and hypothesis testing for
environmental risk assessments of genetically modified crops. Environ.
Biosaf. Res. 2006, S, 119-125.

(36) Biichs, W. Biodiversity and agri-environment indicators —
general scopes and skills with special reference to the habitat level.
Agric. Ecosyst. Environ. 2003, 98, 35-78.

(37) Romeis, J.; Lawo, N. C.; Raybould, A. Making effective use of
existing data for case-by-case risk assessments of genetically engineered
crops. J. Appl. Entomol. 2009, 133, 571-583.

(38) Head, G; Brown, C. R; Groth, M. E.; Duan, J. J. CrylAb
protein levels in phytophagous insects feeding on transgenic corn:
implications for secondary exposure risk assessment. Entomol. Exp. Appl.
2001, 99, 37-4S.

(39) Obrist, L. B;; Dutton, A.; Albales, R.; Bigler, F. Exposure of
arthropod predators to CrylAb toxin in Bt maize fields. Ecol. Entomol.
2006, 31, 143-154.

(40) Romeis, J.; Meissle, M. Non-target organism risk assessment
of Bt crops — Cry protein uptake by aphids. J. Appl. Entomol. 2011,
13§, 1—6.

(41) Hendley, P.; Holmes, C.; Kay, S.; Maund, S. J.; Travis, K. Z.;
Zhang, M. Probabilistic risk assessment of cotton pyrethroids: IIL
A spatial analysis of the Mississippi, USA, cotton landscape. Environ.
Toxicol. Chem. 2001, 20, 669-678.

(42) Peterson, R. K. D.; Meyer, S. J.; Wolf, A. T.; Wolt, J. D.; Davis,
P. M. Genetically engineered plants, endangered species and risk: a
temporal and spatial exposure assessment for Karner blue butterfly
larvae and Bt maize pollen. Risk Anal. 2006, 26, 845-858.

(43) Maund, S. J.; Hamer, M. J.; Warinton, J. S.; Kedwards, T. J.
Aquatic ecotoxicology of the pyrethroid insecticide lambda-cyhalothrin:
considerations for higher-tier risk assessment. Pestic. Sci. 1998, 54, 408
417.

(44) Ervin, D. E;; Welsh, R; Batie, S. S.; Carpentier, C. L. Towards
an ecological systems approach in public research for environmental
regulation of transgenic crops. Agric. Ecosyst. Environ. 2003, 99, 1-14.

(45) Forbes, V. E.; Calow, P.; Silby, R. The extrapolation problem
and how population modeling can help. Environ. Toxicol. Chem. 2008,
27, 1987-1994.

(46) McGill, B.].; Enquist, B. ].; Weiher, E.; Westoby, M. Rebuilding
community ecology from functional traits. Trends Ecol. Evol. 2006, 21,
178-18S.

(47) Caron-Lormier, G.; Bohan, D. A,; Hawes, C.; Raybould, A;
Haughton, A. J; Humphry, R. W. How might we model an ecosystem?
Ecol. Model. 2009, 220, 1935-1949.

(48) Caron-Lormier, G.; Bohan, D. A; Dye, R.; Hawes, C.; Humphrey,
R. W,; Raybould, A. Modelling an ecosystem: the example of agro-
ecosystems. Ecol. Model. 2011, DOI: 10.1016/j.ecolmodel.2010.11.028.

(49) Schmolke, A; Thorbek, P.; Chapman, P.; Grimm, V. Ecological
models and pesticide risk assessment: current modeling practice.
Environ. Toxicol. Chem. 2010, 29, 1006-1012.

5885 dx.doi.org/10.1021/j1042079 |J. Agric. Food Chem. 2011, 59, 5877-5885



