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conceptual model and to identify potential exposure
pathways, using Bacillus thuringiensis (Bt) maize as a
case study. Within problem formulation, the insecticidal trait, the crop, the receiving environment, and
protection goals were characterized, and a conceptual
model was developed to identify routes through which
aquatic organisms may be exposed to insecticidal
proteins in maize tissue. Following a tiered approach
for exposure assessment, worst-case exposures were
estimated using standardized models, and factors
mitigating exposure were described. Based on exposure estimates, shredders were identified as the
functional group most likely to be exposed to insecticidal proteins. However, even using worst-case
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Abstract Environmental risk assessments (ERA)
support regulatory decisions for the commercial
cultivation of genetically modified (GM) crops. The
ERA for terrestrial agroecosystems is well-developed,
whereas guidance for ERA of GM crops in aquatic
ecosystems is not as well-defined. The purpose of this
document is to demonstrate how comprehensive
problem formulation can be used to develop a
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assumptions, the exposure of shredders to Bt maize
was low and studies supporting the current risk
assessments were deemed adequate. Determining if
early tier toxicity studies are necessary to inform the
risk assessment for a specific GM crop should be done
on a case by case basis, and should be guided by
thorough problem formulation and exposure assessment. The processes used to develop the Bt maize case
study are intended to serve as a model for performing
risk assessments on future traits and crops.
Keywords Environmental risk assessment  Aquatic
ecosystem  Non-target organism  Genetically
modified crops
Introduction
Aquatic environments support a wide range of
ecological functions and ecosystem services (Jackson
et al. 2001). Not only do they assimilate and cycle
nutrients and carbon, they also maintain biodiversity,
support primary and secondary biomass production, as
well as provide habitat and food resources for aquatic
and terrestrial food webs (Cummins et al. 1989; Allan
and Castillo 2007). Aquatic ecosystems are influenced
in many ways by inputs from the surrounding landscape, and agricultural watersheds in particular may be
dramatically altered by anthropogenic disturbances
over time (Cronan et al. 1999; Lenat and Crawford
1994). Because disturbance can lead to profound
effects on biotic community structure and function,
protection and conservation of aquatic ecosystem
services is paramount. Consequently, aquatic ecosystems need to be considered in the environmental risk
assessment (ERA) of plant protection products, such
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as pesticides and genetically modified (GM) crops that
have insecticidal traits.
Over the past few decades, significant advances
have been made in the field of biotechnology, and the
cultivation of GM crops is steadily increasing worldwide (James 2009). Because insecticidal proteins from
GM crop fields may enter aquatic systems, the
potential effect that GM crops may have on those
ecosystems is considered in the ERA. Insecticidal
proteins within currently commercialized GM crops
are known to be rapidly inactivated in the terrestrial
environment (Herman et al. 2001; Head et al. 2002;
Icoz and Stotzky 2008; Prihoda and Coats 2008b;
Clark et al. 2005; Li et al. 2007; Marchetti et al. 2007;
Accinelli et al. 2008; Miethling-Graff et al. 2010;
Zurbrügg et al. 2010). However, fewer studies have
addressed the potential exposure of aquatic ecosystems to GM plant material or transgene products
(Prihoda and Coats 2008a; Douville et al. 2007;
Raybould et al. 2007; Rosi-Marshall et al. 2007;
Griffiths et al. 2009; Swan et al. 2009; Pote et al. 2009;
Jensen et al. 2010; Wolt and Peterson 2010; Tank et al.
2010). Likewise, few studies have assessed the
potential impacts of insecticidal GM crops on aquatic
organisms (Rosi-Marshall et al. 2007; Beachy et al.
2008; Parrott 2008; van Frankenhuyzen 2010; Jensen
et al. 2010), and these studies have been limited to
maize expressing proteins derived from the common
soil bacterium, Bacillus thuringiensis (Bt).
Where spectrum of activity is narrow and welldefined (e.g. current GM crops containing insecticidal
proteins), or in cases where exposure is determined to
be very low, a conclusion about risk can be reached
with either adequate hazard testing or preliminary
exposure characterization. To date, due to the narrow
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spectra of activity of Bt and VIP proteins in
currently commercialized GM crops, aquatic ERAs
have been based on worst-case exposure models,
such as the US EPA’s Generic Estimated Environmental Concentration (GENEEC) model (e.g., US
EPA 2004; Raybould and Vlachos 2011; Wolt and
Peterson 2010), and effects tests using Daphnia
magna (Cladocera: Daphniidae) (OECD 2007).
These risk assessments have been deemed satisfactory by regulatory agencies (e.g., US EPA 2001).
Should transgenic products be introduced with the
potential for broad-spectrum activity, a re-evaluation
of potentially sensitive aquatic species and appropriate surrogate test organisms may be warranted
based on refined aquatic exposure estimates. These
exposure refinements could be based on the degree
to which aquatic ecosystems are exposed to crop
residues and could be used to determine whether
environmental exposures approach the levels that
have adverse effects in hazard studies (Romeis et al.
2011; Rose 2007; Wolt and Peterson 2010). In these
circumstances, the amount of crop biomass, the
concentration of transgenic proteins that enter
aquatic systems, and the temporal and spatial overlap
of crop residue inputs with the presence of sensitive
species may require further characterization to help
inform the risk assessment.
Governmental regulatory agencies have adopted a
tiered approach for assessing the risk of conventional
chemical pesticides and biopesticides (i.e., plantprotection products) to non-target organisms (NTOs)
in terrestrial environments (US EPA 1998; CAC
2001). The tiered approach was also determined to be
applicable for assessing the risk of GM crops (US EPA
2001; Garcia-Alonso et al. 2006; Rose 2007; Romeis
et al. 2008). While tests have been requested to assess
the risk to aquatic non-target organisms on a case by
case basis under conditional registrations, guidelines
for conducting early-tiered toxicity tests with aquatic
NTOs would benefit from clarification and standardization. There is opportunity to improve guidance for
aquatic organism species selection that is based on
exposure characterization and extends the surrogate
species concept used currently in terrestrial ERA. The
goal of this paper is to help guide the ERA approach by
demonstrating how comprehensive problem formulation can help identify the potential risks associated
with cultivation of transgenic crops near aquatic
systems. A conceptual model, using transgenic maize
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as a case study, was developed to aid in exposure
characterization, and significant routes through which
aquatic organisms may be exposed to insecticidal
proteins expressed in maize are discussed. We chose
Bt maize as a case study because of the wealth of data
available on concentrations of Bt in planta throughout
the growing season, as well as accessibility of risk
assessment data; however, to date the ERA approach
(i.e., worst-case exposure models and early-tier hazard
testing with Daphnia magna) has adequately assessed
the risks associated with cultivation of Bt maize. The
logic presented in development of the case study
conceptual model is intended to be applied to future
products. Factors mitigating exposure are also discussed because they are key considerations for determining realistic exposure estimates. Using the
transgenic maize case study, we make recommendations for the selection of aquatic surrogate species for
early tier laboratory studies that may be more appropriate for hazard studies for future insecticidal traits.
Additional areas of research are also highlighted that
may inform the exposure assessment of those traits.
The recommendations discussed herein are designed
to be applied to other crops as well as future traits.

Problem formulation
Environmental risk assessment is a process that
regulatory authorities use to assess the likelihood of
adverse effects on populations and communities of
organisms in the environment. ERA is a science-based
process in which the risk of introducing a new GM
crop into the environment is quantified using a welldefined, hypothesis-driven approach. In this light,
ERA is clearly distinguished from exploratory or basic
research in that ERA follows an established process
that is designed to answer specific questions about the
risk of cultivating GM crops in the environment
(Raybould 2006, 2010). The framework for ERA
distinctly outlines the process of risk assessment,
which includes three main stages: problem formulation, analysis, and risk characterization (US EPA
1998). Problem formulation is multifaceted, in that
risk assessors must consider not only the context of the
GM crop but also the many factors that play into that
context, including characteristics of the trait, the
ecosystem in which the GM crop will be released, and
protection goals set by policies (Raybould 2006; Wolt
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et al. 2010; Carstens et al. 2010). The central focus of
the problem formulation process is the identification
of potential risk by defining harm and its likelihood of
occurrence in the context of the proposed GM crop and
receiving environment. The first step in problem
formulation is the review of information available
on the trait and crop in question. Box 1 details the
process of problem formulation, including specific

considerations and outcomes that further inform the
risk assessment.
Description of trait characteristics
‘Genetically modified crop’ is a broad term that
encompasses a variety of agricultural crops that have
had one or more genes inserted by the use of genetic

Box 1 Key steps in problem formulation (adapted from Carstens et al. 2010)

Problem Formulation
Review of available data
Description of Trait Characteristics
Is the GM product substantially equivalent to its conventional counterpart?
Comparisons of molecular, compositional, and agronomic characteristics of the GM product with its
conventional counterpart will allow focusing of the ERA on the introduced changes
Is the introduced change an insecticidal trait?
If yes, then insects are more likely to be affected than other non-target organisms.
What is the specificity of the trait?
Organisms that are closely related to the sensitive target organism(s) are more likely affected
than other more distantly related species
If not an insecticidal trait, then what are the characteristics that are of concern?
Description of Receiving Environment
Is the application for cultivation of the crop?
If yes, then the risk assessment should focus on the agroecosystem appropriate for that crop (e.g. a
maize field or rice paddy, and immediate surrounding area)
What are the characteristics of the crop and related agricultural practices? How might they
impact the fate of plant material, and the fate of the trait?
Which organisms might occur within the receiving environment?
If the application is for import of grain, then the trait will be very limited in its release in the
environment.
Protection goals
Regulatory decision regarding entities to be protected
Examples generally include species that are valued, i.e., endangered species or species that
provide important ecosystem services
Identification of assessment endpoints and determination of measurement endpoints, as defined by
US EPA (1998) and Wolt et al. (2010)
Definition of harm—how do we know if an effect that is observed can be considered adverse?
Is 50% growth inhibition harm? What level of mortality would be significant for a population? (Rose
2007)
Actions
Develop conceptual model
Identify exposure pathways related to how the stressor could cause harm to the assessment endpoint
Generate risk hypotheses
Based on the protection goals, and characteristics of the trait and agroecosystem, what areas of concern
have been identified?
Are existing risk assessment data available on the trait in question?
If yes, then use those data to inform the new ERA
If not, then formulate testable hypotheses, e.g. the stressor does not harm non-target organisms at
environmentally relevant concentrations
Determine analysis plan
What data are needed to test the risk hypotheses with maximum rigor?
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engineering techniques. The specific gene(s) inserted,
their biological and toxicological function, and
expression at various developmental stages in planta
differs from product to product; the inserted genes are
chosen to produce crops with agronomically or
nutritionally desirable traits. To date, the most commonly expressed traits confer herbicide tolerance and
insect resistance. Several crops (maize, soybean,
rapeseed, cotton and sugar beet), have been engineered for tolerance to broad-spectrum herbicides,
namely glyphosate or glufosinate-ammonium. Future
traits conferring glyphosate and glufosinate-ammonium tolerance in other crops are being developed, as
are traits conferring tolerance to other herbicides.
Currently, insect-resistance in crops is based on
expression of crystalline (Cry) proteins and vegetative
insecticidal proteins (e.g., Vip3A) following insertion
of Bt genes. There are numerous variations of Bt
proteins, each of which act against a narrow set of
insect pests (e.g., Lepidoptera, Coleoptera, or Diptera
larvae; see review by Clark et al. 2005) in a range of
crops. In addition to traits conferring tolerance to
herbicides and resistance to insects, a wide variety of
additional traits are being developed. Among others,
these traits include drought tolerance, improved
nutrient composition, improved yield, stress tolerance,
modified enzyme expression for use in the biofuel
industry (Wolt 2009), and improved digestibility.
Future insect active technologies may include RNA
interference (Baum et al. 2007), and other insecticidal
proteins such as protease inhibitors, a-amylase inhibitors, or lectins (Malone et al. 2008). New and
emerging technologies will further broaden the definition of GM crops; therefore, risk assessments for
transgenic crops should be conducted on a case by case
basis.
In the process of problem formulation, one has to
ask how the GM crop could cause harm to the
receiving environment in order to formulate hypotheses that adequately address potential risk. For
instance, a trait that produces an output trait enzyme
is unlikely to yield significant risk to NTOs; in
contrast, an insecticidal protein will need further
examination of risk (Raybould et al. 2010). For GM
crops, data available early in the product development
process should be used to help inform problem
formulation. In the case of currently commercialized
insect-resistant GM crops, compositional and agronomic analysis of plant material throughout the
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growing season has thus far revealed no meaningful
differences when comparing the transformed event
with its conventional counterpart (e.g., near-isoline)
(Herman et al. 2009; Taylor et al. 1999; Ridley et al.
2002; George et al. 2004). Therefore, the risk assessment can typically focus on the inserted gene and
resultant insecticidal protein as the stressor of concern,
since in all other ways the GM crop is substantially
equivalent to the isoline (i.e., within the limits of the
natural variation observed in the isoline crop composition). Additional information on the specificity and
expression of the insecticidal trait will further refine
the risk hypotheses formed during problem formulation. For example, depending on the promoter used,
some Bt crops do not express Bt protein in pollen, thus
negating exposure to NTOs via pollen. Furthermore, if
Bt maize is known to express a Coleoptera-specific Bt
protein, it is logical to focus the risk assessment on
valued non-target Coleoptera (e.g., predators such as
Coccinellidae). In this case, if bioassay data indicate
biological activity is restricted to pests of the Chrysomelidae family, the protein does not show activity on
non-target terrestrial beetles, and the level of exposure
to aquatic beetles is determined to be low and
transient, then additional effects testing on aquatic
beetles may not be required to adequately assess risk.
These examples demonstrate how a stepwise approach
and a thorough understanding of trait characteristics
help risk assessors to focus on areas of specific
concern or uncertainty, which results in a more
focused analysis plan to better inform the ERA.
Description of the receiving environment
In the case of GM crops, the receiving environment is
the agricultural field in which the crop is planted, as
well as the immediate surrounding area (including
aquatic ecosystems adjacent to the field). Aquatic
ecosystems within an agricultural landscape can take
many forms including ephemeral wetlands, farm
ponds, and natural or man-made streams/ditches.
These water bodies may contain abundant and diverse
invertebrate communities (Davis et al. 2003; Moore
and Palmer 2005; Heatherly and Whiles 2007; Menninger and Palmer 2007; Herzon and Helenius 2008),
and contribute to the decomposition of vegetation
debris (Swan and Palmer 2004).
The breakdown of organic matter (e.g., senesced
leaves) in water bodies (Fig. 1) is a critical ecological
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Fig. 1 Leaf breakdown process in natural streams (adapted from Allan and Castillo 2007)

process since it determines the availability of food
resources that support large and complex food webs in
aquatic and terrestrial ecosystems (Wallace et al.
1997; Chen and Wise 1999; Ponsard et al. 2000; Levin
et al. 2001). This process is mediated by a suite of
abiotic (e.g., nutrient content, flow of water) and biotic
factors (e.g., microbial enzymes, invertebrate feeding)
(Webster and Benfield 1986). Macroinvertebrates in
aquatic environments often use vegetation debris as a
food source (Cummins et al. 1989; Delong and
Brusven 1998; Stone et al. 2005), thus crop debris
serves as an important source of allochthonous energy
and nutrients for biota in agricultural aquatic systems.
Bacteria, fungi, and various micro- and macroinvertebrates that consume organic matter/crop debris are
themselves consumed by larger organisms, comprising a vital link between detritus and higher trophic
levels (Smith 1992).
Once organic matter is colonized by microbes,
shredders directly consume the detritus and leaf litter
(Cummins et al. 1989; Gregory et al. 1991). Small
particles such as pollen and partially digested leaf
litter [particulate organic matter (POM)] are available
for secondary consumers, herein referred to as particle
feeders (also known as collector-gatherers or filterfeeders) (Cummins and Klug 1979; Dieterich et al.
1997; Usio and Townsend 2001). Predators, such as
other invertebrates and fish, feed on both types of
consumers. Studies in forest streams have revealed
that changes in litter inputs have significant in-stream
consequences for ecological processes and biota

123

(Cummins et al. 1989). Thus, changes in terrestrial
inputs following human-induced disturbances have
the potential to perturb the in-stream food web
processes that provide these valuable ecosystem
services. In agricultural landscapes, inputs may
include increased nutrient concentrations, conventional pesticides, eroded soil, and crop biomass, each
of which has the potential to impact ecosystem
services (e.g., Pieterse et al. 2003). Acknowledging
the risk associated with conventional agricultural
practices helps put potential risk associated with GM
crops into context within the agroecosystem.
Protection goals
Protection goals are ecological entities and ecosystem
services that are to be protected, as identified by
existing regulatory frameworks. As illustrated in
Table 1, in most jurisdictions the protection goals
are broadly defined, and therefore need to be refined
by identifying assessment endpoints (i.e., an explicit
expression of the environmental value that is to be
protected) and the related measurement endpoints
(Sanvido et al. 2011; Wolt et al. 2010). For example,
protection of populations of endangered species and
beneficial insects (e.g., pollinators or natural enemies)
are often listed as assessment endpoints in terrestrial
systems because of their value from a biodiversity and
ecosystem function viewpoint, respectively. Ultimately, conceptual models need to be constructed on
how the GM crop could harm those assessment
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Table 1 Example objectives of relevant biosafety acts or regulations in respect to protection of the environment
Jurisdiction

Objective

References

Cartagena
Protocol on
Biosafety

The objective of risk assessment, under this protocol, is to identify and
evaluate the potential adverse effects of living modified organisms on
the conservation and sustainable use of biological diversity in the likely
potential receiving environment, taking also into account risks to human
health

SCBD (2000)

Australia

The object of this act is to protect the health and safety of people, and to
protect the environment, by identifying risks posed by or as a result of
gene technology, and by managing those risks through regulating certain
dealings with GMOs

OLD (2000)

European Union

To identify and evaluate potential adverse effects of the GMO, direct or
indirect, immediate or delayed, on human health and the environment
which the deliberate release or the placing on the market of GMOs may
have

EC (2001)

New Zealand

To protect the environment, and the health and safety of people and
communities, by preventing or managing the adverse effects of
hazardous substances and new organisms

HSNO (1996)

United States of
America

To protect ‘‘against any unreasonable adverse effects on the environment’’
… ‘‘taking into account the economic, social, and environmental costs
and benefits of the use of any pesticide’’ (which includes GM crops
producing a pesticidal substance)

US Federal Insecticide, Fungicide,
and Rodenticide Act (2004)

To protect and promote the recovery of ‘‘endangered and threatened
species and the ecosystems on which they depend…’’

US Endangered Species
Act (1973)

Specific to US EPA: To ensure that the use of pesticides [including PIPs]
it registers will not result in harm to the species listed as endangered and
threatened by the U.S. Fish and Wildlife Service, or to habitat critical to
those species’ survival… by determining that geographically specific
risk mitigation is necessary to protect federally listed threatened or
endangered species or their critical habitat

endpoints. This is followed by the identification of risk
hypotheses that are subsequently tested. The most
efficient way to test the risk hypotheses is by following
the well established tiered approach which generally
starts with early tier laboratory testing using surrogate
species (Raybould 2007; Romeis et al. 2008).
Understanding the broad protection goals for
terrestrial and aquatic ecosystems can help to define
assessment endpoints for aquatic ecosystems within
agricultural landscapes where GM crops are grown.
Protection goals for agroecosystems may be relevant
to both permanent and semi-permanent water bodies
considered to be important from an ecological point of
view, e.g., an aquatic system that supports aquatic life
providing an ecological function or that serves as a
drinking water or recreational source. When considering insecticidal proteins in Bt maize, examples of
assessment endpoints may include population densities of shredders, such as larval caddisflies, aquatic

beetles, or midges. For aquatic crops, e.g., flooded
rice, where the field may be subject to water management practices, including drying out of the field, the
protection goal should be set for those off-field aquatic
ecosystems into which the fields drain, rather than
within the field itself (EC 2003).
Definition of harm
Another aspect of protection goals is the need to
identify the level of an effect that is harmful. An
understanding of how GM crops affect populations or
communities of NTOs should be considered in the
context of the other perturbations existing in agricultural landscapes, such as crop rotations and management practices, so that the risk assessment of the GM
crop focuses on direct toxic effects related to the
insertion of the transgene. An operational definition of
harm is necessary to determine the significance of any
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adverse effects detected during the analysis phase of
an ERA, and the context of how those effects may
correlate to larger ecosystem impacts should be
considered. For example, under the US EPA framework, a threshold of 50% mortality or a 50% effect on
growth or reproduction has been accepted for early tier
studies, because effects that do not surpass this
threshold would be unlikely to cause significant
population level effects under realistic environmental
conditions (Rose 2007). Furthermore, early tier tests
are often performed at 109 the expected environmental concentration, therefore experimental results that
do not cross the threshold of 50% mortality or growth
inhibition are deemed unlikely to cause harm. Following the EFSA guidance for GM crops, ‘‘limits of
concern’’ are established based on policy goals,
literature, and modeling, which trigger higher tiered
testing if exceeded (EFSA 2010a, b). In the case of Bt
maize, information concerning the specificity of the
trait, as well as the magnitude of toxicity and exposure
in terrestrial ERAs, can inform the ERA for aquatic
systems. Furthermore, working under an established
definition of harm allows risk assessors and risk
managers to more easily conclude about the likelihood
of cultivation of a GM crop resulting in adverse effects
on aquatic systems.
Of foremost consideration in the ERA of GM crops
and aquatic ecosystems is the potential for exposure.
Once exposure routes are identified, appropriate
hypotheses can be formulated to determine testing
needs for exposure and hazard characterizations. The
potential harm to aquatic ecosystems from transgenic
crops is related to the toxicity of the insecticidal
protein to aquatic NTOs.

deemed to be low using the worst-case assumptions.
The following case study conceptual model and
associated discussion of refinements exemplify this
tiered approach for exposure assessment.
Characterizing the potential exposure pathways of
aquatic organisms to GM crop material and their
associated traits (e.g., insecticidal proteins) is an
essential step in the risk assessment process. The
routes through which GM crop biomass may enter an
aquatic ecosystem may vary, depending on the crop,
the region in which it is grown, the purpose for which
it is grown (e.g., seed vs. fodder maize), crop
management practices, as well as the spatial relationship between aquatic and terrestrial environments. For
the purposes of this discussion, a conceptual model,
using Bt maize as a case study, was developed to aid in
exposure characterization as well as to identify
significant exposure pathways (Fig. 2). Entry routes
are defined as mechanisms by which GM crop biomass
or pure insecticidal protein enters an aquatic system,
whereas exposure pathways are defined as routes by
which organisms are potentially exposed to the
insecticidal protein. There are several routes through
which GM crop biomass or insecticidal protein can
enter an aquatic system from an adjacent agricultural
field. Each entry route is largely influenced by human
activity, wind, rain and soil runoff events and includes:
(1) erosion of soil and adsorbed protein; (2) surface
runoff of freely soluble protein; (3) aerial deposition of
pollen and crop dust; and (4) movement of plant tissue
and/or senescent crop residue (Fig. 2).

Exposure characterization: input of traits
from crop biomass into aquatic system

Throughout the season (vegetative, reproductive and
post-harvest stages), insecticidal proteins from plant
tissue (living or senescent) may bind to soil or enter
soil or water following root exudation, root sloughing,
or leaching. Both soil-bound and freely soluble
proteins may potentially reach aquatic systems following a rain event via erosion of soil and surface
runoff, respectively (Fig. 2, delineated by the letter
A). An understanding of the fate of the insecticidal
proteins in terrestrial systems is thus critical for
assessing potential exposure to aquatic organisms. For
instance, while Cry proteins may enter the soil through
root sloughing, they have been shown to degrade

Description of conceptual model
As with the tiered approach used for hazard testing, a
similar philosophy can be implemented for exposure
assessment. Initial exposure models can use relatively
simplistic, worst-case assumptions (e.g. no degradation of protein). As more risk assessment data become
available, these models can be refined to include
mitigating factors; however, proceeding to higher tier
exposure refinements may not be necessary if risk is
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Fig. 2 Conceptual model
describing routes through
which Bt maize tissue or
pure Bt protein can enter
aquatic environments and
potential pathways through
which non-target organisms
can be exposed to the
stressor of concern. Solid
arrow represents a probable
pathway; dashed arrow
represents pathway through
which protein degradation is
likely; dot-dashed arrow
represents an unlikely
pathway of exposure.
Letters (A–E) delineate
pathways that have been
described in detail in the text

rapidly in soils and bind tightly to soil particles (Head
et al. 2002; Icoz and Stotzky 2008; Prihoda and Coats
2008a, b; Clark et al. 2005; Li et al. 2007; Marchetti
et al. 2007; Accinelli et al. 2008; Herman et al. 2001;
Miethling-Graff et al. 2010; Zurbrügg et al. 2010).
From terrestrial fate studies, we conclude that amounts
of transgenic proteins entering aquatic systems as a
result of root sloughing and soil runoff are extremely
low, due to instability in soil (Sims and Holden 1996;
Hopkins and Gregorich 2003; Prihoda and Coats
2008b). Furthermore, any insecticidal proteins bound
to soils that do enter an aquatic system through runoff
will likely remain bound and be part of the sediment
(Prihoda and Coats 2008a, b). The route that transports
soil-bound Bt proteins into an aquatic environment
therefore represents minimal potential for exposure.

Aerial deposition of pollen and crop dust
During anthesis and harvest, insecticidal proteins
within pollen and crop dust may move off fields via
aerial drift. The amount of pollen and crop dust
reaching an aquatic system through drift will be
limited by the distance from the field, duration of
pollen shed and harvest and will vary depending on the
prevailing winds, timing of weather events, presence

of riparian buffers, and in the case of crop dust, on the
type of harvesting equipment used. Therefore quantifying the amount that enters aquatic systems is
difficult. Previously, one study estimated annual aerial
deposition of 0.1–1.0 g/m2 of maize pollen into
agricultural streams in Indiana (USA) that ranged
from 1.7 to 36.3 m from the corn field border
(Rosi-Marshall et al. 2007). Pollen grains entering
the water column will lyse and release a portion of
their contents into the surrounding water (see supplementary data 3 in Li et al. 2010). Similarly, crop dust
may leach freely soluble proteins into the surrounding
water column (Li et al. 2007) (Fig. 2, delineated by the
letter E). Based on soil fate studies (Sims and Holden
1996; Hopkins and Gregorich 2003; Prihoda and Coats
2008b; Accinelli et al. 2008; Head et al. 2002; Icoz and
Stotzky 2007; Clark et al. 2005; Marchetti et al. 2007;
Herman et al. 2001), we hypothesize that freely
soluble protein is unlikely to be stable in the aquatic
environment, however few published studies have
tested this hypothesis (Prihoda and Coats 2008a; Tank
et al. 2010). Proteins within the pollen capsule or crop
dust biomass may also remain within the water column
as suspended POM (Fig. 2, delineated by the letter B).
They would then represent a potential exposure
pathway for aquatic organisms such as particle feeders
that feed on POM (Fig. 2, delineated by the letter C).
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Movement of plant tissue and/or senescent
crop residue
During the growing season and following harvest, a
severe weather event (e.g., heavy rain, wind or hail
event) may transport green tissue and/or senescent
crop residue (i.e., leaves, stalks and even whole
plants) into the aquatic system (Fig. 2, delineated
by the letter D). The degree to which GM plant
material is translocated from fields to adjacent
aquatic systems will vary both temporally and
spatially (i.e., throughout a growing season and
across different fields). For instance, while pieces
of maize leaves may enter the aquatic systems
throughout the growing season, input is more likely
from post-harvest crop residues (Jensen et al. 2010;
Tank et al. 2010). Additionally, the field management practices (e.g., tillage, baling of residue,
planting winter cover crops, riparian buffer strips,
etc.) as well as the timing of weather events could
significantly affect off-field movement of GM plant
material. Studies quantifying the movement of
intact crop biomass into aquatic environments are
limited. In a study conducted in northwestern
Indiana, 86% of streams sampled had maize residue
on the stream banks 6 months post-harvest (Tank
et al. 2010). Annual inputs of maize biomass (i.e.,
leaves and stalks) ranging from 0.1 to 7.9 g ashfree dry mass/m2 have been reported in twelve
agricultural streams in Indiana (Rosi-Marshall et al.
2007). Relatively high inputs of maize leaves were
also observed in a low-order (e.g., headwater)
stream up to 6 months post-harvest (Jensen et al.
2010). Similarly, maize litter has been observed to
comprise greater than 3% of the total coarse POM,
and more than 40% of the identifiable non-woody
organic matter found in streams adjacent to maize
fields (Stone et al. 2005).
Once intact crop biomass reaches the aquatic
system, freely soluble protein may leach from the
crop tissues into the surrounding water column
(Fig. 2, delineated by the letter E). Alternatively,
intact crop residue may be consumed and broken
down into POM by shredders (Fig. 2, delineated by
the letter F). In this scenario, shredders may be
exposed to Bt proteins present in the intact plant
material; however, the degree of exposure depends
on the persistence of bioactive Bt proteins in the
plant tissue.
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Tri-trophic food web interactions
Finally, predators may be exposed to insecticidal
proteins through tri-trophic food web interactions
(e.g., consumption of exposed particle feeders or
shredders) (Fig. 2, delineated by the letter G). Tritrophic transfer of transgenic proteins from prey to
predator is relatively well understood in terrestrial
arthropod food webs; field studies indicate that the
plant-expressed Bt proteins are diluted when moving
through the food web (Harwood et al. 2005; Obrist
et al. 2006; Meissle and Romeis 2009). Currently,
there are no studies that provide evidence that Bt
proteins accumulate in prey tissues, which would
result in a more significant route of exposure than via
direct exposure to plant material (Romeis et al. 2009).
It is to be expected that similar is true for aquatic food
webs, negating risk to higher trophic levels.
In summary, the conceptual model describes several routes through which Bt proteins can enter an
aquatic system from adjacent agricultural fields, and
identifies functional groups of aquatic organisms
likely exposed. The process used to develop this
conceptual model is appropriate to consider for ERA
of future pesticidal GM crops.
Estimated environmental concentrations
Estimated environmental concentrations (EECs) can
be generated for the exposure pathways highlighted in
the conceptual model by applying well-established
models to produce worst-case (i.e., early tier) exposure
estimates. The US EPA farm pond, first described by
USDA (1982), is a standard farm pond scenario used
for pesticide risk assessment in the USA. The US EPA
later refined the model as the ‘‘EPA standard agricultural field-farm pond’’ (also called the ‘‘EPA standard
pond’’) to serve as an aquatic model for all aquatic
exposure assessments, in which all chemicals could be
assessed and compared under the same scenario
(Effland et al. 1999). The standard water body was
developed to provide an approximation of high-end
exposures expected in water bodies, e.g., lakes, and
perennial and intermittent streams (US EPA 2000,
2002a). The US EPA standard pond is extremely
conservative; the scenario assumes that rainfall onto a
treated, 10-hectare (ha) agricultural field causes pesticide-laden runoff into a 20,000 m3 water body (1 ha,
2 m deep). For ecological analyses, the scenario
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Table 2 Worst-case scenario assumptions for the inputs of freely soluble protein, POM, and intact plant material using two models
(US EPA standard pond model and EU ditch model)

Assumptions

US EPA standard pond model

EU ditch model

All plant material from a 10 ha field drains into a
1 ha pond, 2 m deepa

Ditch depth of 30 cme

0.3 kg dry weight/plant (dw)b
75,000 plants/hac
Bt expression 2–100 mg/kg dry weight plant
tissued
Total Bt protein
calculations

100 g dry weight/m2 plant material
depositionf
Bt expression 2–100 mg/kg dry
weight plant tissued

Bt expression 0.02–74 mg/kg dry weight pollend

Bt expression 0.02–74 mg/kg dry
weight pollend

10 ha * 75,000 plants/ha = 750,000 maize
plants

100 g/m2 * 2–100 mg/kg
dw = 200–10,000 lg total protein

750,000 plants * 0.3 kg dw = 225,000 kg dw
225,000 kg dw * 2–100 mg/
kg = 450,000–22,500,000 mg
protein = 4.5 9 108–225 9 108 lg total
protein
Freely soluble protein
(worst-case assumptions)

Particulate organic matter
(worst-case assumptions)
Intact plant material (worstcase assumptions)
a

All protein exists as freely soluble protein
1 ha pond, 2 m deep = 20 9 106 L

All protein exists as freely soluble
protein

4.5 9 108–225 9 108 lg protein/
20 9 106 L = 22.5–1,125 lg protein/L

200–10,000 lg protein/300
L = 0.67–33 lg protein/L

Exposed to 0.02–100 mg/kg Bt protein

Exposed to 0.02–100 mg/kg Bt
protein
Exposed to 2–100 mg/kg Bt protein

Exposed to 2–100 mg/kg Bt protein

20,000,000 L; USDA (1982)

b

Nguyen and Jehle (2009); 76,700 kg biomass per hectare divided by 75,000 plants per hectare = 1.02 kg fresh weight of biomass
per plant during the growing season. Assume 70% moisture; Israelsen et al. (2009)

c

30,000/acre; NASS (2010)

d

Nguyen and Jehle (2007, 2009); Raybould et al. (2007)

e

300 L; FOCUS (2003)

f

Jensen et al. (2010)

assumes 100% of the watershed is cropped and treated
at the maximum labeled application rate; in addition to
runoff, the pond receives drift from the treated area
and has no inflow or outflow. Although this standard
scenario was designed to predict pesticide concentrations for chemical pesticides, it can also be used for
estimating the input of maize biomass into an
agricultural water body. Based on US standard farming practices, we assume that approximately 75,000
maize plants are grown per hectare (NASS 2010), and
that each maize plant, including all above ground
maize biomass weighs approximately 0.3 kg dry
weight (Nguyen and Jehle 2009). Under a worst-case
scenario, we assume that all maize biomass from the
10 ha field [225,000 kg (dry weight)] will be transported into the pond (Table 2).

In the EU, a static ditch is the standard surface water
model under FOCUS steps 1 and 2 for pesticide risk
assessment for entry via spray-drift, run-off and
drainage (FOCUS 2003). Steps 1 and 2 both use the
water body that is a static ditch 30 cm deep, with a
10:1 field area:water body ratio. For calculating the
estimated exposure concentration of freely soluble
protein in the ditch via deposition, the only dimension
that needs to be considered is depth (Table 2), and the
width of the water body is not necessary because of the
fixed field:water body ratio (10:1).
Two separate studies have assessed the annual input
of maize biomass in agricultural streams. While a
study in twelve streams in Indiana, USA reported an
input ranging from 0.1 to 7.9 g ash-free dry mass/m2
(Rosi-Marshall et al. 2007), data reported for
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Maryland, USA streams ranged from 29.9 to 62.7 g
ash-free dry mass/m2 (Jensen et al. 2010). Based on
these literature values, we make the worst case
assumption that 100 g dry weight/m2 of maize
biomass will enter our model ditch. Using worst-case
assumptions, the potential exposure of aquatic organisms to: (1) freely soluble proteins; (2) POM; and (3)
intact plant material from GM crops have been
characterized using parameters from these two existing models (Table 2), which will help define relevant
exposures used in early tier laboratory toxicity studies
with NTOs.
Freely soluble protein exposure scenario
Freely soluble protein may largely be released into the
aquatic environment from dispersed pollen, crop dust
and intact plant material (senescent and green tissues,
Fig. 2). While entry of soil-bound proteins to an
aquatic system is possible, the likelihood of those
proteins becoming freely soluble in the water column
is low and would constitute a very minor exposure
pathway (Prihoda and Coats 2008a). Using a worstcase scenario approach, we assume that all maize
biomass on the 10 ha surrounding the model pond will
enter the pond, and that all insecticidal protein
contained in the plant material will leach into the
water column and exist as free protein. Similarly, we
assume that 100 g/m2 of maize biomass will enter the
model ditch; all protein will leach into the water
column and exist as free protein. Making the worstcase assumption that maize biomass contains
2–100 mg Bt protein/kg dry weight tissue (Nguyen
and Jehle 2007, 2009; Raybould et al. 2007), that all
maize biomass will be transported into the aquatic
system at once and that all of the protein within the
maize biomass will simultaneously leach into the
water column and exist as free protein, aquatic
organisms in the pond or ditch would be exposed to
a maximum concentration of 22.5–1,125 lg/L or
0.67–33 lg/L of Bt protein, respectively (Table 2).
Factors mitigating exposure The above calculations
are based on highly unlikely worst-case assumptions.
In reality, there are a number of mitigating factors that
will reduce the concentration of the freely soluble
protein. These include biotic and abiotic degradation
of protein, binding to organic matter, and dilution. To
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date, there have been few studies characterizing
aquatic fate (half-life, bioavailability, leaching
potential, etc.) of Bt proteins. Previously, Cry3Bb1
maize tissue (stalk, leaf and root) was placed in water/
sediment mesocosms to characterize the fate of the
proteins over time (Prihoda and Coats 2008a).
Throughout the course of the 30-day study, no
proteins were detected in the water or sediment
phases. In a separate study by Tank et al. (2010),
Cry1Ab concentrations in water averaged 0.014 lg/L.
This suggests either a limited ability of the proteins to
leach from intact maize biomass or rapid degradation
of leached proteins, both of which would limit
exposure of aquatic organisms to freely soluble
proteins. Although they are highly unrealistic, these
worst-case scenarios have calculated that the EEC of
freely soluble protein in these two model systems is in
the lg/L range. Using a similar worst-case approach,
Wolt and Peterson (2010) estimated pond concentrations of 1.3 lg/L and wetland concentrations
of 7.2 lg/L, both of which are comparable to the
worst-case concentrations calculated using the EU
ditch model. Therefore, in the case of Bt maize, the
exposure of aquatic organisms to freely soluble
protein is very low (e.g., in the parts per billion
range), thereby minimizing risk to particle feeders and
fish through gill exposure. Thus, the hypothesis of low
risk to aquatic non-target organisms (specifically
particle feeders) is sufficiently corroborated due to
the very low likelihood of exposure to freely soluble
protein, so refinements to early tier exposure estimates
are not necessary to evaluate risk in this case. The
more likely potential for exposure is to shredders via
feeding on intact plant material or particle feeders
feeding on POM.
Particulate organic matter exposure scenario
Particulate organic matter (in the form of pollen, crop
dust, and decomposed plant material) may enter
aquatic systems and provide a pathway of exposure
to aquatic organisms, specifically particle feeders
(Fig. 2). Studies measuring the quantity of pollen and
crop dust that enters agricultural streams are limited
(see ‘‘Description of conceptual model’’) but could be
monitored by filtering water and counting granules
(Miller and Georgian 1992) or using sophisticated air
monitoring equipment. Using a worst-case scenario
approach, we assume that the concentration of protein
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within POM is 0.02–100 mg/kg (Nguyen and Jehle
2007, 2009; Raybould et al. 2007), that the protein in
POM does not degrade, and that 100% of the particle
feeders’ diet is POM material that comes from Bt
maize. Wolt and Peterson (2010) list a worst-case
assumption exposure in maize tissue of 6 mg/kg and
Tank et al. (2010) reported means of 0.1–0.2 mg/kg in
weathered maize tissue 6 months post-harvest. Under
these assumptions, particle feeders in both exposure
scenarios would be exposed to 0.02–100 mg/kg Bt
protein in POM.
Factors mitigating exposure The above calculations, based on the US EPA standard pond model
and the EU ditch model, assume that the Bt protein is
not degraded and remains in bioactive form in the
POM. Further, it is assumed that all of the diet of the
NTO is POM originating from Bt maize, and that this
is the exclusive food source for the organism, as
opposed to a choice of other POM or leaf material. If
these early tier exposure estimates indicate possible
risk based on available hazard data, then refinements
may be necessary and further exposure characterization may be useful to understand the relevant
exposure concentrations in POM. For instance, there
remain gaps in the knowledge surrounding the actual
concentration of Bt proteins that particle-feeding
organisms are exposed to, because the fate of Bt
proteins in senescent maize tissue and POM is
unknown. Additionally, both the deposition rates for
POM from a crop into aquatic environments and the
feeding rates of particle feeders on POM are unknown.
Bt proteins in POM are likely to have a short half-life
in an aquatic system, due to abiotic and biotic factors
(e.g., pH, irreversible binding to sediment particles
(Stotzky 2002), increased surface area for microbial
activity and subsequent degradation). Insecticidal
proteins have been shown to dissipate rapidly in
aquatic systems (e.g., Prihoda and Coats 2008a).
When assessing the risks of insecticidal proteins in
POM to particle-feeding aquatic organisms, problem
formulation is essential for determining realistic
exposure. If, after considering mitigating factors
during exposure characterization, it is shown that
particle feeders receive a significant exposure to
insecticidal proteins through POM ingestion, an early
tier assay may be recommended for hazard characterization using a suitable surrogate NTO.
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Intact plant material exposure scenario
Green maize tissue and senescent crop residue may
enter aquatic systems and provide an exposure pathway to shredders (Fig. 2). Measuring the amount of
intact crop biomass (leaves, stalks, cobs, etc.) that
enters an aquatic system from an adjacent agricultural
field is difficult, and literature values are limited.
Previously, litter traps have been placed in streams
(Rosi-Marshall et al. 2007) and wire mesh cages have
been placed on stream banks (Jensen et al. 2010) to
quantify intact biomass inputs. As described previously, these annual inputs ranged from 0.1–7.9 to
29.9–62.7 g ash-free dry mass/m2, respectively. Additionally, post-harvest senescent maize residue was
identified in 146 of 217 streams sampled in northwestern Indiana 6 months after harvest (Tank et al.
2010).
Using a worst-case scenario approach, we assume
that the concentration of protein within the intact plant
biomass is 2–100 mg/kg (Nguyen and Jehle 2007,
2009; Raybould et al. 2007), that all protein is
biologically active and that it constitutes all of the
shredder’s diet. Under these assumptions, shredders in
both exposure scenarios are exposed to 2–100 mg/kg
Bt protein in the intact plant material; however,
several mitigating factors are likely to reduce exposure
levels.
Factors mitigating exposure The above scenario for
the US EPA standard pond model and the EU ditch
model is based on the assumption that the Bt protein
will remain stable over time, and that intact maize
material will be the exclusive and preferred food
source of organisms. There are a number of mitigating
factors which will reduce the amount of traitcontaining intact plant material reaching the pond or
ditch, and subsequently serving as a food source,
including: (A) land management practices; (B) timing
of inputs; (C) nutrient quality and microbial
conditioning of plant material; (D) bioavailability of
plant proteins; and (E) expression and stability of Bt
proteins.
(A)

Management practices

A variety of land management practices will
influence the amount of crop residue left on fields
after harvest, as well as the amount of intact plant
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material that is transported off fields (via wind, rain
and other weather events). Some land management
practices may increase potential biomass inputs into
aquatic systems, while others may decrease these
inputs. For example, crop cultivation practices (till vs.
no-till) may modify opportunities for crop residue
movement. The proportion of agricultural fields in the
United States that are cultivated using no-till practices
is steadily increasing (NRC 2010). While no-till
practices help to decrease soil erosion, they allow for
increased amounts of crop residues to be left on field
surfaces following harvest and thus potentially disseminate into the aquatic environment. An exposure
assessment may therefore consider the proportion of
the crops cultivated under no-till practices. Likewise,
an exposure assessment also could account for the fact
that a significant amount of crop residue may be left on
conventionally tilled fields if plowing and other
seedbed preparation practices are delayed until the
following spring.
Different residue management practices used may
increase or decrease the opportunity for crop residue
movement. For example, many combines/harvesters
are equipped with chopping maize heads to breakdown the standing stubble, and adjustable chopper
blades inside to reduce the threshed plant material into
smaller pieces. Other conditioning devices include
chaff spreaders to evenly distribute the residue. After
harvest, many growers also use rotary mowers or flail
mowers to shorten tall stubble. All of these residue
management practices may increase the amounts of
particulates and fine intact plant material available to
move into water bodies. On the other hand, crop
residue may be baled to be fed to livestock, which
could reduce the amount of plant material available to
the aquatic ecosystem.
Buffer strips and cover crops both mitigate the
amount of crop residue movement into aquatic
systems (Johnson and Covich 1997). For conservation
purposes, many growers will plant winter cover crops
in no-till and conventionally tilled crop fields within a
relatively short time after harvest. The planting
process (usually drilled), even in no-till situations,
partially or completely incorporates some of the crop
residue into the soil. The structural diversity of the
standing cover crop also is expected to reduce the
amount of crop tissue movement. Likewise, wide, tall
buffers (e.g., warm-season grasses) at the interface
between crop fields and aquatic systems also are
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expected to decrease crop tissue movement into water
bodies. In addition, the US Department of Agriculture
conservation programs and scientific evidence regarding water quality and nitrogen removal are encouraging the implementation of conservation buffers
adjacent to streams to mitigate agricultural impact
on waterways (Mayer et al. 2005).
(B)

Timing of inputs

In a 2-year field study conducted in the United
States, Jensen et al. (2010) measured the amount of
maize biomass entering adjacent agricultural streams
over 6 months post-harvest. Maize tissue entered the
stream shortly following harvest, however peak tissue
inputs were not observed until the early spring
(February and March). Jensen et al. (2010) also
reported rapid degradation of Bt protein in postharvest tissue, as measured by sensitive insect bioassay. Therefore, a delay between harvest and peak
tissue input into streams may significantly decrease
exposure for many aquatic consumer populations.
Accounting for temporal overlap between the maize
tissue inputs and aquatic species lifecycles is an
important component of the exposure assessment.
(C)

Nutrient quality and microbial conditioning of
maize tissue

Variation in plant tissue nutrient content, as well as
secondary and structural compounds, is known to alter
consumer feeding behavior, thus influencing organic
matter breakdown (Iversen 1974; Webster and Benfield 1986; Campbell and Fuchshuber 1995). The
relatively low nutrient content of senesced maize
tissue (Menninger and Palmer 2007) may lead
consumers to avoid maize tissue when they have a
choice of other organic material on which to feed.
Likewise, macroinvertebrate colonization and consumption of decaying plant tissue in the aquatic
environment is dependent upon microbial colonization and ‘‘conditioning’’ (Webster and Benfield 1986).
Microbial conditioning of plant tissue can increase
nutrient availability to macroinvertebrates, but may
also decrease the stability of insecticidal protein
(Prihoda and Coats 2008a; Jensen et al. 2010).
Preference of food items may decrease the proportion
of consumer diets that is comprised of maize tissue and
microbial conditioning may decrease protein concentrations, both of which would significantly decrease
macroinvertebrate exposure to insecticidal proteins,
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relative to the exposure calculated based on worst-case
assumptions.
(D)

Protein bioavailability

Numerous studies examining the fate of Bt proteins
in terrestrial environments indicate relatively short
half-lives and rapid dissipation in soil (e.g., Accinelli
et al. 2008; Head et al. 2002; Icoz and Stotzky 2007;
Clark et al. 2005; Marchetti et al. 2007; Herman et al.
2001; Prihoda and Coats 2008a, b; Zurbrügg et al.
2010). Similar binding and dissipation in aquatic
sediments, may greatly limit the availability of Bt
proteins to aquatic organisms.
(E)

Expression and stability of Bt proteins

Several factors may affect the stability of Bt
proteins in plant tissue following harvest. Proteases,
microbial degradation, or abiotic factors (pH, freezethaw cycles, and UV light) may all decrease the
concentration of bioactive Bt proteins to which aquatic
organisms are exposed. The decomposition of the
plant material itself is an important component of the
degradation process and the dissipation of Bt proteins
in plant material over time should be accounted for in
the exposure assessment. For example, Wolt and
Peterson (2010) performed prospective problem formulation in which they accounted for protein degradation over time as a result of abiotic and biotic
degradation. These estimations are supported by data
presented in a 30-day laboratory study which indicated
that the half-life of Cry3Bb1 protein within submerged
leaf and stalk tissue (event MON863) was short (less
than 3 days) and the potential for Cry3Bb1 proteins to
leach from leaf and stalk material was limited (Prihoda
and Coats 2008a). Additionally, exposure assessments
should be conducted on a trait-by-trait basis, and
should consider not only the protein concentrations
within different crop tissues (leaf, stalk, pollen, etc.),
but also the protein concentrations throughout the
growing season (vegetative emergence through senescence). Commercial hybrids of Bt maize may employ
different transformation events and different genetic
promoters that control the introduced transgenes, and
hence express variable amounts of Bt protein. For
example, expression of Cry1Ab in leaf tissues of
different commercial constructs ranged from 2.1 to
225.0 lg/g fresh weight (Dutton et al. 2003). Likewise, during different growth stages of the plant
concentrations may vary over time. Additionally, in
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certain constructs, the highest expression is found in
the leaves and/or roots whilst lower amounts of Bt
proteins are found in the pollen or stalks. In the worstcase exposure assessment model, we assume that
aquatic organisms are exposed to intact plant material
containing a high concentration of Bt protein (i.e., the
concentration observed at late reproductive stages of
the plant); however, more realistic exposure scenarios
would account for differences in Bt protein concentrations in different plant tissues and in post-harvest
tissues. Wolt and Peterson (2010) estimated maize
tissue concentrations of 6 ng/mg using worst-case
assumptions, while Tank et al. (2010) measured
Cry1Ab in in-stream maize residue and reported
concentrations of 0.1 and 0.2 ng/mg, orders of magnitude below Wolt and Peterson (2010) and those
reported here.
As with EECs for POM, if early tier worst-case
exposure estimates indicate possible risk based on
available hazard data for sensitive insects, then
refinements to the exposure characterization may be
necessary. These refinements may include further
characterization of the amount of crop material that
enters an aquatic system, as well as the environmental
fate of the insecticidal protein. If, after considering
mitigating factors, it is shown that shredders receive a
significant exposure to insecticidal proteins through
ingestion, an early tier assay may be recommended for
hazard characterization using a suitable surrogate
NTO to adequately assess risk.
In summary, early tier EECs were generated using
the conceptual model, worst-case assumptions, and
available models and data. The case study conceptual
model was used to identify pathways through which
aquatic organisms may be exposed to insecticidal
traits in GM maize tissue. The process used to develop
EECs is appropriate for ERA of future pesticidal GM
crops. Should refinements to the early tier exposure
characterization become necessary, mitigating factors
were also detailed. Based on our case study exposure
assessment, organisms fulfilling the predator or particle feeder functional groups will likely receive
minimal exposure to Bt proteins. Shredders are also
expected to receive minimal exposure to Bt proteins,
however, based on feeding behavior represent more
realistic assessment endpoints for hazard testing, if it
is deemed necessary for future products. Due to the
variability of protein expression across events, the
need for hazard assessment and early-tier toxicity
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testing must be assessed on a case by case basis,
following thorough problem formulation and exposure
assessment. In the event that exposure assessment
demonstrates a low risk, hazard testing may not further
inform the risk assessment.
Early tier toxicity testing
A tiered testing approach for hazard assessment
helps inform the ERA (Garcia-Alonso et al. 2006;
Rose 2007; Romeis et al. 2008). Early tiers are
designed to be conservative to represent worst-case
exposure conditions and increase the likelihood of
detecting a possible hazard. A margin of exposure is
often built in to early tier tests to account for
potential interspecies variability in terms of response
to the stressor; US EPA for example recommends a
margin of exposure of [109 the EEC (Rose 2007).
Effects detected in such worst-case early tier tests
may trigger testing with refined exposure estimates
or more realistic margins of exposure (i.e., 19 the
EEC). On the other hand, if no adverse effects are
detected in early tier testing using the worst-case
margin of exposure, it can be concluded that at
realistic environmental concentrations the risk to
NTOs would be negligible.
For early tier laboratory testing protocols to be
reconstructable, interpretable, and reliable, the tests
need to be standardized and fulfill certain quality
criteria, which are discussed by Romeis et al. (2011).
These criteria include test substance characterization
and equivalence, test substance stability and homogeneity, experimental design, determination of exposure
concentrations (nominal vs. measured), plant tissue
selection, and selection of a suite of non-Bt hybrids for
appropriate controls to overcome potential nutrient
differences among hybrids (Romeis et al. 2011).
Considerations for experimental design in aquatic
studies depend on the choice of test substance
delivery. For protein-based studies, desorption of the
protein from the diet should be characterized. When
plant material is used, conditioning of plant material
by microbial communities must be considered as it is
often a requirement for test organism acceptability of a
food source. An understanding of how microbial
conditioning affects the stability of the protein within
the plant tissue will also be important. If degradation
of the Bt protein is substantial, the early tier aquatic
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assay may not be warranted due to negligible exposure, thereby negating risk. In either case, appropriate
characterization of diet should include a sensitive
insect bioassay with a validated limit of detection to
evaluate biological activity, and validated ELISA
methodology that has taken into consideration spike/
recovery, matrix effects, dilution agreement, etc. Use
of a validated ELISA for fully characterizing the diet
(e.g., dose, stability, homogeneity) should be paired
with a validated sensitive insect bioassay, since in
some cases the concentration of protein detected by
the ELISA does not correlate with bioactivity of the
protein. Many of the previously published studies
examining the potential hazard of GM plant tissues or
protein-based artificial diets have failed to adequately
validate the ELISA and have failed to provide
evidence of biological activity of the protein (e.g.,
Tank et al. 2010; Rosi-Marshall et al. 2007). Lack of
these controls and validation steps makes interpretation of results difficult, and potentially produces
confounding artifacts that are difficult to discern.
Therefore, these study design considerations are
important and should be included in high quality early
tier tests (Romeis et al. 2011).
With the understanding that not every species can
be tested in an early tier test, it is important to
recognize the utility of the surrogate species concept,
which is widely used in ecology, toxicological testing,
and risk assessment (e.g., Banks et al. 2010; Caro and
O’Doherty 1999; Favreau et al. 2006). Surrogates are
those species deemed similar in several ways to
species of concern (i.e., those of value for conservation) and are used to experimentally predict how
disturbances may impact those species. Species
selected for laboratory toxicity studies fulfill the
following criteria:
•

•

•

•

Likely to be sensitive due to phylogenetic relatedness to the target pest, with the assumption that
physiology is shared among close relatives.
Indigenous to the ecosystem and/or representatives
of species that have ecological, commercial or
recreational importance.
Widely and readily available; techniques for
culturing are established, a commercial supply is
available.
Amenable to testing under laboratory conditions,
preferably with an available standardized test
method.
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•

Well-characterized with respect to their life histories to facilitate endpoint selection and interpretation of test results.

Standardized early tier testing protocols for insecticidal GM crops are relatively well developed for
terrestrial organisms in comparison to aquatic organisms. For terrestrial NTOs, each surrogate species used
in early tier tests is chosen to represent organisms to
which it is taxonomically related, organisms to which
it is functionally similar, or both. Since aquatic NTOs
may be taxonomically or functionally related to
terrestrial organisms, results from tests with terrestrial
NTOs may be equally representative for aquatic
NTOs. However, in addition to data retrieved from
terrestrial NTOs, surrogates of aquatic species may be
tested if it is deemed necessary from problem formulation and exposure assessment (i.e. the exposure
profile or taxonomy differs significantly between the
terrestrial and aquatic species). An understanding of
the ecology of aquatic ecosystems is thus critical for
determining relevant species for early tier toxicity
testing.
Possible surrogate test species for early tier
laboratory studies
Considering the receiving environment, e.g. streams,
ponds, ephemeral wetlands in agricultural regions,
the following groups of aquatic organisms were
initially considered: Amphipoda, Cladocera, Isopoda, Coleoptera, Diptera, Lepidoptera, Ephemeroptera, Trichoptera, Oligochaeta, Gastropoda, and
Plecoptera (Table 3). As previously described, for a
Bt maize case study, aquatic organisms are most
likely to be exposed to insecticidal proteins via
intact plant material; organisms feeding on intact
plant material would belong to the shredder functional group. Most common groups of shredders in
temperate regions include crustaceans (e.g., Isopoda
and Amphipoda), Plecoptera, Trichoptera (especially
Limnephilidae), and Diptera (Cummins et al. 1989).
Stream-inhabiting lepidopterans feed on algae on
rocks, thus are unlikely to encounter transgenic
insecticidal proteins in their food (Solis 2008). Most
coleopterans in streams are not shredders of decaying vegetation, with the exception of selected
species of Ptilodactylidae and perhaps Hydrophilidae, and these generally feed on decaying wood
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(White and Roughley 2008). Furthermore, Coleoptera and Lepidoptera are included in the terrestrial
risk assessment, and were therefore not considered
as relevant aquatic test species. Based on the
mechanism of feeding, a list of possibly exposed
organisms was constructed (Table 3). The list was
narrowed based on the species selection criteria
outlined above, e.g., species with no available
culturing or testing methods were eliminated from
the list. The narrowing process is described below.
Crustacea
Amphipoda: Hyalellidae The amphipod, Hyalella
azteca, is an epibenthic shredder that is found in a
variety of static and moving freshwater and estuarine
habitats throughout North America, Central America,
and the Caribbean Islands (Lowry 2010). H. azteca
reproduces sexually and is able to tolerate a wide
range of environmental conditions. Due to its long
history of use in aquatic toxicity testing, optimal
conditions for culturing and testing have been
documented in the literature (US EPA 2000; ASTM
2008a). A large amount of data exists on this species,
which can serve as a baseline for comparative toxicity
studies. H. azteca is known to feed upon bacteria,
algae and non-living organic detritus (e.g., leaf
material) (Hargrave 1970). As such, conditioning of
fresh plant material may be required before use in a
H. azteca feeding study. In the laboratory, amphipods
can be reared on either a natural (leaf tissue, algae) or
artificial (commercial fish flake food) diet. Though a
crustacean and likely not susceptible to current
insecticidal traits within GM crops that target certain
insect orders, this species may prove to be a useful test
system for future GM crops.
Cladocera: Daphniidae Daphnia magna and Ceriodaphnia dubia have a long history of use for chemical
toxicity testing on aquatic organisms, and have been
used previously for early tier testing for GM crops.
Standardized guidelines exist for chemical toxicity
testing and rearing (OECD 2004b; US EPA 2000;
ASTM 2008a). D. magna is distributed worldwide in
the northern hemisphere. It is absent from Alaska and
the eastern US, with the exception of northern New
England. Daphnia pulex occurs in most of North
America and likely occurs in Europe and South
America. D. pulex is principally found in ponds,
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Caecidotea
communis

Isopoda (pillbugs or
sowbugs)

Coleoptera:
Ptilodactylidae
(toe-winged
beetles)

Anchytarsus spp.

Daphnia magna;
Ceriodaphnia
dubia

Cladocera:
Daphniidae
(daphnids)

Insecta

Hyalella azteca

Species

Amphipoda:
Hyalellidae
(amphipods)

Crustacea

Order/group
(common name)

Shredders

Shredders,
scavengers

Feed on algae
and detritus

Feed upon algae,
bacteria and
organic
detritus
(Hargrave
1970)

Feeding mode

No rearing method
exists

Rearing methods
available; first
instars easy to
collect in the field
since released by
gravid females

Methods for
culturing and
rearing are
established

Methods for
culturing and
rearing are
established. Test
organisms are
commercially
available. Rearing
can be done on
natural (leaf tissue,
algae) or artificial
(commercial fish
flake food) diet

Availability

Survival

Survival,
growth

Survival,
growth,
reproduction

Survival,
growth,
maturation

Endpoints
measured

Table 3 Species and characteristics considered for early tier aquatic laboratory testing

There is no
standardized test
protocol for
Anchytarsus
larvae

There is no
standardized test
protocol
available

Standardized test
guidelines exist
and have a long
history of use in
chemical aquatic
toxicity testing.
Test acceptability
criteria exist for
methods

Standardized test
guidelines exist
and have a long
history of use in
chemical aquatic
toxicity testing.
Test acceptability
criteria exist for
methods

Amenability

Several challenges
would preclude
success with this
group, including
seasonal and local
abundance, and
unknown ability
for laboratory
rearing

Small size of the first
instars, seasonal
availability

Ubiquitous in
agricultural
headwater streams

Coleopterans are
generally
considered in
terrestrial test
battery for GMO
crops and
additional data on
aquatic species
may not further
inform the risk
assessment

D. magna and C.
dubia are water
column species,
and as such their
responses may not
be indicative of
those of benthic
communities

Conditioning/aging
of fresh plant
material may be
required

Limitations

Test organisms are
commercially
available

Occurs throughout
North America. In
addition,
standardized
methods exist for
several estuarine/
marine amphipods
(ASTM 2008a)

Remarks

Jensen et al.
(2010)

US EPA
(2000),
ASTM
(2008a),
OECD
(2004b)

US EPA
(2000),
ASTM
(2008a)

Reference(s)
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Species

Chironomus
dilutus;
Chironomus
tentans

Tipula
abdominalis

Simulium
damnosum

Culex
quinquefasciatus

Order/group
(common name)

Diptera:
Chironomidae
(midges)

Diptera: Tipulidae
(crane flies)

Diptera: Simuliidae
(black flies)

Diptera: Culicidae
(mosquitoes)

Table 3 continued

Larvae are filter
feeders

Larvae are filter
feeders

Shredders,
Scavengers

Feed primarily
on detritus

Feeding mode

Mosquito larvae are
easy to rear in
large numbers and
the eggs of several
species are
available from
commercial
suppliers

Rearing methods are
established

Collected from
agricultural
streams with
moderate success

Methods for
culturing and
rearing are
established. Test
insects are
commercially
available

Availability

Survival,
potential
endpoints of
growth and
emergence

Techniques are
available for
evaluating many
different types of
chemical and
biological
insecticides,
including those
based on Bacillus
thuringiensis

Testing methods
are available

There is no
standardized test
protocol
available

Survival,
growth

Survival

Standardized test
guidelines exist
and have a long
history of use in
chemical aquatic
toxicity testing
(e.g. OECD 218
and 219). Test
acceptability
criteria exist for
methods

Amenability

Survival,
growth,
emergence

Endpoints
measured

Lacey and
Mulla
(1977),
Cupp et al.
(1981)
Testing of suspended
materials is
possible but
difficult since
species must be
kept in running
water
Due to concerns on
human health and
invasiveness,
permits may be
needed to keep this
species in the
laboratory

S. damnosum is a
disease vector and
research laboratory
cultures are
available

C. quinquefasciatus
is considered an
invasive species
with widespread
distribution. It is
also considered as
a disease vector.
As such,
laboratory cultures
are available

Wirth et al.
(2007)

Jensen et al.
(2010)

They are known to
process a high
volume of leaf
material (Vannote
and Sweeney
1985)

Several challenges
must be
considered:
conspecific
predation, larval
identification,
having a non-lethal
measurable
endpoint, instar
differentiation,
seasonal
availability

Reference(s)

US EPA
(2000),
ASTM
(2008a),
OECD
(2004a)

Limitations

Conditioning/aging
of fresh plant
material may be
required

Egg, larval and
pupal stages are
aquatic. C. dilutus
is the Nearctic
species; C. tentans
is the Palearctic
species. Test
material can be
mixed in regular
food (slurry of
commercial fish
flake food)
(Prihoda and Coats
2008a)

Remarks

Transgenic Res (2012) 21:813–842
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Nymphs are
predominantly
shredders and
predators

Shredders

Pteronarcys
dorsata;
Calineuria
californica

Lepidostoma spp.;
Pycnopsyche
scabripennis

Plecoptera: Perlidae
(stoneflies)

Trichoptera:
Limnephilidae,
Lepidostomatidae,
Helicopsychidae
(caddisflies)

Nymphs are
deposit feeders

Hexagenia spp.

Ephemeroptera:
Ephemeridae
(mayflies)

Feeding mode

Species

Order/group
(common name)

Table 3 continued

Survival,
growth

Survival

No rearing method
exists

No rearing method
exists

Survival,
growth

Endpoints
measured

Rearing methods are
available; field
collection

Availability

There is currently
no standardized
test protocol for
using caddisfly
larvae in toxicity
testing. A small
number of
hazard-based
studies have been
published on this
order

There is currently
no standardized
test protocol for
using stonefly
larvae in toxicity
testing. A small
number of
hazard-based
studies have been
published on this
order

Standardized test
guidelines exist
and have a long
history of use in
chemical aquatic
toxicity testing.
Test acceptability
criteria exist for
methods

Amenability

One of the dominant
groups within
headwater streams,
serve important
trophic roles
including
decomposition of
allochthonous
inputs of
vegetation, and are
susceptible to
changes in water
quality (Klug and
Cummins 1979;
Allan 1995;
Wiggins 1959)

Shredder species can
be found at high
abundance in
agricultural
streams. However,
many species are
sensitive to
physical or
chemical stressors

Five species exist in
North America,
predominantly in
the East

Remarks

Challenges include
seasonal
availability,
difficult rearing,
species
identification, and
difficulty to
measure growth
endpoints in casebuilders. No
species key exists
for Lepidostoma
spp. larvae

Several challenges
would preclude
success with this
group, including
seasonal and local
abundance, and
unknown ability
for laboratory
rearing

In the standardized
test for chemical
contaminants, no
feeding occurs
during the in-life
phase. However,
the culturing
methods indicate
that nymphs will
feed upon cereal
leaves. Hence,
adaptation of this
method to GMO
crops may be
possible

Limitations

RosiMarshall
et al.
(2007),
Jensen
et al.
(2010)

Pesacreta
(1997),
Peterson
et al.
(2001)

ASTM
(2008a)

Reference(s)
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Gastropoda:
Physidae,
Ampullariidae
(snails)

Gastropoda

Oligochaeta:
Tubificidae
(worms)

Annelida

Order/group
(common name)

Table 3 continued

Pomacea
paludosa

Tubifex tubifex

Species

Feeds on algae
and green leaf
tissue

Ingest sediment
particles and
detritus

Feeding mode

Rearing method
established; field
collection

Rearing methods are
available. Can
either be collected
from the field, or
available through
established
laboratory cultures

Availability

Survival,
growth

Survival,
reproduction

Endpoints
measured

Published methods
exist for use in
laboratory tests

Standardized test
guidelines exist
and have a long
history of use in
chemical aquatic
toxicity testing.
Test acceptability
criteria exist for
methods

Amenability

Physa spp. may also
be used

Dominant in benthic
communities;
important in
aquatic food webs.
Involved in
bioturbation.
Annelids are
generally
considered in
terrestrial test
battery for GMO
crops and
additional data on
aquatic species
may not further
inform the risk
assessment

Remarks

Likely to only ingest
green leaf tissue.
Native to southeast
Florida; may be
found occasionally
in the aquarium
trade

In the standardized
test for chemical
contaminants, the
recommended food
is trout flakes.
However, the
culturing methods
indicate that
pureed lettuce may
be used as a food
source. Hence,
adaptation of this
method to GMO
crops may be
possible

Limitations

Hoang and
Rand
(2009)

ASTM
(2008a)

Reference(s)
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whereas D. magna is generally a lake dweller; both
species occupy lentic habitats (US EPA 2002b).
C. dubia is a littoral species found in lentic habitats
with a worldwide distribution and is most often
associated with aquatic vegetation (US EPA 2002b).
These organisms are primarily particle feeders found
within the water column and as such they may not be
representative of benthic or epibenthic communities.
All three species of daphnids mentioned herein are
available from commercial suppliers. As a welldocumented surrogate species and a member of a
taxonomic group not typically tested for terrestrial
ERA, daphnids have previously been tested in the
hazard assessment of GM crops and have helped to
inform the risk assessment by defining spectrum of
activity. However, based on exposure characterization, there is limited evidence to suggest that
D. magna or other particle-feeding organisms are
exposed to significant levels of Bt proteins via POM in
the water column; therefore, daphnia may not make
sense to test for all traits. The decision to including an
early tier daphnid assay should be in specific cases
(e.g., insecticidal compounds with broad spectrum of
activity), and when problem formulation deems it
relevant for informing the risk assessment.
Isopoda: Asellidae Aquatic isopods are common
shredders in both lotic and lentic systems around the
world. They are relatively easy to rear in the
laboratory, and collection of first instars is relatively
simple as they are released by gravid females. Jensen
et al. (2010) used Caecidotea communis, due to its
ubiquity and high numbers in agricultural headwater
streams in Maryland; C. communis is distributed
across temperate North America in small streams
(Williams 1972; GBIF 2011). There is no commercially available source, nor standardized test protocol
for using aquatic isopods in toxicity testing, and
challenges in lab testing include small size of early
instars and seasonal availability.
Insecta
Coleoptera: Ptilodactylidae Aquatic beetle larvae in
the genus Anchytarsus are epibenthic shredders that
could potentially serve as a test species for early tier
testing. Most species from the Ptilodactylidae are
found in the tropics, but some are also found in the
eastern USA, with few representatives in the west and
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Canada (Arnett et al. 2002). Coleoptera are often
included in the ERA for terrestrial organisms since this
taxonomic order contains many species valued for
biological control (OECD 2007; Rauschen et al.
2010). Data from terrestrial ERA may be used to
inform the risk assessment of aquatic coleopterans,
therefore additional early tier testing with aquatic
species may be redundant. Furthermore, there are
several major factors limiting the feasibility of early
tier testing for aquatic Coleoptera, including lack of
established laboratory rearing methods, seasonal and
local abundance, and lack of standardized test protocol
for Anchytarsus larvae.
Diptera: Chironomidae The genus Chironomus is
comprised of insects, which have aquatic egg, larval and
pupal stages. Two primary species are used in aquatic
toxicity testing: C. dilutus (formerly C. tentans) which
has a Nearctic distribution, and C. tentans, which is
found in palearctic regions. Larval C. dilutus are
epibenthic species commonly found burrowing within
the top few centimeters of sediment in lotic and lentic
freshwater habitats. Immature chironomids are known
to feed primarily on detritus and often ingest sediment
simultaneously due to their varied feeding behaviors
(shredders, particle feeders) (Pinder 1986). Within the
laboratory, C. dilutus larvae are fed a slurry of
commercial fish flake food. The long history of use of
C. dilutus in aquatic toxicity testing has provided robust
methods for culture, testing and response comparison
(US EPA 2000; ASTM 2008a; OECD 2004a). As an
insect (with an alkaline gut), C. dilutus larvae are a
relevant test organism for aquatic studies with Bt
proteins. This species can be cultured and tested using
natural or formulated sediments, or a sand substrate. For
testing with insecticidal GM crop material, C. dilutus
can be fed via plant materials homogenized within the
slurry diet (Prihoda and Coats 2008a) or mixed within
the formulated substrate.
Diptera: Tipulidae Cranefly larvae are common
shredders most often found in lentic-littoral and
lotic-erosional epibenthic habitats around the world
(Byers and Gelhaus 2008). They are common in loworder streams and are known to process a high volume
of leaf material (Vannote and Sweeney 1985), both of
which are desirable characteristics for a surrogate test
species. However, several factors limit the feasibility
for early tier testing, including lack of commercially
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available source, lack of standardized test protocol for
using cranefly larvae in toxicity testing, and several
other challenges, e.g., conspecific predation, larval
identification, lack of a non-lethal measurable
endpoint, instar differentiation, and seasonal availability. Jensen et al. (2010) used Tipula abdominalis
collected from an agricultural stream in Maryland with
moderate success.
Diptera: Culicidae and Simuliidae The immature
stages of mosquitoes (Culicidae) and blackflies
(Simuliidae) are widely distributed particle feeders
that rapidly remove POM suspended in water,
providing a potential route of exposure should POM
be identified as a major route. Mosquito larvae are
typically found in static water bodies, are easy to rear in
large numbers, and the eggs of several species are
available from commercial suppliers. Standard techniques are available for evaluating many different
types of chemical and biological insecticides, including those based on Bt. For example, Wirth et al. (2007)
utilized Culex quinquefasciatus (Culicidae) larvae to
investigate the effects of Bacillus sphaericus and
Cry11A. Blackfly larvae also can be reared for testing
non-target effects, but with more difficulty, as they
must be reared in running water to test suspended
materials. Existing bioassays for mosquito larvae and
even for blackflies, could be modified for evaluating
materials such as pollen and decomposing leaf litter
particulates from insecticidal GM crops (e.g., Wirth
et al. 2007; Lacey and Mulla 1977; Cupp et al. 1981).
However, based on their feeding mechanisms
(filtering), these organisms may not represent the
shredder group as adequately as other Dipterans, such
as chironomids.
Ephemeroptera: Ephemeridae In the case of
mayflies, Hexagenia spp. nymphs are benthic particle feeders and live in u-shaped tubes in the sediment
of lentic and lotic systems throughout North America
(Waltz and Burian 2008). Standardized guidelines exist
for the use of nymphs of Hexagenia spp. for aquatic
toxicity testing (ASTM 2008a). The most common test
species are H. limbata, H. rigida, H. bilineata, and
H. munda. As these organisms require field collection,
their geographical and temporal limits may influence
their applicability as a test organism. In addition, the
guidelines presented by ASTM (2008a) are designed for
the testing of chemical contaminants and no feeding
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occurs during the in-life phase of the study. However, the
culturing methods do recommend that Hexagenia
nymphs may be fed cereal leaves. As such, adaptation
of this method for use with GM crop leaf tissue may be
possible, but no methods or commercial supply are
currently available.
Plecoptera: Perlidae Stonefly nymphs can be
numerous in headwater streams and are predominantly within shredder and predator functional niches
(Delong and Brusven 1998). Pteronarcys dorsata is
one of the most common stoneflies in the eastern US
and commonly used for ecological experiments
(Pesacreta 1997) and Calineuria californica has been
used to measure pesticide toxicity in the laboratory
(Peterson et al. 2001). Despite their presence in
headwater streams and sporadic use in preliminary
hazard studies, there remains no standardized test
protocol for using stonefly nymphs in toxicity testing.
Challenges to meaningful bioassays using stoneflies
include seasonal and local availability, lack of a
commercially available supply, and the development
of rearing protocols.
Trichoptera: Limnephilidae, Lepidostomatidae, and
Helicopsychidae Caddisfly larvae are one of the
dominant groups within headwater streams around
the world, fill an important functional niche for the
decomposition of allochthonous vegetation in the
epibenthic habitat, and are susceptible to changes
in water quality (Cummins and Klug 1979; Allan and
Castillo 2007; Wiggins 1959). Net-spinning caddisflies selectively ingest POM accumulated on silken nets
(Georgian and Wallace 1981; Alstad 1987). Animal
tissues, detritus and algae primarily contribute to netspinning caddisfly diets, however the relative
contributions of each category will likely vary based on
species preferences (Benke and Wallace 1980; Merritt
et al. 2008). Case-building caddisflies employ nearly
every functional feeding strategy within aquatic habitats,
with shredders, grazers, scrapers, piercers, predators, and
particle feeders all represented within the various
families (Merritt et al. 2008). Case-builders appear to
show similar selectivity in those resources actually
ingested, with little evidence of inorganic material
composing a part of their gut contents (Mecom 1972;
Becker 1994). Of those listed above, shredders and
particle feeders would have the greatest potential
exposure to agriculturally related inputs.
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A small number of hazard-based studies with GM
maize have been published on caddisflies. Jensen et al.
(2010) measured the growth of two field-collected
trichopteran shredder species, i.e., Pycnopsyche cf.
scabripennis (Limnephilidae) and Lepidostoma spp.
(Lepidostomatidae) fed conditioned maize tissue.
Rosi-Marshall et al. (2007) fed field-collected Lepidostoma liba (Lepidostomatidae), for 29 days on
conditioned maize litter collected from field sites.
Rosi-Marshall et al. (2007) also tested a trichopteran
algal scraper, Helicopsyche borealis (Helicopsychidae), reared in aerated groundwater inoculated with
algae and supplemented with maize pollen treatments.
Despite these few preliminary hazard studies, there
remains no standardized test protocol for using caddisfly larvae in toxicity testing, and many challenges
surrounding this order include seasonal availability,
lack of commercially available supply, difficulty with
rearing, species identification, and difficulty in measuring growth endpoints for case-builder species. These
challenges must be overcome before meaningful bioassays for ERA of insecticidal GM crops can be
implemented. Furthermore, such assays should only be
triggered by problem formulation, e.g., such tests may
be informative in a case of Lepidoptera-active traits due
to the close taxonomic relationship between Lepidoptera and Trichoptera. However, in such a case data
available from the terrestrial ERA may be more useful
than implementation of a new Trichoptera bioassay, i.e.
it may be more appropriate to assume some level of
sensitivity based on a range of sensitive terrestrial
Lepidoptera species, as was done by Wolt and Peterson
(2010), and Wolt et al. (2005).
Annelida
Oligochaeta: Tubificidae Globally, particle-feeding
tubificids are a major component of the benthos of
freshwater and estuarine sediments in both lentic and
lotic habitats (ASTM 2008b). The oligochaete worm
Tubifex tubifex has been used extensively in aquatic
toxicity testing, and standardized guidelines are
available (ASTM 2008a). They are commercially
available from aquatic toxicology research suppliers
and through the aquarium trade. However, like
Coleoptera, annelids are generally considered in the
terrestrial ERA for insecticidal GM crops. Hence,
additional early tier testing on an aquatic species may
not further inform the aquatic risk assessment.
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Gastropoda
Physidae and Ampullariidae Freshwater gastropods
have been used in aquatic toxicity testing. For
instance, the freshwater pulmonate snail, Physa spp.
(Physidae) has been used in aquatic toxicity testing
with chemicals for decades (Arthur and Leonard
1970). Physa spp. are epibenthic/epiphytic and feed by
scraping diatoms, algae, and detritus from submerged
surfaces in lentic waters and by grazing on aquatic
macrophytes. They are native to Europe, North and
Middle America and western Africa (ASTM 2008b).
Likewise, the apple snail, Pomacea paludosa
(Ampullariidae) is amenable to laboratory rearing
and published methods exist on its use in laboratory
tests (Hoang and Rand 2009). World-wide, apple
snails inhabit tropical and subtropical wetland (lentic)
epibenthic and epiphytic habitats; the range of
P. paludosa (the only continental US apple snail) in
the USA encompasses the Florida peninsula
(Thompson 1984). Apple snails feed by scraping
algae and green leaf tissue and could serve as a
surrogate species for aquatic testing with GM crops if
methods are refined. Gastropods are likely not
susceptible to current traits within GM crops that
target certain insect orders; however this species may
prove to be a useful test system for future GM crops. P.
paludosa are not commercially available, but take
easily to laboratory culture. Other Pomacea species are
available through the aquarium trade.
Following the species selection criteria outlined
previously, the amphipod, H. azteca, and the chironomid, C. dilutus, were determined to be the most
suitable aquatic surrogate species for extending the
range of organisms available for effects tests for
aquatic ERA. Decisions to test one or both of these
shredder species instead of species currently used will
depend on the analysis plan developed from the
conceptual model, as well as changing regulatory
requirements. Currently, the major limitations for
working with species belonging to Isopoda, Oligochaeta, Coleoptera, Diptera (Tipulidae), Plecoptera
and Trichoptera include the lack of a commercially
available supply and lack of standardized testing
protocols. For Gastropoda and Diptera (Culicidae and
Simuliidae) published methods are available, but there
are presently no standardized testing protocols available. Given the current aforementioned limitations,
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significant improvements in culture availability, rearing and test method development would be required
for reliable use in early tier testing for regulatory
purposes. In contrast, testing guidelines have been
established by the US EPA for freshwater sediment
toxicity assays using both H. azteca and C. dilutus (US
EPA 2000) for conventional chemical pesticides.
These organisms have a long history of use in
chemical aquatic toxicity testing, and current guidelines, including both lethal and sub-lethal endpoints.
Both species have been used successfully in wateronly and sediment tests with chemical toxicants, and
their responses in the laboratory have been shown to
be representative of those of natural benthic populations (US EPA 2000). Standard methods are available
for 10-day short-term toxicity tests for each species
with measured endpoints of survival and growth
(length, weight). Additionally, long-term test methods
(42 days for H. azteca and 60 days for C. dilutus), that
include a reproduction endpoint are available should
problem formulation and early tier testing indicate a
need for higher tiered testing. In cases where exposure
through particle feeding is identified as a potentially
major route, testing with daphnids may also be
considered. Testing protocols for short-term aquatic
toxicity testing with Daphniidae are widely used
(OECD 2004b; US EPA 2000; ASTM 2008a). While
these testing guidelines are based on conventional
chemical pesticides, a long history of using these
organisms has been established and these methods and
test endpoints can provide a baseline of testing
guidance for assessing toxicity of GM crops to aquatic
organisms as well.
Furthermore, considering the selection criteria,
shredders like H. azteca are most likely to be exposed
based on manner of feeding, and they represent
realistic candidate species for early tier testing of
insecticidal GM crops. Dipterans are also known to
have alkaline gut conditions, comparable to some
target insect pests, therefore chironomids could be
similar in a response to a future pesticidal GM crop.
Both H. azteca and C. dilutus are indigenous to the
aquatic ecosystem and representative of the shredder
functional group, they are commercially available, can
be reared in the laboratory, and they have proven to be
amenable to testing under laboratory conditions.
Likewise, both species have well-characterized life
histories, which serve to facilitate interpretation of
early tier test results. Based on the selection criteria
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and characteristics of the species, H. azteca and
C. dilutus are recommended as potential test organisms for aquatic toxicity testing of GM crops, for
products where shredders are likely to be exposed to
environmentally significant concentrations.

Conclusions
To adequately assess risks of GM crops to the
environment, both the potential for exposure and
hazard are important considerations. If exposure is
shown to be low, then overall risk is also likely to be
low. Likewise, if toxicity is shown to be low, then
overall risk is also likely to be minimal. Thus, in cases
where exposure is determined to be very low and/or
where the spectrum of activity is narrow and welldefined, a conclusion about risk can be reached with
either adequate hazard testing or exposure characterization, as is true for current insecticidal GM crops.
This case study of Bt maize is designed to serve as a
model for performing risk assessments on future traits
and crops; examples are provided for the development
of a conceptual model, the generation of EECs,
possible refinement procedures, and identification of
surrogate species using selection criteria. Use of data
gathered for the terrestrial ERA informed the aquatic
risk assessment by identifying the characteristic of
concern, as well as by describing the mode of action,
the spectrum of activity, and the stability of proteins in
environmental matrices. For Bt maize, we identified
exposure pathways (freely soluble protein, POM, or
intact plant material) and calculated early tier exposure estimates. Established models and worst-case
assumptions were applied, and the resulting EECs for
aquatic organisms were very low (low ppb–low ppm).
Therefore, we conclude that because the potential
exposure of aquatic particle feeders, predators and
shredders to insecticidal proteins in current Bt crops is
very low, additional hazard testing would not be useful
for informing those risk assessments.
Problem formulation will continue to be the critical
first step in determining data needs to inform GM crop
risk assessments. Crop, trait, and ecosystem characteristics will guide development of a conceptual model
and generation of risk hypotheses, and will subsequently aid in the formulation of the analysis plan. We
demonstrate application of a tiered approach for
exposure assessment, where early tier EECs can be
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refined as necessary by accounting for mitigating
factors. Refined aquatic exposure characterization,
along with the known specificity of the insecticidal
trait and the ecology of aquatic species, may negate the
need for hazard tests with surrogate aquatic species.
However, for future GM crops, where sufficient
spectrum data are lacking and the conceptual model
indicates the likelihood for exposure, additional
studies, such as those suggested here, may be
warranted to adequately characterize risk. This paper
illustrates how the processes of problem formulation
and exposure characterization should be used to
formulate a robust analysis plan and select appropriate
surrogate species for hazard testing in future aquatic
ERAs.
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