Fate and Effects of an Alkylamine Ethoxylate Surfactant Mixture
in Aquatic Systems: Pulsed Exposures, Recovery Capacity and the
Importance of Sediment

by
José Luis Rodríguez Gil

A Thesis
presented to
The University of Guelph

In partial fulfilment of requirements
for the degree of
Doctor of Philosophy
in
Environmental Biology and Toxicology

Guelph, Ontario, Canada
© José Luis Rodríguez Gil, July, 2015

ABSTRACT
FATE AND EFFECTS OF AN ALKYLAMINE ETHOXYLATE SURFACTANT MIXTURE IN AQUATIC SYSTEMS: PULSED EXPOSURES,
RECOVERY CAPACITY AND THE IMPORTANCE OF SEDIMENT

José Luis Rodríguez Gil

Co-Advisors:

University of Guelph,

Dr. Keith R. Solomon

2015

Dr. Mark L. Hanson
Dr. Paul K. Sibley

Alkylamine ethoxylates (ANEOs), such as polyoxyethylene(15)tallow amine (POEA) are commonly used adjuvants in glyphosate herbicide formulations, such as Roundup® and Vision®. The
available data on the toxicological effects of glyphosate formulations and POEA to aquatic organisms points to the surfactant as the main driver of toxicity from these formulations and suggest
the potential for effects at concentrations close to those estimated to occur in the environment.
Tier-1 environmental hazard assessments based on these observations resulted in regulatory authorities prohibiting direct over-water application of formulations containing POEA in several
countries; still, unintended exposure of aquatic ecosystems to these formulations is possible via
spray drift or, particularly in forestry scenarios, via aerial over-spray of small, shallow wetlands.
The general goal of this thesis was to refine the risk assessments for a commercial mixture of
POEA known as MON 0818 and, by extrapolation, the glyphosate-based herbicide formulations
in which they are present. The refinement goal involved developing a better quantitative understanding of the fate of POEAs in aquatic systems with particular emphasis on sorption to sediment and how the fate of POEAs may influence observed toxicity to non-target aquatic organisms.
The general conclusion from the work presented in this dissertation is that, under real-world environmental conditions, unintended exposure of aquatic systems to POEA surfactants will most
likely result in short, single-pulse, exposures. These are due to rapid (<24 h) partitioning of the
surfactant into sediment and suspended particulates where it will remain strongly adsorbed with
low bioavailability. Further, this reduced exposure scenario will result in a reduction in the bio-

logical effects observed in the field when compared to those expected from Tier-1 hazard assessments based on water-only standard tests and worst-case estimated environmental concentrations.
These results highlight the inappropriateness of simple screening-level approaches for the assessment of the risk posed by compounds for which the expected exposure regimes may deviate
from that more typically used in traditional standard acute laboratory tests.
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Chapter 1
Introduction

1.1.

Thesis overview

Alkylamine ethoxylates (ANEOs), such as polyoxyethylene(15)tallow amine (POEA) are commonly used adjuvants in glyphosate herbicide formulations, such as Roundup® and Vision®. The
available data on the toxicological effects of glyphosate formulations and POEA to aquatic organisms points to the surfactant as the main driver of toxicity from these formulations and suggest
the potential for effects at concentrations close to those estimated to occur in the environment.
These assessments are, however, based on traditional laboratory-based toxicity tests and, due to
the lack of a easily accessible sensitive analytical method, based on worst-case scenario exposure
estimates.
The specific hypotheses and goals of this thesis are presented in later on in Sections 1.3 and 1.4,
however, the general goal of this thesis was to refine the hazard / risk assessment for a commercial mixture of POEA known as MON 0818. Because of this, throughout this thesis, references to
the general framework of environmental hazard / risk assessment and the use of the associated
nomenclature will be prevalent. For this reason, the first section of the introduction (Section
1.2.1) presents a brief introduction to the mentioned framework.
The contents of this thesis are meant contribute new information to either the exposure characterization (Chapters 2, 5, and 6) or the effects characterization (Chapters 3, 4, and 5) essential stages
of the hazard / risk assessment process. In addition to the research conducted as a direct contribution to the assessment, additional support work was conducted that, either made the other sections
of the study possible (optimization of the analytical method, Chapter 2) , or extended its applicability (Optimization of culturing/testing conditions with Oophila sp., Chapter 3)
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1.2.

Background

1.2.1.

The risk assessment framework

As defined by the US EPA, risk would represent the chance of harmful effects to human health or
to ecological systems resulting from exposure to an environmental stressor. For the context of this
thesis, we will be focussing solely on ecological risk (US EPA 2015).
The term risk analysis is commonly used to describe the general process that encompasses risk
assessment, risk characterization, risk communication, risk management, and the creation of policy relating to risk (SRA 2015).
Ecological or environmental risk assessment, as a stage in the risk analysis process, would represent the steps required to collect the relevant information needed, and to perform the appropriate analysis in order to evaluate the likelihood that adverse ecological effects may occur or are
occurring as a result of exposure to one or more stressors (US EPA 1998).
1.2.1.1.

Phases of the risk assessment process

The process of risk assessment can be divided in three main phases or stages: Problem formulation/hazard identification, analysis and risk characterization. The analysis phase can be subdivided into characterization of exposure a characterization of effects. A summarized schematic of the
process is presented in Figure 1.1.
In the initial phase of problem formulation, the purpose for the assessment is articulated, the
problem is defined, and a plan for analyzing and characterizing risk is defined. As some of the
first steps in this phase, the information on sources, stressors, effects, and ecosystem and receptor
characteristics is integrated at the same time that potential data gaps are identified. Based on the
available information, assessment endpoints (characteristic of a receptor that may be affected by
the stressor) are identified and described and all required conceptual models are generated. (US
EPA 1998). The analysis phase, driven by the preliminary information collected in the problem
formulation phase is, as mentioned, divided in two separate processes. In the exposure characterization, the aim is to measure, or predict, the temporal or special distribution of a stressor, as well
as it potential co-occurrence with the selected organism, community or ecosystem. Concurrently,
during the characterization of effects, the potential adverse effects elicited by a stressor are identified and quantified.
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Once the analysis phase is finished and data for exposure and effects has been compiled (usually
in the way of two separate profiles), the likelihood of adverse ecological effects associated with
the measured (or estimated) exposures is evaluated in the risk characterization phase. This phase
should take into account the initial assumptions made in the problem formulation, strengths,
weakness, and uncertainties of the analysis. The information in this phase should be provided in
relation to the ecological significance of the measured risk, considering the types and magnitude
of the effects, their spatial and temporal patterns, and the likelihood of recovery. These steps, although simplified in an isolated sequential manner, form part of an iterative process, with additional inputs and outputs of information from other sources, such as risk managers, interested parties, or policy makers.
1.2.1.2.

Tiered approach to risk assessment

A tiered approach to risk assessment is usually recommended for the development of ecological
risk assessments (ECOFRAM 1999a, b, EFSA 2013a). Under this approach, the lowest (screening) tier, uses conservative assumptions and a minimal data-set to identify whether or not a particular stressor is safe enough to warrant no further analysis (Giddings et al. 2005). These Tier-1
screening-level approaches, are commonly based on standard 48-96 h toxicity tests or even effects data calculated from in-silico approaches, such as quantitative structure-activityrelationships (Q)SAR. Toxicity test endpoints (e.g., laboratory EC10 and EC50 values for mortality and inhibition of growth) are then compared to calculated environmental concentrations
based on various worst case scenario assumptions. Risk quotients (more correctly hazard quotients), the ratios of the calculated environmental concentration to the toxicity endpoint value, are
then calculated. In the cases where the risk/hazard quotient exceeds unity it is considered that the
potential for environmental impact cannot be ruled out.
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Figure 1.1: Simplified schematic of the Risk Assessment process. Adapted from (US
EPA 1998).
If a stressor is identified to pose a risk (hazard) in this first tier, then it will usually move on to
more refined tiers.
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Tier-2 usually requires additional single-species laboratory tests of which the most sensitive species is usually considered. Exposures are still, more often, estimated at this stage; however, the
models employed for their prediction are more complex and can include variability associated to
geographical locations. If a stressor is identified to pose a risk (hazard) in this second tier, then it
will move up to a Tier-3 assessment.
Tier-3 assessments incorporate additional effects data for multiple species which are usually
evaluated via species sensitivity distributions (SSDs) which are cumulative probability distributions of the variation in the sensitivity of different species to a chemical stressor (Garber et al.
2010). Exposure characterization at this step usually includes at least a full set of environmental
fate data. Models for exposure increase in complexity and might be calibrated with the actual
measured concentrations. Risk characterization is usually performed via risk curves relating % of
species affected (from the SSD) to area-weighted probability of exposure (Giddings et al. 2005)
Characterization of effects in Tier-4 follows the same approaches as in Tier-3, with additional
species, representing broader geographical regions, organisms groups and life stages. Exposure
characterization is based on data-rich concentration distributions from monitoring studies, which
include spatial and temporal variability. Risk curves are also applied at this stage for the refined
data-sets.
At any of the last two tiers additional data from field and micro/mesocosm studies can be used to
further refine the assessment.
1.2.2.

Surfactants

The term surfactant derives from “surface active agents”, and has traditionally been used to describe molecules able to modify the interfacial properties of liquids. Surfactants are amphyphilic
molecules consisting of polar, hydrophilic and apolar, hydrophobic (or lipophilic) moieties
(Broze 1999).
The hydrophobic group, commonly referred to as the “tail” consists, in most cases, of one or
more hydrocarbon backbones, usually alkyl chains between C10 and C20. Compounds with other
hydrophobic moieties, such as the perfluorocarbons in perfluoroalkyl acids (PFAA), although less
common, have nonetheless attracted substantial attention from environmental scientists in recent
years due to their ubiquity in the environment (Lau et al. 2007).
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The nature of the hydrophilic moiety (the “head”), on the other hand, can be quite varied and is
the characteristic generally used as a means of classification for these substances. Based on the
electrochemical properties of the hydrophilic moiety, surfactants can be classified as: non-ionic,
anionic, cationic, or amphoteric (Oldenhove de Guertechin 1999).
The nature of the hydrophilic and hydrophobic moieties, their size, and charge will have significant effects on the characteristics and behaviour of the surfactant. The relative influence of the
hydrophilic and hydrophobic portions of the surfactant molecule can be characterized by two
main properties; the surfactant charge density and the hydrophilic-lipophilic balance (HLB) number (Krop and de Voogt 2006). The latter being the relative efficiency of the hydrophilic portion
and the lipophilic portion of the same the surfactant molecule.
The amphiphilic nature of surfactants results in a tendency of the individual surfactant molecules
(monomers) to aggregate, or self-assemble, when in solution. These aggregates, which require a
minimum number of monomers to occur, are commonly referred to as micelles in polar solvents
(e.g. water) or inverse-micelles when in non-polar solvents. In water, this aggregation is driven by
the hydrophobic effect, or the entropic tendency of non-polar molecules (or moieties in this case)
to re-orient themselves in order to reduce the level of disruption that their presence has on the
hydrogen-bond network maintained by the water around them. This aggregation behaviour drives
another of the main properties of a surfactant, their critical micelle concentration (CMC), which is
the concentration at which surfactant molecules start forming aggregates, known as micelles
(Farn 2006). The CMC, like most of the properties of these molecules, is also dependent on the
nature of the hydrophobic tail and hydrophilic head.
1.2.2.1.

Non-ionic surfactants

Non-ionic surfactants do not ionize in solution and therefore, do not present a charged hydrophilic moiety. As mentioned in later sections, in some cases; however, (e.g., alkylamine ethoxylates) ionization can occur at environmentally relevant pH levels. Despite not being able to ionize, the functional groups used in this category, usually have a strong affinity for water, providing
good solubility. Because of their (typical) lack of charges, they are compatible with charged molecules and, as such, they are commonly found in mixtures with other ionic (i.e., cationic, anionic,
amphoteric) surfactants. Additionally, the lack of charge makes them less sensitive to changes in
pH in the solution. Functional groups used for this purpose are predominantly derivatives of ethylene oxide and/or propylene oxide as well as alkyl phenols, sugar esters, alkanolamides, amine
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oxides, fatty acids, fatty amines and polyols. Non-ionic functional groups are usually larger than
those in other types of surfactants, being, in some cases, larger than the tail group.
The importance of non-ionic surfactants has increased substantially over the last decade and their
market share (37% in 2014) is now larger than that of anionic surfactants, and the largest of all
surfactants. In contrast, their percentage of market share was around 30% in 2009 (IVL 2014).
Approximately 50% of the production is alkoxylated alcohols, with 20% ethoxylated nonylphenol, 15%alkoxylated fatty acids and 10% for fatty acid amides and sugar esters.
1.2.2.2.

Anionic surfactants

Anionic surfactants ionize in water to produce negatively charged ions. They have traditionally
been the most common group of surfactants. Despite the increase of market share of the non-ionic
surfactants, they are still the most commonly used class (by volume), with a global demand of 6.5
million tons in 2010 (IVL 2014). Some of the most common representatives of this group are the
linear and branched alkylbenzene sulfonates, alkyl sulfates, and alkylether sulfates. The negative
charges enhance mobilization and removal of soil particles (usually negatively charged as well).
However, their charge makes them sensitive to changes in pH and hardness of water, which can
limit their applicability (Broze 1999).
1.2.2.3.

Cationic surfactants

Cationic surfactants ionize in aqueous solution to produce positively charged ions. The positively
charged head group is easily adsorbed onto surfaces, giving an antistatic effect. Some of the most
commonly used cationic surfactants include the quaternary ammonium derivatives, such as the
ditallow dimthylammonium chlorides, the esterquats and imidazolinium salts. These are commonly called quats, derived from a quaternary ammonium (Broze 1999).
1.2.2.4.

Amphoteric surfactants

Amphoteric surfactants include those that, at least at some pH values, are zwitteronic in nature,
that is, they are anionic and cationic at the same time, in a way that the hydrophilic portion of the
molecule presents internally neutralized positive and negative charges. Because of their nature,
their behaviour is highly dependent on the pH of the solution, and ideally present optimal surface
activity at around neutral pH, making them common in personal care products (Broze 1999).
They are commonly used in conjunction with other surfactants.

7

1.2.3.

Alkylamine Ethoxylates

Alkylamine ethoxylates (ANEOs) are a group of surfactants characterized by an alkyl tail (typically a linear, saturated or non-saturated C8- C22), and a head consisting of two ethoxylate (EO)
chains of varying length, head and tail are joined together by a tertiary amine. General molecular
structure is presented in Figure 1.2. General simplified nomenclature is of the form CxNOEy,
where x = number of carbons in the alkyl chain and y=n+n (total number of EO groups).

Figure 1.2: General structure of on an alkylamine ethoxylate.

ANEOs, have traditionally been categorized among the non-ionic surfactant due to the electrochemical properties of their head group; however, the ionisable nature of the tertiary amine, with
a pKa between 6 - 7 (Krogh et al. 2003), allows them to behave as cations at low environmental
pH, with an approximate 50% distribution between the protonated and non-protonated forms at
environmental pH.
A note on nomenclature: It is worth noting a few issues related to the inconsistent nomenclature traditionally used for this group of surfactants. The term alkylamine ethoxylates (ANEOs) is commonly used in the analytical chemistry literature, while they are
mainly referred to as alkoxylated alkyl amines in the industrial chemistry world, especially in the patents of the manufacturing processes. Perhaps, more important is the use
of the terms polyoxyethylene amines or polyethoxylated amines, the former being the
origin for the acronym POEA. Both of these two terms, as well as the acronym POEA,
are the primary way in which this group is described in the literature related to agricultural use, environmental chemistry, and toxicology. In order to maintain consistency
with the existing literature, the term alkylamine ethoxylates (ANEOs), will be used in

8

Chapters related to analytical chemistry (Chapter 2) as well as when referring to the
group as a whole. Given the environmental chemistry / ecotoxicology nature of the rest
of the Chapters, the term polyoxyethylene amines (POEA) will be the most common
term. Additional clarification on the use of this term is provided later in this Section.
Manufacturing of these materials traditionally consists on a two-step process, that starts with the
amination of a fatty acid to produce a primary amine followed by the reaction of n moles of the
primary amine with n x 2 moles of ethylene oxide to produce n moles of (N,N-bis-(2hydroxyethyl) N-alkylamine ), or the simplest ANEO, with one EO group on each branch
(CxNEO2). This step is followed by the reaction of additional moles of ethylene oxide with
CxNEO2 (Eaton et al. 2006). This reaction , a polymerization, results in a polydispersed mixture
of oligomers of varying EO-chain length approaching a Poisson distribution (Cross 1987).
As with any surfactant, the properties of the final product (in this case a mixture) will depend on
the properties of the moieties; in this case the length of the alkyl, and EO chains, as well as the
degree of saturation of the alkyl chain.
Traditional manufacturing of these compounds has used animal tallow as the source of the fatty
acids. Tallow, also a mixture, is composed of the following fatty acids: 1% lauric (C12), 3%
myristic (C14), 28% palmitic (C16), 20% stearic (C18), 44% oleic (C18, unsaturated), and 6%
linoleic (C18, polyunsaturated) acid (Monsma and Ney 1993, Visek 2000). This distribution in
the source material, is translated into the final product as can be observed in the distribution of
these components in a reference commercial mixture of ANEOSs, Ethomeen® T 25 (Akzo
Nobel 2014).
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Table 1.1: Typical alkyl chain distribution of reference mixture Ethomeen® T 25 (Akzo Nobel
2014)

Alkyl Chain Distribution

Typical values

C12

1%

C14

4%

C16

31%

C18

64%

In order to account for this distribution of chain lengths and to distinguish it from other ANEOs
produced from alternate sources of fatty acids (e.g., soy, coconut oil), this particular mixtures are
referred to as polyoxyethylene tallow amines or polyethoxylated tallow amines. The acronym
POEA is still used in this case.
Given the restrictions posed by the distribution of lengths of the alkyl chain in the source material (tallow), varying the length of the EO chain has traditionally been the approach follow by the
manufacturers in order to modify the properties of the final product (e.g., HLB value). Even
though a tendency towards shorter EO chains has been apparent in recent years (Eaton et al.
2006), the most commonly used products present an average of 15 EO groups in the head group.
Some of the most relevant physicochemical properties for a reference mixture are presented in
Table 1.2. This reference mixture, of mean C18 and EO15, was selected based on the most common C and EO lengths. This information was obtained from the chemical manufacturer AkzoNobel, who produces it under the trade-name Ethomeen® T25.
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Table 1.2: Physicochemical properties of reference compound Ethomeen® T25 (C18NEO15)
(Akzo Nobel 2014).

Ethomeen® 18/25 (C18NEO15)
Molecular Weight (g/mol)

930.32

Boiling point at 1 atm (°C)

>300

Melting point (°C)

9

Vapour pressure at 20°C (mm Hg)

<0.1

pH

11 - 11.6

Specific Gravity

1.015

Color (Gardner scale)

0-8

HLB value (Davies Scale, 0-40)

14.7

This particular combination of alkyl and EO chain lengths (CAS no. 61791-26-2) is the compound studied in this thesis, and it is refered to as polyoxyethylene(15)tallow amine, still using
the acronym POEA as a short form, in order to maintain consistency with the existing literature.
Given the tendency towards production of mixtures of shorter EO chain-lengths, alternate acronyms are starting to be used. One such case would be the use of POE(15)A, by the German Federal Institute for Risk Assessment (BfR), during the most recent re-registration process for
glyphosate formulations in Europe (EFSA 2013b).
Mixtures of ANEOs, are commercially available for uses such as textile processing aids, dye
transfer inhibitors, acid thickeners, detergent boosters, degreasers, metal-working solutions and
anti-static agents, among others (Air Products and Chemicals 2015, Akzo Nobel 2015, Eaton et
al. 2006, FDA 2008). However, the main use of POEA is as adjuvants in herbicide formulations
containing glyphosate, such as Roundup Original®, and its forestry-use equivalent Vision®.
Information on production of ANEOs and POEA is hard to find; however, the latest European
Union Risk Assessment Report (ECHA 2008) on the primary tallow alkyl amines used as intermediary compounds in the production of ANEOs, offers some information about the size of the
industry. It is estimated that for the period 1999-2000 13,339 tonnes of primary alkyl amines
were produced from tallow in the European Union. From this, 11,901 tonnes (98%) were used as
manufacturing intermediaries, with approximately 50% (approx. 6000 tonnes) dedicated to the
production of ethoxylate derivatives.
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1.2.4.

Glyphosate-based herbicides and POEA

Glyphosate has been the most used herbicide active ingredient in agriculture and forestry for almost two decades (Baker and Stone 2015, Grube et al. 2011, Stone 2013, Thompson 2011). Agricultural use of glyphosate in the United States alone has increased consistently and was estimated
to be near 130,000 metric tons in 2012 (Figure 1.3)(Baker and Stone 2015).

Figure 1.3: Estimated maximum annual agricultural glyphosate use in the conterminous United States 1992 – 2012 (Stone 2013, Baker and Stone 2015).
Glyphosate (N-(phosphonomethyl)glycine) (CAS#. 1071-83-6), is a non-selective herbicide,
broad spectrum, systemic herbicide. Glyphosate acts by disrupting the shikimic acid pathway
through inhibition of the enzyme 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, leading
to reductions in aromatic amino acids (phenylalanine, tyrosine, and tryptophan) resulting in impaired plant growth and death (Giesy et al. 2000).
Glyphosate end-use products are formulated as solutions, pastes, or tablets and can be applied
using ground or aerial equipment. Due to its high polarity, glyphosate requires the use of an activator agent (a surfactant) in order to facilitate the penetration of glyphosate through cuticular
waxes on target plants (Giesy et al. 2000). This surfactant can be present in the formulated solution, or, in some cases, can be added right before application, with the former being the most
common approach. ANEOs have traditionally been the surfactant of choice for formulations of
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glyphosate (Schreuder et al. 1986, Corbera et al. 2010, Tush et al. 2013), although formulations
including other surfactants, such as alkyl polyglycosides (Currie et al. 2015), are available. The
particular surfactant mixture present in each formulation is usually a trade secret. It is believed
that newer formulations are based on newer mixtures of ANEOs, most likely characterized by
narrower distributions of oligomers (Eaton et al. 2006) and shorter EO chains. Despite this, MON
0818 (a code designation for the preparation of polyoxyethylene(15)tallow amine used in Monsanto formulations) has, until now, been the most commonly used and studied mixture.
In North America, glyphosate is registered for use on the following Use-Site Categories (USC):
forests and woodlots, industrial oil seed crops and fibre crops, terrestrial feed crops, terrestrial
food crops, industrial and domestic vegetation control non-food sites, ornamentals outdoors and
turf (PMRA 2015).
The main use of glyphosate formulations is for vegetation control in agricultural production. Uses
in this context can be post- or pre-harvest. For post-harvest use, especially important when the
production of a winter crop is the intention, glyphosate can be applied pre-plant or post-plant preemergence. Over the last decade, the use of glyphosate as a pre-harvest herbicide has increased
substantially. Under these situations, glyphosate can be used as a harvest management tool to
achieve an earlier, more reliable harvest, independent of weather (Monsanto Europe 2010). Additionally, the pre-harvest use of glyphosate formulations increased dramatically after the introduction of Roundup-Ready® crops, genetically modified for an increased resistance to glyphosate,
allowing for control of weeds while the crop is growing. It is estimated that almost 100 million
hectares of glyphosate-resistant (GR) crops were planted in 2006 (Duke and Powles 2008).
Formulations of glyphosate are also used in non-agriculture. Many different uses are defined in
what is known as the Industrial, Turf & Ornamental (IT&O) application of glyphosate. These can
include their use in non-crop agriculture, such as the production of ornamental plants and turf or
in industrial applications, such as the maintenance of right of ways under electrical transmissions
or on the control of vegetation during maintainance work in roads and railways.
However, perhaps the most relevant non-crop use of glyphosate formulations, at least in North
America, is their use in the forestry industry (Thompson and Pitt 2003, Thompson et al. 2004,
Thompson 2011). Figure 1.4, depicts the total number of hectares receiving glyphosate for forestry use for a selection of the five Canadian provinces representing the largest users (use by the selected provinces represents >95% of total use in Canada for any single year). In 2013, a total of
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85,734 ha of Canadian forest received an application glyphosate during regular forestry operations, with Ontario representing the largest user (33,394 ha).
The most common use of glyphosate in the forestry industry is for release of conifers from competition by other plants (Thompson and Pitt 2003, Thompson et al. 2004, Thompson 2011), although site preparation applications usually requiring greater application rates are also allowed on
the label of products such as Vision®.
Additional details of formulations, uses, and application rates will be provided in the following
Chapters.

Figure 1.4: Total area of forestry application of glyphosate in selected provinces
(in ha). Use by the selected provinces represents >95% of total use in Canada for
any single year (CCFM 2015)
1.2.4.1.

Aquatic risk assessment for glyphosate formulations

The toxicity of glyphosate itself, as well as some of the most common glyphosate-containing
formulations, have been extensively reviewed in the past (NRA 1996, Giesy et al. 2000, FAO
2001, Solomon and Thompson 2003, Solomon et al. 2005, SERA 2011, PMRA 2015). Glypho14

sate, as the active ingredient alone, does not bioaccumulate, biomagnify, or persist in a biologically available form in the environment, and is generally considered to pose minimal ecological risk
(Giesy et al. 2000, Solomon and Thompson 2003). According to most regulatory risk assessments
conducted to date, when used according to proposed label directions, glyphosate products do not
pose an unacceptable risk to the environment (US EPA 1993, SERA 2011, PMRA 2015, BfR
2015).
Starting in the early 1980s, research on the toxicity of glyphosate-containing herbicides to aquatic
organisms focused on the surfactants present in the available commercial formulations. Of particular concern were the POEA surfactants (MON 0818) associated with the most common of
these formulations, Roundup®. The toxicity of POEA has traditionally been evaluated by comparing the toxicity of glyphosate alone to that of the formulated products (Mayer and Ellersieck
1986, Mann and Bidwell 1999, Tatum et al. 2012, Demetrio et al. 2014), or by evaluating POEA
alone at nominal concentrations, without confirmation by chemical analysis (Folmar et al. 1979,
Moore et al. 1986, Servizi et al. 1987, Wan et al. 1989, Tsui and Chu 2003, Brausch et al. 2007,
Brausch and Smith 2007, Bringolf et al. 2007, Frontera et al. 2011, Guilherme et al. 2012, Moore
et al. 2012). These studies noted that, due to the low toxicity of glyphosate itself, the surfactants,
and not the active ingredient, were the main drivers of the toxicity observed in aquatic organisms
(Folmar et al. 1979, Mayer and Ellersieck 1986, Servizi et al. 1987, Wan et al. 1989, Bidwell and
Gorrie 1995).
In 1996, these observations, together with calculations indicating a small margin of safety between expected environmental concentrations and the toxicity data from the laboratory studies,
motivated the Australian Environmental Protection Agency to amend the authorised use pattern
and label of glyphosate-containing herbicides to exclude over-water applications (NRA 1996).
This decision was soon followed by other jurisdictions (e.g., United States and Canada), where it
is still in effect today (PMRA 2015). Still, unintended exposure of aquatic ecosystems to POEAcontaining glyphosate formulations is possible via spray drift or, particularly in forestry scenarios
via aerial over-spray of small, shallow wetlands (Solomon and Thompson 2003, Thompson et al.
2004).
Discussion of the toxicity of POEA alone has been included in regulatory environmental risk assessments of glyphosate and glyphosate-containing formulations (US EPA 1993, NRA 1996,
SERA 1996, 1997). In the most recent instances of the environmental and human-health risk assessments of glyphosate formulations related to their re-registration in the different jurisdictions,
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regulatory authorities have begun to include POEA-specific sections with larger toxicity data sets
and POEA-specific assessments (EFSA 2013b, PMRA 2015, SERA 2011). Of these documents,
only the most recent one by the Canadian Pest Management Regulatory Agency (PMRA 2015)
includes a methodological assessment of the hazard posed by MON 0818 and other mixtures of
POEAs to aquatic organisms, noting that no glyphosate-based herbicide formulations registered
in Canada contain more than 20% POEA by weight. For this assessment, the PMRA applied the
species sensitivity distribution (SSD) approach. SSDs are cumulative probability distributions of
the variation in the sensitivity of different species to a chemical stressor usually generated from
data available in the literature (Garber et al. 2010). For their assessment PMRA created individual
SSDs for aquatic invertebrates (14 data points), amphibians (7 data points) and salt-water fish (21
data points) and calculated EC50-based HC5s (the concentration at which the lowest 5th centile of
species in the SSD would be exposed to a hazardous concentration) of 0.0041 mg POEA L-1 for
invertebrates, 0.35 mg POEA L-1 for amphibians and 2.06 mg POEA L-1 for saltwater fish. The
data set used for these calculations, although larger, still suffers from uncertainties associated
with relatively few data points for aquatic species exposed to POEA alone. Parallel HC5 endpoints for formulated herbicide products containing POEA were also calculated as 0.19 mg
glyphosate a.e. L-1 for invertebrates, 0.93 mg glyphosate a.e. L-1 for amphibians and 3.01 mg
glyphosate a.e. L-1 for saltwater fish, reflecting the substantially lower toxicity of formulated
products as compared to POEA alone.

1.3.

Problem formulation and working hypotheses

Surfactant mixtures of polyoxyethylene(15)tallow amines (POEA) are commonly used as adjuvants in herbicide formulations of glyphosate such as Roundup® and Vision® (Giesy et al. 2000,
Solomon and Thompson 2003). The available data on the toxicological effects of glyphosate formulations and POEA to aquatic organisms points to the surfactant as the main driver of toxicity
from these formulations to non-target aquatic organisms (Mayer and Ellersieck 1986, Mann and
Bidwell 1999, Tatum et al. 2012, Demetrio et al. 2014, Edginton et al. 2004b). Deterministic approaches have been traditionally applied for the assessment of the hazard posed by these surfactants to aquatic systems. These screening-level approaches, based on the use of standard 48-96 h
water-only toxicity tests and expected environmental concentrations (EECs), calculated from
worst-case application scenarios, indicate the potential for adverse effects. These effects are predicted to occur at concentrations close to those estimated to occur in the environment as a result
of unintended exposure via spray drift or, particularly in forestry scenarios, via aerial overs-pray
of small, shallow wetlands.
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Field studies simulating worst-case scenario exposures, such as those considered in the estimate
of the EECs used for Tier-1 assessments have, however, failed to observe effects of the predicted
magnitude (Thompson et al. 2004, Wojtaszek et al. 2004, Bernal et al. 2009b, Thompson 2011,
Edge et al. 2012, Edge et al. 2013). At the same time, there is a growing body of literature indicating that sediment might play an important role on the exposure of the organisms, as indicated
by observed reductions in toxicity when tests are performed in the presence of sediment (Bernal
et al. 2009b, Edge et al. 2013, Fuentes et al. 2014, Tsui and Chu 2003, 2004, Wang et al. 2005).
Additionally, water-column half-lives measured in a laboratory microcosms study were short and
dependent on the amount of organic matter in the sediment. These half-lives, ranged from 13 h
for sediments with a 1.5% total organic carbon (TOC) and 18 h for sediments with a 3% TOC
(Wang et al. 2005), supporting the indirect observations from the abovementioned studies.
Until recently, risk assessments for POEA have been heavily constrained by the lack of suitable
analytical methods that are necessary for confirmation of exposure concentration in laboratory
studies and for characterizing magnitude and duration of exposure in field studies or in environmental monitoring studies aiming at providing estimates of real world environmental exposures
under typical use scenarios. Recently, as part of a larger project, detailed Chapter 2, Ross and
Liao (2015) developed a method for the quantification of POEA in water and a preliminary methodology for the extraction and quantification of POEA from sediment samples.
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Under the presented scenario and with the possibilities opened by the newly developed analytical
techniques, I hypothesised that (null hypothesis presented in italics):
I.

Under environmental conditions, POEA preferentially binds to sediment materials
and suspended particulates, resulting in rapid dissipation from the water column.
H0: POEA does not bind to sediment materials and suspended particulates. No
changes in concentrations in the water column will be observed over
time.

II. POEA binds preferentially to organic matter in the sediment. As such, dissipation
in the water-column will be more rapid in systems containing sediments with
higher total organic carbon (TOC).
H0: water-column dissipation half-lives will not differ among systems containing sediments with higher total organic carbon (TOC).
III. The shorter diffusion distance, increased sediment to water volume ratio and increased mixing in shallower water-bodies will result in relatively shorter half-life
of aqueous phase POEA in shallow compared to deeper water microcosms.
H0: water-column dissipation half-lives will not differ among water bodies of
different water column depths.
IV. The predicted rapid dissipation of POEA from the water column will result in reduced magnitude and duration of exposure and thus reduced effects on aquatic
organisms. This will be particularly relevant for organisms exposed to testing regimes that include sediments as compared to those of standard 48 -96 hr toxicity
tests involving water only.
H0: No differences will be observed on the effect on aquatic organisms organisms exposed to testing regimes which include sediments, relative to
standard 48 -96 hr toxicity tests involving water only.
V. Given the narcotic mode of action expected from the surfactant and the expected
single-pulse acute exposure scenario, any observable detrimental effects resulting
from exposure to POEA under environmentally realistic concentrations and durations will be transient. Full recovery of fitness (growth and reproduction) of the
affected organisms will occur after termination of the exposure.
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H0: Full recovery of fitness (growth and reproduction) of the affected organisms will not occur after termination of the exposure
Small shallow wetlands are among the most likely ecosystems to receive inputs of POEA either
directly (mainly through forestry and industrial uses of POEA-containing glyphosate formulations) or indirectly through drift (in both agriculture and forest use scenarios) (Goldsborough and
Beck 1989, Solomon and Thompson 2003, Thompson et al. 2004). These environments are
known to provide critical habitat for many species of amphibians, thus presenting the possibility
for exposure of these organisms to the surfactant. This has led to a substantial accumulation of
data on the effects of glyphosate herbicides in amphibians (Perkins 1997, Mann and Bidwell
1999, Mann et al. 2003, Edginton et al. 2004b, Howe et al. 2004, Wojtaszek et al. 2004, Relyea
2005b, Bernal et al. 2009b, a, Dinehart et al. 2009, Jones et al. 2010, King and Wagner 2010,
Edge et al. 2011, Fuentes et al. 2011, Edge et al. 2012, Moore et al. 2012, Lanctôt et al. 2013,
Yadav et al. 2013, Edge et al. 2014a, Edge et al. 2014b, Fuentes et al. 2014, Navarro-Martín et al.
2014, Muñoz et al. 2015).
An unusual relationship between the yellow-spotted salamander (Ambystoma maculatum) and its
symbiotic Chlorophyceae alga Oophila amblystomatis has attracted the attention from the scientific community (Olivier and Moon 2010, Kerney 2011, Kerney et al. 2011, Graham et al. 2013).
In this almost unique relationship, the alga is found in the egg capsules of the salamander, where
it is believed to utilize CO2 and the nitrogenous waste of the embryo while providing additional
oxygenation (Hutchison and Hammen 1958, Hammen and Hutchinson 1962, Goff and Stein
1978, Graham et al. 2013, Baxter et al. 2014).
The relatively high permeability of amphibian eggs (Rowe et al. 2003, Salthe 1965) makes both
alga and embryo susceptible to potential exposure to contaminants present in ponds where the egg
masses are laid. A number of studies have indicated that when algal growth is prevented, whether
by lack of light (Gilbert 1942, 1944, Hammen and Hutchinson 1962, Hutchison and Hammen
1958, Tattersall and Spiegelaar 2008) or chemical means (Graham et al. 2013), the treated eggs
can experience decreased concentrations of oxygen, which can impair development and reduce
hatching success.
Given the significant overlap between the habitat range of the salamander and areas of use of
POEA-containing glyphosate formulations (in forestry); the observed sensitivity of the salaman-
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der embryos to impairment of their algal symbiont, and the ease and convenience of algal toxicity
testing compared to tests conducted with amphibians, we hypothesised that:
VI. Extraction, isolation, culturing and testing with algal symbionts from the yellowspotted salamander would be possible using traditional algal culture techniques
such as those described in standard toxicity testing protocols.
H0: Extraction, isolation, culturing and testing with algal symbionts from the
yellow-spotted salamander will not be possible using traditional algal
culture techniques such as those described in standard toxicity testing
protocols.
The developed method would be simple enough to allow for the use of the algal symbiont in toxicity tests aimed to evaluate its sensitivity to POEA.

1.4.

Research Objectives

The general goal of this thesis was to refine the risk assessments for a commercial mixture of
polyoxyethylene (15) tallow amines (POEA) known as MON 0818 and, by derivation, the
glyphosate-based herbicide formulations which contain this surfactant. The refinement goal involved developing a better quantitative understanding of the fate of POEAs in aquatic systems
with particular emphasis on sediment sorption and how the fate of POEAs may influence observed toxicity to non-target aquatic organisms. The following individual objectives comprise the
steps needed to achieve that main goal in light of the hypotheses presented in the previous section. Each objective, presented in order, corresponds with each of the experimental Chapters of
this thesis. Some of the presented objectives, such as those involved in the optimization of analytical methods, are not necessarily hypothesis driven but, for consistency, the hypothesis to which
they are related is noted
Objective 1 – Chapter 2
To assess the fate and dissipation half-life of POEA in the water column, suspended particulate
and sediment under environmentally realistic conditions in outdoor microcosms. This objective
included three sub-objectives:
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Objective 1.1: To optimize the existing analytical methodologies for quantitative extraction of POEA from sediment samples.
Objective 1.2: To evaluate the fate and dissipation half-life of POEA in outdoor
aquatic microcosms (Hypothesis I).
Objective 1.3: To evaluate the effect of water depth and sediment organic carbon on
the observed fate of POEA in outdoor aquatic microcosms (Hypotheses II and III).
Objective 2 – Chapter 3
To extract, isolate and create a viable culture of the algal symbiont associated with A. maculatum
to evaluate its potential use for toxicity testing. This objective included four sub-objectives:
Objective 2.1: To isolate individual cells of the algal symbiont from A. maculatum
eggs and identify the alga to species level (Hypothesis VI).
Objective 2.2: To create a viable culture of the isolated alga in liquid media under laboratory conditions (Hypothesis VI).
Objective 2.3: To optimize culturing conditions for the use of the symbiont in a nearstandard toxicity test (Hypothesis VI).
Objective 2.4: To test the applicability of the developed method and the relative sensitivity of the alga by assessing the toxicity of Zn2+, a standard reference toxicant, to the
isolated symbiont (Hypothesis VI).
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Objective 3 – Chapter 4
To conduct a baseline Tier-1 aquatic hazard assessment of POEA, based on historical effects data,
available in the literature, complemented with new toxicity data generated using standardized
tests, including relevant species (e.g. Oophila Sp.) and with, for the first time, analytical confirmation of concentrations of POEA in the exposure solutions. This objective included three subobjectives:
Objective 3.1: To evaluate the toxicity of POEA on a representative set of freshwater
aquatic organisms under standard or near-standard testing conditions and with analytical confirmation of the test solutions (Hypothesis IV).
Objective 3.2: To develop species sensitivity distributions (SSD) based on the collected toxicity data alone and combined with literature data normalized to POEA content.
Objective 3.3: To assess the hazard posed by POEA to aquatic organisms by comparing the generated SSD to three worst-case exposure scenarios resulting from maximum and typical application rates of POEA-containing glyphosate formulations as
well as estimates of POEA concentrations from existing maximum measurements of
glyphosate in surface waters.
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Objective 4 – Chapter 5
To assess the effects of a number of environmentally realistic modifying factors on the toxicity of
POEA to aquatic organisms. This objective included three sub-objectives.
Objective 4.1: to evaluate the differences between water-only toxicity data and data
collected from equivalent tests conducted in the presence of sediment for the understudied group of benthic macroinvertebrates as well as fish (Hypothesis IV).
Objective 4.2: to assess the differential toxicity of POEA to two cold-water fish species at different temperature.
Objective 4.3: to evaluate the capacity for recovery of a cladoceran and three primary producers after a 24-h exposure to concentrations of POEA expected to cause significant effects (Hypothesis V).

Objective 5 – Chapter 6
To assess the effects of environmentally-realistic exposures to POEA on primary production in
outdoor microcosms.
Objective 5.1: To evaluate the effects of POEA on phytoplankton and periphyton
growth on outdoor microcosms,
Objective 5.2: To conduct a preliminary evaluation of the applicability of DNAmetabarcoding techniques for the assessment of the effects of chemical exposure
(POEA in this case) in the zooplankton communities of the microcosms, and
Objective 5.3: To evaluate the effect of water depth on any potential effects of POEA
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Chapter 2
Dissipation of a Commercial Mixture of Polyoxyethylene Amine Surfactants in Aquatic Outdoor Microcosms: Effect of Water Depth and Sediment Organic Carbon

2.1.

Abstract

This study optimized existing analytical approaches and characterized the effect of sediment organic carbon (0.05 - 2.05% TOC), and water depth (15, 30, and 90 cm) on the fate of MON 0818,
a commercial mixture of polyoxyethylene amine surfactants (POEAs), in outdoor microcosms.
Mixtures of POEAs are commonly used as adjuvants in commercial herbicide formulations containing glyphosate. Until recently, analytical methods sensitive enough to monitor environmental
concentrations of POEAs in aquatic systems were not available. After optimizing recently developed analytical methods, we found that the combined use of accelerated solvent extraction (ASE)
and liquid chromatography-tandem mass spectrometry provided a reliable approach for determining the concentration of sediment-adsorbed POEAs. The surfactant showed strong affinity for
sediment materials, with low maximum recoveries by ASE of 52%. Under microcosm conditions, water depth or sediment characteristics did not significantly affect the water-column halflife of POEA, which was estimated between 3.2 and 5.3 h. Binding of POEAs to suspended solids
was observed, which dissipated via one- or two-phase exponential decay; when two-phase decay
occurred, fast phase half-life values ranged from 0.71to 1.31 h and slow-phase values ranged
from 17.5 to 44.3 h. Concentrations of POEA increased in sediment shortly after application and
decreased over the study period with a half-life of 5.8 – 71.2 d. The concentrations of POEA in
the sediment of the shallow (15 cm) ponds dissipated following a two-phase exponential decay
model with an initial fast-phase half-life of 1.1 – 8.9 d and a slower second-phase half-life of 21
d. Our results suggest that aquatic organisms are unlikely to be exposed to POEAs in aqueous
phase for periods of more than a few hours following an over-water application, and that sediment is a significant sink for POEAs in aquatic systems.
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2.2.

Introduction

Mixtures of polyoxyethylene tallow amines (POEA), a group of non-ionic/cationic surfactants
belonging to the larger class of alkylamine ethoxylates (ANEOs), are commonly used formulants
in glyphosate herbicide formulations, such as Roundup® and Vision® (Giesy et al. 2000, Riechers
et al. 1994). The available data on the toxicological effects of POEAs to aquatic organisms
(Folmar et al. 1979, Moore et al. 1986, Servizi et al. 1987, Wan et al. 1989, Tsui and Chu 2003,
Brausch et al. 2007, Brausch and Smith 2007, Bringolf et al. 2007, Frontera et al. 2011,
Guilherme et al. 2012, Moore et al. 2012) strongly suggest that POEA is the main driver of toxicity from glyphosate herbicide formulations to non-target aquatic organisms. Results of these laboratory studies suggest the potential for effects (e.g., laboratory EC10 and EC50 values for mortality and growth inhibition) at concentrations close to those estimated to occur in the environment. The concern over POEA-mediated toxicity, especially the potential effects on amphibians
(NRA 1996), has resulted in regulatory authorities prohibiting direct application of formulations
containing POEA to lakes, rivers, and streams in countries such as Australia, Canada, and the
United States (Giesy et al. 2000, PMRA 2015). However, the potential exists for input to aquatic
systems through drift, movement through runoff of surface waters, or through aerial over-spray of
shallow ephemeral wetlands, for example, during aerial applications in forestry. Additionally, in
recent years, a number of use-label expansions have been submitted by state and provincial conservation authorities requesting permission to use the POEA-containing formulations, for the control of the invasive reed species Phragmites australis in the north east of the US and Canada
(Bickerton 2007, Crowe et al. 2011). Taken together, there is a potential for POEA to enter surface waters, underscoring the need for a more comprehensive characterization of its fate and behaviour.
Over the last two decades, a number of studies have attempted to characterize the composition of
these surfactant mixtures in the original herbicide formulations and in environmental samples
(Schreuder et al. 1986, Lang et al. 1999, Krogh et al. 2002, Krogh et al. 2003, Oskarsson and
Holmberg 2006, Corbera et al. 2010, Mesnage et al. 2013, Tush et al. 2013). While a few of these
studies present quantitative methodologies (Schreuder et al. 1986, Corbera et al. 2010), these
have been usually aimed at greater concentrations, such as those typically found in the commercial herbicide formulations themselves. The number of easily accessible and reliable analytical
methods for the quantification of these surfactants at environmentally and/or toxicologically relevant concentrations is; however, much more limited. Krogh et al. (2002) and Krogh et al. (2003)
were, until recently, the only available studies providing methods able to measure commonly
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used mixtures of ANEOs in both water and soil matrices at environmentally relevant concentrations (limit of detection: 0.3 – 6 mg L-1 in water and 24 – 43 μg kg–1 in soil). Wang et al. (2005)
were able to quantify MON 0818, the commercial mixture of POEAs present in Roundup®, in
fortified samples of well water down to a limit of quantitation of 0.05 mg L-1. This study; however, followed the manufacturer’s own analytical protocols and the method, which is only briefly
described in the study and not available in the open literature.
As part of a large-scale collaborative project involving the present study, Ross and Liao (2015)
recently developed a sensitive, reliable, and simple analytical method for the analysis of POEA at
environmentally relevant concentrations in natural waters and sediments. The level of quantitation (LOQ) of this method is 0.5 ng mL-1 for water and 2.5 ng g-1 for sediment extracts, which is
two orders of magnitude less than that of previous methods for analysis of water - 300 ng mL-1
for Krogh et al. (2002) and 50 ng mL-1 for Wang et al. (2005) - and an order of magnitude below
the LOQ achieved in soil extracts (24-43 ng g-1) by Krogh et al. (2002).
The previous lack of adequate analytical methods has made it difficult to evaluate the fate of
ANEOs, particularly POEAs, in the aquatic environment. Using conservative estimates based on
an unpublished suspended sediment-water biodegradation study with 14C-labeled POEA presented as part of the glyphosate registration submission and summarized in the report by the NRA
(1996), Giesy et al. (2000) applied a water column half-life of 21 – 42 d for their risk assessment
of Roundup®. Wang et al. (2005), measured the changes on water concentrations of MON 0818 in
laboratory-based microcosms (72 L) containing sediments with different levels of total organic
carbon (TOC). The authors observed shorter water column half-lives in aquaria containing sediment with higher TOC (18 and 13 h for 1.5 and 3% TOC, respectively), while no significant
changes in concentration in water were observed in the aquaria with no sediment over the duration of the study (96 h). The half-life values calculated by Wang et al. (2005) are considerably
shorter than those estimated by Giesy et al. (2000).
Given the limited aquatic field dissipation data available for POEA and incomplete understanding
of its role in the toxicity of formulated products, the aims of this study were 1) to optimise the
existing analytical methodologies for their use on large numbers of environmental water and sediment samples, and 2) to evaluate the effect of water depth and sediment organic carbon on the
fate of POEA in outdoor aquatic microcosms.
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2.3.

Materials and methods

2.3.1.

Test substance and reagents

The commercial surfactant mixture MON 0818 was used for this study. MON 0818 is the main
surfactant used in traditional glyphosate formulations such as Roundup Original® and its forestry-use equivalent Vision®. MON 0818 contributes approximately 15% of the total weight of
these formulations (Edginton et al. 2004b). The product consists mainly of polyoxyethylene-(15)tallow-amine (POEA) (CAS no. 61791-26-2), a tallow-based mixture of alkylamine ethoxylates
(ANEOs) with varying length on their alkyl/alkene chain, R, (14-18 C) and ethoxylate chains (average of 15)(Figure 2.1) Pure (99%) POEA was used to prepare all analytical standards. A technical solution of MON 0818 was used for the microcosm fate studies. Analysis of the particular
solution used in this study showed it contained 68% POEA. Both the technical solution and the
pure standard were supplied by the Monsanto Company (St. Louis, Missouri, US).
HPLC grade acetonitrile, methanol, water and acetic acid were obtained from Fisher Scientific
(Mississauga, ON, Canada). Ammonium formate was from Sigma-Aldrich (Oakville, ON, Canada) and formic acid (90%) from J. T. Baker (VWR). Standard Ottawa sand (20 - 30 mesh) was
from Fisher Scientific (Mississauga, ON, Canada).
Variations of the OECD standard artificial soil (OECD 1984) of different levels of total organic
carbon (TOC) were prepared with Mason sand (90% of particles between 0.6-1.12 mm , McKenzie Bros, Guelph, ON, Canada), kaolinite clay (EPK clay, Edgar Minerals, Edgar, FL, USA) and
sphagnum peat (Sunshine Peat Moss Grower Grade Green, JVK, St. Catherines, ON, Canada).
Glassware was soaked overnight in an alkaline bath (Contrad 70®, Decon Labs, King of Prussia,
PA), rinsed in reverse osmosis water, acetone, and methanol and dried overnight at 130°C. Before
use, Ottawa sand was cleaned by washing it with 100% methanol via accelerated solvent extraction under the same conditions as sediment samples (see Section 2.2).
2.3.2.

Sample preparation

Water sample were prepared by following, with slight modifications, the steps described in Ross
and Liao (2015). Briefly, refrigerated samples of water diluted 1:1 v/v with methanol were
brought to room temperature for 30 min, and vortexed for 10 s. One mL of each sample was
transferred to a 1.5-mL Eppendorf vial and centrifuged at 14,000 × g (MiniSpin® plus, Eppen-

27

dorf, Mississauga, ON) for 5 min. A 900 µL aliquot of supernatant was then transferred to a 1.8mL vial for direct analysis by HPLC/MS/MS.
In order to assess the amount of MON 0818 bound to the particulate fraction of the water column,
the filters used to process the microcosm water samples (see Section 2.4.2) were placed in 15-mL
scintillation vials and extracted for 12 h in 10 mL of methanol on a shaker table at 120 r min-1
(MAxQ 2000, Thermo Fisher, Scientific Marietta, OH). After extraction, 900 µL of the extract
were transferred to a 2-mL Eppendorf microtube containing 900 µL of HPLC water. Tubes were
centrifuged at 14,000 × g for 5 min and 1 mL of the supernatant was then transferred to a 1.8-mL
vial for HPLC-MS/MS analysis.
Preliminary experiments indicated that the sediment extraction method developed by Ross and
Liao (2015) did not perform well for the sediments used in the present study. Further development of the methodology was, therefore, carried out in order to maximize extraction recoveries.
Accelerated solvent extraction (ASE) and ultrasound-assisted extraction (USE) methods were
tested and compared during method development for the extraction of MON 0818 from sediment
samples. Accelerated solvent extraction was performed using a Dionex ASE 300 (Thermo Fisher,
Sunnyvale, CA) and a Bransonic 2510 ultrasonic bath (50-60 Hz) (Branson, Danbury, CT) was
used for ultrasound-assisted extraction (USE). Before extraction, frozen (-80°C) sediment samples were freeze-dried for 7 days on a Labconco FreeZone 12 Plus equipped with a Bulk Tray
Dryer (Labconco, Kansas City, MO).
For USE, freeze-dried samples were thoroughly mixed, and a 0.5 g aliquot weighed into a 15-mL
polypropylene centrifuge tube before addition of 5 mL of the extraction solvent being tested.
Samples were exposed to three sonication cycles of 15 min at 60°C. In between each cycle, samples were centrifuged at 4,000 g (5810R, Eppendorf, Mississauga, ON) for 5 min, supernatant
was collected into a 15-mL graduated glass centrifuge tube and 5 mL of fresh solvent was added
to the samples.
For ASE, freeze-dried sediment samples were thoroughly mixed, and 3 g was weighed into a 50mL polypropylene centrifuge tube. Weighed samples were wetted using 300 µL of methanol and
7 mL of clean Ottawa sand added to each tube. The contents of each centrifuge tube were mixed
thoroughly by hand shaking and transferred quantitatively to a clean 33-mL accelerated solvent
extraction (ASE) cell (Dionex, Salt Lake City, UT) containing 8 mL of Ottawa Sand. Then, an
additional 5 mL of Ottawa sand was added to each tube, shaken, and transferred to the cell to en-
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sure complete transfer of the sediment materials. Each cell was topped up with Ottawa sand before being loaded on the ASE.
Pre-treatment blank sediment samples were used for method development. Blank sediments were
processed as descried above, except that the 3 g of sediment in the 50-mL polypropylene centrifuge tube was spiked with 50 or 500 µL of a diluted stock solution containing 1 mg L-1 MON
0818 in methanol to achieve a surfactant concentration of 16.7 or 166.7 ng g-1, respectively.
Accelerated solvent extraction was performed at a temperature and pressure of 120°C and 1,500
psi, which provided optimal recovery of MON 0818. The solvent reservoir was filled with 1:1 v/v
methanol/acetonitrile. Two extraction cycles were performed on each sample using pre-heat, heat,
static, and purge times of 1, 6, 10, and 2 min, respectively, with a 75% flush. This program produced approximately 50 mL of extract from each sample, which was subsequently evaporated to
dryness in a rotary evaporator (Büchi R-200, New Castle, DE) at 40°C. Evaporated extract was
reconstituted in 5 mL of methanol and transferred to a 15-mL polypropylene centrifuge tube. Extracts were then vortexed for 10 s, and 900 µL transferred to a 2-mL Eppendorf microtube containing 900 µL of HPLC water. Tubes were centrifuged at 14,000 × g for 5 min and 1 mL of the
supernatant was then transferred to a 1.8-mL vial for HPLC-MS/MS analysis.
2.3.3.

Liquid chromatography-tandem mass spectrometry

A full description of the liquid chromatography-tandem mass spectrometry methodology used is
presented in Ross and Liao (2015). Some modifications were required in order to transfer the
methodology to our analytical laboratory. Briefly, samples of water and sediment extracts were
analyzed using a triple quadrupole-tandem mass spectrometer (model 4000 Q-TrapTM; AB/Sciex,
Concord, ON) coupled via an electrospray ionization (ESI) interface (TurboIonSprayTM;
AB/Sciex) to a dual-gradient LC pump and autosampler equipped with a de-gasser and a column
oven (model 1100 Agilent, Mississauga, ON). An Agilent Eclipse XDB-C18 analytical column
(3.5μm, 100 x 2.1 mm; Agilent, Mississauga, ON) and similar column guard (Gemini-NX C18
guard column, 4 x 2 mm; Phenomenex, Torrance, CA) were used for the chromatography steps,
with an injection volume of 50 µL. A flow rate of 0.3 mL min-1 and column oven temperature of
30°C were used for the separations, together with a binary solvent system consisting of 1:1 v/v
methanol:acetonitrile (Solvent B) and 0.3% formic acid/0.1% ammonium formate in HPLC water
(Solvent A). The composition of the mobile phase at the start of each run was 50:50 A:B, which
was held for 3 min before ramping to 0:100 A:B at 5 min and holding until 12 min. The mobile
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phase composition was then returned to 50:50 A:B at 12.1 min and held until 15 min to recondition the column.
Detection of protonated molecular ions of the nine individual ANEOs chosen to represent MON
0818 (Appendix Figure A.1) was performed in the positive ion mode. ESI source parameters
were adjusted for our particular analytical equipment to optimize ion yield for a standard solution
containing 5 ng mL-1 MON 0818. Optimal parameters were: curtain gas (CUR) 10 psi, collision
gas (CAD) medium, ion source gas1 (GS1) 30 psi, ion source gas2 (GS2) 20 psi, ion spray voltage (IS) 2,500 V and temperature (TEM) 725 ºC. Multiple reaction monitoring (MRM) of the
selected transitions (Appendix Figure A.1) was carried out with unit mass resolution, using a
collision cell entrance potential of 10 V and a dwell time of 40 ms for each transition. Declustering potential, collision energy and cell exit potential were optimized automatically for each
MRM transition using the instrument software (Analyst v1.6.2).
2.3.4.

Calibration and Validation

Matrix-matched calibration standards ranged from 0.2 to 100 ng mL-1 and were prepared for each
batch and run a minimum of three times in order of increasing concentration. Filtered, un-treated
microcosm water mixed 1:1 v/v with methanol was used as matrix for the standards used for the
analysis of the water and filter samples. Untreated blank sediment extracts (after 1:1 v/v dilution
with water) were used as matrix for the calibration standards used for sediment samples.
For each calibration standard, the MRM peak areas of the nine monitored transitions were
summed and these values were used to generate the calibration curve via quadratic regression.
The sum of the MRM peak areas of the nine monitored transitions from each sample was then
used to derive the concentration MON 0818 from the calibration curve. Each batch of samples
included one or more replicated samples, matrix-matched calibration standard, and matrixmatched solvent blank (1:1 v/v matrix/water) to determine precision, accuracy, and carryover.
With our particular laboratory set-up, it was observed that an injection volume of 50 µL was sufficient to achieve the same limits of detection observed in the original method (LOQ of 0.5 ng
mL-1 for water and 2.5 ng g-1 for sediment extracts). Given the similar performance and the added
protection that the reduced injection volume provided to the analytical equipment, especially given the direct-injection methodology used, a final injection volume of 50 µL was used for all samples.
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2.3.5.

Microcosm study

The microcosm study was performed following the US EPA Fate, Transport and Transformation
Test Guidelines for Aquatic (Sediment) Field Dissipation (US EPA 2008b), with modifications as
described below.
The fate of POEA was followed over a 28 d period (July 10–August 7) at the University of
Guelph Microcosm Facility (Guelph, ON, Canada), with several weeks of pre-treatment monitoring prior to dosing. The facility consists of 30 dug-out circular cosms of 3.9 m in diameter and
approximately 1 m in depth, with a white food-grade polyvinyl chloride (PVC) liner. The actual
water column depth can be adjusted by changing the length of the stand-pipe that served as the
outlet. For this study, a total of nine microcosms were used, with three randomly assigned to each
of three water depths (15, 30, and 90 cm) (Appendix Figure A.1).
The bottom of each microcosm was covered with 2 cm layer of artificial sediment (252 L in total). The sediments used were based on the OECD standard artificial soil (OECD 1984) and consisted a combination of Mason sand, kaolinite clay, and sphagnum peat, mixed in a concrete mixer to yield three different sediments of 0.5, 1.0 and 2.0% nominal total organic carbon (TOC)
based on common concentrations of TOC in typical application areas (OMECC 1993). The addition of CaCO3 for pH adjustment, as recommended on the OECD guideline, was deemed unnecessary due to the hardness (300 – 500 mg L-1 CaCO3) and alkalinity (120– 300 mg L-1 CaCO3)
levels historically measured in the water used for the microcosms. Samples of the sediments
where collected from each microcosm at the end of the experiment for full characterization
(Table 2.1 and Appendix Table A.2) following standard methods (full details provided in the
SI). The final experimental design consisted of a 3 x 3 full factorial design with all possible combinations of water depth and sediment TOC (n=1).
After application of sediment, the microcosms were gently filled to their final water depths from a
well fed central irrigation pond and left for a week to allow all floating peat particles to settle. On
Jun 7th (33 d before treatment) recirculation of water from the irrigation pond was started at a rate
of one microcosm-volume per day to enhance homogeneity in biological and physicochemical
characteristics of the microcosms. Recirculation was ceased 12 d prior to treatment to create isolated and independent experimental units.
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2.3.5.1.

Treatment of Microcosms

Weather conditions were monitored prior to treatment to ensure minimal wind during treatment
(in order to limit spray drift and cross-contamination of the microcosms, as well as ensure complete treatment at the target concentration), and minimal precipitation for at least 72 h after treatment (Appendix Figure A.1). The microcosms were sprayed uniformly for 1 minute with a 1.46
g L-1 solution of MON 0818 (technical product) at a 1 L min-1 flow rate (1.46 g per microcosm).
Spraying was performed with a calibrated back-pack sprayer (SHURflo ProPack SRS-600, New
Brighton, MN) by means of a perimetral walk around the microcosm combined with a radial
movement of the spraying wand. The amount of MON 0818 applied to each mesocosm was calculated based on the known surface area (11.95 m2) such that the initial POEA concentration
would approximate a direct over-spray scenario. For this study, nominal concentration targets
were based on a scenario of direct over-spray for a glyphosate-based herbicide product containing
15% POEA and 356 g of glyphosate a.e./L (comparable to Roundup Original ® or Vision®)
when applied at a rate of 7 L product/ha (2.56 kg a.e./ha). The calculated initial concentrations
in mesocosms of 15, 30 and 90 cm depth were 0.814, 0.407, and 0.136 mg MON 0818 L-1 for the
15, 30 and 90 cm-deep microcosms). Based on 68% measured polyoxyethylene-(15)-tallowamine (POEA) in the technical solution, the initial (t0) POEA nominal concentrations were 0.554,
0.277, and 0.092 mg POEA L-1 for the 15, 30 and 90 cm-deep microcosms, respectively.
2.3.6.

Sampling

2.3.6.1.

General Water Chemistry Samples

Measures of conductivity, temperature, and dissolved oxygen (DO) were taken daily (Monday
through Friday) starting at day -21 pre-treatment, through day 28 post-treatment using a multi
parameter probe (YSI 55, Yellow Springs, OH). Total hardness and alkalinity together with pH
(Accument Research AR20, Fisher Scientific) were monitored weekly during the same period and
analysed with standard titration kits (Hach, London, ON). Water chemistry samples were collected using an integrated water sampler (Solomon et al. 1982). Additional water samples were collected weekly for quantification of total suspended solids (TSS). Approximately one liter of water
was filtered through a pre-burned (12 h, 500°C) glass microfiber filter grade GF/C (1.2 µm)
(Whatman Inc., NJ, USA) and the total filtered volume was recorded. Filters were dried at 105°C
for 24 h and their weight recorded. Ash-free dry weight of the suspended solids was then calculated according to Steinman et al. (2007).
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2.3.6.2.

Samples for quantification of MON 0818

Water samples for analysis of MON 0818 were collected at -24, 1, 2, 4, 6, 12, 24, 48, 72, 96, 168
and 336 h after treatment. In order to better characterize the movement of MON 0818 through the
water column, for the first 24 h, water samples were collected at different depths. Samples were
collected by vacuum-suction through a section of Teflon tubing attached to an aluminium bar.
Pumped water was collected in a glass flask and processed immediately in an on-site laboratory.
After 24 h, complete mixing was assumed and samples were collected via an integrated sampler.
All sampling equipment was rinsed with water from a control (non-treated) microcosm to avoid
contamination.
Approximately 120 mL of each collected sample were filtered through a glass microfiber filter
Grade GF/C (1.2 µm) (Whatman inc., NJ, USA) and the total filtered volume was recorded. The
filter was collected on a Whirl Pak bag and frozen (-20°C). One, 100 mL aliquot of the filtered
sample was collected in a glass bottle, mixed with 100 mL of methanol and refrigerated at 4°C
until analysis.
For each sampling time, two replicates of a high spike (600 µg MON 0818 L-1) and a low spike
(20 µg MON 0818 L-1) were prepared in a 1:1 v/v water:methanol and stored with the collected
samples to evaluate any possible losses of MON 0818 during transport and storage. At each sampling time, a field blank, of 1:1 v/v water:methanol was kept open during sampling and stored
with the samples to account for any possible contamination.
On day -7 before treatment, each microcosm received ten 100-mL jars containing 50 g (dry
weight) of its corresponding sediment. Jars were carefully filled with water from the microcosm
and gently lowered to the bottom. On days -1, 1, 7, 14, 21, and 28, one randomly selected jar was
collected from each microcosm, the overlaying water carefully removed with a syringe, and the
sediment thoroughly mixed with a spoon and collected in two separate whirl-pack bags. The sediment-jar approach was used to facilitate sampling as well as minimizing the disturbance of the
relatively thin (2 cm) sediment layer over the course of the study. Sediment samples were frozen
(-20°C) upon collection and stored at -80°C upon arrival to the laboratory until analysis.
2.3.7.

Statistical analysis

Dissipation rates for MON 0818 in water, suspended solids and sediment were estimated using a
simple (f=c1*exp(-k1*x)), or two-phase (f=c1*exp(-k1*x)+c2*exp(-k2*x)) exponential decay mod-
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el. The half-life (DT50) values were estimated from k using the equation DT50 = Ln(2)/k. For the
fitting of these models, POEA concentrations <LOD, were considered 0.
Repeated measures ANOVA (RM-ANOVA) was used to evaluate the effect of water depth on
changes in different measured water chemistry parameters over the duration of the study.
Principal components analysis (PCA) was used to characterize the effect of the measured characteristics of water and sediment (including water depth and TOC) on the half-life values of MON
0818 in the different compartments. Given the short half-life of the compound in most compartments, water-related environmental variables (pH, temperature, etc.) on the treatment day were
used. Preliminary observation of the data, together with the results from the RM-ANOVA,
showed high levels of correlation between environmental variables (Appendix Figure A.3). In
order to simplify the data set, a correlation matrix was created (Appendix Table A.3) based on
pairwise Pearson product-moment correlations (Kuchapski and Rasmussen 2015). Whenever two
environmental variables showed r >0.80, one of them was eliminated from the data set. Only correlations with asymptotic P-values <0.05 were discarded. PCA of the simplified set of environmental variables, and fate variables, was performed in R (V. 3.1.1) via the prcomp() function.
Variables were scaled and centred before analysis. For those cases where the exponential decay
fitted a two-phase model, only the second phase (slow) was included. Due to the extensive range
of half-life values estimated for the fate of MON 0818, this variable was transformed using a natural log function.

2.4.

Results

2.4.1.

Analysis of sediment samples

Preliminary attempts to replicate the sediment extraction methodology presented by Ross and
Liao (2015) proved unsuccessful, with percent recoveries from spiked blank sediment samples of
approximately 25%. In order to further develop the sediment extraction method, a range of ASE
conditions and solvents (Appendix Table A.4) were evaluated for the extraction of MON 0818
from 3-g samples of untreated blank sediment spiked with different concentrations of MON 0818.
Best results were achieved using methanol/acetonitrile (1:1, v/v) at a temperature and pressure of
120 °C and 1,500 psi. The addition of triethylamine to the extraction solvent, as recommended by
Krogh et al. (2003) was tested; however, it was excluded from the final method as recoveries in
its presence decreased by approximately a 20%. Although POEA has traditionally been classified
as a non-ionic surfactant, structure-property relationships modelling (ACD/Labs 2006) estimates
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the pKa of the amine group at 7.88, implying an almost equal distribution of positively charged
and neutral molecules at environmental pH. In order to account for this, extractions at different
pH levels were tested. Other modifications, such as in-cell clean up with basic activated alumina
were attempted. Lower pH reduced the amount of MON 0818 extracted from the sediment under
all tested conditions, while in-cell alumina clean-up improved recoveries in a number of the more
non-polar tested solvents. When applied to the final methanol/acetonitrile (1:1, v/v) extraction,
the use of alumina yielded lower recoveries, and thus, was excluded from the final method. In
general, the surfactant showed high affinity for the sediment material, with low maximum recoveries of 52%. Finally, in order to detect possible losses of MON 0818 during the sample processing, samples were spiked with a known amount of the compound at every step of the sample
handling process following ASE extraction (i.e. transfer to rotavap flask, rotavap to dryness, dilution with methanol, transfer to centrifuge tube, centrifuge, and transfer to HPLC vial). All analysed spikes from each of these steps showed recoveries >97%, indicating that any missing MON
0818 from spiked sediment samples resulted from incomplete extraction from the sediment rather
than being lost to adsorption to glassware or volatilization during evaporation. Precision, calculated from duplicate quantifications of the same sample was satisfactory, with relative standard
deviations averaging 4%.
In an attempt to optimize the high-throughput capabilities of the method, the performance of Ultrasound-Assisted Extraction (UAE) performed with a number of solvent mixtures was compared
to the optimised ASE method. Unfortunately, UAE, was less successful at extracting ANEOs
from spiked sediments under all tested conditions (recoveries <26%) (Appendix Table A.4).
Limits of detection and quantification for the final, optimized, ASE method were calculated in the
same manner as for the water samples yielding an average LOD of 0.78 ng mL-1 and LOQ of 2.5
ng g-1.
2.4.2.

Mesocosm Study

Composition of sediment deviated slightly from the intended nominal TOC levels (0.5, 1.0 and
2.0%) (Table 2.1). Peat particles re-suspended quickly after introduction of the water into the
microcosms. All precautions were followed to prevent loss of suspended peat, including delay of
the recirculation phase after filling the microcosms in order to allow the particles to settle. It was
apparent; however, that some of the material was washed out of the pond during the re-circulation
period.
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Analysis of the spray solution confirmed that it was 99% of the target nominal concentration
(1.46 g L-1 MON 0818, 0.95 g L-1 POEA). All collected field blanks showed POEA concentrations below the LOQ. A number of the method blanks showed small amounts of POEA in water
that were above the LOD, but below the LOQ (data not shown), probably due to small amounts of
carry-over during the sample filtration steps. No POEA carry-over was observed in the sediment
or filter extracts. Recoveries from the field spikes were satisfactory with an average recovery of
97±6% (n=10) from the high spikes (600 ng mL-1 POEA) and a slightly smaller recovery of
80±11% (n=10) from the low spikes (20 ng mL-1 POEA). These results are consistent with the
intercepts estimated by the exponential decay models which show concentrations at t0 in the range
of the expected nominal concentrations. All samples of water, suspended solids and sediment taken during the pre-treatment period had concentrations of MON 0818 below their respective
LODs.
The distribution of POEA at different water depths (data not shown) did not indicate any apparent
trends, most likely due to the small size of the systems facilitating rapid mixing of the compound.
For the final dissipation calculations, the concentrations measured at different depths for the same
microcosm and sampling time were integrated by averaging the concentrations at each depth.
Water-column half-life of POEA (Table 2.2), was estimated to be between 3.2 and 5.3 h. Concentrations in sediment increased shortly after application and decreased over the study period
with a half-life of 5.9 – 71.2 d. Concentrations of POEA in sediment in the shallow (15 cm)
ponds dissipated following a two-phase exponential decay model with an initial fast-phase halflife of 1.1 – 8.9 d followed by a slower second-phase half-life of 21 d. Binding of the surfactant to
solids suspended in the water was observed; POEA in the particulate phase dissipated via a one or
two phase exponential decay with fast phase half-life values of 0.71 – 1.31 h and slow-phase halflife values of 17.5 – 44.3 h. Variability in the data and low replication of the individual treatment
combinations (n=1), resulted in wide 95% confidence intervals (in most cases it was not possible
to calculate an upper limit) for the particulate and sediment estimates. Visual evaluation of the
best-fit curves shows close agreement with the actual data (Figure 2.2, Appendix Table A.6).
Preliminary observation of the measured water quality and sediment parameters, together with the
results from the RM-ANOVA indicated that the changes observed in most of the water quality
parameters were highly correlated with water depth, with the exception of water pH, dissolved
oxygen, and ash-free dry weight (AFDW) of the suspended solids (Appendix Table A.8, Appendix Figure A.3, Appendix Figure A.4, Appendix Figure A.5). The data from the correlation
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matrix suggests some (not significant) correlation between these three variables, consistent with
their high dependency on biological factors such us primary production. For those parameters that
showed high correlation with water depth, this was, in most cases, associated with time (as shown
by the significant interaction term in the RM-ANOVA). This effect is clear when considering the
evolution of the different parameters over time (Appendix Figure A.4), with the correlations becoming stronger as the study progressed, starting on day -12 as re-circulation was terminated and
the mesocosms became increasingly independent.
Significant correlation was also observed between sediment parameters. Percentages of clay and
sand showed a very significant (p <0.001) negative correlation despite the fact that their proportions were fixed in the initial preparation of the sediment mix. Cation exchange capacity appeared
to be significantly correlated to total organic carbon (TOC), which was, in turn, highly correlated
to total carbon and showed a negative correlation with total inorganic carbon.
The principal components analysis showed no strong effects on the fate variables of the main water and sediment parameters measured at t0. A total of 6 principal components (PCs) were needed
to explain 95% of the variance in the data. The two first principal components together explained
57.4% of the variance (29.7% for PC1 and 27.7% for PC2). Some separation between microcosms based on the different water depths is apparent along PC1 (Figure 2.3), however, this is
not a full separation, as indicated by the high degree of overlap between the normal probability
ellipses (68% probability) associated with each depth group. Analysis of the variable loadings
(Table 2.3) indicates that, indeed, water depth and the highly negatively correlated conductivity,
are the major contributors to PC1 with loadings of 0.353 and -0.359. In the case of PC2, minimum temperature of water followed by percentage of clay and sand were the main contributors
(loadings of -0.432, -0.407 and 0.375, respectively). Total organic carbon (TOC) contributed little
to the two first components, with loadings of 0.224 and -0.011, for PC1 and PC2, respectively.

2.5.

Discussion

The LC-MS/MS approach used in this study was able to match the sensitivity achieved by Ross
and Liao (2015) (LOQs of 0.5 ng mL-1 for water and 2.5 ng g-1 for sediment extracts) while reducing the injection volume by half (50 µL). In addition, our refined method for sediment extraction proved to be sensitive, reliable, and simple enough to allow for the analysis of over 100 sediment samples.
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Considerable effort was directed towards the improvement of the quantitative extraction of POEA
from sediment samples; however, recoveries were consistently low (52%), even in the final version of the method. This complicates the task of performing fate studies, of the kind needed for
satisfactory assessments of environmental exposures, especially under real-world conditions.
However, the limited ability to extract POEA from sediment, even at the high pressures and temperatures used in the method, provides valuable information on the nature of the interaction of the
compound with the sediment, notably the strength of this association and, indirectly, of the high
probability that its bioavailability from sediment is limited.
The discrepancies in the recoveries of MON 0818 from spiked sediments presented by Ross and
Liao (2015), and those observed when their methodology was applied to the sediments used in
this study are difficult to explain, but may be due (at least in part) to the different characteristics
of the sediments used in both studies. As pointed out by Ross and Liao (2015), the addition of
individual and/or isotopically labelled standards for POEA prior to extraction and instrumental
analysis would allow these variations in extraction efficiency and other analytical conditions to be
accounted for more fully; however, these are not yet commercially available.
Dissipation half-life values measured in the water-column in this study were smaller than those
measured by Wang et al. (2005) and those estimated by Giesy et al. (2000). The Wang et al.
(2005) study was performed under laboratory conditions, in aquaria of much smaller volume (72
L), and at slightly lower temperature (20°C) than the current study (average temperature ~25°C).
Field dissipation is understood as the combined result of chemical and biological processes (e.g.,
hydrolysis, photolysis, microbial transformation) (US EPA 2008a). The current study was performed under more realistic environmental conditions, and thus, the potential effects of these processes on dissipation of POEA in the water column can be magnified. Additionally, Wang et al.
(2005), mentioned slight re-suspension of the sediment material at the start of the experiment,
while the brief description of their analytical method does not mention any filtration steps. By
analysing water and suspended solids separately, we observed that particle-bound POEA remained in suspension (associated with the TSS) longer than in solution, with half-life values between 4 and 44.3 h, closer to the 13 – 18 h values measured by Wang et al. (2005).
In the principal components analysis, half-life on the particulate fraction showed high loadings on
PC2 (0.371) pointing to a relationship with depth of water. While depth of water was not significantly correlated with AFDW of the particulate fraction during the first 48 h after treatment (data
not shown), shorter sedimentation/re-suspension cycles in the shallow microcosms could be re-
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sponsible for these results. In a number of the microcosms, the concentrations of POEA in the
suspended solids fitted a two-phase exponential decay model. This was the case for two of the 15
cm-deep microcosms and one of the 30 cm-deep microcosms. Visual inspection of the data suggests this could be due to variability in the concentrations of POEA in the suspended solids during the first 6-12 h, with steep decreases and increases. The association of this variability with the
low depth microcosms supports the idea of sedimentation and/or re-suspension cycles being associated to these phenomena, perhaps induced by the frequent sampling events during that period or
mixing driven by thermal convection (wind speeds were minimal over the first 48-72h of the
study).
To our knowledge, no published study has measured concentrations of POEA in sediment or suspended solids, nor characterized its behaviour therein. In a study on agricultural soils Krogh et al.
(2003) measured POEA concentrations before and at several time points after the application of a
POEA-containing glyphosate formulation (Eranca®). Variability between samples was large, but
they observed increases in concentration of POEA 4 d after application of the product and observed slow field dissipation at 14 d post-application (10 d between sampling). These results are
consistent with our findings. From the concentration data in sediment, there was a rapid decrease
to a concentration of 50-100 ng g-1 followed by a slower dissipation or even a plateau. Biodegradation of ANEOs is expected to be quick; experimental results support the assumption that microorganisms quickly degrade ethoxylated fatty amines by cleaving them into an alkyl chain and
a secondary ethoxylated amine (van Ginkel et al. 1993). If this was the case, the half-life in the
compound in soils/sediments should be expected to be shorter than observed. The longer-than
expected measured sediment half-life values, together with the low recoveries of the compound
from this matrix, seem to indicate that the POEA remaining in the sediment after the initial quick
dissipation phase, is tightly bound to the sediment matrix and most likely not bioavailable. The
linkage between depth of the water column and the presence/absence of this first, quick, decay
phase is most likely not due to the water depth itself, but to the different initial concentrations of
POEA. The quick decay phase was only apparent in the 15 cm microcosms, where the initial concentration of POEA was the greatest. If the observed plateau or quasi-plateau in concentration
was due to the presence of a finite amount of potential high affinity binding sites, then it would be
possible that, at higher initial concentrations of POEA, the percentage of the compound adsorbed
to low-affinity binding sites would have been greater, allowing for greater bioavailability and, as
observed by the rapid dissipation, for faster degradation. The lack of explanatory power that sediment TOC had over the measured half-life values in the different matrices indicates that this
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binding is probably to other components of the sediment. This result is consistent with previous
studies on the interaction of ANEOs with clay components (Luckham and Rossi 1999). An effect
of sediment TOC such as that reported by Wang et al. (2005), could have been masked in our
study due to the loss of organic matter from the sediment during microcosm preparation, which
led to lower levels of TOC than those used in the Wang et al. (2005) study.
The developed method and the MON 0818 field dissipation half-lives presented in this study will,
hopefully, aid in the assessment of the exposure of aquatic organisms to POEAs. Further research
is needed to evaluate how potential effects resulting from the observed pulsed exposure scenario
compare to traditional standard duration (48-96 h) toxicity tests. A more in-depth evaluation of
the bioavailability of sediment-adsorbed POEA and its potential role as a protective element or an
alternate source of exposure to benthic invertebrates should, as well, be performed.
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Tables

Water depth
(cm)

15

15

15

30

30

30

90

90
90

Microcosms

9

6

2

3

11

7

15

4

13

2.0

1.0

0.5

2.0

1.0

0.5

2.0

1.0

0.5

Nominal
TOC (%)

1.2

0.8

0.6

1.0

<0.1

0.7

2.0

0.4

<0.1

TOC
(%)

3.5

3.8

3.4

3.7

4.0

3.5

3.5

3.7

3.8

TIC
(%)

measured parameters can be found in Appendix Table A.1.

4.7

4.7

4.0

4.7

4.0

4.1

5.5

4.1

3.7

Total C
(%)

7.7

7.7

7.7

7.8

7.7

8.0

7.7

7.8

7.9

pH

6.5

3.4

2.7

5.4

3.1

2.4

5.1

3.0

2.4

CEC
(meq per 100 g)

1.7

1.6

1.6

1.0

1.9

1.2

1.2

1.1

1.4

Gravel
(%)

78.1

82.5

79.4

81.6

81.6

79.0

80.2

82.7

80.7

Sand
(%)

8.1

6.1

7.3

7.4

6.1

8.3

7.7

6.0

6.9

Silt
(%)

Loamy sand
Sandy Loam

13.8

Sandy Loam

Loamy sand

Sandy Loam

Sandy Loam

Sandy Loam

Loamy sand

Sandy Loam

Texture

11.4

13.4

11.1

12.2

12.7

12.1

11.3

12.5

Clay
(%)

Table 2.1: Summary of the main properties of the sediments from each of the microcosms. An extended version of this table with additional
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0.85

1.22

90

90

3.24

3.43

4.98

5.33

4.17

4.23

3.31

4.55

3.31

(1.12 - 10.26)

(2.32 - 5.28)

(2.83 – 21.04)

(1.73 - 23.11)

(2.50 - 7.62)

(2.35 - 8.39)

(2.77 - 3.98)

(2.73 - 8.28)

(2.54 - 4.42)

DT50 (h)

-

-

-

-

1.25

-

1.31

-

0.71

-

-

-

-

(0.35 - infinity)

-

(0.40 - infinity)

-

(0.24 - infinity)

DT50 Fast (h)

40.40

20.65

44.33

26.83

37.82

18.44

32.02

4.19

17.49

Particulate

(15.15 - infinity)

(8.11 - infinity)

(14.81 - infinity)

(8.79 - infinity)

(7.46 - infinity)

(6.24 - infinity)

(4.02 - infinity)

(1.35 - infinity)

(5.37 - infinity)

DT50 Slow (h)

-

-

-

-

-

-

8.93

1.13

1.79

-

-

-

-

-

-

(0.22 - infinity)

(0.12 - infinity)

(0.24 - infinity)

DT50 Fast (d)

n.a.: calculation of 95% CI was not possible due to the limited number of data points and their variability

0.6

90

0.05

30

0.67

2.05

15

1.01

0.4

15

30

0.05

15

30

TOC
(%)

Water
depth (cm)

Water

11

(10.16 - infinity)

(6.34 - infinity)

71.16
61.96

(9.22 - infinity)

(4.77 - infinity)

(3.90 - 11.84)

(4.83 - infinity)

(0.36 - infinity)

(3.25 - infinity)

35.32

18.10

5.87

16.76

9.03x10

21.05

n.a.

DT50 Slow (d)
5.41x1015

Sediment

Table 2.2: Half-life values for MON 0818 measured in the water column, suspended solids and sediment of the studied microcosms. Half-life values were calculated by means of a single phase exponential decay model of the form f=c1*exp(-k1*x) or two- phase exponential decay model of
the form f=c1*exp(-k1*x)+c2*exp(-k2*x). Half-life values calculated as DT50=Ln(2)/k for each phase. The 95% confidence intervals (C.I.) for the
DT50 estimates are presented in brackets. Variability in the data and low replication of the individual treatment combinations (n=1), resulted in
very wide 95% C.I. estimates in most cases

Table 2.3: Rotated component loadings for the
variables included in the principal components
analysis. The three environmental variables with
the highest loadings on the different principal
components are marked in bold.
Variable

PC1

PC2

Water DT 50

0.126

0.301

Particulate DT 50

0.371

-0.272

-0.311

-0.242

Water Depth

0.353

-0.157

Sediment pH

-0.223

-0.043

0.224

-0.011

% Sand

-0.222

0.375

% Clay

0.189

-0.407

Max water temp

-0.307

-0.167

Min water temp

-0.032

-0.432

Dissolved Oxygen

-0.334

-0.250

Conductivity

-0.359

0.191

Water pH

-0.204

-0.198

AFDW

-0.251

-0.302

Sediment DT 50

TOC
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2.7.

Figures

Figure 2.1: Chemical structure of C18H37N(EO)14, a representative polyethoxylated tallow amine
(POEA) homologue with a 18-carbon alkyl chain and two 7 Ethoxyl chains (EO)(14 EO total).
The nine representative POEA components on which the MON 0818 method is based contain the
alkyl (R) chain C16H33, C18H35 or C18H37 and a total number (X = m + n) of 10, 12 or 14 ethoxylate (EO) groups. Arrows indicate the modelled (ACD/Labs, 2006) pKa values for each of the
relevant groups.
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Figure 2.2: Measured concentrations of polyoxyethylene(15)tallowamine (POEA) over time after spray
application of 0.95 g POEA (as the commercial formulation MON 0818) in the water column (left),
suspended solids (centre) and sediment (right) of microcosms with a water depth of 15 cm (Top), 30 cm
(middle) and 90 cm (bottom). The shade of the points represent different microcosms with high (black)
medium (dark gray) or low (light grey) total organic carbon (TOC) content in their sediment (full sediment characterization is available in Table 2.2 and SI table 1). Lines represent model fit for a single phase
exponential decay model of the form f=c1*exp(-k1*x) or two- phase exponential decay model of the form
f=c1*exp(-k1*x)+c2*exp(-k2*x).
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Figure 2.3: Biplot of the PCA scores of the nine studied microcosms colour-coded according to
water depth. Normal Probability ellipses (68% probability) are presented around each depth
group. Variable loadings are represented inside a unit correlation circle. Represented variables
are: water column depth (Depth) , sediment pH (Sed pH), total organic carbon (TOC), % Sand in
sediment (Sand), % clay in sediment (Clay), 24 h maximum water temperature (max), 24 h maximum water temperature (min), dissolved oxygen (DO), conductivity, water pH, and ash-free dry
weight of the suspended solids (AFDW), MON 0818 water column half-life (WDT50), MON
0818 particulate half-life (PDT50) and MON 0818 sediment half-life (SDT50)
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Chapter 3
Optimization of Culturing Conditions for Toxicity Testing with the Alga
Oophila sp. (Chlorophyceae), an Amphibian Endosymbiont

3.1.

Abstract

Eggs of the yellow-spotted salamander (Ambystoma maculatum) have a symbiotic relationship
with green algae. It has been suggested that contaminants that are preferentially toxic to algae,
such as herbicides, may impair the symbiont and, hence, indirectly affect the development of the
salamander embryo. To enable testing under near-standard conditions for first tier toxicity screening, we isolated the alga from field-collected eggs and identified conditions providing exponential
growth rates in the apparent asexual phase of the alga. This approach provided a uniform, singlespecies culture, facilitating assessment of common toxicity endpoints and comparison of sensitivity relative to other species. Sequencing of the 18s ribosomal DNA revealed that the isolated
alga was closely related to the recently described Oophila amblystomatis but is more similar to
other known Chlamydomonas species, suggesting possible biogeographical variability in the genetic identity of the algal symbiont. After a tiered approach to culturing method refinement, a
modified Bristol’s media with 1 mM NH4+ as nitrogen source was found to provide suitable conditions for toxicity testing at 18°C and 200 µmol m-2 s-1 PAR on a 24-h light cycle. The validity
of the approach was demonstrated with Zn2+ as a reference toxicant. Overall, we show that it is
possible to screen for direct effects of contaminants on the algal symbiont without the presence of
the host salamander, under certain laboratory conditions.

3.2.

Introduction

The symbiotic Chlorophyceae alga Oophila amblystomatis F.D. Lambert ex N. Wille plays an
important role in the embryonic development of the yellow-spotted salamander (Ambystoma
maculatum, Shaw, 1802) (Gilbert 1942, 1944, Hutchison and Hammen 1958, Hammen and
Hutchinson 1962, Goff and Stein 1978, Bachmann et al. 1986, Hunter and Vogel 1986, Mills and
Barnhart 1999, Marco and Blaustein 2000, Tattersall and Spiegelaar 2008, Olivier and Moon
2010, Kerney 2011, Kerney et al. 2011, Graham et al. 2013). The alga is found in the egg cap-
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sules of the salamander, where it is believed to utilize CO2 and the nitrogenous waste of the embryo while providing additional oxygenation (Hutchison and Hammen 1958, Hammen and
Hutchinson 1962, Goff and Stein 1978, Graham et al. 2013). Previous studies suggest that factors
such as the habitat where the eggs are laid (i.e., detritus-rich vernal pools, with potentially variable concentrations of dissolved oxygen) as well as cyclic changes in oxygen partial pressure within the egg mass (Valls and Mills 2007) could be the main drivers of the observed symbiosis.
The relatively high permeability of amphibian eggs (Rowe et al. 2003, Salthe 1965) makes both,
alga and embryo, susceptible to potential exposure to contaminants present in ponds where the
egg masses are laid. A number of studies have indicated that when algal growth is prevented,
whether by lack of light (Gilbert 1942, 1944, Hammen and Hutchinson 1962, Hutchison and
Hammen 1958, Tattersall and Spiegelaar 2008) or chemical means (Graham et al. 2013), the
treated eggs can experience lower concentrations of oxygen, which can impair development and
reduce hatching success. Therefore, there is potential for compounds that demonstrate direct or
preferential toxicity to algae relative to the salamander (e.g., herbicides) to impair this symbiotic
relationship, and cause indirect effects in the salamander (Van Der Kraak et al. 2014). For example, a study by Olivier and Moon (2010) examined whole egg masses of the salamander exposed
to atrazine at concentrations of 0 to 400 µg L-1 for 10 weeks and found both hatching success and
highest developmental stage reached by the embryos to be inversely related to atrazine concentration. In order to protect this unique relationship and better understand how contaminants might
impair it, we set out to determine whether this alga could be cultured under conditions that allow
for toxicity testing in a near-standard and efficient manner, so that sensitivity can be compared to
standard test species. Development of a toxicity testing approach allows for screening of contaminants that may impair this relationship and, therefore, informs ecological risk assessment and
conservation goals.
Standard procedures for conducting toxicity tests with microalgae usually consist of the evaluation of a variety of endpoints (e.g., cell counts, spectrometric evaluation of optical dispersion,
chlorophyll-a content, dry weight) after a 72 to 120 h exposure to culture media spiked with a
range of concentrations of the potential stressor under investigation (ASTM 2012a, OECD 2011,
U.S. EPA 2012). The response of the treated algae is compared to a control and a concentrationresponse curve is modeled from which relevant parameters such as ECx (the concentration of the
substance inducing an X% reduction on the measured endpoint) can be calculated for use in ecological risk assessment and development of regulatory standards (CCME 2007). Typically, these
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tests are conducted with media that is not nutrient limited and under 24 h light in order to maximize growth rates and the sensitivity of the test (ASTM 2012a, OECD 2011, U.S. EPA 2012).
With this in mind, the objectives of this study were: 1) to isolate individual cells of the algal symbiont from A. maculatum eggs and identify the alga to species level; 2) to create a viable culture
of the isolated alga in liquid media under laboratory conditions; 3) to optimize culturing conditions for the use of the symbiont in a near-standard toxicity test; and, 4) to test the applicability of
the developed method and the relative sensitivity of the alga by assessing the toxicity of Zn2+, a
standard reference toxicant, to the isolated symbiont.

3.3.

Materials and methods

3.3.1.

General considerations

In order to obtain a viable laboratory culture of the alga, optimize growing conditions for its use
in toxicity tests, and confirm these methods with a reference toxicant, our study consisted of three
phases. The first entailed collection, isolation, and confirmation of the identity of the species.
Once isolated, a tiered approach was applied to select a suitable culture medium and to optimize
growing conditions. Finally, we conducted a standard toxicity test using the reference toxicant
ZnCl2.
In order to conduct algal toxicity tests in an efficient and repeatable manner, culture conditions
should provide maximum growth rates so responses can be measured in a relatively short period
of time. To obtain representative measurements of endpoints such as cell density, a homogeneous
culture of cells in the same reproductive state with minimal aggregation is desired. For consistency with existing methods (ASTM 2012a, OECD 2011, U.S. EPA 2012), asexual cell division is
preferred to sexual reproduction.
3.3.2.

Culture media

Growth of the alga in three standard culture media (Bristol’s, BBM, and AAP) was evaluated
(Table 3.1). Bristol’s and BBM are nutrient-rich media, commonly used for algae culture in the
laboratory, whereas the AAP media provides lower nutrient levels to more closely mimic environmental conditions and is the recommended media for toxicity tests with microalgae (ASTM
2012a).
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It has been proposed (Goff and Stein 1978) that O. amblystomatis utilizes the ammonia waste
(i.e., NH3) generated by the salamander embryos as a nitrogen source. To account for this apparent preference in the source of nitrogen, media optimization was centred on selecting the most
appropriate source and concentration of nitrogen.
Stock nutrient solutions for all media were prepared by adding reagent-grade chemicals (Fisher
Scientific, Mississauga, ON) to re-distilled, de-ionized tap water. The media were sterilized by
autoclaving prior to use in culturing tests. All three media used NaNO3 as a nitrogen source in
their standard formulae. Modified versions of the standard media were produced by substituting
NaNO3 with NH4CO3 (preliminary tests only) or NH4Cl (preliminary and final tests). Concentrations of NO3- and NH4+ varied among tests; specific concentrations are described in detail in each
section.
3.3.3.

Collection, isolation, and identification

Two egg masses of A.maculatum were collected from a woodland pond in the Township of North
Dumfries, Ontario, Canada (Appendix Figure B.1) on April 22, 2013 at 2 pm with the appropriate permissions issued by the Grand River Conservation Authority and the Ontario Ministry of
Natural Resources. Water depth was approximately 30 cm, water temperature was 15°C, air temperature was 14°C, and PAR at 30 cm depth was approximately 700 µmol m-2 s-1. The pH of the
site water was between 6.26 and 6.46. Dissolved oxygen was ~ 90% of saturation, and conductivity was between 28 and 34 µs cm-1.
Egg masses were approximately 5 and 7 cm long, and contained approximately 95 and 65 eggs,
respectively. The egg masses were transported in an insulated container to the laboratory in separate plastic bottles containing ~3 L of site water and placed in glass aquaria (20 x 30 x 15 cm)
containing 1.5 L site-water mixed with 1.5 L untreated well-water from the University of
Guelph’s well system. Final pH was adjusted to 6.7 with H2SO4 to simulate environmental conditions. Egg masses were maintained in a retrofitted E15 controlled environment chamber with a
data logger for light intensity and temperature (Controlled Environments Ltd, Winnipeg, MB).
Levels of photosynthetically active radiation (PAR) were monitored at the level of the containers
using a LI-190 Quantum Sensor (Licor, Lincoln, NE), and were maintained at 300 ± 5 µmol m-2 s1

, in a 12:12 L:D cycle. Dark temperature was 10 ±1°C and light temperature was 13 ±1°C.These

conditions were consistent with the existing literature (Bianchini et al. 2012, Tattersall and
Spiegelaar 2008).
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Two days after collection, approximately 8 to 10 eggs were separated from one of the egg masses
using a sterile scalpel blade and were placed in a Petri dish containing sterile 1-X phosphate buffer solution (PBS) using a wide-mouth pipette. Eggs were at developmental stage 25 based on
Harrison (1969), and a light green tinge was visible to the naked eye within the egg. Appendix
Figure B.2shows an egg on May 8th 2013 at Harrison stage 35 to 36.
Individual eggs were placed on Nitex mesh and rinsed twice with sterile 1-X PBS. Eggs were
then placed individually in a sterile glass Petri dish. The egg was gently ruptured using a sterilized blade and the egg fluid was collected using a 1-mL pipette, and placed in a Nunc 4-well dish
(Fisher Scientific, Ottawa, ON, Canada) containing 0.5 mL of sterile Bristol’s or BBM culture
media. The dishes were sealed and initially placed in a growth chamber (as above) under standard
algal culturing conditions (24 ± 1°C, 24 h light and 60 ± 5 µmol m-2 s-1 PAR).
Isolation and purification were achieved via single-cell isolation techniques as per Andersen
(2005). Briefly, individual cells were collected from one of the wells from the 4-well dish containing Bristol’s media with a flame-stretched Pasteur pipette. These cells were deposited in a
drop of sterile Bristol’s media on a sterile microscope glass slide. The process was repeated
through a series of drops in the microscope slide. After 5 to 6 washes, the cell was deposited in a
new 4-well dish with either sterile Bristol’s or BBM media. Cells were isolated from one individual well holding the contents of one individual egg from one of the two collected egg masses.
3.3.4.

Identification of the symbiont

After cell isolation, a preliminary set of screening tests were performed to identify preliminary
culturing conditions (see Section 2.3.1) and to provide sufficient algal biomass for the analysis
required for species identification. DNA was extracted from the algal sample using liquid nitrogen and a mortar and pestle to break open the cells, followed by extraction using a DNeasy Plant
Mini Kit (Qiagen Inc., Mississauga, ON, Canada). The 18s ribosomal RNA gene was amplified in
a solution of 72 μL water, 10 μL Thermopol Buffer (Biolab Inc.), 8 μL 25 mM MgCl2, 2 μL deoxyribonucleotide triphosphate (dNTP), 4 μL primer 1 (10 μmol), 4 μL primer 2 (10 μmol), 0.4
μL Taq (5 U/μL), and 2 μL DNA extract. An Eppendorf Mastercycler gradient thermocycler (Eppendorf Canada Ltd., Mississauga, ON, Canada) was used for amplification, with a predenaturation step of 95°C for 2 min, 34 cycles of 93°C for 1 min, 47°C for 1 min and 72°C for 4
min, and a final extension of 72°C for 6 min. Primers SSU1 5' TGG-TTG-ATC-CTG-CCA-GTAG 3' and SSU2 5' TGA-TCC-TTC-CGC-AGG-TTC-AC 3' were used to amplify the 18s region
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(Shoup and Lewis 2003). Positive and negative controls were used throughout the procedure. The
final PCR product was cleaned using a QiaQuick PCR Purification Kit (Qiagen Inc., Mississauga,
ON, Canada) and Sanger sequenced with an ABI 3730XL sequencer (Applied Biosystems Canada, Streetsville, ON, Canada). Sanger sequencing was performed by The Centre for Applied Genomics at The Hospital for Sick Children in Toronto, Canada. The above procedure of extraction,
amplification, and sequence alignment, followed by phylogenetic analysis, was repeated with a
second sample to verify initial findings and confirm placement of the sequence in the phylogenetic tree.
Sequences were aligned using UGENE (Okonechnikov et al. 2012). A consensus sequence was
created using a forward and reverse sequence. End regions with uncertain alignment were removed before analysis. A multiple sequence alignment was created using UGENE, with Ankistrodesmus stipitatus and Scenedesmus obliquus selected as outgroups following the example of
Buchheim et al. (1996). PhyML was used to create a maximum likelihood tree using a GTR model (Guindon et al. 2010) (Figure 3.1). Bootstrap values were calculated for the maximum likelihood tree, and all branches with values of 65% or more are indicated on the tree.
3.3.5.

Optimization of Growth Conditions

3.3.5.1.

Screening tests

As a preliminary screening, cells isolated as per Section 2.2 were grown in Nunc 4-well dishes
under varying culture media and environmental conditions to qualitatively observe changes in cell
and culture behaviour. A summary of the tested conditions is presented in Appendix Table B.2.
From these initial tests in 4-well dishes, a modified Bristol’s growth media with 5 mM NH4Cl as
a nitrogen source was selected to develop a preliminary stock culture in Erlenmeyer flasks for
species identification. Culture conditions of 18 ± 1°C and 24-h cool white fluorescent light at 200
± 5 µmol m-2 s-1 were also chosen at this stage. This selection was based on qualitative observations of faster growth with majority of cells in apparent asexual state and low cell aggregation.
Preliminary larger volume cultures (250-mL Erlenmeyer flasks) were started at the end of this
stage under the selected conditions. These cultures served as sources for the species identification
and culture optimization stages.
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3.3.5.2.

Selection of growth medium

Following the preliminary screening, we sought to quantify algal growth and aggregation in response to changes in growth media and environmental conditions. To assess algal response to
different media, three different growth endpoints were evaluated following 96-h in standard and
modified culture media (Table 3.1). Cell density (haemocytometer cell counts) was used as a
measure of growth. Additionally, number of cell aggregates, as well as percent cells in an asexual reproductive state, were also monitored.
Standard media (containing NO3-) was modified via substitution of NO3- with NH4+ (as NH4Cl) to
a concentration providing an equivalent molar concentration of nitrogen.
For this test, 1 x 106 cells from a culture in exponential phase (4 to 6 day-old; confirmed by plotting an 8-d growth curve) and grown in modified Bristol’s (5 mM NH4, as NH4Cl) were added to
100 mL of sterile test media in 250-mL Erlenmeyer flasks to a final cell density of 1x104 cell mL1

. Flasks were randomly placed on a shaker table (MAxQ 2000, Thermo Fisher Scientific Mariet-

ta, OH) at 100 r min-1 in a controlled environment chamber at 18 ± 1°C and 24-h cool white fluorescent light at 200 ± 5 µmol m-2 s-1, as identified in screening tests.
After 96 h, total number of cells, number of aggregates, number of cells/aggregate and reproductive state of the culture were evaluated. Cell density was measured using a Reibach haemocytometer by counting all cells in the 25 squares of a 0.1 mm3 chamber. The process was repeated 4
times (two haemocytometer loads). Number of cell aggregates, as well as number of
cells/aggregate, was noted during cell density measurements.
3.3.5.3.

Selection of Source of nitrogen

To determine the effect of varying concentrations of NO3- and NH4+ in Bristol’s media on algal
growth and aggregation, response surface analysis techniques were applied to a 2k factorial design with central runs (Montgomery 2012). In this design, three levels of each factor (NO3- and
NH4+) were tested (a central level plus two levels equidistant from it). In this case, factor levels of
0, 5, and 10 mM were chosen for both N sources. For statistical analyses, the factor levels were
coded as -1, 0, and 1 (for 0, 5, and 10 mM, respectively). The combination of both factors created
5 different test treatments that were assigned five different codes (Appendix Table B.1). Four
replicates were assigned to the center point (0,0) in order to characterize error and curvature.
Corner treatments (-1,0; 0,-1; 1,0; 0,1) were duplicated, as suggested by Dykstra (1960), because
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variability was not expected to remain constant across all concentrations. For this test, 1 x 106
cells from a culture in exponential phase (4 to 6 day-old) grown in modified Bristol’s (5 mM
NH4Cl) were added to 100 mL of sterile media in a 250-mL Erlenmeyer flask for a final cell density of 1 x 104 cell mL-1.
Flasks were randomly placed on a shaker table under the same conditions as the media test: 100 r
min-1 in a controlled environment chamber at 18 ± 1°C and 24-h cool white fluorescent light at
200 ± 5 µmol m-2 s-1 (measured at flask level). After 96 h, cell density was estimated using a
haemocytometer, and number of aggregates were counted, as described above.
Response surface analyses were applied to cell density and to percent cells in aggregates. The
overlaid contour plots method (Montgomery 2012) was used to evaluate the optimal point yielding maximum cell growth and minimum cell aggregation.
3.3.5.4.

Optimization of ammonium concentration and temperature

Based on the results obtained in the nitrogen source test, the effects of varying concentrations of
NH4+ as the only nitrogen source were investigated in Bristol’s media. Temperature was selected
as a secondary factor, based on the results of preliminary tests in which more aggregation had
been observed at higher temperatures. A full factorial design was chosen with NH4+ concentrations of 1, 5, and 10 mM in Bristol’s media and temperature levels of 14, 19, and 24 ± 1°C (total
of 9 treatments). All treatments were tested in triplicate. For this test, 1 x 105 cells from a culture
in exponential phase (4 to 6 day-old) grown in modified Bristol’s (5 mM NH4Cl) were added to
100 mL of sterile media in 250-mL Erlenmeyer flasks to a final concentration of 1x103 cell mL-1.
After 96 h at the same conditions as in the previous test, cell density and aggregation were assessed. Response surface analyses were applied to cell density and to percent cells in aggregates.
The overlaid contour plots method (Montgomery 2012) was used to evaluate the optimal point
yielding maximum cell growth and minimum cell aggregation.
3.3.6.

Response to a reference toxicant

To characterize the sensitivity of this species of alga, a toxicity test with a reference toxicant
(Zn2+) was conducted. Zinc (ZnSO4.7H2O) was selected as it is the most common reference toxicant in standard algae toxicity protocols (ASTM 2012a, U.S. EPA 2012, UK EA 2008).
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Stock solutions were prepared by adding 0.25, 1.5, 4, 9, and 19 mg L-1 of Zn2+ as ZnSO4.7H2O to
the modified Bristol’s media selected in previous testing, and sterilizing by autoclave. Since the
selected culture media (NH4+-BR) already contained 1 mg L-1 of Zn2+, our final tested concentrations were 1 (“control”), 1.25, 2.5, 5, 10 and 20 mg L-1 of Zn2+. These concentrations were selected based on available standard guidelines (UK EA 2008) for the alga Pseudokirchneriella subcapita and adjusted after a preliminary range-finding test (data not shown). Concentrations were
confirmed via flame atomic absorption in each of the treatment stock solutions at test initiation (0
h) and in the pooled replicates of each treatment at 96 h. Analysis was performed using a Varian
SpectrAA 220 Atomic Absorption Spectrometer. Calibration standards were made from SCP Scientific 1000 mg L-1ICP MS stock standards (limit of quantification [LOQ].0.01 mg L-1). Samples
taken at 96 h were centrifuged at 4000x g for 20 min (Sorvall Superspeed, Du Pont Company,
Newtown, CT) in order to separate the algae from the solution prior to analysis.
Based on a 6-d growth curve, algae for testing were transferred to fresh media 96 h prior to test
initiation to ensure the stock culture produced sufficient algae for the test while still in the exponential growth phase. At initiation of the test, the volume of 96 h-old algal culture required to
achieve an initial cell density of 10,000 cells mL-1 (U.S. EPA 2012) was added to each 250-mL
test flask containing 100 mL of the test solution. Flasks were stoppered with foam and randomly
placed on a shaker table (MAxQ 2000) at 100 rev min-1 at 18 ± 1°C and 200 µmol/m2∙s ±10%.
After exposure, cell density was determined by spectrophotometric absorbance at 680 nm (Geis et
al. 2000), using a standard curve developed from haemocytometer counts. The standard curve
was prepared at the test take-down (96 h) by serial dilution of a ~7 x concentrated 96-h reference
culture. Cell densities were calculated from haemocytometer counts for three randomly selected
tests flasks to confirm the correlation with the standard curve.
Photosystem II effective quantum yield (PSII yield) of all samples was measured after 96 h on
light-adapted samples (bench top conditions) using a Mini-PAM Portable Chlorophyll Fluorimeter (Heinz Walz, Effeltrich, Germany) as described by Vallotton et al. (2008) . Settings were as
follows: measuring light intensity = 12, saturation pulse intensity = 12; all other settings on default. Five saturation pulses were administered 30 s apart and the average of the last three fluorescence values was used in subsequent calculations.
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3.3.7.

Statistical analysis

3.3.7.1.

Group comparisons

Group comparisons for the media selection test were performed via one-way ANOVA in SigmaPlot version 11.0, (Systat Software, Inc., San Jose, CA). The assumption of normality was
confirmed for each data set with the Kolmogorov-Smirnov test. Homogeneity of variances was
confirmed for each data set by checking the variability about the group means. The Holm-Sidak
method was applied for the evaluation of differences between groups (α = 0.05).
3.3.7.2.

Surface analysis

Response surface methodologies (RSM) were applied to two different types of experimental designs. The ammonia/temperature test used a 2k partial factorial design with replicated centre runs
(Montgomery 2012) and the N-source test used a central composite rotatable design (CCRD)
(Edginton et al. 2004a). RSM were applied to determine optimal levels of the different studied
parameters. Analysis of the data collected from these studies was performed via response surface
regression using a second order polynomial model (Equation 1) with the rsm package in R statistical software.
(1)

y=y0+β1x+ β2y+ β3xy+ β4x2+ β5y2

The stationary point (maximum, minimum, or saddle point) was also obtained via the rsm package in R and interpreted visually from graphical representation of the obtained model.
When more than one response was to be assessed at the same time, the overlaid contour plots
method was used (Montgomery 2012).
3.3.7.3.

Toxicity testing

Responses to the reference toxicant (Zn2+) were assessed by one-way ANOVA to determine the
No-Observed Effect Concentration (NOEC) and Lowest-Observed Effect Concentration (LOEC).
Data were first assessed for normality using the Shapiro-Wilk test, and for homogeneity of variance using Levene’s test (α=0.05). Calculations were performed using SigmaPlot 11.0 for Windows (Systat Software). Additionally, the responses were modeled by non-linear regression to
determine ECx values. Equation 2 presents the fitted four-parameter log-logistic model where b =
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the slope of the linear section of the curve; c= the lower limit; d = the upper limit and EC50= median effective concentration.

(2)

f ( x) = c +

d −c
1 + exp(b(log( x) − log( EC 50)))

The lower limit (term c) was fixed to c = 0 for the cell density and growth rate endpoints. Regression calculations were performed using the DRC Package in R. ECx values were calculated from
the resulting models using the ED.drc function available on the DRC package. Measured concentrations of Zn2+ (average of the concentration in the t0 stocks and t96 test solution) were used for
all model calculations.

3.4.

Results

3.4.1.

Identification of the symbiont

DNA sequencing of the 18S ribosomal RNA gene was performed in duplicate to confirm species
identification as described in the Identification of the symbiont section. The algal clones from the
two PCR amplifications had >99% sequence identity to each other and had consistent phylogenetic placement. The consensus sequence (GenBank accession no. KJ394433, Strain registered as
Centre for Toxicology Organism Collection #001) confirmed that the isolated species is closely
related (96% identity) to the previously described salamander symbiont O. amblystomatis (GenBank accession no. HM590634) (Kerney et al. 2011). However, the location of the studied sample on the phylogenetic tree (Figure 3.1) and the higher percent identity (97%) indicates that it is
more closely related to other Chlamydomonas species (GenBank accession no. AB701502.1) than
the previously identified Oophila sp. (Graham et al. 2013) and O. amblystomatis (Kerney et al.
2011). The sample evaluated here is closely related to the Oophila genus; however, it is sufficiently different that there is good support for it to be classified as a different species. Based on
the phylogenetic tree, it would appear that the extracted organism belongs to a larger group of
algae with a symbiotic relationship with salamanders among which we can find members of the
genera Chlamydomonas and Oophila. The biological validity of the genus Oophila has been questioned on a number of occasions and species in this genus have long been speculated to belong to
Chlamydomonas (Biebel 1969, Gatz 1973, Goff and Stein 1978, Kerney et al. 2011). For consistency, the name “Oophila sp.” is maintained in this paper.
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3.4.2.

Screening tests

The isolated alga was visually consistent with the descriptions of shape, size, and behaviour of O.
amblystomatis provided by Gilbert (1942) and Goff and Stein (1976). During the preliminary
tests, it was observed that under stress conditions (e.g., low nutrient levels), the appearance of the
alga resembled previous descriptions of sexual reproduction in species of the genus Chlamydomonas (Harris 2009, Sager and Granick 1954). Under this apparent sexual cycle, cells presented
high levels of motility as well as aggregation. Changes in reproductive strategies, as well as
changes in the appearance of the culture (cell motility, aggregation) could impair our ability to
correctly interpret common endpoints used in standard toxicity tests, such as cell density.
While the alga was initially cultured under standard test conditions (24°C, 60 µmol m-2 s-1), a variety of media types, temperatures and light levels were tested in attempts to reduce the aggregation and apparent sexual reproduction observed under these conditions. A summary of these
screening tests is presented in Appendix Table B.2. In general, aggregation increased at higher
temperatures, but was not affected by light level, and growth was more successful in NH4amended media. Interestingly, aeration increased aggregation in comparison to shaking. Through
these screening tests, conditions of 5 mM NH4Cl-modified Bristol’s, 18 ± 1°C and 24-h cool
white fluorescent light at 200 ± 5 µmol m-2 s-1 provided a stable culture that was relatively homogenous. The initial, single-cell-isolated, culture was successfully maintained under these conditions for 20 weeks. However, some aggregation was still observed, indicating the potential for
further optimization.
3.4.3.

Growth media selection test

Culture conditions providing maximum growth rates under asexual conditions with minimal aggregation were preferred. All tested media (regular and NH4-modified Bristol’s, BBM, and AAP)
yielded cells in the asexual state (based on our visual observations). Significant cell motility (defined as the ability to travel through the field of vision, as observed in screening tests) was not
apparent in any of the treatments.
Cell density after 96 h (Figure 3.2) appeared higher in both AAP treatments. However, the size
of these cells appeared smaller than those in the other two media. Some motility (observed as
slow swinging or slow rotation on a stationary point) was also apparent in both AAP treatments.
Additionally, the NH4+-AAP treatment showed the greatest level of aggregation of all treatments
(Figure 3.3). Consequently the AAP media was not pursued further.
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Other than AAP treatments, the highest cell density after 96 h was achieved in the NH4+-Bristol’s
(NH4-BR) treatment. This value was significantly higher than the standard NO3--based Bristol’s.
This treatment showed the least aggregation as well as the least variability. Based on the presented data, NH4+-Bristol’s was selected as the optimal growth media.
3.4.4.

Nitrogen source optimization test

The model indicated maximum growth rate for a media with 3.6 mM NO3- and 1.5 mM NH4. Aggregation appeared to decrease with decreasing concentrations of both NH4+ and NO3- (Figure
3.4). However, these results should be interpreted with some degree of caution as the model
could not account for observed qualitative changes in size, shape, and motility of the cells observed in the treatment containing 5 mM NO3--only (-1,0). These observations could suggest
changes in the sexual state of the culture from asexual to sexual in the absence of NH4. Ammonium-only treatments experienced a ~75 times increase in cell density in 96h. This growth is more
than adequate for a toxicity test based on the 16 times increase in biomass in the control treatment
during the exposure phase recommended for the alga Pseudokirchneriella subcapitata in the
OECD guidelines (OECD 2011).
Given the potential confounding factors induced by the presence of NO3- and the good cell growth
measured in the NH4+-only treatment (0,-1), further tests with NH4+ as the only nitrogen source
were explored.
3.4.5.

Ammonium and temperature optimization test

The model suggested maximum cell density and minimum aggregation for the lowest tested NH4+
concentration. However, temperature had an opposite effect on the studied responses, with cell
density increasing with temperature and aggregation decreasing with temperature (Figure 3.5).
Evaluation of the overlaid contour plots suggest that culture in modified Bristol’s media with 1
mM NH4+ at 18 ± 2°C provided sufficient growth (>600 fold increase over 96 h), while ensuring
minimal cell aggregation.
3.4.6.

Reference toxicant tests

The isolated alga showed exponential growth for up to 96 h under the final growth conditions
chosen (Appendix Figure B.3). Cell counts on three randomly selected tests flasks were within
the 95% confidence intervals of the calculated standard curve (Appendix Figure B.4) confirming
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the validity of the applied standard curve between cell counts and spectrophotometric absorbance
at 680 nm.
Concentrations of Zn2+ in the stocks at test initiation, as confirmed via flame atomic absorption,
were between 84 and 99% of the nominal values (Table 3.2). At test completion, all concentrations were greater than at test initiation (105 – 133% of nominal). The average of initial and final
concentrations was used for all subsequent calculations.
The flasks corresponding to the 2.5 mg Zn2+ L-1 treatment showed substantial aggregation that
resulted in difficulty in evaluating the selected endpoints, and high variability in the measurements. This treatment level, therefore, was excluded from the final calculations.
The NOEC and LOEC were consistent for all three studied endpoints (cell density at 96 h, growth
rate, and PSII effective quantum yield) with values of 5.3 and 10.2 mg Zn2+ L-1, respectively
(Table 3.3). From the log-logistic regression (Figure 3.6), cell density at 96 h appeared to be the
most sensitive endpoint, with an EC50 of 11.4 (10.51 to 12.24) mg Zn2+ L-1. Cell density at 20 mg
Zn2+ L-1 was too low to measure PSII effective quantum yield (i.e. fluorescence was below the
instrument’s detection limit), therefore, this treatment was excluded from the calculations for this
endpoint. The effect of Zn2+ on PSII effective quantum yield was only significant for the greatest
evaluated test concentration (10 mg Zn2+ L-1). A concentration-response model was not fit to the
PSII effective quantum yield data due to the limited magnitude of the effect (16% reduction in the
10 mg Zn2+ L-1 treatment).

3.5.

Discussion

The relationship between O. amblystomatis and species of the Chlamydomonas genus has been
previously noted (Biebel 1969, Gatz 1973, Goff and Stein 1978, Kerney et al. 2011). Our results
are consistent with these observations, as the isolated algal species was closely related to the previously described salamander symbiont O.amblystomatis at a 96% identity, but more closely related to known Chlamydomonas species at 97% identity. Our results suggest possible biogeographical variability in the identity of the algal symbiont, with a number of members of the
Chlamydomonas genus potentially performing the same role in different geographic locations.
The previously sequenced O. amblystomatis isolated by Kerney et al. (2011) and Graham et al.
(2013) present high genetic similarity (99.8%, 1685/1689 base pairs) to each other. Both of the
former samples were collected in Atlantic regions south of the St. Lawrence River (Halifax, Canada and Pennsylvania, USA respectively) (Appendix Figure B.1). Due to the early retreat of the
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Laurentide ice sheet along the Atlantic coast, post-glacial expansion of range northward along the
coast has been previously described for a number of aquatic macrophytes (Sawada et al. 2003).
Complete ice retreat from the Great Lakes area was slower and thus, re-colonization did not occur
until later, and mainly from the mid-west. Such a scenario could support plasticity in symbiont
identity in the Great Lakes basin. Further studies will be needed to test this theory.
Overall our results demonstrate that isolated Oophila sp. can be readily cultured from wildcollected samples under near-standard conditions. Of the conditions we examined, optimal
growth for toxicity testing is achieved by culturing in Bristol’s media modified with 1 mM NH4+
as the nitrogen source, at 18 ± 1°C and 200 ± 5 µmol m-2 s PAR on a 24-h light cycle. At submission of this manuscript, our isolated alga (Oophila sp. Strain CTOC #001) has been cultured under the stated conditions (with either 5 or 1 mM NH4+) for almost a year. The preference for ammonium and colder-than-standard temperature is consistent with the conditions in which the studied species is found in nature. Changes in the reproductive state of the organism, as well in motility under low nutrient conditions, are also consistent with previous observations of Oophila
spp. in salamander eggs (Goff and Stein 1978).
A number of studies have pointed to egg fluid and surrounding water pH as potential factors affecting the viability of the embryo, the algal symbiont, or both (Bianchini et al. 2012, Clark 1986,
Pough 1976, Pough and Wilson 1977, Robb and Toews 1987). Typical pH for the selected growth
medium was ~ 6.5. This value is consistent with that of the pond water where the egg masses
were collected, as well as previously measured values inside the salamander egg fluid (Robb and
Toews 1987).
The developed method allows for the collection of toxicity data and comparison of the relative
sensitivity of this alga to other tested species in order to inform ecological risk assessment and
development of regulatory standards. Even though the conditions of a standard algal toxicity test
(24 h light, relatively warm temperatures, around 20 to 24°C, not nutrient-limited, exponential
growth, etc.) (ASTM 2012a, EC 2007c, OECD 2011, U.S. EPA 2012, UK EA 2008) commonly
diverge from those experienced by algae in their natural environments, these conditions are chosen to be conservative as they have been shown to lead to increased toxicological sensitivities in
the tested organisms, usually as a result of the increased growth rates (Mayer et al. 1998, Miller et
al. 1978).
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The reference toxicant test with Zn2+ showed our isolated alga to be less sensitive than other species commonly used in toxicity testing. For example, growth rate 72-h EC50 values for P. subcapita have been reported to range between 0.042 and 0.2 mg Zn2+ L-1 (Aruoja et al. 2009,
Franklin et al. 2007, Graff et al. 2003), well below those reported in this study. There are a few
toxicity studies performed on algae of the genus Chlamydomonas, Rojíčková and Maršálek
(1999) calculated a 72-h EC50 for growth of the commonly studied Chlamydomonas reinhardtii of
2.17 mg ZnSO4 L-1 (0.88 mg Zn2+ L-1). Nishikawa and Tominaga (2001) calculated a 72-h EC50
for growth of Chlamydomonas acidophila of 1.16 mM Zn2+ (75.8 mg Zn2+ L-1). The value from
C. reinhardtii is, again, well below those measured in this study. In the case of Chlamydomonas
acidophila; the species is not a commonly used toxicity test species, and the authors themselves
point out the very low sensitivity of the species.
Our results suggest that the use of existing toxicity information for standard algal species could
provide sufficient protection for the isolated alga. However, since sensitivity can vary by mode of
action, studies with different compounds are required to confirm the relative sensitivities of this
algal species. Since exposure to herbicides may impair development of Ambystoma maculatum
embryos by inhibiting growth of the symbiotic algae, we conducted additional toxicity tests for
the above-described Oophila sp. culture using the photosynthetic inhibitor atrazine (a commonly
used agricultural herbicide), as described in (Baxter et al. 2014).Results of that study indicated
that, based on 96-h growth rates, Oophila sp. (EC50s of 200 - 381 µg/L) were more tolerant to
atrazine than P. subcapitata (EC50 of 128 µg/L) (Gala and Giesy 1990). Reductions in PSII yield
appeared to be similar between these species, with a 96-h EC25 range of 34 – 57 µg/L in Oophila
sp. (Baxter et al. 2014), and 43 µg/L in P. subcapitata (72-h value) (Baxter et al. 2013).
While these studies provide an indication of expected responses in Oophila spp. to common environmental toxicants, further testing with whole egg masses is required in order to determine the
ability of this algal test to be protective of embryonic development under a more realistic exposure scenario.
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3.6.

Tables

Table 3.1: Standard composition of the tested growth media.
Bristol’s

BBM

AAP

mg L-1

Macronutrients
NaNO3

125.00

250.00

25.50

K2HPO4

37.50

75.00

-

KH2PO4

87.50

175.00

1.04

CaCl2·2H2O

12.50

25.00

4.41

NaCl

12.50

25.00

-

MgSO4·7H2O

37.50

75.00

14.70

MgCl2·6H2O

-

-

12.16

NaHCO3

-

-

15.00

Micronutrients

mg L

-1

EDTA-Na2

25.00

50.00

0.30

KOH

15.50

31.00

-

FeCl3·6H2O

2.42

-

0.16

H3BO3

5.71

11.42

0.19

MnCl2·4H2O

0.72

1.44

0.42

ZnSO4·7H2O

4.41

8.82

-

MoO3

0.36

0.71

-

CuSO4·5H2O

0.79

1.57

-

Co(NO3)2·6H2O

0.25

0.49

-

FeSO4·7H2O

-

4.98

-

ZnCl2

-

-

0.00327

CoCl2·6H2O

-

-

0.00143

Na2MoO4·2H2O

-

-

0.00726

CuCl2·2H2O

-

-

0.000012

1

1

-

-1

H2SO4 (mL L )
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Table 3.2: Nominal and measured concentrations at test initiation (t0) and completion (t96h). Mean
values through the test are presented with standard deviation (SD). Concentrations at initiation
(t0) are of each of the treatment stock solutions. Concentrations at the end (t96) are from the
pooled replicates of each treatment.

Treatment Concentration (mg L-1)
Nominal

End
(t96h)
1.33
1.51
2.92
5.35
10.48
21.30

Start (t0)

1.00 (Control)
1.25
2.50
5.00
10.0
20.0

1.16
1.45
2.71
5.17
9.93
19.79

Mean
1.25
1.48
2.82
5.26
10.21
20.55

SD
0.09
0.03
0.11
0.09
0.28
0.75

Table 3.3: Summary of the estimated toxicity values for zinc based on mean measured concentration between test initiation and end. No Observed Effect Concentration (NOEC) and Lowest Observed Effect Concentration were estimated via ANOVA (α=0.05). Effective median concentration (EC50), as well as the concentrations required for a 10 and 90% reduction in the measured
endpoint, was calculated via non-linear regression. Values in brackets represent lower and upper
95% confidence interval levels.

Concentration (mg Zn2+ L-1)
Measure

PSII Effective
quantum yield

Cell density

Growth rate

NOEC

5.26

5.26

5.26

LOEC

10.21

10.21

10.21

EC10

7.42 (5.75 - 9.10)

10.33 (9.67 - 10.99)

n.e.

EC50

11.38 (10.51 - 12.24)

14.79 (14.20 - 15.38)

n.e.

17.44 (12.73 - 22.14)
EC90
n.e. : Not evaluated

21.17 (20.15 - 22.20)

n.e.
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Figures

Figure 3.1: Maximum likelihood tree for the extracted algal symbiont. The studied species (KJ394433.1) appears framed in a box. A
salamander silhouettes besides a sequence indicates that the sequenced organism was isolated from eggs of A. maculatum

3.7.

Figure 3.2: Cell count after 96 h for the different tested media (n=3). Error bars represent 95%
confidence intervals. Letters represent significantly homogenous groups as calculated by the
Holm-Sidak method (α = 0.05). BR: Bristol’s medium, BBM: Bolds basal medium, AAP: Algal
assay procedure medium. NH4 after medium name indicates a NO3- -free version of the medium
supplemented with 5 mM NH4, as NH4Cl.
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Figure 3.3: Percentage of cells as aggregates for each tested media (n=3). Error bars represent
95% confidence intervals. Letters represent significantly homogenous groups as calculated by the
Holm-Sidak method (α = 0.05). BR: Bristol’s medium, BBM: Bolds basal medium, AAP: Algal
assay procedure medium. NH4 after media name indicates a NO3- -free version of the medium
supplemented with 5 mM NH4, as NH4Cl.
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Figure 3.4: Surface contour result of the individual fit of the 96 h cell count (cells mL-1) (dashed
black line) and percent cells in aggregates (solid green line) to a second order quadratic model
with interaction for NO3- (X axis) and NH4+ concentration (Y axis) (n=3).
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Figure 3.5: Surface contour result of the individual fit of the 96h cell count (cells mL-1)(dashed
black line) and percent cells in aggregates (solid green line) to a second order quadratic model
with interaction for temperature (X axis) and NH4+ concentration (Y axis) (n=3).
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Figure 3.6: Response of cell density (a), growth rate (b), and PSII effective quantum yield (c) to
96-h Zn2+ exposure. Solid line in panels a and b represent log-logistic regression (f(x) = c+(dc)/(1+exp(b(log(x)-log(EC50))))). Error bars in panel c represent 95% confidence intervals of the
mean measured effective yield. Asterisk in panel c (*) represents significantly different group
(ANOVA, α=0.05).
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Chapter 4
Aquatic Hazard Assessment of MON 0818, a Commercial Mixture of
Alkylamine Ethoxylates Commonly Used in Glyphosate-Containing
Herbicide Formulations. Part 1: Species Sensitivity Distribution from
Laboratory Acute Exposures

4.1.

Abstract

The sensitivity of four primary producers (Pseudokirchneriella subcapitata, Chlorella vulgaris,
Oophila sp., and Lemna minor), four benthic invertebrates (Hyalella azteca, Hexagenia spp., Chironomus dilutus, and Lumbriculus variegatus), two cladocerans (Daphnia magna and Ceriodaphnia dubia), and four fish species (Pimephales promelas, Oncorhynchus mykiss, Salvelinus
namaycush and Salvelinus alpinus) to MON 0818, a commercial surfactant mixture of polyoxyethylene tallow amines (POEAs) was evaluated in laboratory tests involving acute exposures
(48-96 h) following standard methodologies. Additionally, the potential for chronic toxicity (8 d)
was evaluated with C. dubia. Exposure concentrations were confirmed by LC/MS/MS. No significant effects on any of the assessed endpoints were observed on the chronic (8 d) test with C. dubia. A Tier-1 hazard assessment was conducted by comparing a species sensitivity distribution
(SSD) based on the toxicity data generated in this study, as well as historical data collected from
the literature to three selected reference environmental concentrations. This assessment showed
moderate levels of hazard (38.3% of the species exposed at or above EC50 levels), for the chosen
worst-case scenario, corresponding to an unintentional direct over-spray of a 15 cm-deep body of
water with the maximum label application rate allowed for the studied formulations (Roundup
Original® and Vision®; 12 L formulation ha-1, 4.27 kg a.e. ha-1). The percent of species at hazard
levels decreased by approximately half (18.0% of the species) under a worst-case scenario overspray at more typical application rates (6 L formulation ha-1, 2.14 kg a.e. ha-1). Finally this percentage was below HC5 levels (3.2% of the species) at estimated concentrations of MON 0818
calculated from maximum measured concentrations of glyphosate in the environment. These hazard estimates are expected to decrease even further when accounting for other mitigating factors
such as interception of spray by emergent and riparian zone vegetation or rapid dissipation of
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POEA through sediment sorption, which would be expected to significantly reduce exposure
magnitude and duration in real-world application scenarios.

4.2.

Introduction

Surfactant mixtures containing polyoxyethylene tallow amines (POEAs) are commonly used as
adjuvants in commercial herbicide formulations containing glyphosate, such as those in the
Roundup® and Vision® products, where they are used in a proprietary technical blend known as
MON 0818. Additionally, mixtures of POEAs are commercially available on their own for other
uses such as textile processing aids, dye transfer inhibitors, acid thickeners, detergent boosters,
degreasers, metal-working solutions and anti-static agents, among others (Air Products and
Chemicals 2015, Eaton et al. 2006, FDA 2008, Akzo Nobel 2015).
The toxicity of glyphosate and some of its most popular formulations (e.g., Roundup®) has been
investigated extensively (EFSA 2013b, Giesy et al. 2000, NRA 1996, PMRA 2015, SERA 1996,
2011, Solomon and Thompson 2003). In addition, a number of studies have attempted to characterize the toxicity of mixtures of POEA alone to aquatic organisms. However, easily accessible
and reliable analytical methods for the quantification of the concentrations of surfactant at environmentally and/or toxicologically relevant exposures have only recently become available
(Rodriguez-Gil 2015b). Without a way of confirming and quantifying exposure levels, the toxicity of POEA has traditionally been evaluated by comparing the toxicity of glyphosate alone to that
of the formulated products (Mayer and Ellersieck 1986, Mann and Bidwell 1999, Tatum et al.
2012, Demetrio et al. 2014), or by evaluating POEA alone under nominal concentrations, without
confirmation by chemical analysis (Folmar et al. 1979, Moore et al. 1986, Servizi et al. 1987,
Wan et al. 1989, Tsui and Chu 2003, Brausch et al. 2007, Brausch and Smith 2007, Bringolf et al.
2007, Frontera et al. 2011, Guilherme et al. 2012, Moore et al. 2012). To our knowledge, only the
study on Daphnia magna by Wang et al. (2005) provided analytical confirmation of the exposures by using the manufacturers original analytical method.
Formulations of glyphosate containing POEA are not registered for over-water applications in the
United States and Canada (Giesy et al. 2000, PMRA 2015). However, there are still scenarios
under which POEA could potentially reach aquatic environments including via spray drift and in
certain situations direct over-spray of shallow ephemeral wetland systems. Two examples of the
latter scenario are aerial spray applications for vegetation control in forestry (Thompson et al.
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2004), and control of the invasive reed species, Phragmites australis, in the northeast United
States and Canada (Bickerton 2007, Crowe et al. 2011).
In their ecological risk assessment for aquatic organisms from over-water uses of glyphosate,
Solomon and Thompson (2003) applied the species sensitivity distribution (SSD) approach to
characterize the risk posed by MON 0818 and other surfactants commonly used with glyphosate
formulations to aquatic environments. SSDs are cumulative probability distributions of the variation in the sensitivity of different species to a chemical stressor usually generated from data available in the literature (Garber et al. 2010). With the limited amount of data available at the time,
Solomon and Thompson (2003) calculated low risk levels from the use of MON 0818-containing
formulations in over or near-water situations, but these estimates were associated with significant
uncertainty.
Discussion of the toxicity of POEA has been included in regulatory environmental risk assessments of glyphosate and glyphosate-containing formulations (US EPA 1993, NRA 1996, SERA
1996, 1997). In the most recent instances of the environmental and human-health risk assessments of glyphosate formulations related to their re-registration in the different jurisdictions, regulatory authorities have begun to include POEA-specific sections with larger toxicity data sets
and POEA-specific assessments (EFSA 2013b, PMRA 2015, SERA 2011). Of these documents,
only the most recent one by the Canadian Pest Management Regulatory Agency (PMRA 2015)
includes a methodological assessment of the hazard posed by MON 0818 and other mixtures of
POEAs to aquatic organisms, noting that no glyphosate-based herbicide formulations registered
in Canada contain more than 20% POEA by weight.. For this assessment, the PMRA applied the
SSD approach. With a larger data set than that available for the Solomon and Thompson (2003)
study, PMRA created individual SSDs for aquatic invertebrates (14 data points), amphibians (7
data points) and salt-water fish (21 data points) and calculated EC50-based HC5’s (the concentration at which the lowest 5th centile of species in the SSD would be exposed to a hazardous concentration) of 0.0041 mg POEA L-1 for invertebrates, 0.35 mg POEA L-1 for amphibians and 2.06
mg POEA L-1 for saltwater fish. The data set used for these calculations, although larger, still
suffers from uncertainties associated with relatively few data points for aquatic species exposed
to POEA alone. Parallel HC5 endpoints for formulated herbicide products containing POEA were
also calculated as 0.19 mg glyphosate a.e. L-1 for invertebrates, 0.93 mg glyphosate a.e. L-1 for
amphibians and 3.01 mg glyphosate a.e. L-1 for saltwater fish, reflecting the substantially lower
toxicity of formulated products as compared to POEA alone.
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It is generally accepted that the environmental risk posed by herbicide formulations (containing
POEA or otherwise) is easily and appropriately quantified by testing the formulated product as
the final formulation (Giesy et al. 2000, Solomon and Thompson 2003, Thompson 2011). Any
efforts to evaluate the hazard, and ultimately the risk, posed by POEAs alone and/or to characterize the relative contribution of formulants versus the active ingredient in the observed toxicity
rely heavily on the quality of the available aquatic toxicity data. The available historical data on
the toxicity of POEA to aquatic organisms comes from just under 20 studies. One third of these
studies date back to the 1970s and 1980s and, in most cases, do not follow current standard protocols, such as those proposed by the Organisation for Economic Co-operation and Development
(OECD 2004, 2006, 2008), the American Society for Testing and Materials (ASTM 2007, 2012b)
or individual regulatory agencies (EC 2007a, b, OMECC 2012c). Furthermore, data sets on the
toxicity of POEA mixtures, such as the one used on the PMRA assessment (PMRA 2015) include
studies conducted using different products, varying from pure industrial mixtures of POEAs (e.g.,
Ethomeen T-25®, Huntsman T-15®, etc.) to agricultural -use technical products such as MON
0818, Entry II® or Genamin T-200®, containing varying percentages of POEA as well as other
impurities. Effects data from these studies, evaluating different products, have traditionally been
used interchangeably, with little attention to the compositional differences between the different
products, adding uncertainty to any estimate of hazard generated from them.
Given the heterogeneity of products used in the literature, the limited test standardization (especially in the older studies), and the absence of confirmation of the exposure concentrations available for the existing effects data, the aims of this study were to: 1) Evaluate the toxicity of MON
0818 on a representative set of freshwater aquatic organisms under standard or near-standard testing conditions and with analytical confirmation of the test solutions; 2) Develop species sensitivity distributions (SSD) based on the collected toxicity data as well as the combined set collected
and of historical literature data normalized to POEA content; 4) Assess the hazard posed by MON
0818 to aquatic organisms by comparing the generated SSD to three exposures based on worstcase scenarios resulting from maximum and typical application rates of MON0818-containing
glyphosate formulations as well as estimates of concentrations of MON 0818 from existing
measurements of glyphosate in surface waters.
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4.3.

Materials and methods

4.3.1.

Test substance

The commercial surfactant mixture MON 0818 was used for this study. MON 0818 is the main
surfactant used in traditional glyphosate formulations such as Roundup Original® and Vision®.
MON 0818 contributes approximately 15% of the total weight of these formulations (Edginton et
al. 2004b). Pure (99%) polyoxyethylene(15)tallow amine (POEA), with average of 15 ethoxy
groups on the hydrophilic head, was used to prepare all analytical standards. A technical solution
of MON 0818 was used for all toxicity tests. The particular batch used for this study was analysed
as described in Section 4.3.3 and showed it contained 68% POEA. Both the technical solution and
the pure standard were supplied by the Monsanto Company (St. Louis, Missouri, US). Fresh
stock solutions were prepared in distilled water for each individual test conducted.
4.3.2.

Toxicity tests

Acute toxicity tests were conducted on 15 freshwater species. Of these, 11 were common test
species: three primary producers (Pseudokirchneriella subcapitata, Chlorella vulgaris, and Lemna minor), four benthic invertebrates (Hyalella azteca, Hexagenia spp., Chironomus dilutus, and
Lumbriculus variegatus), two cladocerans (Daphnia magna and Ceriodaphnia dubia), and two
fish species (Pimephales promelas and Oncorhynchus mykiss). In addition to these standard species, four additional species, the range of which could overlap with areas susceptible to forestry
use of MON 0818-containing glyphosate formulations were evaluated: the fishes Salvelinus namaycush (Lake trout) and Salvelinus alpinus (Arctic char); the alga Oophila sp. (Strain UGCTOC
001; an algal symbiont commonly found in the eggs of Ambystoma maculatum, the yellowspotted salamander); and the file rams-horn snail (Planorbella pilsbryi). Although the measured
water-column half-life of MON 0818 (3-18 h) (Wang et al. 2005) (Rodriguez-Gil 2015b) suggests
that acute exposures are most likely to occur, a static-renewal C. dubia 8-d chronic life-cycle test
was also conducted. A brief description of the toxicity tests performed is provided below and
summarized in Table 4.1 and more detailed descriptions of the methods are provided in the supplemental information (SI).
Culturing of, and testing with the invertebrates C. dubia (water flea), H. azteca (amphipod), C.
dilutus (larval nonbiting midge), H. spp. (larval mayfly) (culture composed of two closely related
species, H. rigida and H. limbata), L. variegatus (oligochaete worm), as well as the fishes P.
promelas (fathead minnow), O. mykiss (rainbow trout), S. namaycush (lake trout) and S. alpinus
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(arctic char) was conducted at the Ontario Ministry of Environment and Climate Change
(OMECC) Aquatic Toxicology Unit Laboratories (Toronto, Ontario, Canada). All tests performed
at the OMECC were carried out using standard OMECC protocols (see the SI for details and references), with the exception of the test with P. pilsbryi which followed the methodologies described in (Prosser et al. 2015). All acute exposures were for 96-h, except for C. dubia and H.
azteca, which were exposed for 48-h. The static-renewal chronic test duration for C. dubia was 8
d. The D. magna acute (48-h) immobilization test was conducted at the Centre for Toxicology
laboratory at the University of Guelph using the OECD 202 protocol (OECD 2004). Mortality (or
immobility) was the endpoint for all the tests.
P. subcapitata (Korshikov) (Strain CPCC 37) and C. vulgaris (Strain CPCC 90) were obtained
from the Canadian Phycological Culture Centre (CPCC) at the University of Waterloo (Ontario,
Canada). Tests were carried out following the ASTM standard 96 h static toxicity test protocol (E
1218 -04) (ASTM, 2012) in 250-mL Erlenmeyer flasks. The amphibian algal symbiont Oophila
sp. (Strain UGCTOC 001) was field-collected from eggs of the yellow-spotted salamander (A.
maculatum), and near-standard toxicity tests were performed as described in (Rodriguez-Gil et al.
2014). Endpoints measured for the algal tests were cell density (photometric evaluation), growth
rate, and effective quantum yield of photosystem II (PSII yield). The growth-inhibition test (7-d)
with L. minor (duckweed) was conducted following OECD protocol 221 (OECD, 2002), with a
daily static renewal procedure as described by Brain and Solomon (2007). After 7 d exposure,
frond number, growth rate (from frond number), fresh weight, dry weight, and effective quantum
yield of PSII were evaluated. All tests with primary producers were carried out at the Centre for
Toxicology laboratory at the University of Guelph.
4.3.3.

Confirmation of exposure concentrations

Samples for confirmation of exposure concentrations were collected at the beginning of each test
from either the exposure vessels or intermediate stocks used to fill the exposure vessels. Nine
hundred microliters of the tested water sample were collected into a 2-mL Eppendorf microtube
containing 900 µL of HPLC quality methanol (Caledon Labs, Georgetown, ON). Tubes were centrifuged at 14,000 × g for 5 min and 1 mL of the supernatant was then transferred to a 1.8-mL vial
for analysis. Samples of exposure solutions used in all tests were kept in the dark at 4°C until
analysis. The analytical method is described in detail elsewhere (Rodriguez-Gil 2015b). Briefly,
reverse phase liquid chromatography-tandem-mass spectrometry was used for the quantification
of POEA as the combined signal of 9 multiple-reaction-monitoring transitions corresponding to 9
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representative homologs of the MON 0818 POEA mixture. Average LOD for the used method
was 0.25 ng mL-1 and LOQ of 0.8 ng mL-1. Concentrations were measured as POEA and corrected for the previously measured 68% POEA in MON 0818.
4.3.4.

Analysis of the data

Responses to the MON 0818 mixture were assessed by one-way ANOVA followed by a Dunnett’s test to determine the No-Observed Effect Concentration (NOEC) and Lowest-Observed
Effect Concentration (LOEC). Data were first assessed for normality using the Shapiro-Wilk test,
and for homogeneity of variance using Levene’s test (α=0.05). Calculations were performed using SigmaPlot 11.0 for Windows (Systat Software). Additionally, the responses were modelled
by non-linear regression to determine effective median concentration (EC50), as well as the concentrations required for a 10, 25, and 90% reduction in the measured endpoint. The fitted fourparameter log-logistic model was of the form f(x) = c + ((d-c)/(1+exp(b(log(x)-log(e)))) where b =
the slope of the linear section of the curve; c= the lower limit; d = the upper limit and EC50= median effective concentration (ICx values were used for inhibition in the primary producers).
The lower (term c) and upper (term d) limits were fixed to specific values for certain endpoints
(e.g., c = 0 and d=100 for % mortality data). Regression calculations were performed using the
DRC Package in R (Ritz 2010, Ritz and Streibig 2005). ECx/ICx values were calculated from the
resulting models using the ED.drc function available on the DRC package. Measured initial concentrations of POEA were used for all calculations.
Survival analysis techniques were applied to the reproduction data from the chronic exposure test
with C. dubia. Kaplan-Meier survival curves were created from the time-to-first-brood (TTFB)
data for the different treatment levels and compared via the log-rank (Mantel-Cox) test in Prism
6.0 assuming random censoring.
4.3.5.

Hazard characterization

4.3.5.1.

Characterization of effects

A historical data set of toxicity values for MON 0818 and POEA was generated by “mining”
common scientific databases (e.g., EPA ECOTOX Data Base, ISI, PubMed, etc.) for relevant
strings (e.g., POEA, MON 0818, ANEOs, polyethoxylated tallow amine, Entry II, etc.). Endpoints related to survival (mortality, immobilization, arrested development), were selected from
the mined literature.
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Species sensitivity distributions (SSDs) were created for the data generated in this study, as well
as a pooled data set combining the historical data plus the data generated in this study. For the
SSDs including historical data, all concentrations were normalized to polyoxyethylene(15)tallow
amine (POEA). Tests conducted with commercial POEA mixtures such as Surfonic T-15,
Ethomeen T-25 or TAM-15, were considered 100% POEA (Akzo Nobel, 2014b, a; Huntsman
International LLC., 2015) and no adjustments was made. Studies conducted with the technical
mixture of MON 0818 were corrected for a 70% content of POEA, studies conducted with the
agriculture surfactant mixture Entry II, were corrected for a 35% content of POEA (Haller and
Stocker 2003) and studies conducted with the agriculture surfactant mixture Genamin T-200 were
corrected for a content of 70% POEA.
For the calculation of percent rank values from the different toxicity data points Weibull plotting
positions were used and calculated as P=i/(n+1) x 100, where i is the rank number and n is the
total number of data points in the set (Mottier et al. 2014, Giddings et al. 2005, Solomon et al.
1996). SSDs were modelled by non-linear regression by fitting a four-parameter log-logistic
model.
4.3.5.2.

Characterization of exposures

For the selection of reference concentrations to be used in the hazard characterization, the use of
POEA-containing glyphosate formulations was evaluated for the three main uses: agricultural,
forestry, and industrial, turf & ornamental (IT&O). The exact composition of the surfactant mixtures used for the different available glyphosate formulations is commonly a trade secret, with the
use of polyoxyethylene(15)tallow amine (POEA) only linked with certainty to the traditional
formulations of Roundup Original ® and Vision Forestry Herbicide®. Because of this, only these
two formulations were used for the characterization of potential exposures.
It is important to note that, POEA-containing formulations of glyphosate are not registered for
direct over-water application. The following exposure scenarios, therefore, assume a worst-case
scenario of unintentional spray directly into water. In addition, no other mitigating factors, such
as interception of spray by emergent and riparian zone vegetation or rapid dissipation of POEA
through sediment sorption, which would be expected to significantly reduce exposure magnitude
and duration in real-world systems, were incorporated in the worst-case scenario assessment.
For all estimates, Roundup Original® and Vision Forestry Herbicide® were considered chemically equivalent, containing 356 g glyphosate acid equivalent L-1 as the isopropylamine salt and
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15% (w/w) MON 0818 (Edginton et al. 2004b). With a specific gravity of 1.17 for both studied
formulations (Monsanto Company 2007, 2002), this would represent 175 g MON 0818 L-1 (122.5
g POEA L-1) of the formulated products Newer glyphosate formulations usually contain more
concentrated levels of the active ingredient (e.g. 540 g glyphosate a.e. L-1 for VisionMax® or
Roundup Ultra 2®) and, therefore, usually require lesser application rates to achieve the same
desired control of vegetation. With a maximum POEA content of <20% for all registered formulations in Canada (PMRA 2015), the use of the traditional formulations, with lower loadings of
the active ingredient, and higher application rates, would also be expected to represent a worstcase scenario relative to newer formulations.
Three scenarios were considered for this assessment. The first scenario is a worst-case environmental concentration resulting from an unintentional direct over-spray of a body of water with the
maximum application rate described in the label of the different products (Monsanto Company
2007, 2002). The label for Roundup Original® describes a maximum application rate of 12 L
formulation ha-1 (4.27 kg a.e. ha-1, 2.1 kg MON 0818 ha-1) for the post-harvest, pre-plant control
of perennial weeds in crop-uses and the non-crop control of the same weeds in IT&O uses. Forestry use of Vision® allows for the same maximum aerial application of 12 L formulation ha-1
(4.27 kg a.e. ha-1, 2.1 kg MON 0818 ha-1) for site preparation.
A second application level was selected from more typical uses of the selected formulations. The
most common crop use of Roundup Original® in North America is for the pre-harvest annual
weed control in Roundup-ready® crops which has a maximum application rate set to 5 L formulation ha-1 (1.78 kg a.e. ha-1, 0.87 kg MON 0818 ha-1). A maximum application rate of 6 L formulation ha-1 (2.14 kg a.e. ha-1, 1.05 kg MON 0818 ha-1) is the maximum set for both the forestry use
of Vision ® for conifer release and the non-crop use of Roundup Original® for brush and tree
control aerial application in rights of way.
Based on this information, expected environmental concentrations (Table 4.2) were calculated
for a unintentional direct over-spray of a standard North American farm pond (200 cm deep)
(Urban and Cook 1986), a European farm pond (100 cm deep) (FOCUS 2003), a European farm
ditch (30 cm deep) (FOCUS 2003) and Canadian forest pool / North American wetland (15 cm
deep) (USA) (Urban and Cook 1986) (Table 4.2) based on a worst case application of 12 L formulation ha-1 (4.27 kg a.e. ha-1, 2.1 kg MON 0818 ha-1), and a typical use of 6 L formulation ha-1
(2.14 kg a.e. ha-1, 1.05 kg MON 0818 ha-1).
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A third level was calculated based on literature data on maximal observed concentrations of
glyphosate reported in surface waters associated with agriculture or forestry use scenarios. For
this calculation, the use of one of the studied formulations (Roundup Original ® or Vision ®) was
assumed when not reported. Based on the composition of the formulation and assuming the same
fate and movement of both glyphosate and POEA, concentrations of MON 0818 in water were
obtained by multiplying the measured concentration of glyphosate by 0.5, from there, POEA concentration can be calculated based on an approximate 70% POEA content on MON 0818
(Rodriguez-Gil 2015b).
Extensive monitoring of surface waters has been conducted for glyphosate (Battaglin et al. 2009,
Byer et al. 2008, Horth 2012, Struger et al. 2008). Battaglin et al. (2009) reported concentrations
as large as 0.33 mg a.e. L-1 in ephemeral ponds in proximity to areas where glyphosate herbicides
had been applied. In a later study Battaglin et al. (2014), which encompassed more than 2300 surface water samples including ditches, drains, streams, lakes, ponds and wetlands, the authors reported a maximum of 0.43 mg a.e. L-1 in ditches and drains and a lower maximum 0.30 mg a.e.
L-1 in lakes, ponds in wetlands. In a report prepared for the Monsanto company Horth (2012) reviewed reports of concentrations of glyphosate in surface and ground water across Europe reporting maximum concentrations in water of 0.37 mg a.e. L-1.In addition to these, a number of studies
have measured concentrations of glyphosate in ephemeral ponds and wetlands following direct
applications of glyphosate formulations in forestry relevant scenarios (Goldsborough and Beck
1989, Goldsborough and Brown 1993, Thompson et al. 2004). Of these studies, the highest concentrations of glyphosate were measured by Thompson et al. (2004) with a mean of 0.33 mg a.e.
L-1 . Based on these data, a maximum expected environmental concentration of glyphosate, based
on measured data, was chosen to be 0.40 mg a.e. L-1 from which an estimated concentration of
0.2 mg MON 0818 L-1 (0.14 mg POEA L-1) was calculated as described.

4.4.

Results

The concentration of MON 0818 quantified in the test vessels of a selected representative test
(Hexagenia sp.) at 48 h showed loss of the compound over the duration of the experiment ranging
from 15 – 61% of the initial (t0) measured concentrations (Figure 4.1), with half-lives ranging
between 210 and 35 h. This loss was clearly correlated with the initial concentration of each vessel with the percent loss of compound increasing with lower initial concentrations.

80

Control performance for all conducted tests was within the requirements for their particular
standard methods. The measured EC50s ranged from 0.88 to >9.98 mg L-1 for the animal species
with a median of 1.8 mg L-1. IC50s for the primary producers were, in general, smaller ranging
from 0.21–3.19 mg L-1 for the most sensitive endpoint (growth rate for algae, fresh weight for L.
minor) with a median of 0.83 mg L-1. The developed concentration-response curves showed very
steep slopes, as indicated by the relatively narrow span between the estimated EC10 and EC90 values for most species (Table 4.3 and Table 4.4). Survival curves plotted for the tested animal species (Appendix Figure C.3 through Appendix Figure C.11) show a rapid on-set of toxic effects
with mortality, when occurring, usually observed within the first 24 h.
The results from the static-renewal chronic (8 d) test with C. dubia showed no significant effect
of MON 0818 on mortality on the tested range of concentrations (0 to 1.1 mg L-1). A nonsignificant trend was observed; however, with the maximum observed mortality (20%) being
measured in the highest tested concentration of 1.1 mg L-1 (no mortality was observed in the control treatment). On evaluation of the time-to-first-brood (TTFB) data, only two individuals were
right-censored (the individuals died before releasing the first brood), and were randomly distributed in two different treatments (1.1 and 0.1 mg L-1). Because of this, censorship was considered
random for subsequent analysis. Log-rank (Mantel-Cox) comparison of the TTFB survival curves
(Appendix Figure C.1), showed no effect of MON 0818 concentration on TTFB, which averaged 96 h (monitored daily). No significant differences were observed on the number of neonates
per surviving individual, which ranged from 12.5 to 19.0.
The EC50s obtained in this study were used to generate an SSD (Figure 4.2), which was used to
evaluate the potential hazard posed by MON 0818 under the three selected exposure levels. Based
on this SSD, a worst-case unintended over-spray of a 15 cm-deep water body with formulated
herbicide containing MON 0818 at an application rate of 12 L formulation ha-1 (4.27kg a.e. ha-1,
2.1 kg MON 0818 ha-1) could result in concentrations at, or above the EC50s of 5 of the 15 tested
spices, namely P. subcapitata, C. vulgaris, fathead minnow, C. dubia and rainbow trout (39.7%
of the species based on the estimated regression). For a more realistic expected concentration
based on typical use of the products, only the two primary producers P. subcapitata, and C. vulgaris would experience a hazard (16.1% from the calculated regression). Finally, when compared
to an estimated concentration of MON 0818 calculated from measured glyphosate concentrations
in the field, none of the species tested in this study would be exposed to concentrations at, or
above, their respective EC50 values. Analysis of the SSDs generated from the EC10s, EC 50s and
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EC90s calculated in this study (Appendix Figure C.2) shows these curves to be similar to each
other, in a manner consistent with the expected mode of action of POEA.
The EC50-based SSD generated from all the data (historical and this study, n = 60; Figure 4.3) is
in close agreement with the one generated from the data in this study and shows that 38.8% of all
species could be exposed to hazardous concentrations of POEA under the selected worst case
scenario of unintentional over-spray of a 15 cm-deep water body at the maximum application rate
of 12 L formulation ha-1 (4.27 kg a.e. ha-1, 2.1 kg MON 0818 ha-1), while 18.0% would be in this
situation for a worst case scenario unintentional over-spray of a 15 cm water body at a more typical application rate of 6 L formulation ha-1 (2.14 kg a.e. ha-1, 1.05 kg MON 0818 ha-1), going
down to a 3.2% at concentrations of MON 0818 estimated from measured glyphosate concentrations in the field.

4.5.

Discussion

The decrease in concentration of MON 0818 in the test vessels over the duration of the experiment (48 h) is consistent with previous observations of the behaviour of MON 0818 (RodriguezGil 2015b) and shows the importance of proper exposure characterization when dealing with
compounds with high affinity for surfaces, such as POEA. This decrease in concentrations in the
water column, could result in an exposure regime of diminishing concentrations similar to that
which might be expected in real world systems; however, the observed half-lives of the compound in the water column under the water-only studied laboratory conditions (210 and 35 h) are
substantially longer than those measured in the field (Rodriguez-Gil 2015b) or in sedimentcontaining aquaria (Wang et al. 2005). At the measured rate, this change in concentrations is not
likely to have a significant effect on the estimated ECx values. As indicated by the survival
curves generated for the different tests (Appendix Figure C.3 through Appendix Figure C.11),
most of the observed mortality occurs within the first 24 h, when the exposure concentrations
would be expected to be closer to the nominal concentrations.
The lowest EC50s found in this study correspond to the primary producers P. subcapitata and C.
vulgaris with EC50s of 0.21 and 0.24 mg L-1 respectively. Of the 45 toxicity values available for
MON 0818 in the literature, only two corresponded to primary producers, P. subcapitata and the
marine algae Skeletonema costatum with EC50s of 3.92 and 3.35 mg L-1, respectively (Tsui and
Chu, 2003). With few exceptions, the calculated EC50s for animals ranged between 0.8 and 2 mg
L-1. This narrow range is particularly apparent for the fish species (0.83–1.74 mg L-1), most likely
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indicating a similar mechanism of action across animal species. Narcotic effect-induced membrane damage in the gill epithelium has been suggested as potential mechanism of action
(Edginton et al. 2004b, Levine et al. 2007), and it is consistent with the surfactant properties of
POEAs. Additionally, the difference between the estimated EC10s and EC90s was narrow, suggesting the possible existence of a threshold concentration. The existence of this threshold has been
noted in previous studies (Mesnage et al. 2013), where it has been associated with the critical micelle concentration (CMC, the concentration at which micelles start forming on a solution of surfactant) for MON 0818 and similar POEA mixtures in water. The CMC measured in these studies was 1–3 mg L-1(Chamel and Gambonnet 1997, Mesnage et al. 2013).
The observed proximity of the SSDs generated from the EC10s, EC 50s and EC90s calculated in
this study (Appendix Figure C.2) would result in similar estimates of hazard independently of
the selected effect level (EC10s, EC 50s or EC90s). Given the higher statistical robustness of the
EC50 values, this parameter was selected for the hazard characterization.
We conducted a Tier-1 hazard characterization by comparing laboratory toxicity data to three selected exposure levels. This assessment showed moderate levels of hazard (38.3% of the species
exposed at or above EC50 levels), for the expected worst-case scenario, corresponding to an exposure to the maximum label application rate allowed for the studied formulations (Roundup
Original® and Vision®). Percent of species at risk of significant acute effect decreases by approximately half (18.0% of the species) under more typical application rates in agriculture, forestry or industrial use scenarios and would be predicted to affect only primary producers (3.2%
of the test species) at concentrations of MON 0818 estimated based on maximal glyphosate concentrations reported in environmental monitoring studies (Battaglin et al. 2009, Byer et al. 2008,
Giesy et al. 2000, Horth 2012, Struger et al. 2008).
It is important to note that the first two scenarios (maximum label and typical application rate)
represent worst-case exposures resulting from unintentional direct over-spray of a body of water.
Under agricultural use of Roundup®, this is very unlikely to happen, as most of the applications
are performed from the ground, directly over agricultural land. Direct over-spray of large bodies
of water from aerial application of glyphosate-based herbicides in forestry or rights of way are
also quite unlikely given the requirement for protective buffer zones. Buffer zones have been designed based on field experimentation and mathematical models to significantly reduce the probability and magnitude of inputs into surface waters (Couture et al. 1995, Feng et al. 1990, Gluns
1989, Payne 1992, Payne et al. 1990, Thompson et al. 2012, Thompson et al. 2004). Under aerial
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applications in forestry and industrial uses, unintentional over-spray of ephemeral ponds and wetlands is; however, still possible; yet, in a real-world scenario, mitigating factors, such as interception of spray by emergent and riparian zone vegetation or rapid dissipation of POEA through
sorption to sediment, would be expected to significantly reduce the magnitude and duration of the
exposure.
The third scenario, even though more realistic, is still conservative. The selected concentration
(0.2 mg MON0818 L-1) was estimated from representative maximum glyphosate concentrations
measured in surface waters; however, these values are instantaneous observations. The maximum
glyphosate concentrations of 0.37 mg a.e. L-1 presented by Horth (2012) in a review of concentrations of glyphosate in European surface and ground water and of 0.43 mg a.e. L-1 presented by
(Battaglin et al. 2014) for a similar review across the United States, is approximately an order of
magnitude larger than the values more commonly observed (Battaglin et al. 2014, Giesy et al.
2000, Horth 2012, Struger et al. 2008). The second set of studies used to determine this reference
concentration (Goldsborough and Beck 1989, Goldsborough and Brown 1993, Thompson et al.
2004) represent experimental results from intentional over-spray of ephemeral ponds and wetlands for research purposes and are, perhaps, closer to real world scenarios in forestry applications. In either case, the concentrations of MON 0818 estimated from these measured concentrations assume similar environmental behaviour between glyphosate and MON 0818 and are likely
an over-estimation of the actual exposure concentrations as they do not consider the rapid dissipation of MON 0818 in natural systems relative to 48-96 hr exposures used in standard toxicity tests
used to generate ECx estimates (Giesy et al. 2000, Rodriguez-Gil 2015b, Wang et al. 2005).
In addition to uncertainties surrounding the exposure assessment, it is important to highlight uncertainties in the assessment of effects. Recent studies have shown dissipation half-lives for MON
0818 in the water column, in the presence of sediment to be shorter than the duration of standard
tests (12-18 h) (Wang et al. 2005) and even shorter (3–5 h), when measured under field conditions (Rodriguez-Gil 2015b). Several authors have suggested that rapid dissipation of glyphosate
and POEA via sorption to sediments, microbial degradation or the combination thereof are likely
to be primary factors explaining the relatively lower toxicity observed in field studies as compared to predictions based on laboratory or mesocosm studies where such processes are limited or
constrained by standard testing protocols (Bernal et al. 2009b, Edge et al. 2013, Edge et al. 2012,
Fuentes 2008, Fuentes et al. 2014, Tsui and Chu 2004, Wang et al. 2005) .
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Assessing the toxicity of chemical stressors under dynamic and realistic exposure regimes (such
as that expected for MON 0818) is complex in nature, and as such, further research evaluating the
toxicity of POEA mixtures to aquatic organisms under more environmentally realistic scenarios
(such as single-short- pulse exposures, or in the presence of sediment) are needed to properly
characterize the risk posed by these compounds in aquatic ecosystems. Additionally, based on our
results, further studies should be conducted to correct the under-representation of primary producers in the existing data-sets as well as to properly understand the effects of MON 0818 on this
group of organisms, especially in terms of how their rapid turn-over rates affect their capacity to
recover from punctual acute effects. Finally, the uncertainties presented in this study emphasize
the need for integrated fate and effects studies together with chemical and biomonitoring studies
that effectively track short term fate of glyphosate and POEA in aqueous phase, longer term fate
in sediments and effects on representative sensitive species in both compartments. Additional
studies looking at fate and effect of POEA alone under environmentally realistic scenarios could
provide further mechanistic knowledge and refinement to risk assessment.
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Tables

Table 4.1: Summary of the testing conditions for each tested organism. Organisms tested under the same conditions are presented together

4.6.
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6
-

Typical

Calculated from glyphosate measured

Maximum label

Product
(L ha-1)
12
-

2.14

Glyphosate
(kg a.e. ha-1)
4.27

Application rate

0.20

0.71

1.41
0.20

0.35

0.71

0.3

0.20

0.11

0.21

1

0.20

0.05

0.11

2

0.14

0.49

0.99

0.15

0.14

0.25

0.49

0.3

0.14

0.07

0.15

1

Water depth (m)

Water depth (m)
0.15

POEA (mg L-1)

MON 0818 (mg L-1)

0.14

0.04

0.07

2

Table 4.2: Estimated concentrations of MON 0818 and polyoxyethylene(15)tallow amine (POEA) (calculated as a 70% of the MON 0818 technical mixture) in surface water of the indicated water depth for each of the studied exposure levels, corresponding to an unintentional direct overspray at maximum and typical application rates of Roundup Original® or Vision®, as well as estimated MON 0818 and POEA concentrations calculated from maximum measured concentrations of glyphosate in surface waters. Worst-case values for a 15 cm-deep body of water are marked in
bold.
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2.04 (0.00 - 4.46)
5.20 (0.00 - 13.79)
1.93 (1.83 - 2.02)

1.83 (0.00 - 4.72)
4.77 (3.14 - 6.40)
1.90 (1.80 - 2.00)

Daphnia magna

Hyalella azteca

Hexagenia spp.

Lumbriculus variegatus
>9.98
5.27 (3.62 - 6.91)
0.83 (0.78 - 0.87)

>9.98
3.04 (1.39 - 4.69)
0.77 (0.73 - 0.82)

Planorbella pilsbryi

Pimephales promelas
1.14 (1.12 - 1.15)
1.61 (1.55 - 1.68)
1.65 (1.59 - 1.71)

1.04 (1.01 - 1.06)
1.55 (1.49 - 1.61)
1.59 (1.52 - 1.64)

Oncorhynchus mykiss

Salvelinus namaycush

Salvelinus alpinus

Chironomus dilutus

-1

1.72 (1.66 - 1.78)

1.68 (1.62 - 1.75)

1.24 (1.24 - 1.25)

0.88 (0.83 - 0.93)

9.13 (6.29 - 11.97)

>9.98

1.95 (1.86 - 2.04)

5.67 (0.00 - 24.15)

2.27 (0.47 - 4.08)

1.84 (1.67 - 2.02)

EC50
(mg L-1)
1.18 (1.05 - 1.30)

1.87 (1.80 - 1.95)

1.83 (1.76 - 1.91)

1.48 (1.46 - 1.51)

1.00 (0.94 - 1.06)

>9.61

b

> 9.98

2.01 (1.93 - 2.09)

6.73 (0.00 - 50.54)

2.83 (2.39 - 3.27)

3.87 (3.13 - 4.75)

EC90
(mg L-1)
2.00 (1.55 - 2.45)

1.22

1.19

0.62

0.59

2.78

9.98

1.28

0.56

1.33

0.62

NOEC
(mg L-1)
0.67

2.45

2.41

1.28

1.31

4.87

> 9.98

2.31

1.16

2.83

1.24

LOEC
(mg L-1)
1.31

b

No mortality was observed at any of the tested concentrations (max. 9.98 mg L )
Maximum mortality observed was <90% and extrapolation of a EC90 was not possible. The value of the greatest concentration tested
is presented as the lowest possible EC90.

a

1.34 (1.19 - 1.49)

0.99 (0.85 - 1.15)

Ceriodaphnia dubia

a

EC25
(mg L-1)
0.91 (0.74 - 1.07)

Species

EC10
(mg L-1)
0.70 (0.50 - 0.89)

Table 4.3: Summary of toxicity values for MON 0818 (ECxs and their respective 95% confidence intervals in parentheses) for the tested animal
species. Assessed endpoint was mortality in all cases.
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Table 4.4: Summary of toxicity values for MON 0818 (ICxs and their respective 95% confidence intervals in parentheses) for each evaluated endpoint among the primary producers tested.

4.7.

Figures

Figure 4.1: Percent difference between nominal and measured MON 0818 (mg L-1) concentrations in the test solutions of the assay with Hexagenia sp. at test initiation (t0) and at take-down
(t48) (n=1). A clear negative correlation is observed between initial concentration and the amount
of MON 0818.
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Figure 4.2: Species sensitivity distribution (SSD) of acute laboratory EC50s for MON 0818 (technical mixture, 68% POEA) based on the toxicity data generated in this study. All EC50s are based
on survival, except for P. subcapitata, C. vulgaris and Oophila sp., where cell density was used
and L. minor, where the EC50 for fresh weight is plotted. The NOEC value was used for C. dilutus due to the lack of mortality observed in this test. Blue lines indicate 95% confidence band for
the regression and the red lines represent the 95% prediction band for the regression. Dashed vertical lines indicate reference concentrations based worst-case scenario unintentional direct overspray of a 15 cm-deep body of water with the maximum (Max.) label application rate allowed for
the studied formulations (Roundup Original® and Vision®; 12 L formulation ha-1, 4.27 kg a.e.
ha-1), a more typical (Typical) application rate (6 L formulation ha-1, 2.14 kg a.e. ha-1) as well as
estimated concentrations of MON 0818 calculated from maximum measured glyphosate concentrations in the environment (Estimated).
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Figure 4.3: Species sensitivity distribution (SSD) of acute laboratory EC50s for polyoxyethylene
(15) tallow amine (POEA) based on combined the toxicity data produced in this study and available in the literature (n = 60). Data were normalized to POEA based on the known content in the
product used on each study. Blue lines indicate 95% confidence band for the regression and the
red lines represent the 95% prediction band for the regression. Dashed vertical lines indicate reference concentrations based worst-case scenario unintentional direct over-spray of a 15 cm-deep
body of water with the maximum (Max.) label application rate allowed for the studied formulations (Roundup Original® and Vision®; 12 L formulation ha-1, 4.27 kg a.e. ha-1), a more typical
(Typical) application rate (6 L formulation ha-1, 2.14 kg a.e. ha-1) as well as estimated concentrations of MON 0818 calculated from maximum measured glyphosate concentrations in the environment (Estimated).

92

Chapter 5
Aquatic Hazard Assessment of MON 0818, a Commercial Mixture of
Alkylamine Ethoxylates Commonly Used in Glyphosate-Containing
Herbicide Formulations. Part 2: Roles of Sediment, Temperature, and
Capacity for Recovery Following a Pulsed Exposure

5.1.

Abstract

Toxicity tests with MON 0818 in the presence of sediment were conducted for four benthic invertebrates and a sediment-dwelling fish. The recovery capacity of Daphnia magna and four primary
producers was assessed after a short (24 h) exposure to the surfactant. Additionally, the potential
effect of increased water temperature on the toxicity of MON 0818 to two cold-water fishes was
evaluated. No mortality was observed up to the highest tested concentration (10 mg L-1) for three
of the five species for which acute exposures were conducted in the presence of sediment (Hexagenia spp., Lumbriculus variegatus, and Chironomus dilutus). Calculated EC50s for the other two
species (Hyalella azteca and Pimephales promelas) were significantly higher than previously
published estimates for water-only tests. The EC50 at 15°C calculated for Salvelinus alpinus was
significantly lower than previously published data at 10°C. No difference was observed for
Salvelinus namaycush. Latent effects of a 24 h exposure to MON 0818 at the highest tested concentration (1 mg L-1) were observed, as indicated by delayed growth during recovery phase for
Pseudokirchneriella subcapitata and Chlorella vulgaris. Despite this delay, both cultures were
able to recover from the exposure, as indicated by the lack of difference in the estimated maximum absolute growth rate compared to control treatments. No significant effects of a 24 h exposure to MON 0818 at the highest tested concentration were observed for Oophila sp. (1.5 mg L-1)
or Lemna minor (100 mg L-1). Latent mortality after a 24 h exposure to the highest tested concentration (5 mg L-1) was observed during the recovery phase for D. magna; however, reproduction
endpoints on surviving individuals were not altered on any treatment. Our results indicate that
quick dissipation of MON 0818 in the presence of sediment is able to reduce the effects on exposed organisms, and that primary producers and D. magna would be able to fully recover from
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24-h exposures to concentrations of MON 0818 equal to or higher than those expected in the environment.

5.2.

Introduction

Glyphosate has been the most used herbicide active ingredient in agriculture and forestry for almost two decades (Baker and Stone 2015, Grube et al. 2011, Stone 2013, Thompson 2011). Agricultural use of glyphosate in the United States alone was estimated to be near 130,000 metric tons
in 2012 (Baker and Stone 2015). The toxicity of glyphosate itself, a as well as some of the most
common glyphosate-containing formulations, have been extensively reviewed in the past (NRA
1996, Giesy et al. 2000, FAO 2001, Solomon and Thompson 2003, Solomon et al. 2005, SERA
2011, PMRA 2015). Starting in the early 1980s, research on the toxicity of glyphosate-containing
herbicides to aquatic organisms focused on the surfactants present in the available commercial
formulations. Of particular concern were the polyoxyethylene tallow amine (POEA) surfactants
associated with the most common of these formulations, Roundup®. These studies noted that,
due to the low toxicity of glyphosate itself, the surfactants, and not the active ingredient, were the
main drivers of the toxicity observed in aquatic organisms (Folmar et al. 1979, Mayer and
Ellersieck 1986, Servizi et al. 1987, Wan et al. 1989, Bidwell and Gorrie 1995). These observations, together with calculations indicating a small margin of safety between expected environmental concentrations and the toxicity data from the laboratory studies, motivated the Australian
Environmental Protection Agency to, in 1996, amend the authorised use pattern and label of
glyphosate-containing herbicides to exclude over-water applications (NRA 1996). This decision
was soon followed by other jurisdictions (e.g., United States and Canada), where it is still in effect today (PMRA 2015). Still, unintended exposure of aquatic ecosystems to POEA-containing
glyphosate formulations is possible via spray drift or, particularly in forestry scenarios via aerial
over-spray of small, shallow wetlands (Solomon and Thompson 2003, Thompson et al. 2004).
The toxicity of POEA to aquatic organisms has been investigated, with special interest in the possible effects to amphibians (Perkins 1997, Perkins et al. 2000, Tsui and Chu 2003, Edginton et al.
2004a, Howe et al. 2004, Tsui and Chu 2004, Wang et al. 2005, Brausch et al. 2007, Brausch and
Smith 2007, Bringolf et al. 2007, Moore et al. 2012, Tatum et al. 2012, Mottier et al. 2014). Recently, in a companion paper (Rodriguez-Gil 2015c), we presented toxicity values for MON 0818
(the POEA mixture used in Roundup® and some other common glyphosate formulations) on a
suite of 15 aquatic species, tested under standard or near-standard conditions. Together with the
data available in the literature, we generated a 60-data-point species sensitivity distribution (SSD)
from which we calculated that up to 39% of the tested species could be exposed to concentrations
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equal to, or greater than, their estimated EC50s under a worst case scenario over-spray (assuming
no interception by vegetation or binding to sediment) of a 15 cm-deep water body with the label
maximum application rate of the forestry-use herbicide Vision® (12 L Vision® ha-1, 4.3 kg
glyphosate a.e. ha-1). These estimates are consistent with the information that led to the original
removal of over-water use from the labels of POEA-containing formulations of glyphosate.
However, as noted previously in Rodriguez-Gil (2015c), a direct estimation of hazard from
standard laboratory studies (based on water-only 48-96 h exposures) and worst-case estimated
exposure concentrations (EECs) can, in some cases, greatly over-estimate the actual risk posed by
a compound in real-world systems, and should be considered only as a first step in a tiered risk
assessment approach (ECOFRAM 1999a, Giddings et al. 2005, Thompson 2004). In the case of
POEA, the development of higher tier probabilistic approaches, taking into account actual fieldmeasured concentrations and their probability distributions, has been traditionally limited by the
lack of adequate analytical methods able to quantify the compound at environmentally and/or toxicologically relevant concentrations. Without analytical capability, data on dissipation half-life in
aquatic ecosystems and actual environmental concentrations were unavailable. Nonetheless, a
growing body of literature indicates that a number of factors can substantially influence the environmental fate and availability of MON 0818 in the environment, thus modifying the magnitude
and duration of exposure and resultant potential for toxicological effect. In combination, these
factors have the potential to alter the conclusions which might, otherwise, be drawn from a simplistic extrapolation of Tier-1 hazard assessments such as that shown in Rodriguez-Gil (2015c),
warranting further investigation.
A decade ago, Wang et al. (2005) estimated the water column half-life of MON 0818 in sediment-containing 72-L aquaria to be between 13 and 18 h while they observed no changes in concentration over the 96 h duration of the study in water-only aquaria. More recently, we estimated
half-lives between 3 and 6 h in sediment-containing, 12,000-L outdoor microcosms using an improved analytical method (Rodriguez-Gil 2015b). Both studies highlighted the quick dissipation
of the surfactant from the water column in the presence of sediment. The protective role of sediment on the toxicity of POEA and/or POEA-containing formulations of glyphosate to aquatic organism has, also, been observed before. In an early study, Hartman and Martin (1984) attempted
to answer the question of whether the partitioning of the components of a glyphosate formulation
into suspended solids would limit or enhance the observed toxicity of the formulation. To their
surprise, they observed differential effects with reduced toxicity to the floating macrophyte Lemna minor, but enhanced toxicity to the cladoceran Daphnia pulex, which the authors attributed to
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the filter-feeding behaviour of the cladoceran and the binding of the formulation components to
the filtered suspended particles. The consensus since has been that sediments reduce, the toxic
effects of glyphosate formulations (Bernal et al. 2009b, Edge et al. 2012, Fuentes et al. 2014, Tsui
and Chu 2003, 2004, Wang et al. 2005). Of these studies, three (Bernal et al. 2009b, Edge et al.
2012, Fuentes et al. 2014) focused their attention on amphibians while the other three (Tsui and
Chu 2003, 2004, Wang et al. 2005) assessed the effect of sediment on toxicity to cladocerans.
Only Tsui and Chu (2004) included a benthic invertebrate (Hyalella azteca) in their study.
The most recent dissipation data for MON 0818, as well as toxicity studies with POEAcontaining glyphosate formulations in the presence of sediment, indicate that exposure of aquatic
organisms to POEA would take the form of a short pulse, with peak concentrations lasting less
than 24 h. The difference between this exposure regime and traditional, water-only, continuous
exposure (48-96 h) toxicity tests highlights the difficulties that the use of the traditional approaches can have on the assessment of the outcome of an exposure under a real world scenario.
Alternatives to traditional toxicity testing methodologies have been suggested for compounds that
are subject to a pulsed or short-duration exposure. Included among these alternatives are tests that
include potential dissipation processes (such as the already mentioned tests in the presence of sediment) and exposure-recovery tests, designed to assess the ability of an organism or population to
recover a certain level of fitness after a short exposure to the studied compound (Boxall et al.
2002, Reinert et al. 2002).
A number of abiotic factors have been shown to influence the toxicity of POEA and POEAcontaining formulations of glyphosate such as pH (Edginton et al. 2004b, Folmar et al. 1979),
and water hardness (Wan et al. 1989). Forestry use of POEA-containing glyphosate formulations,
such as Vision® is often associated to higher latitudes, such as the Canadian boreal forests. These
particular ecosystems are traditionally not well represented among the standard toxicity test species, usually native from temperate zones. In recent years, considerable effort has been place on
the development of culture and testing protocols with aquatic organisms relevant to the Canadian
north, especially fish (Moore and Poirier 2010). Preliminary results with some of these species
show differences in toxicity when tested at different water temperatures, as summarized in the
latest version of the water quality guidelines for nitrate ion by the Canadian Council of Ministers
of the Environment (CCME 2012). Understanding the differences in sensitivity of these understudied species, as well as its potential changes with temperature is of vital importance, especially
under current climate change scenarios.
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With all these considerations in mind, the main aims of this study were to assess the effects of a
number of environmentally realistic modifying factors on aquatic organisms exposed to POEA.
With this purpose, we 1) evaluated the difference in toxicity between water-only toxicity data and
data collected from equivalent tests conducted in the presence of sediment for the under-studied
group of benthic macroinvertebrates as well as fish; 2) assessed the differential toxicity of POEA
to two cold-water fish species under different temperatures; and 3) evaluated the capacity for recovery of a cladoceran and three primary producers after a 24-h exposure to concentrations of
POEA expected to cause significant effects.

5.3.

Materials and methods

5.3.1.

Test substance

The commercial surfactant mixture MON 0818 was used for this study. MON 0818 is the main
surfactant used in traditional glyphosate formulations such as Roundup® or Vision®. MON 0818
is reported to contribute approximately 15% of the total weight of these formulations (Edginton et
al. 2004b). Pure (99%) polyoxyethylene(15)tallow amine (POEA), was used to prepare all analytical standards. A technical solution of MON 0818 was used for all toxicity tests. Previous analysis of this solution showed it contained 68% of POEA (Rodriguez-Gil 2015b). Both the technical
solution and the pure standard were provided by the Monsanto Company (St. Louis, Missouri,
US). Fresh stock solutions were prepared in exposure water for each individual test.
5.3.2.

Control sediment

Previously collected sediment from Peche Island (near the head of the Detroit River in Lake Huron, 42.3458° N, 82.9253° W) was used as the control sediment for the acute toxicity tests with
macro-invertebrates and fish. This sediment, commonly used as reference control sediment at the
Ontario Ministry of Environment and Climate Change (OMECC) Aquatic Toxicology Unit Laboratories in Toronto, Ontario, Canada has been fully characterized for its physico-chemical
characteristics as well as for the presence/absence of a number of reference toxicants. Details on
the sediment characteristics and presence of reference toxicants are presented in Appendix Table
D.1 and Appendix Table D.2.
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5.3.3.

Acute toxicity tests.

For the evaluation of the effect of sediment on the toxicity of MON 0818, acute toxicity tests
were conducted on four benthic invertebrates (Hyalella azteca, Hexagenia spp., Chironomus dilutus, and Lumbriculus variegatus), and a sediment-dwelling fish species (Pimephales promelas,
fathead minnow). Additionally, tests with the cold-water fish species Salvelinus namaycush (lake
trout) and Salvelinus alpinus (arctic char) were conducted at 15°C (standard 10°C) in order to
evaluate the effect of temperature on the toxicity of MON 0818. These two species were selected
based on availability and potential overlap of their range and areas of forestry use of POEAcontaining glyphosate formulations. Particular characteristics of their preferred habitats; however,
(deep rivers and lakes) make them unlikely to high exposures.
A summary of the test conditions for the acute toxicity tests is presented in Table 5.1. More detailed descriptions of the methods are provided in the supplemental information (SI).
Culturing of, and testing with the mentioned organisms was conducted at the Ontario Ministry of
Environment and Climate Change (OMECC) Aquatic Toxicology Unit Laboratories (Toronto,
Ontario, Canada). All acute toxicity test were carried out using standard OMECC protocols (see
the SI for details and references) with slight modifications as required to evaluate the studied
modifying factors. All acute exposures were for 96-h, except for H. azteca, which were exposed
for 48-h. Mortality was the endpoint for all the tests.
5.3.4.

Exposure-recovery test with Daphnia magna

A summary of the testing conditions used for the exposure-recovery tests is presented in Table
5.1. The Daphnia magna exposure-recovery tests was conducted at the laboratory of the Centre
for Toxicology (University of Guelph) as a modified version of the OECD Test 211: Daphnia
magna Reproduction Test (OECD 2008)
The D. magna used in this test were <24-h old, and were released at least 8 d after first-brood of
the parent culture. Reference toxicant tests with NaCl (data not shown) were performed within a
month of the tests presented in this study and were within the accepted range.
Three nominal test concentrations (0.5, 2 and 5 mg MON 0818 L-1) were selected based on a previous 48 h acute immobilization test (Rodriguez-Gil 2015c) to include concentrations ranging
from near EC90 levels to concentrations similar to those expected from environmentally realistic
scenarios. Exposure solutions were prepared in culture water, consisting of untreated well water
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from the University of Guelph well system mixed with reverse osmosis water (1:1, v:v). Characterization of the well water is presented in Appendix Table D.5. Water used during the tests was
aerated for ≥24 h before being used. A total of fifty <24 h old neonates were exposed to the one
of the three selected concentrations plus a control treatment without MON 0818 for 24 h in 1000
mL of treatment solution contained in 1500-mL beakers.
After the 24 h exposure phase, 10 surviving individuals from each test concentration were randomly selected, washed 4 times by serial transfer thorough a series of petri dishes containing
clean culture water and place individually in 100-mL beakers with 80 mL of daphnia culture media, consisting of culture water (as described above) containing 2.5 µg L-1 sodium selenate and an
algae mixture consisting of 1x106 cells mL-1 of each of the algae Pseudokirchneriella subcapitata
and Chlorella vulgaris. Experimental units were placed in an environmental chamber (Controlled
Environments Ltd. Model E7) at 20±1°C, 50±10% relative humidity and 20 µmol m-2 s-1. Daphnia were transferred to a new set of beakers containing new daphnia culture media three times a
week (Monday, Wednesday and Friday) for the duration of the recovery phase (21 d). Mortality
was monitored daily during the recovery phase. Reproduction was monitored daily until all individuals had produced their first brood and on media change days after that. At test termination,
the length of each surviving adult was assessed in a microscope calibrated with a micrometer
disk. Surviving individuals from each treatment were pooled together in a pre-weighted aluminum dish, and their dry-weight assessed after drying over-night at 80°C.
Dissolved oxygen, conductivity, and temperature (YSI Model 55 m portable dissolved oxygen
meter, YSI, Yellow Springs, OH) and pH (Fischer Accumet Research AR20 pH meter, Fischer
Scientific, USA) were measured at initiation and conclusion of the exposure phase and on every
media-renewal day after that (Appendix Table D.6). All the water used during the test came
from the same batch of well water/reverse osmosis water mix. As such, hardness (172 mg L-1
CaCO3), was measured only once (at the beginning of the test) with a standard titration kit (Hach,
London, ON).
5.3.5.

Exposure-recovery tests with primary producers

Exposure-recovery tests with primary producers were conducted at the laboratory of the Centre
for Toxicology (University of Guelph). Pseudokirschneriella subcapitata (Korshikov) (Strain
CPCC 37) and Chlorella vulgaris (Strain CPCC 90) were obtained from the Canadian Phycological Culture Centre (CPCC) at the University of Waterloo (Ontario, Canada). The amphibian algal
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symbiont Oophila sp. (Strain UGCTOC 001) was field-collected from eggs of Ambystoma maculatum (the yellow-spotted salamander) as described in (Rodriguez-Gil et al. 2014). For the tests
with P. subcapitata and C. vulgaris, liquid cultures were inoculated from the original agar slants
into ASTM liquid growth medium (ASTM, 2012) and renewed at least three times before test
initiation. For Oophila sp. (strain CTOC 001), a stock liquid culture in modified Bristol’s growth
medium (Rodriguez-Gil et al. 2014) was already available at the University of Guelph Centre for
Toxicology. Reference toxicant tests with ZnSO4 were conducted on all three species prior to
testing with MON 0818, and the results were within the generally accepted range. For the exposure phase of the exposure-recovery tests, flasks containing 200 mL of either sterile ASTM
growth medium (P. subcapitata and C. vulgaris) or modified Bristol’s medium (Oophila sp.)
were spiked with 200 µl of one of three 1000X concentrated stock solutions of MON 0818 to
achieve final nominal concentrations in the test vessels of 0.25, 0.5, and 1 mg MON 0818. L-1 for
P. subcapitata and C. vulgaris and 0.5, 1.0, and 1.5 mg MON 0818. L-1 for Oophila sp. These
concentrations were selected based on results from previous experiments (Rodriguez-Gil 2015c)
to include concentrations near the EC90 for as well as environmentally realistic concentrations.
For all three algal species, the required volume of a 96 h-old algal culture was added to each flask
to achieve an initial cell density of 150,000 cells mL-1. Exponential growth of the cultures at this
time point was confirmed by plotting an 8-d growth curve using hemocytometer cell counts. Test
flasks were randomly placed on a mechanical shaker table at 100 rpm in an environmental chamber (retrofitted Controlled Environments Ltd. Model E15) at 24±1°C and 24-h cool white fluorescent light at 60±5 µmol m-2 s-1 for P. subcapitata and C. vulgaris and at 18±1°C and 24-h cool
white fluorescent light at 2000±5 µmol m-2 s-1 for Oophila sp.
After the 24 h exposure phase, cell density in each treatment flask was determined by spectrophotometric absorbance at 430 nm (EC, 2007), based on standard curves developed from haemocytometer counts. At this point, the contents of the exposure flasks were carefully transferred to a
sufficient number of sterile 50-mL polypropylene centrifuge tubes and centrifuged at 1200 g
(model IEC Centra CL2, Thermo Scientific, Mississauga, ON) for 10 min. The supernatant was
discarded and 10 mL of a 15 mg L-1 NaHCO3 solution (Blaise and Vasseur 2005) were added to
the tubes before vortexing for 5 sec. The contents from all tubes belonging to the same treatment
were pooled and centrifuged again. The steps of washing with the NaHCO3 solution and centrifuging were repeated another two times (for a total of three times), before resuspending the algae
on 10 mL of the growth medium required for each species. At this point cell density was determined spectrophotometrically and a sufficient volume from each treatment algal concentrate to
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include 3 x 106 cells was inoculated into triplicate 250-mL Erlenmeyer flasks containing 100 mL
of sterile ASTM growth medium (P. subcapitata and C. vulgaris) or modified Bristol’s medium
(Oophila sp.) for a final cell density in each flask of 3 x 104 cells mL-1. The flasks were randomly
placed on a mechanical shaker at 100 rpm in an environmental chamber under the same conditions described above for a recovery period of 96 h (Ophila sp.) or 144 h (P. subcapitata and C.
vulgaris).
After the recovery period, cell density was determined spectrophotometrically and effective quantum yield (PSII yield) of photosystem II was measured under bench-top conditions using a MiniPAM Portable Chlorophyll Fluorometer (Heinz Walz, Effeltrich, Germany), as described in
Baxter et al. (2013).
For the test with L. minor, three nominal test concentrations (1, 10, and 100 mg MON 0818 L-1)
and a control were used for the exposure phase. Seven days before test initiation, 20-40 plants,
each with 4 fronds, were transferred from a healthy culture grown in Hutner’s sucrose positive
growth medium (Brain and Solomon 2007) into a 2,800-mL flask containing 1000 mL of 20X
ASTM liquid growth medium. On initiation of the exposure phase, the culture was decanted into
a sterile tray (approximately 26 x 16 x 6.4 cm) in a laminar flow hood, and 40 plants with 4
fronds each were transferred to one of four 1500-mL flask containing 1000 mL of exposure solution or a control in 20X ASTM media. The exposure phase lasted for 24 h during which time the
plants were maintained in an environmental growth chamber (retrofitted Controlled Environments
Ltd. Model E7) at 24 ±0.5°C and 142 ±10 µmol m-2 s-1.
After the 24 h exposure phase, 20 disposable polystyrene petri dishes (60 x 15 mm) (Fisherbrand,
Ottawa, Canada) were prepared containing 10 mL aliquot of 20-X ASTM medium. Using a sterilized fork, 2 plants with 4 fronds each (for a total of 8 fronds per dish) were transferred from each
of the exposure treatments into five of the prepared petri dishes after a 3-step wash through a series of 50-mL petri dishes containing sterilized 20X ASTM medium. Experimental units were
randomly positioned on a tray and placed in an environmental growth chamber at the same conditions described above. During the recovery period, growth media was renewed twice (days 2 and
5), at which time frond number was recorded. All procedures were carried out inside a laminar
flow hood to avoid contamination.
After the 7 d recovery period, growth (based on frond number), dry weight, and photosystem II
effective quantum yield were evaluated. The quantum yield was measured as described above.
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Fresh weight and dry weight were measured using a CP124 analytical balance (Sartorius, Mississauga, Canada). Dry weight was assessed after drying for 48 h at 80 ±10°C.
5.3.6.

Confirmation of exposure concentrations

Samples for confirmation of exposure concentrations were collected at the beginning of each test
from either the exposure vessels or intermediate stocks used to fill the exposure vessels. Additionally, samples of the recovery solutions were collected from each test in order to evaluate possible carry-over of MON 0818 from the exposure phase. In addition to these exposureconfirmation samples, a representative macro-invertebrate test with sediment (the one with Hexagenia spp.) was selected for evaluation of the changes in MON 0818 concentration over time.
In all cases, a 900 µL aliquot of the tested water sample was collected into a 2-mL Eppendorf
microtube containing 900 µL of HPLC quality methanol. Tubes were centrifuged at 14,000 × g
for 5 min and 1 mL of the supernatant was then transferred to a 1.8-mL vial for analysis. Samples
of exposure solutions used in all tests were kept in the dark at 4°C until analysis. The analytical
method is described in detail elsewhere (Rodriguez-Gil 2015b). Reverse phase liquid chromatography-tandem-mass spectrometry was used for the quantification of POEA as the combined signal
of 9 multiple-reaction-monitoring transitions corresponding to 9 representative homologs of the
MON 0818 POEA mixture. Average LOD for the used method was 0.25 ng mL-1 and LOQ of 0.8
ng mL-1. Concentrations were measured as POEA and corrected for the previously measured 68%
POEA in MON 0818.
5.3.7.

Analysis of the data

Mortality in the tests with macro-invertebrates and fish was modelled by non-linear regression to
determine effective median concentration (EC50), as well as the concentrations required for a 10,
25 and 90% reduction in the measured endpoint. Measured concentrations at tests initiation were
used for the regression. The fitted four-parameter log-logistic model was of the form f(x) = c +
((d-c)/(1+exp(b(log(x)-log(e)))) where b = the slope of the linear section of the curve; c = the
lower limit; d = the upper limit and EC50= median effective concentration. The lower (term c)
and upper (term d) limits were fixed to 0 and 100, respectively. Regression calculations were performed using the DRC Package in R (Ritz 2010, Ritz and Streibig 2005). ECx values were calculated from the resulting models using the ED.drc function available on the DRC package. Measured concentrations of POEA were used for all model calculations.
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Survival analysis techniques were applied to the reproduction data from the exposure-recovery
test with D. magna. Kaplan-Meier survival curves were created from the time-to-first-brood
(TTFB) data for the different treatment levels and compared via the log-rank (Mantel-Cox) test in
Prism 6.0 assuming random censoring. Comparisons of all other endpoints were conducted via
one-way ANOVA. Data were first assessed for normality using the Shapiro-Wilk test, and for
homogeneity of variance using Levene’s test (α=0.05).
A four parameter logistic growth model was fitted to the algal cell density data and absolute
growth rate (AGR) was calculated as the first derivative of this model as described in Paine et al.
(2012). Repeated measures ANOVA (RM-ANOVA), with each flask in each treatment as individuals, was conducted in Prism 6 (OS X) for the comparison of the growth curves in the exposure-recovery test with algae.

5.4.

Results

The concentrations of MON 0818 in the water column over the duration of the acute experiment
were monitored in one representative test in the presence of sediment (that of Hexagenia spp.)
(Figure 5.1). A clear dissipation of MON 0818 over the 48 h was observed. A one-phase exponential decay model was fitted to these measured concentrations indicating a clear effect of initial
concentration on the rate of dissipation with calculated water column half-life values of 60.3,
20.9, 15.8, 11.9, and 10.4 h for the 10, 5, 2.5, 1.25 and 0.625 mg L-1 treatments, respectively.
The calculated EC10, 25, 50, and 90 for tests with aquatic organisms in the presence of sediment
are presented in Table 5.3 and compared to the results of the water-only tests presented in
Rodriguez-Gil (2015c). In all cases, the calculated EC50 values were significantly greater (assessed by comparison of the 95% Confidence intervals for each estimate) in the presence of sediment compared to those from the water-only tests. For two of the tests species (Hexagenia spp.
and L. variegatus) none of the concentrations tested (greatest concentration: 9.53 and 9.82 mg L-1,
respectively) produced mortality significantly different from that in the control treatments in the
presence of sediment, while complete mortality was observed at times in equivalent concentrations in the absence of sediment.
The effect of increased test temperature on cold-water fish species was assessed with Salvelinus
namaycush and S. alpinus. As presented in Table 5.4, no significant differences were observed
between the toxicity values calculated for S. namaycush when tested at 10°C (Rodriguez-Gil
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2015c) or 15°C. However, higher temperature increased the sensitivity of S. alpinus to MON
0818 as apparent from the significant difference (p <0.05, ANOVA) in EC50 values
Only the greatest test concentration (measured concentration = 4.83 mg L-1) caused mortality
(6%) after the 24 h exposure phase of the D. magna exposure-recovery test. Thirty percent mortality was observed at the highest test concentration (4.83 mg L-1) during the first 7 d of the recovery phase. This is compared to 10% mortality in the control treatment and no mortality in the
other two treatments (measured 2.03 and 0.54 mg L-1) over the same time period. An additional
10% mortality at the highest tested concentration occurred over the rest of the experiment for final mortality counts of 10, 0, 0 and 40% for the control, 0.54, 2.03 and 4.83 mg L-1 treatments,
respectively, over the full duration of the recovery phase (21 d). Time-to-first brood for the surviving daphnia was evaluated using Kaplan-Meier survival curves accounting for right-censored
individuals (those that died before releasing their first brood) and had a median of 14 d with no
significant effect of treatment on its duration. Total number of neonates per individual in the
treatment of 2.03 mg L-1 was significantly less than that of the control treatment (50 vs 68 neonates individual-1), but not for the other two treatments (0.54 and 4.83 mg L-1). When analysed via
linear regression (Appendix Figure D.7) a significant effect of MON 0818 during the exposure
phase on the total number of neonates produced per individual during the recovery phase was observed (p = 0.047); however, the variance explained by the treatment was very low (R2 = 0.114).
No significant effect (p>0.05, ANOVA) of MON 0818 in the exposure phase was observed for
the total number of broods produced per individual, which ranged between 1 and 4 (Appendix
Figure D.8), or on the length of the Daphnia at the end of the recovery phase (Appendix Figure
D.9) which ranged between 4.45 and 4.75 mm. The dry weight of the Daphnia at the end of the
study period (Appendix Figure D.10) was correlated (R2 = 0.789) with the concentration of
MON 0818 to which the organism were exposed during the exposure phase. Due to limitations of
sensitivity of the scale, measuring the dry weight required individual daphnia to be pooled per
treatment. With an n = 1, this correlation was not significant (p = 0.112).
Growth curves for the three algae species subject to exposure-recovery tests are presented in Figure 5.2. RM-ANOVA of cell density data indicate that, only in the case of C. vulgaris did the
concentration of MON 0818 during the exposure phase have a significant effect on the growth of
the algae during the recovery phase. For P. subcapitata, although the effect was not significant (P
>0.05) when evaluated as a whole, the individual cell density values in the highest test concentration (0.99 mg L-1) for the last two time-points were significantly less than the control (P <0.05,
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Tukey’s multiple comparisons test). No significant effects of exposure-phase concentration of
MON 0818 on growth were observed for Oophila sp.
In order to assess whether the recovery-phase reduced growth in the highest treatments for C.
vulgaris and P. subcapitata was due to an impaired ability of the exposed cells to grow, absolute
growth rate (AGR) curves were calculated for the different treatments as the first derivative of the
estimated 4 parameter logistic growth curves following the methodology presented by Paine et al.
(2012) (Figure 5.3). Maximum AGR for each of the treatments was extracted from these curves
and compared to that of the control. Maximum AGRs calculated in this manner for the different
treatments were not significantly different from the control treatment (P>0.05, ANOVA) for either C. vulgaris or P. subcapitata.
No effect of exposure-phase concentration of MON 0818 was observed on the PS II effective
quantum yield values of either P. subcapitata or Oophila sp., however, a strong positive correlation (R2=0.994, p =0.021) was observed for C. vulgaris (Appendix Figure D.11) with greater PS
II yields measured in algae that had been exposed to greater concentrations.
Recovery-phase growth curves for L. minor are presented in Figure 5.4. With a maximum tested
concentration of 102.9 mg MON 0818 L-1 RM-ANOVA showed no significant effect (P >0.05) of
exposure phase concentration of MON 0818 on number of fronds through the recovery phase. No
significant effect (p >0.05, ANOVA) of exposure phase MON 0818 concentration was observed
on either dry weight (average of 7.07 mg) or PS II effective quantum yield (average 0.73).

5.5.

Discussion

When tested in the presence of sediment, the EC50 values for all tested organisms were greater
than those calculated from water only tests (Rodriguez-Gil 2015c). In three cases, no significant
mortality was observed, even at the greatest tested concentration (10 mg L-1 nominal). These sediment-based estimates should be understood as “effective EC50s” and not traditional, physiologically-based EC50s, as the differences observed between the tests with or without sediment are
expected to be the result of a change in the exposure dynamics due to sorption of MON 0818 to
sediment, and not differential sensitivity of the organisms to the surfactant mixture. The protective effect of sediment is clearly observed in Figure 5.5, where EC50 values with and without
sediment are compared in relation to the worst-case scenario concentration and the species sensitivity distribution presented in the companion study (Rodriguez-Gil 2015c). This protective effect
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is especially significant in the case of fathead minnow (P. promelas), which, in the presence of
sediment no longer experiences a hazard from the predicted worst-case exposure.
In the representative sediment-based test with Hexagenia spp., a clear effect of initial concentration on the rate of dissipation is also apparent from the calculated water column DT50 values
(Figure 5.1). These DT50 values were, in general, much shorter than those observed in the water
only tests (where some adsorption to the test vessels was observed) (Rodriguez-Gil 2015c), which
ranged between 35 and 210 h. These calculated DT50s are consistent with the dissipation rates
calculated by Wang et al. (2005) in laboratory microcosms in the presence of sediment but longer
than those recently measured in outdoor microcosms (Rodriguez-Gil 2015b).
Based on the results from our study, and those of others, (Bernal et al. 2009b, Edge et al. 2012,
Fuentes et al. 2014, Tsui and Chu 2003, 2004, Wang et al. 2005), it appears that adsorption of
POEA to sediment is not rapidly reversible and even reduces bioavailability for benthos. This is
consistent with the observations in a number of studies that have attempted the extraction of
MON 0818 from soils and sediment for analytical purposes (Krogh et al. 2002, Rodriguez-Gil
2015b, Ross and Liao 2015).
The small but statistically significant decrease in the 48 h EC50 of MON 0818 for Arctic char at
15°C (1.72 mg MON 0818 L-1) as compared to 10°C (1.36 mg MON 0818 L-1) could indicate
differences in the way that both species are affected by multiple stressors and points to the importance of selecting the appropriate set of testing conditions, especially when working with species outside of the list of traditionally used organisms. The magnitude of the change in the actual
value; however, indicates little impact on assessment of risk.
Latent mortality (40%) during the 21 h recovery phase was observed in D. magna exposed to 4.83
mg L-1 for 24 h in comparison to that of the control treatment (10%). This mortality indicates impairment of individuals during the exposure phase from which they were not able to recover, resulting in death. However, this mortality occurred only after exposure to a concentration approximately 3.5-fold greater than the expected worst-case scenario of 1.41 mg L-1 (Rodriguez-Gil
2015c). No mortality was observed in any other treatment during the same recovery period, including treatments ≈1.5-x (2.03 mg L-1) and ≈0.3-x (0.54 mg L-1) the worst-case scenario concentration. No significant effects were observed on TTFB, total number of broods or length of the D.
magna at the end of the recovery phase at any of the tested concentrations. Apparent effects of
exposure-phase concentration on the total number of neonates produce and the final weight of the

106

D. magna were observed, but they were poorly statistically supported and of a magnitude of little
biological significance. In general, the results seem to indicate that no further deleterious effects
on fitness are to be expected in D. magna individuals surviving a 24 h exposure to concentrations
of MON 0818 up to 1.5 times those expected from a worst-case scenario.
Differences in the recovery-phase growth curves of C. vulgaris exposed to varying concentrations
of MON 0818 during the exposure phase were observed. A similar trend was also apparent for P.
subcapitata, although in this case, it was not statistically significant. Evaluation of the maximum
AGR for the different treatments showed that the algae were able to achieve the same rates of
growth, supporting the theory that the observed differences in the growth curves were not due to
any impairments on the fitness in the cells making up the culture at the time but to possible differences in the number of viable cells present in the culture at the start of the recovery phase. Although the same number of cells were introduced into each flask at the start of the recovery phase,
the viability of these cells was not assessed. It is possible that a fraction of the inoculated cells
might have been damaged or compromised from the exposure phase, which would have effectively resulted in differential inoculation levels for the different treatments. This is consistent with the
observed lack of difference between the estimated maximum AGR between treatments and the
fact that these maxima were reached at later time points for higher exposure-phase treatments
(Figure 5.3), (especially for C. vulgaris). The positive correlation between exposure-phase concentration of MON 0818 and PS II yield at the end of the recovery phase in the test with C. vulgaris (Appendix Figure D.11) was initially surprising, but it is, in fact, consistent with the results
from the growth curves. If, as observed, the growth in the greatest treatments is delayed due to a
lower initial inoculum, it would be expected for the colonies in control and low treatments to
reach system carrying capacity (k in the logistic growth model) at an earlier time than those in the
higher treatments. If competition had already started in the colonies of the lesser treatment concentrations while cells at the greater treatments were still in the exponential growth phase, higher
PS II yield, indicating better overall health of the culture, would be expected at the highest treatment levels.
Our results support the position that rapid partitioning of POEA into sediments can limit the exposure of aquatic organisms, even at concentrations above the worst-case estimated EEC. Additionally, we have shown that organisms surviving short, single-pulse exposures (such as those
expected in the presence of sediment) to POEA, are able to recover their fitness (no differences in
survival and/or growth from non-exposed treatments) at concentrations near the worst-case estimated EEC. However, the actual population-level effects of any possible mortality or decrease in
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growth and/or reproduction, and their effects at the ecosystem level, are still difficult to infer
from laboratory studies. Studies in micro/mesocosms are recommended in order to properly assess the ecosystem-level effects of POEA in aquatic ecosystems.
Additionally, improvements to the exposure assessment, via field survey studies measuring actual
environmental concentrations under relevant application scenarios would provide an invaluable
addition to the existing effects data that would aid in the development of a more precise assessment of the risk posed by POEA to aquatic ecosystems.
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Tables

8.0 ± 0.5
Mortality

pH (at initiation)

Endpoints

DCTW: Dechlorinated tap water

DCTW

10

# organisms

Media

15

Sediment (mL)

100-ml beaker

16:8

Photoperiod (light:dark)

Test units

10 ± 5

Light intensity (µmoles m s )

20 ± 2°C
-1

Temperature (°C)
-2

48

(OMECC 2012d, e, f, a)

Protocol

Test duration (h)

macro-invertebrate

Group

Hyalella azteca
Hexagenia spp.
Chironomus dilutus
Lumbriculus variegatus

Mortality

8.0 ± 0.5

DCTW

10

100

750-ml jar

16:8

10 ± 5

20 ± 2°C

96

(OMECC 2012b)

Fish

Pimephales promelas

Mortality

8.0 ± 0.5

DCTW

10

-

4-L bucket

16:8

10 ± 5

15 ± 2°C

96

(OMECC 2012c)

Fish

Salvelinus namaycush
Salvelinus alpinus

Table 5.1: Summary of the testing conditions for each of the animals used for the acute tests. Organisms tested under same conditions are presented together.
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Algae
(Rodriguez-Gil et al. 2014)
24
6
18 ± 2°C
200 ± 5
24:0
500-mL flask
250-mL flask

Oophila sp.
L. minor

D. magna

Macrophyte
Cladoceran
(OECD 2002)
(OECD 2008)
24
24
7
21
24 ± 2°C
20 ± 1°C
60 ± 5
10 ± 5
24:0
16:8
1500-mL flask
1500-mL beaker
10-mL Petri dish
100-mL beaker
40 plants
# organisms exposed per replicate
150,000 cell mL
10,000 cell mL
50
(4 fronds/plant)
2 plants
30,000 cell mL-1
10 (individually)
# organisms in recovery replicates
30,000 cell mL-1
(4 fronds/plant)
Modified Bristols
20x
Media
ASTM medium
Well water
with1 mM NH4
ASTM medium
pH (at initiation)
7.5
7.5
8.0 ± 0.5
8.0 ± 0.5
Frond number
Mortality
Cell density
Cell density
Dry weight
TTFB
Endpoints
PS II yield
PS II yield
Wet weight
# Neonates
AGR
AGR
PS II yield
Size
RGR
Dry weight
DCTW: Dechlorinated tap water; AGR: Absolute growth rate; RGR: Relative growth rate; TTFB: Time-to-first-brood

Group
Base on Protocol
Exposure duration (h)
Recovery duration (d)
Temperature (°C)
Light intensity (µmoles m-2 s-1)
Photoperiod (light:dark)
Exposure test units
Test units

P. subcapitata
C. vulgaris
Algae
(ASTM 2012b)
24
4
24 ± 2°C
60 ± 5
24:0
500-mL flask
250-mL flask

Table 5.2: Summary of the testing conditions for the exposure-recovery tests. Organisms tested under same conditions are presented together.
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Table 5.3: Summary of toxicity values for tests conducted with or without control sediment in the test vessels. Assessed endpoint was mortality in
all cases. The 95% confidence intervals are presented in parentheses. The fitted four-parameter log-logistic model was of the form f(x) = c + ((dc)/(1+exp(b(log(x)-log(e)))) where b = the slope of the linear section of the curve; c = the lower limit; d = the upper limit and EC50= median effective concentration. Measured concentrations at test initiation were used as inputs for the model.
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Table 5.4: Summary of toxicity values for the tested cold-water fish species. Assessed endpoint was mortality in all cases. The 95% confidence
intervals are presented in parentheses. The fitted four-parameter log-logistic model was of the form f(x) = c + ((d-c)/(1+exp(b(log(x)-log(e))))
where b = the slope of the linear section of the curve; c = the lower limit; d = the upper limit and EC50= median effective concentration. Measured
concentrations at test initiation were used as inputs for the model.

5.7.

Figures

Figure 5.1: Changes in the concentration of MON 0818 in the water column of the test vessels of
the acute toxicity test with Hexagenia spp. over the 48 h duration of the experiment. Legend indicates nominal target concentrations. Lines represent best fit estimates from a one-phase exponential decay model. A trend of negative correlation between initial concentration and the rate of dissipation was observed with calculated water column half-life values of 60.3, 20.9, 15.8, 11.9, and
10.4 h for the nominal treatments of 10, 5, 2.5, 1.25 and 0.625 mg L-1, respectively.
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Figure 5.2: Growth of P. subcapitata, C. vulgaris and Oophila sp. over the recovery period following a 24 h exposure to the indicated nominal concentrations of MON 0818. Error bars represent standard deviation of the cell density. Lines represent best fit of a 4-parameter logistic
growth model.
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Figure 5.3: Absolute growth rate (AGR) for Pseudokirchneriella subcapitata and Chlorella vulgaris over the over the recovery period following a 24-h exposure to the indicated nominal concentrations of MON 0818. Error bars represent standard deviation of the AGR. Lines represent
AGR as the first derivative of the fitted logistic growth curves (Figure 5.2). The lines transition
to dashed lines to indicate extrapolation past the duration of the test. The white dashed line surrounded by the shaded area represents the maximum AGR of the control treatment ± standard
deviation.
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Figure 5.4: Growth (mean number of fronds) of Lemna minor over the recovery period following
a 24 h exposure to the indicated nominal concentrations of MON 0818. Error bars represent
standard deviation of the. Lines represent best fit of a 4-parameter logistic growth model.
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Figure 5.5: Comparison of the EC50s calculated for the species tested in the presence of sediment
and the EC50s obtained under the same conditions but in the absence of sediment as presented in
the companion study (Rodriguez-Gil 2015c). For reference, the species sensitivity distribution
presented in the mentioned study is also plotted. Blue lines indicate 95% confidence band for the
regression and the red lines represent the 95% prediction band for the regression. Dashed vertical
lines represent concentrations of MON 0818 in water under a worst-case scenario direct overspray of a water body of the indicated water depth with the maximum label application rate of the
forestry-use formulation Vision® (12 L Vision ha-1, 4.3 kg glyphosate a.e. ha-1) with no intercepting vegetation.
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Chapter 6
Assessment of the Effects of a Polyoxyethylene Tallow Amine Surfactant
Mixture (MON 0818) in Freshwater Microcosms

6.1.

Abstract

In this study, outdoor microcosms with a water depth of either 15 or 90 cm were treated with
MON 0818, a commercial blend of polyoxyethylene tallow amines (POEA), a surfactant commonly used in glyphosate formulations. Microcosms were treated at environmentally relevant
concentrations (558 µg MON 0818 L-1) corresponding to a direct over-spray at a rate of 5 L product ha-1 for microcosms of a depth of 15 cm microcosms and 30 L product ha-1 for microcosms of
a 90 cm depth. Dissipation half-lives for POEA in the water column (6-18 h), associated with
suspended particulate (14-20 h) and in sediment (>37h) were consistent with previously reported
values. Water depth appeared as the main driver of effects observed during the study, causing
significant differences in temperature and conductivity between the 15 and 90 cm deep microcosms. Primary production, evaluated as ash-free dry weight of phytoplankton and periphyton,
chlorophyll-a content of the phytoplankton, and photosystem II effective quantum yield of the
periphyton did not show any significant effects of exposure to POEA. DNA metabarcoding techniques were applied, as a pilot project, for the assessment of the microcosm’s zooplankton communities. Taxa richness data resulting from these techniques showed a decreasing trend after exposure to POEA while it increased or remained constant in control microcosms over the same
period of time. Lack of replication of these pilot samples did not allow for certainty in these observations. The observed lack of (or limited) effects of POEA was consistent with the observed
environmental fate and supports the notion that Tier-1 hazard assessment methods traditionally
applied to this surfactant overestimate toxicity and risk to organisms in the water column relative
to more realistic scenarios where exposure duration and bioavailability are constrained by sorption and degradation processes.
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6.2.

Introduction

Since the mid-1990s, polyoxyethylene tallow amines (POEA), a group of non-ionic surfactants,
commonly used as adjuvants in glyphosate herbicide formulations, have been recognized as the
main driver for the observed toxicity of such formulations to aquatic organisms. As a result, application of POEA-containing formulations of glyphosate over water is not included in the label.
However, unintended exposure of aquatic ecosystems to these formulations is possible via spray
drift and, particularly in forestry scenarios, via aerial over-spray of small, shallow wetlands
(Solomon and Thompson 2003, Thompson et al. 2004).
Assessment of the risk posed by POEA to aquatic systems has been traditionally based on effects
data collected from traditional 48-96 h static exposure laboratory tests (Folmar et al. 1979, Moore
et al. 1986, Servizi et al. 1987, Wan et al. 1989, Tsui and Chu 2003, Brausch et al. 2007, Brausch
and Smith 2007, Bringolf et al. 2007, Frontera et al. 2011, Guilherme et al. 2012, Moore et al.
2012, Edginton et al. 2004b, Rodriguez-Gil 2015c). In Tier-1 hazard assessments, toxicity endpoints are typically compared to estimated worst-case scenario concentrations under the assumption that environmental exposures would be equivalent to those in the laboratory test. Until recently, lack of sufficiently sensitive analytical methods for POEA precluded assessment of the
validity of that assumption for POEA or estimation of POEA concentrations in natural surface
waters.
Wang et al. (2005) measured the changes in concentrations of POEA in water in sedimentcontaining microcosms (72 L) and reported water-column half-lives between 13-18 h. Recently
(Rodriguez-Gil 2015b) evaluated the fate of POEA in the same outdoor microcosms used for the
current study at three water depths (15, 30, and 90 cm) and in the presence of artificial sediments
with varying content of total organic carbon. In that study, shorter water-column half-lives ranging between 3.2-5.3 h were observed. Additionally, the half-lives of POEA in sediment and suspended particulates were 5.8 – 71 d and 18 to 44 h, respectively. These results clearly show that
under real-world environmental conditions, exposure of aquatic systems to POEA surfactants will
most likely take the form of a short, single-pulse of duration shorter than those typically used in
the above-mentioned laboratory studies. This exposure scenario is, therefore, likely to result in a
reduction in the biological effects observed in the field when compared to those expected from
Tier-1 hazard assessments based on water-only standard tests and worst-case estimated environmental concentrations.

119

Prior to the characterization of the behaviour of POEA in aquatic systems, a number of laboratory
studies had assessed the effect of sediment on the toxicity of formulations of glyphosate or with
POEA alone (Bernal et al. 2009b, Fuentes et al. 2014, Tsui and Chu 2004, Wang et al. 2005), and,
consistent with the observed fate data, generally found reductions in effects. Other studies have
evaluated exposure and effects from a worst case scenario and realistic applications of some of
these formulations to real world systems (Bernal et al. 2009b, Edge et al. 2011, Edge et al. 2013,
Edge et al. 2012, Thompson et al. 2004, Wojtaszek et al. 2004). These authors observed that the
magnitude and duration of exposure to the active ingredient glyphosate is, as well, limited in natural systems owing to dissipation processes including biological degradation and sorption. As a
result, observed toxicity in natural systems is typically far less than predicted from simple extrapolation of 96 hr laboratory toxicity test results.
A number of studies have also assessed the effects of glyphosate formulations in aquatic systems
via microcosm studies. Most of these studies report similar results to those observed in the mentioned field studies (Bernal et al. 2009b, Kish 2006, Muñoz et al. 2015, Perschbacher et al. 1997),
a number of them observed deleterious effect on at least one member of the community; however,
these effects only became apparent at concentrations above those expected to occur in the environment (Perez et al. 2007, Relyea 2005a, Relyea et al. 2005, Vera et al. 2010); however, to the
best of our knowledge, no evaluation of the effects of POEA alone has ever been conducted under
field-realistic conditions, such as outdoor microcosms.
Ecotoxicology studies that involve assessments of zooplankton (phytoplankton, periphyton or
microbial communities) are often constrained by the expertise, time and cost required for specieslevel taxonomic identification. These kinds of studies generally yield large numbers of samples
(50-150 samples per study). The time and/or cost required to fully characterize each sample to the
lowest possible taxonomical level has resulted in the use of approximate measures, such as
trophospecies as a surrogate low-resolution basis to assess community impacts (Sanderson et al.
2009, Wilson et al. 2004).
Recent advances in high-throughput DNA sequencing technology, such as Next Generation Sequencing (NGS) and the advent of DNA-barcoding techniques has enabled organisms to be identified from small DNA fragments (Hebert et al. 2003). This technique has been applied to whole
organisms, tissue samples, and environmental samples (eDNA), and has enabled fast, and accurate taxonomic information in a number of fields (Valentini et al. 2009, Yoccoz 2012). Baird and
Hajibabaei (2012) discussed the application of these techniques for routine environmental moni-
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toring (Hajibabaei et al. 2011, Pilgrim et al. 2011, Sweeney et al. 2011, Baird and Hajibabaei
2012, Hajibabaei 2012, Hajibabaei et al. 2012). Additionally, these techniques have recently been
used in ecotoxicology in two microcosm studies evaluating the effect of triclosan contamination
in sediments on eukaryotes (Chariton et al. 2014) and to assess the effects of copper-spiked sediment on the establishment of a benthic eukaryote community (Gardham et al. 2014).
The objective of this study was to assess the effects of POEA in a model aquatic system representative of those where direct exposure to POEA is possible (e.g. shallow forest wetlands). Specific objectives of this study were to 1) evaluated the effects of an environmentally realistic exposure to POEA on primary production, 2) evaluate the applicability of DNA-metabarcoding for
the assessment of the effects of POEA exposure on the zooplankton community, and 3) to evaluate the potential modifying effect of water depth on POEA toxicity.

6.3.

Materials and methods

6.3.1.

Test substance and reagents

The commercial mixture of POEA, MON 0818 was used for this study. MON 0818 is the main
surfactant used in traditional glyphosate formulations of Roundup Original® and its forestry-use
equivalent Vision®, MON 0818 contributes approximately 15% of the total weight of these formulations (Edginton et al. 2004b). The product consists mainly of polyoxyethylene-(15)-tallowamine (POEA) (CAS no. 61791-26-2). Pure (99%) POEA was used to prepare all analytical
standards. A technical solution of MON 0818 was used for the microcosm study. Previous analysis of the solution used in this study showed it contained 68% POEA (Rodriguez-Gil 2015b).
Both the technical solution and the pure standard were supplied by the Monsanto Company (St.
Louis, Missouri, US).
Mason sand (90% of particles between 0.6-1.12 mm , McKenzie Bros, Guelph, ON, Canada),
kaolinite clay (EPK clay, Edgar Minerals, Edgar, FL, USA) and sphagnum peat (Sunshine Peat
Moss Grower Grade Green, JVK, St. Catharines, ON, Canada) were employed in the preparation
of OECD standard artificial soil (OECD 1984).
6.3.2.

Microcosms

The effect of POEA in outdoor microcosms was monitored over a 35 d period (July 30 – September 3, 2013) at the University of Guelph Microcosm Facility (Guelph, ON, Canada), with two
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weeks of pre-treatment monitoring. The Guelph Microcosm Facility consists of 30 sunken circular structures, 3.9 m in diameter and approximately 1 m in depth, with a white food-grade polyvinyl chloride (PVC) liner. The actual water column depth can be adjusted by changing the length
of the stand-pipe that serves as the outlet. For this study, a total of twelve microcosms were used,
with six microcosms randomly assigned to each of two water depths (15 and 90 cm, Appendix
Figure E.1) chosen to represent the commonly used risk assessment standard scenarios of a European farm pond (100 cm deep) (FOCUS 2003), and Canadian forest pool / North American
wetland (15 cm deep) (USA) (Urban and Cook 1986).
The bottom of each microcosm was covered with a 2-cm layer of artificial sediment (252 L in
total). The sediments used were based on the OECD standard artificial soil (OECD 1984) and
consisted of a combination of Mason sand, kaolinite clay and sphagnum peat, mixed in a concrete
mixer to yield a 5% nominal total organic carbon (TOC). The addition of CaCO3 for pH adjustment, as recommended on the OECD guideline, was deemed unnecessary due to the hardness
(300 - 500 mg L-1 CaCO3) and alkalinity (120–300 mg L-1 CaCO3) levels historically measured in
the water used for the microcosms. A sample of the sediment used was collected upon application
for full characterization (Appendix Table E.1) following standard methods (full details provided
in Appendix E.1.1). The final experimental design consisted of a 2 x 2 full factorial design (n=3)
with three of the microcosms of each water depth (15 and 90 cm) treated with MON 0818 and
three maintained as untreated controls.
After being spread on the bottom of the microcosms, the sediment was gently moistened with a
hose and left to absorb the water overnight in order to minimize resuspension of peat particles as
observed in previous studies (Rodriguez-Gil 2015b). After this wetting period, the microcosms
were gently filled to their final water depths from a well-fed central irrigation pond and left for 48
h to allow any remaining floating peat particles to settle. On July 15th (15 d before treatment),
recirculation of water from the irrigation pond was initiated at a rate of one microcosm-volume
per day to enhance homogeneity in the biological and physicochemical characteristics of the microcosms. Recirculation was interrupted for a two-day period due to lightning damaging the
pumping station. Recirculation was finally ceased 1 d prior to treatment to create isolated and
independent experimental units.
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6.3.3.

Treatment

The microcosms were treated to a final concentration of 558 µg MON 0818 L-1 (379 µg POEA L1

, calculated as a 68% of MON 0818) by addition of 250 mL of a 4 g L-1 (15 cm microcosms) or

24 g L-1 (90 cm microcosms) stock solution in distilled water. Gentle mixing with an electrical
drill equipped with a mixing rod was used during application of the solution and for an additional
2 minutes following introduction. Special care was taken to avoid resuspension of the sediment
layer during mixing. The same mixing, for the same duration, was applied to the control microcosms. The amount of MON 0818 applied to each microcosm was calculated based on the known
surface area (11.95 m2) such that the initial POEA concentration in the microcosm would approximate a direct over-spray scenario. In this case, the nominal concentration target was based on a
scenario of direct over-spray for a glyphosate-based herbicide product containing 15% POEA and
356 g of glyphosate a.e. L-1 (e.g. Roundup® Original or Vision® Silviculture Herbicide) when
applied at a rate of 5 L product ha-1 (1.8 kg a.e. ha-1) for the 15 cm microcosms and 30 L product
ha-1 (10.23 kg glyphosate a.e. ha-1) for the 90 cm microcosm. Maximum label application rates for
POEA-containing glyphosate formulations like the ones mentioned is 12 L product ha-1 (4.3 kg
glyphosate a.e. ha-1), which would yield a concentration of 1,409 µg MON 0818 L-1 (958 µg
POEA L-1) on direct over-spray of a 15 cm water body. To be able to compare any effects of
treatment between the two water depths, the same concentration was applied to both sets of microcosms. Because of this, the chosen treatment concentration was less than the maximum potential concentration (1409 µg MON 0818 L-1; 958 µg POEA L-1), which would have resulted in
treating the 90-cm microcosms with an unrealistic application rate 6-times greater than the maximum allowed.
6.3.4.

General Water Chemistry

Measures of conductivity, temperature, and dissolved oxygen (DO) were taken daily (Monday
through Friday) starting on d -15 pre-treatment, through d 35 post-treatment using a multiparameter probe (YSI 55, Yellow Springs, OH). Total hardness and alkalinity together with pH
(Accumet Research AR20, Fisher Scientific) were monitored weekly during the same period and
analyzed with standard titration kits (Hach, London, ON). Water chemistry samples were collected using an integrated water sampler (Solomon et al. 1982). Additional water samples were collected weekly for quantification of total suspended solids (TSS). Approximately one liter of water
was filtered through a pre-burned (12 h, 500°C) glass microfiber filter grade GF/C (1.2 µm)
(Whatman Inc., NJ, USA) and the total filtered volume was recorded. Filters were dried at 105°C
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for 24 h and their weight recorded. Ash-free dry weight of the suspended solids was then calculated according to Steinman et al. (2007).
6.3.5.

Phytoplankton and periphyton

Samples for phytoplankton and periphyton assessment were collected weekly, starting at day -7
for phytoplankton and at d 7 for periphyton and continuing on d 14, 21, 28 and 35. For the sampling of phytoplankton, depth-integrated water samples were filtered through a glass microfiber
filter Grade GF/C (1.2 µm) (Whatman Inc., NJ, USA). The final filtered volume (approximately
1000 mL) varied as needed to obtain sufficient sample for analysis (visible green layer on filter),
and were recorded for unit calculations. Samples were pre-filtered through 250 µm nylon mesh to
remove zooplankton. Filters were folded with the filtrate facing inwards, wrapped in aluminium
foil and stored at -20°C until chlorophyll-a analysis, which was performed using the nonacidification version of the US EPA 445.0 acetone extraction method (Arar and Collins 1997,
Arar 1994) via a TD-700 fluorimeter (Turner Designs, Sunnyvale, CA) equipped with narrowband excitation (436 nm) and emission (680 nm) filters.
Substrates for periphyton consisted of 10 x10 cm unglazed ceramic tiles in a plastic frame located
14 cm below the surface (at the bottom of the 15 cm-deep microcosms, and suspended from the
water surface for the 90 cm-deep microcosms). The supporting frames were anchored on the
north side of each microcosm. Given the expected short and transient duration of the effects induced by MON 0818, effects on colonization were chosen as a more sensitive assessment scenario. As a result, the substrate tiles (8 per microcosm) were placed in the microcosms just prior to
treatment on d 0.
Periphyton samples were collected as follows. On sampling days, one random tile was gently collected from the supporting frame, tilted perpendicular to the water surface and lifted out of the
water. Removal of any non-attached debris was achieved in this manner. Tiles were individually
placed on a tray containing water from the microcosm from where they had been collected and
transferred to a small laboratory located at the microcosm facility. The surface of each tile was
gently cleared first with a sharp blade, and then with a hard-bristled toothbrush and the rinsate
collected via a funnel into a 15-mL scintillation vial using 10 mL of filtered control (untreated)
microcosm water. Filtration of the control water prior to use was required in order to remove any
existing phytoplankton, which could potentially affect the results of the subsequent test to be performed with the periphyton samples.
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Pulse amplitude modulated (PAM) fluorescence was used to evaluate photosynthetic activity in
the collected periphyton samples within 2 h of collection (samples maintained at room temperature). Measures of effective quantum yield of photosystem II (PSII) were conducted as described
in Prosser et al. (2013). Briefly, Quantum yield was measured using a MINI-PAM fluorometer
(Heinz Walz GmbH) in light adapted samples. Quantum yield was determined as effective photosynthetic efficiency of PSII based on the effective quantum yield at 665 nm from a single saturation pulse. Quantum yield was measured five times for each sample and the last three measurements were used to calculate the mean quantum yield of the sample.
After assessment of the photosynthetic activity, periphyton samples were filtered through a preburned (12 h, 500°C) glass microfiber filter grade GF/C (1.2 µm) (Whatman Inc., NJ, USA). Filters were dried at 105°C for 24 h and their weight recorded. Ash-free dry weight of the collected
periphyton was then calculated according to Steinman et al. (2007).
6.3.6.

Zooplankton

Zooplankton samples were collected using activity traps modelled after those described by
Whiteside and Williams (1975). Traps used in the 90 cm-deep microcosms consisted of three
funnels (area of funnel opening, 170 cm2) attached to a 30 x 30 cm sheet of Plexiglas, with each
funnel connected via a water-tight collar to a 500-mL glass jar (Sibley et al. 2001, Boudreau et al.
2003). Given the low water depth, smaller samplers consisted of a 9 cm-tall funnel (50 cm2 opening surface) connected to a 60-ml jar (total height 12 cm) three of these funnels were used per
microcosm and distributed in a similar pattern as those used for the 90 cm microcosms. Three 3
cm tall plexiglass blocks were attached to the opening of each funnel (for both large and small
sets) to allow for sufficient separation of the opening from the sediment surface (Björk
Örnólfsdóttir and Einarsson 2004). Zooplankton activity traps were deployed between 12 and 18
h before a sampling event. For deployment, the sampler jars were filled with control microcosm
water filtered through a 30 µm Nitex mesh (Dynamic Aqua Supply, Surrey, BC, Canada) ensuring that the bottles were free of air. Once the bottles were filled and attached to the funnels, the
samplers were carefully submerged in the microcosms, lowered and rested on the sediment surface. The next day, the samples were collected by pulling the traps to the surface in a horizontal
position, then quickly turning the trap upright to prevent sample loss. The contents of the three
jars from each microcosm were combined and filtered through a 30 µm -Nitex, and washed into a
125-mL glass bottle with 95% ethanol.
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Following a basic before–after/control–impact (BACI) design (Morrison et al. 2008), samples for
metabarcoding were collected on d 0 (before treatment) and d 4. Owing to the exploratory nature
of the DNA barcoding portion of the experiment, zooplankton samples from replicate microcosms were pooled yielding a total of 4 samples (1 for control and POEA treated microcosm at
each depth level) for each of the two sampling days.
6.3.7.

Extraction of DNA

Working with each sample content individually, with all non-single use equipment decontaminated with Eliminase wash and a 30 minute UV sterilization between each step, the contents of each
sample jars were pooled and a 50 mL sample of ethanol drawn off, labelled and stored at -20°C as
a voucher.
Following removal of the EtOH sample, a crude homogenate was produced by blending the component of each sample using a standard blender that had been previously decontaminated and
sterilized. This homogenate was transferred to 50-mL polypropylene tubes and centrifuged at
1000 rpm for 5 minutes to sediment the tissue. After discarding the excess ethanol, the pellets
were dried at 70°C, with shaking, until the ethanol was fully evaporated. Once dry, the homogenate pellets were stored at -20°C.
Using a sterile spatula, ~300 mg dry weight homogenate were subsampled into 3 matrix tubes
containing ceramic and silica gel beads. The remaining dry mass was stored in the Falcon tubes at
-20°C as vouchers. DNA was extracted using the tissue extraction kit (MoBio) and a minor modification of the kit protocols. The crude homogenate was first lysed with 720 µL T1 buffer and
then further homogenized using a MP FastPrep tissue homogenizer for 40s at 6 m/s. Following
this homogenization step, the tubes were spun down in a microcentrifuge and 100 µL of proteinase K was added to each. After vortexing to mix, the tubes were incubated at 56°C for 24 hours,
with shaking as the proteinase digest occurred.
Once the digest was completed, the tubes of digest were centrifuged for 1 minute at 10,000 g and
200 µL of supernatant was transferred to each of three clean microfuge tubes per tube of digest.
The lysate was loaded to a spin column filter and centrifuged at 11,000 g for 1 minute. The columns were washed twice and dried according to the manufacturer’s protocol. The dried columns
were then transferred to clean 1.5-mL tubes. DNA was eluted from the filters with 30 µL of
warmed water and all the subsampled tubes pooled.
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Purity and concentration of DNA for each site were determined using a NanoDrop spectrophotometer and recorded. Samples were kept at 4°C until PCR optimization and pre-sequencing amplification were completed, to minimize freeze-thaw cycling, and then stored at -20°C.
6.3.8.

Amplicon generation and library preparation for HTS

Two fragments within the standard COI DNA barcode region were amplified with two primer
sets (F230R [~250 bp] and BR5 [~350 bp]) (Hajibabaei et al. 2012) in a two-step PCR amplification regime. The first PCR used COI specific primers and the second PCR involved Illuminatailed primes. The PCR reactions were assembled in 25 μl volumes. Each reaction contained 2 μl
DNA template, 17.5 μl molecular biology grade water, 2.5 μl 10× reaction buffer (200 mM Tris–
HCl, 500 mM KCl, pH 8.4), 1 μl MgCl2 (50 mM), 0.5 μl dNTPs mix (10 mM), 0.5 μl forward
primer (10 mM), 0.5 μl reverse primer (10 mM), and 0.5 μl Invitrogen’s Platinum Taq polymerase (5 U/μl). The PCR conditions were initiated with a heated lid at 95°C for 5 min, followed by a
total of 30 cycles of 94°C for 40 sec, 46°C (for both primer sets) for 1 min, and 72°C for 30 sec,
and a final extension at 72°C for 5 min, and hold at 4°C. Amplicons from each sample were purified using Qiagen’s MiniElute PCR purification columns and eluted in 30 μl molecular biology
grade water. The purified amplicons from the first PCR were used as templates in the second
PCR with the same amplification condition used in the first PCR with the exception of using Illumina-tailed primers in a 30-cycle amplification regime. All PCRs were done using Eppendorf
Mastercycler ep gradient S thermalcyclers and negative control reactions (no DNA template)
were included in all experiments. PCR products were visualized on a 1.5% agarose gel to check
the amplification success. All generated amplicons plates were dual indexed and pooled into a
single tube and sequenced on a Miseq flowcell using a V2 Miseq sequencing kit (250 × 2)(FC131-1002 and MS-102-2003).
6.3.9.

Bioinformatic processing

For all samples, the raw Illumina reads for the BE fragment and, separately for the F230 fragment, were merged with SEQPREP software (https://github.com/jstjohn/SeqPrep) requiring a
minimum overlap of 25 bp. All Illumina paired-end reads were filtered for quality (minimum
Phred score of 20, window of 10 and step of 5) and a minimum length of 100 bp. USEARCH
with the UCLUST algorithm was used to de-replicate and cluster the remaining sequences using a
99% sequence similarity cutoff. Chimera filtering was performed using USEARCH v6.0.307
(Edgar 2010) with the ’de novo UCHIME’ algorithm (Edgar et al. 2011). At each step, cluster
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sizes were retained, singletons were retained, and only putatively non-chimeric reads were retained for further processing. Both BE and F230 sequences were pooled for each sample and
identified using the MEGABLAST algorithm (Altschul et al. 1990) against a reference library of
COI sequences downloaded from the GenBank database (as of 21/11/2014) for a subset of zooplankton families previously described in studies conducted at the Guelph Microcosm Facility
with a minimum alignment length of 100 bp and a minimum similarity of 97%. Taxonomic identifications were recovered based on unambiguous top matches.
In order to account for differences in sampling intensity resulting from the use of two different
sets of activity traps (with funnel openings of different surface area), data on number of detected
taxa and number of matching sequences were normalized by the total area sampled in each case
as follows: A zooplankton sample from the 15 cm-deep microcosms consisted of the pooled contents of the samples collected from 3 microcosms, each sampled with 3 funnels with an opening
of 50 cm2 each, resulting in a total sampled area of 50 x 3 x3 = 450 cm2. Larger funnels (170 cm2)
were used to sample the 90-cm microcosms, resulting in a total sampled area of 1530 cm2 per
sample.
6.3.10.

Quantification of MON 0818

Water samples for analysis of MON 0818 were collected at -24, 1, 2, 4, 6, 12, 24, 48, 72, 96, and
168 h via an integrated sampler. All sampling equipment was rinsed with water from an untreated
(not part of the study) microcosm to avoid contamination. Approximately 120 mL of each collected sample were filtered through a glass microfiber filter Grade GF/C (1.2 µm) (Whatman Inc.,
NJ, USA) and the total filtered volume was recorded. The filter was collected in a Whirl Pak bag
and frozen (-20°C). One, 100 mL aliquot of the filtered sample was collected in a glass bottle,
mixed with 100 mL of HPLC grade methanol (Caledon Laboratories, Georgetown, ON) and refrigerated at 4°C until analysis. For each sampling time, two replicates of a high spike (600 µg
MON 0818 L-1) and a low spike (20 µg MON 0818 L-1) were prepared in a 1:1 v/v water:methanol and stored with the collected samples to evaluate any possible losses of MON 0818
during transport and storage. At each sampling time, a field blank, of 1:1 v/v water:methanol was
kept open during sampling and stored with the samples to account for any possible contamination.
On d -7 before treatment, each microcosm received ten 100-mL jars containing 50 g (dry weight)
of the same sediment used to cover the bottom of the microcosms. Jars were carefully filled with

128

water from the microcosm and gently lowered to the bottom. On days -1, 1, 7, 15, and 35, one
randomly selected jar was collected from each microcosm, the overlaying water carefully removed with a syringe, and the sediment thoroughly mixed with a spoon and collected in two separate whirl-pack bags. The sediment-jar approach was used to facilitate sampling as well as minimizing the disturbance of the relatively thin (2 cm) sediment layer over the course of the study.
Sediment samples were frozen (-20°C) upon collection and stored at -80°C upon arrival to the
laboratory until analysis. Full description of methods followed for analytical quantification of
POEA from these matrices is presented in Rodriguez-Gil (2015b).
6.3.11.

Statistical analysis

Dissipation rates for MON 0818 in water, suspended solids and sediment were estimated using a
simple (f=c1*exp(-k1*x)), exponential decay model. The half-life (DT50) values were estimated
from k using the equation DT50 = ln(2)/k. For the fitting of these models, concentrations of POEA
<LOD, were inputted as zero. Repeated measures ANOVA (RM-ANOVA) was used to evaluate
the effect of water depth and MON 0818 on the observed changes in different measured water
chemistry parameters and biological endpoints over the duration of the study. Three separate RMANOVAs were conducted for each parameter in order to compare treatment vs control microcosms for the two different depths (treatment effect) as well as to compare the 15 and 90 cm control microcosms against each other (effect of water depth).

6.4.

Results

Analysis of the treatment solutions confirmed that they were 97.6 and 98.3% of the target concentrations of 4 and 24 g L-1 MON 0818 for the 15 and 90 cm water depth microcosms, respectively.
All field blanks showed POEA concentrations below the LOQ. Recoveries from the field spikes
were satisfactory with an average recovery of 98±6% (n=10) from the high spikes (600 ng MON
0818 mL-1) and 94±9% (n=10) from the low spikes (20 ng MON 0818 mL-1). All samples of water, suspended solids, and sediment taken during the pre-treatment period (all microcosms) and
during the treatment period in control microcosms had concentrations of POEA below their respective LODs (0.15 ng mL-1 for water and filter extracts and 0.75 ng mL-1 for sediment extracts).
Measured concentrations of POEA in the water column, suspended solids, and sediment of the
treated microcosms are presented in Figure 6.1. Dissipation half-lives as well as dissipation mod-
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el estimates are presented in Table 6.1. Erratic distribution of concentrations in the suspended
particulates was observed for the first five sampling events post treatment (up to 12 h post treatment). For this matrix, the exponential decay model was fitted to the data starting at 24 h.
The main observed effect during the study was that of water depth on some of the main abiotic
characteristics of the microcosms, namely water temperature and conductivity. The effect of
depth of water on water temperature is clearly shown by the observed differences in mean daily
range of temperatures measured in the 15 and 90 cm microcosms (Figure 6.2 - A). Average daily
difference in temperature between the measured maximum and minimum was 11.8 ± 3°C for the
15 cm-deep microcosms compared to 4.0 ± 1°C for the 90 cm-deep microcosms, with maximum
daily ranges of 17.5°C measured on d 13 post-treatment for the 15 cm-deep microcosms and
7.3°C (d 20 post-treatment) for the 90 cm-deep microcosms. The distinct difference between microcosms of different depth is exemplified by mean temperature values recorded daily at 8 am
(±0.5 h) (Figure 6.2 - B). At this time, lower temperatures were always measured at the 15 cmdeep microcosms. The consistency of the temperature measures between microcosms of the same
depth can be observed from the narrow standard deviation around the measures. Conductivity
data measured daily at 8 am (± 0.5 h) (Figure 6.3) shows a similar pattern, with conductivity values remaining similar for the different depth microcosms until around d -1, when water recirculation from the main irrigation pond stopped. After d -1, conductivity in the 15 cm microcosms
dropped to a minimum of 511±4 µs cm-1 on d 4 to increase to a maximum of 820±113 µs cm-1 on
d 27. Conductivity in the 90 cm microcosms remained relatively constant at around a mean value
of 721±43 µs cm-1.
Summary of the results (p-values) for the RM-ANOVA tests can be found in Appendix Table
E.2. Evaluation of the evolution of the conductivity readings via RM-ANOVA showed no significant effect of MON 0818 treatment in either the 15 or 90 cm microcosms, but significant effects
of water depth, time, and their interaction. Slight decreases in pH, hardness and alkalinity
(Appendix Figure E.2) were observed after recirculation was stopped on d -1 but, these values
returned to near the original levels after a few days. Repeated measures ANOVA found no significant effect of MON 0818 treatment alone on pH (mean pH 7.9±0.4), hardness (290±24 mg L-1
CaCO3) or alkalinity. Time had a significant effect on the evolution of pH and alkalinity in all
microcosms and on hardness for the 15 cm microcosms. Water depth had a significant effect on
the trajectories of the alkalinity values, as indicated by the interaction term(depth*time) (average
of 188±23 mg L-1 CaCO3 in the 15 cm microcosms and 178±8 mg L-1 CaCO3 in the 90 cm microcosms). Additionally, a significant effect of the interaction between time and treatment (MON
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0818) was observed on the evolution of pH in the 15 cm microcosms, with pH levels in the control 15 cm-deep microcosms being higher than the treated microcosms for the last few sampling
events (d 21-35).
Similar trends were observed for dissolved oxygen (Appendix Figure E.3) (mean 6.9±0.8 mg L1

) which showed no significant effects of MON 0818 treatment alone, but showed significant ef-

fects of time in all cases, as well as of the interaction between water depth and time, and the interaction between MON 0818 treatment and time for the 15 cm microcosms.
Only time was found to have a significant effect on the measured ash-free dry weight (AFDW) of
the suspended solids (Figure 6.4 - A) and only for the 90 cm-deep microcosms, where AFDW
decreased slowly over the duration of the study starting on day -1 with the termination of the recirculation period.
Concentrations of chlorophyll-a (Chl-a) (Figure 6.4 - B) from phytoplankton were significantly
affected by time in the 90-cm microcosms with a clear decrease after recirculation stopped followed by a slow increase after d 7 to the end of the study. The evolution of Chl-a levels was different depending on the depth of the water column as indicated by the significant the interaction
between time and water depth observed (Appendix Table E.2). No significant effect of MON
0818 treatment on its own or in interaction with time was observed for AFDW of the suspended
solids or the phytoplankton Chl-a levels.
Colonization and evolution of the periphyton in the microcosms was assessed via measures of the
photosynthetic activity (PS II quantum yield) of the collected samples and their biomass (AFDW;
Figure 6.5). Evolution of the PS II yield measurements was significantly affected by time in all
cases. Time also had a significant effect on the AFDW of the periphyton collected from the 15
cm-deep microcosms, which increased over the duration of the study. No effect of treatment with
MON 0818 on its own or in interaction with time was observed in photosynthetic activity (PS II
quantum yield) of the periphyton samples or their AFDW.
For the creation of a reference library, GenBank and BOLD were queried for sequences from the
30 families of zooplankton that had been previously described in studies carried out at the Guelph
Microcosm Research Facility since it opened in 1994 (Sibley et al. 2001, Boudreau et al. 2003,
Richards et al. 2004, Wilson et al. 2004, Hillis et al. 2007, Sanderson et al. 2009). A total of 7,788
sequences belonging to 20 families were collected from GenBank and 7,857 from 22 families
were collected from BOLD (Appendix Table E.3). No sequences were available either in Gen131

Bank nor BOLD for 8 of the families of zooplankton (all rotifers) previously observed in our microcosms.
Comparison of the dataset of validated sequences against the compiled reference library resulted
in a total of 241,399 matching sequences (to a 97% identity) belonging to 27 species (15 families)
with a range of 1- 67,056 sequence matches per species. A full list of detected taxa and number of
sequences read per samples can be found in Appendix Figure E.4. Figure 6.6-A shows the number of taxa per sample (normalized to area sampled) for control and treatment microcosms collected at day 0 (before treatment) and day 4 post-treatment. It is important to mention that each
sample submitted to metabarcoding analysis represented the combined contents of the samples
collected from all three microcosms belonging to each depth-treatment combination, therefore
n=1. The number of taxa cm-2 showed some variations between treatments and sampling times,
with the largest number (0.024 taxa cm-2) measured in the 15-cm controls in d 4 and the lowest
(0.010 taxa cm-2) measured in the 90-cm controls at both d 0 and 4. The number of taxa cm-2 in
the 15 cm-deep treated microcosms decreased from 0.018 to 0.011 from d 0 (before treatment) to
d 4, while taxa richness cm-2 increases from 0.011 to 0.024 in the same period of time in the 15
cm-deep controls microcosms. For the 90 cm-deep microcosms, taxa richness cm-2 remained at
0.010 for the control microcosms from d 0 to d 4, while the treated microcosms dropped from
0.013 detected taxa cm-2 to 0.010.

6.5.

Discussion

The dissipation half-life of 6.1 h measured in the water-column of the 15 cm microcosms is consistent with the values reported in a previous study conducted in the same facility (3.3 - 4.6 h)
(Rodriguez-Gil 2015b). The water column half-life observed in the 90-cm microcosms (18.9 h);
however, is close to 4-times greater than the 3.2–5.0 h half-life estimated for 90 cm-deep microcosls in the earlier study. This value is, nonetheless, consistent with those reported by Wang et al.
(2005) from a study conducted under laboratory conditions, in (72 L) aquaria at 20°C, and overall, is still relatively rapid. Differences in weather conditions between the two studies could provide an explanation for the longer half-life observed for the 90 cm microcosms in the current
study. Water temperature on treatment day of the previous study (Rodriguez-Gil 2015b) ranged
between 16–29°C for the 15-cm microcosms and between 21–27°C for the 90 cm microcosms,
while cooler temperatures, ranging between 15–25°C (15 cm) and 18–23°C (90 cm), were measured on treatment day for the current study. Although differences were small, the greater tempera-
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tures of the water around treatment day in the previous study could have increased the dissipation
POEA from the water column contributing to the observed differences in half-life.
The measured dissipation half-life of POEA in the particulates (14.3 and 19.9 h for 15 and 90-cm
microcosms, respectively) is also consistent with those measured in our previous study (4.2–32.0
and 20.6–44.3 h for the 15- and 90-cm microcosms, respectively). Re-suspension of sediment
during the application of the treatment solution could explain the erratic distribution of the POEA
concentrations measured in the particulate fraction during the first 12 h of the study. Unfortunately, no samples of suspended solids (dry weight, AFDW) were collected during this period, so
confirmation is not possible, but the good fit of the first-order exponential decay model (Table
6.1) after the 24 h sampling time (once any suspended solids would have had time to settle,
helped by decreased thermal mixing overnight), supports this hypothesis. Measured DT50s in sediment with long (37.5 d), almost flat, dissipation curves in the 90 cm microcosms, and very quick
dissipations (6 h) before plateauing at around 150-200 ng g-1 in the 15 cm microcosms also seem
to match those observed in the previous study. Higher temperature of water, and greater sun irradiance could be responsible for the quick initial dissipation from the sediment of the 15 cm microcosms observed in this and our previous study (Rodriguez-Gil 2015b).
In general, the dissipation data collected in this study are consistent with previous observations of
a rapid dissipation of POEA from the water column into the sediment (Wang et al. 2005,
Rodriguez-Gil 2015b), where it remains strongly adsorbed and likely biologically unavailable.
Water depth appeared to be the main driver of the differences observed between microcosms,
with a clear effect on water temperature (Figure 6.2), and significant (p<0.05, RM-ANOVA,
Appendix Table E.2) effects on conductivity and on the temporal change in conductivity, dissolved oxygen and phytoplankton Chl-a measures over time.
Treatment of the microcosms with MON 0818 did not have a significant effect on any of the observed abiotic or primary-production-related biotic factors. Assigned treatment; however, appeared to induce changes in the way that pH (Appendix Figure E.2) and dissolved oxygen
(Appendix Figure E.3) evolved over time for the 15 cm-deep microcosms. When observed in
detail, these differences seem not to result from changes in the microcosms treated with the surfactant, but from atypical drift to higher pH and dissolved oxygen levels in one of the replicates
of the 15 cm control microcosms (microcosm 5) due to extensive colonization by filamentous
algae. Records of visual observation of the microcosms indicate that the filamentous algal growth
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in microcosm 5 started being visually apparent around d 18 post-treatment. This effect can be
observed in the greater standard error around the mean starting after d 7 for dissolved oxygen and
d 21 for pH (Appendix Figure E.2 and Appendix Figure E.3). Differences in visual appearance
between microcosm 5 and the other two control 15 cm microcosms are presented in Appendix
Figure E.5. It is interesting to highlight the lack of observed differences in primary productionrelated endpoints in light of recent results from a laboratory-based species 15-organism species
sensitivity distribution (Rodriguez-Gil 2015c), where two of the three tested algal species (Chlorella vulgaris and Pseudokirchneriella subcapitata) were the two most sensitive organisms on the
distribution, with laboratory-based 96 h IC50s (cell growth) of 0.24 and 0.21 mg MON 0818 L-1
for C. vulgaris and P. subcapitata respectively, at concentrations approximately half of that tested
in this study.
The final list of 27 species identified based on library matching with a 97% identity showed good
correlation with traditional taxonomic observations from previous studies conducted within this
test facility. Two discrepancies between historical observations and the metabarcoding data were
detected and are worth discussing. For the cladoceran genus Simocephalus, three species were
detected in this study (Simocephalus cf. punctatus, Simocephalus cf. serrulatus, Simocephalus
sp.) based on the DNA barcoding. Historical data from all studies conducted in the facility identified Simocephalus vetulus as the dominant species in this genus. None of the sequences from the
collected samples matched S. vetulus, which is represented with 64 entries in BOLD and suggest
miss-classification of the species in previous studies. This observation highlights the potential for
DNA barcoding techniques to reduce taxonomic error (Pilgrim et al. 2011), which, could be significant in applied fields, such as environmental toxicology where time, expertise and cost may
preclude accurate high resolution taxonomic identification or distinction of species that are morphologically very similar.
On the other hand, correct taxonomic identification via DNA barcoding is highly dependent on
the availability of good quality sequences in the available repositories providing a good representation of the taxa of interest (Chariton et al. 2014). Of the initial list of 30 families selected to represent the historically observed communities of the Guelph microcosms for the compilation of the
local reference library, 8 (all of them rotifers) had no representation on either GenBank or BOLD
at the time of this study. One significant example is that of Filina terminalis, which family (Testudinellidae) had no representation in the database. Filina terminalis has traditionally been reported as one of the dominant species in the microcosm community and its presence and high
abundance during this study was confirmed by conventional taxonomic techniques (data not
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shown). It is, therefore, to be expected that, due to the low representation of this group of organisms (rotifers) in the applied database, some community effects could be missed. Further evaluation of the data as unassigned molecular operational taxonomic units (OTUs), could provide a
larger window for assessment, and potentially allow for a greater ability to detect community
composition changes associated with exposure (Gardham et al. 2014).
Due to the pilot nature of the project, the number of samples that could be sequenced was limited,
not allowing for the analysis of all individual microcosms. Without this replication, proper statistical analysis could not be conducted on the taxa richness data. The analyzed samples; however,
consisted of the pooled samples from all three replicate microcosms of each treatment/depth
combination in an attempt to account for any intra-treatment variability, which, as observed for
the pH and dissolved oxygen data, can be substantial in these systems.
Despite the inability to apply statistical analysis, the nature of a BACI design allows us to determine some trends in the data (Morrison et al. 2008). Both number of sampled taxa and number of
read sequences (both normalized by area sampled) in the 15-cm microcosms were lower 4 d after
treatment compared to levels measured on d 0. The control 15-cm microcosms; however, showed
increases in both endpoints during the sample period, indicating that the observed reduction,
could, indeed, be the result of the exposure to POEA. Despite the random assignment of each microcosm to a particular treatment, taxa richness in the 15-cm control and treatment present substantially different levels of taxa richness, complicating the interpretation without the aid of statistical replication. The 90-cm microcosms follow a similar, yet more subtle, trend that could indicate small effects of POEA on richness of taxa.
Without replication and appropriate statistical confirmation, the observed trend, cannot be confirmed as an effect produced by exposure to the surfactant. If significant, the observed effects are
small in magnitude, and most likely within the natural variability of the system. Results from laboratory tests with aquatic organisms in the presence of sediment (Fuentes et al. 2014, Hartman
and Martin 1984, Rodriguez-Gil 2015a, Tsui and Chu 2003, 2004) or with aged water from exposed sediment-containing microcosms (Wang et al. 2005) show a decreased toxicity of MON
0818 at concentrations up to 20 times those tested in this study, supporting this idea. Furthermore,
in a simple system, like the studied microcosms, substantial changes in the zooplankton community would have, most likely, resulted in measurable changes to primary-production related endpoints, an effect that was not observed. Unfortunately no zooplankton samples were collected at
later times in this study. Given the observed half-life in water, additional sampling times could
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have allowed for the evaluation of recovery from any possible effects, as it has been described for
tests performed in laboratory settings (Rodriguez-Gil 2015a).
The current study provided a first-time assessment of the effects of POEA alone in aquatic microcosms at environmentally relevant levels and provides further support to previous findings (Wang
et al. 2005, Rodriguez-Gil 2015b, a), that indicate rapidly diminishing “pulse” type exposures to
POEA following its introduction into natural aquatic systems containing sediments. Reduced
magnitude and duration of exposure to POEA as the result of sediment-mediated dissipation from
the water column is the likely explanation for the lower toxicity of glyphosate-based herbicides
when examined in more environmentally realistic systems as compared to standard laboratory
toxicity tests in which both sorptive dissipation and degradation are constrained or negated by test
protocols systems (Bernal et al. 2009b, Edge et al. 2011, Edge et al. 2013, Edge et al. 2012,
Thompson et al. 2004, Wojtaszek et al. 2004). The observed lack of significant effects of POEA
on several metrics associated with primary production (Phytoplankton Chl-a, periphyton PSII
yield, and water column and periphyton AFDW) provides direct evidence supporting this general
statement.
Pilot application of next generation sequencing-based DNA metabarcoding techniques for the
assessment of effects in microcosms to zooplankton communities showed some clear potential
advantages of the new approach compared to traditional taxonomic methods, including rapidity of
acquiring detailed community composition data and, increased confidence in taxonomic identification accuracy. As further species are continually added to reference libraries, applications of
this technique to ecotoxicological studies is likely to become common place and facilitate better
linkage to traditional knowledge based on conventional taxonomic assessments. However, for
the moment, less strict approaches, such as assessment of the changes directly in unassigned molecular operational taxonomic units (OTUs), could provide an easy and, perhaps, more comprehensive solution to this problem.
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6.6.

Tables

Table 6.1: Half-life values for MON 0818 measured in the water column, suspended solids,
and sediment of the treated microcosms. Half-life values were calculated by means of a single
phase exponential decay model of the form f=c1*exp(-k1*x). Half-life values calculated as
DT50=ln(2)/k for each phase. The 95% confidence intervals (C.I.) for the DT50 estimates are
presented in parentheses.
Matrix
Water column

Suspended solids

Sediment

Water depth (cm)

C

k (h -1)

r2

DT50

15

296.0

0.114

0.930

6.1 (4.8 – 8.3) h

90

259.6

0.037

0.919

18. 9 (14.85 – 26) h

15

44.7

0.048

0.891

14.3 (10.23 – 23.6) ha

90

79.0

0.035

0.931

19.9 (15.6 – 27.4) ha

15

132.7

2.824

0.587

5.9 hb,c

90

926.1

0.018

0.170

37 d b

a

Decay model in the suspended solids was fit starting at 24 h post-treatment due to erratic distribution of concentrations during earlier sample events (Figure 6.1)
b
Calculation of 95% CI was not possible due to the poor fit of the data to the model.
c
Half-life for initial phase. Concentration of POEA in the sediment stabilized at around
130 ng g-1 after about 24 h post-treatment.

137

6.7.

Figures

Figure 6.1: Measured concentrations of polyoxyethylene(15)tallowamine (POEA) over time after
application of POEA (as the commercial formulation MON 0818) in the water column (top),
suspended solids (middle) and sediment (bottom) of microcosms with a water depth of 15 and
90 cm. Lines represent model fit for a single phase exponential decay model of the form
f=c*exp(-k*x). Error bars represent the standard error of the mean (n=3)
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Figure 6.2: Mean daily range of temperatures measured in the 15 cm and 90 cm microcosms (A)
and mean water temperature measured at 8 am for each water depth (B) (Pooled across control
and treated microcosms, n=6) over the study period. Shaded area around the lines in the bottom
panel is standard deviation of the mean. Dotted vertical line marks the treatment day.
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Figure 6.3: Mean conductivity measured in microcosms of the different treatment/depth combinations over the study period. Dotted vertical line marks the treatment day. Error bars indicate
standard error of the mean (n=3). Error bars for the 15 cm control microcosms are presented in a
lighter gray to facilitate comparison.
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Figure 6.4: Mean ash-free-dry-weight (AFDW) of the suspended particulates (A) and mean concentration of chlorophyll-a (B) over the duration of the study for each depth-treatment combination. Error bars represent standard deviation of the mean (n=3). Dotted vertical line marks the
treatment day.
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Figure 6.5: Mean effective quantum yield of photosystem II (A) and ash-free-dry-weight (B) of
periphyton collected from unglazed ceramic tiles (10 x 10 cm, placed 14 cm below the water surface) over the duration of the study for each depth-treatment combination. Error bars represent
standard deviation of the mean (n=3).
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Figure 6.6: Number of detected taxa, from DNA-metabarcoding analysis of zooplankton. Independent samples were collected from each microcosms (three microcosms per treatment/depth
combination) and were, then, pooled for each treatment/depth combination for a final n=1 for
each column. Samples on day 0 were collected before treatment and are shown as a reference for
the basal state of the microcosms. Treatment of the cosms with POEA after collection of the reference sample on day 0, is indicated with a vertical arrow.
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Chapter 7
Summary and conclusions

The main aim of this thesis was to refine the existing aquatic hazard assessments for the use of
alkylamine ethoxylate surfactants, particularly Polyoxyethylene (15) tallow amines (POEA), as
adjuvants in herbicide formulations of glyphosate. For this purpose, the presented Chapters contribute new information to either the exposure characterization (Chapters 2, 5, and 6) or the effects characterization (Chapters 3, 4, and 5) essential stages of the hazard / risk assessment process. In addition to the research conducted as a direct contribution to the assessment, additional
support work was conducted that, either made the other sections of the study possible (optimization of the analytical method), or extended its applicability (Optimization of culturing/testing
conditions with Oophila sp.)
For ease of interpretation, and application of the results to further work, in this Section, the evaluation of the main objectives of this thesis has been re-organized in such a way that the conclusions from the supporting studies are presented first, followed by those directly applicable to the
hazard / risk assessment process, which will appear divided into the traditional sections of exposure characterization, effects characterization, and hazard / risk characterization. Specific subobjectives are only presented, when relevant to the mentioned structure. Mentions to whether we
were able to reject or not the null hypothesis associated to our initial working hypothesis are
made when relevant.

7.1.

Supporting studies

The two main supporting studies in this thesis that were required in order to achieve the main
goal of a refined assessment of the hazard posed by POEAs to aquatic ecosystems were: The development and optimization of methods for culturing and toxicity testing with the amphibian algal endosymbiont Oophila sp (Objective 2), and the optimization of the methods for the extraction of POEA from sediments (Objective 1.1).
As part of Objective 2, in Chapter 3 we showed, for the first time, that it is possible to screen for
direct effects of contaminants on the algal symbiont Oophila sp. without the presence of the host
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salamander. The optimized methodologies for culturing and toxicity testing provided a uniform,
single-species culture, facilitating assessment of common toxicity endpoints and comparison of
sensitivity relative to other species. Additionally, sequencing of the 18s ribosomal DNA revealed
that the isolated alga was most likely a new species, closely related to the recently described O.
amblystomatis but more similar to other known Chlamydomonas species, suggesting possible biogeographical variability in the genetic identity of the algal symbiont. The new test species
showed similar sensitivity to reference toxicants to standard algal species. These results support
the rejection of the null hypothesis VI.
The main traditional limitation on the assessment of the hazard posed by ANEOs, particularly
POEA, has been the lack of analytical methods sensitive enough to quantify the compound at environmental/toxicologically relevant concentrations. As part of a larger project involving some of
the research presented on this thesis, Ross and Liao (2015) developed the LC- MS/MS methodologies for the analysis of POEA in water samples and developed a preliminary method for the extraction of POEA from sediment matrices. As part of Objective 1.1, their method for analysis in
water has been successfully applied (with some modifications, as presented in Chapter 2) to all
chapters of this thesis with the exception of Chapter 3(Oophila sp optimization).
Upon application of their initial sediment extraction method (Ross and Liao 2015), it was clear
that recovery of POEA from our particular sediments was not sufficient for quantitative assessment of the surfactant. A substantial portion of Chapter 2 is, therefore, dedicated to the development of a new sediment extraction method based on some of the principles applied in the original
method.
The new method significantly improved the recovery of POEA from sediment samples; however,
even under the final, optimal, conditions; the observed recovery was only 52%. The number of
solvent combinations tested, as well as the harshness of the applied temperature and pressure,
seems to indicate that the limited recoveries are not the result of poor extraction techniques, but a
reflection of the nature of the binding between POEA and the sediment materials.
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7.2.

Refined hazard assessment

7.2.1.

Exposure characterization

Refined exposure characterization data is presented as part of Chapters 2, 5, and 6, however, this
was only presented as specific objectives (Objective 1.2 and 1.3) in Chapter 2.
Under Objective 1.2, we measured water-column half-life (3.2 and 5.3 h) (Chapter 2) that were
shorter than the only other previously available measure of 13-18 h in 72-L microcosms under
laboratory conditions (Wang et al. 2005). These observed differences were consistent with the
field-realistic conditions of our study.
For the first time, we assessed the binding of POEAs to suspended solids, which showed biphasic
dissipation with half-lives ranging from 18 to 44 h (after a first phase of 0.7 to 1.31 h, apparent at
shallower water depths). The fate of POEA in sediment, was also evaluated for the first time, and
showed a quick first dissipation phase of 1.1–9 d (apparent at shallower water depths), followed
by half-lives as low as 5.8 d but more commonly greater than 16 d, with almost non-observable
dissipation in some cases.
Based on the difficulties experienced during the development of the sediment extraction method,
we explain this low dissipation from the sediment matrix in the basis of strong binding between
POEA and the sediment materials. In this bound state, POEA most likely experiences low bioavailability, which in turn can reduce its degradation rate.
As part of Chapter 6, a second set of dissipation values were collected showing half-lives for
POEA in the water column (6-18 h), suspended particulate (14-20 h) and sediment (>37h) confirming the observations from Chapter 2. Observations from the laboratory tests in the presence
of sediment performed in Chapter 5 further support these observations.
The measured short half-lives and the increased binding to the sediment observations, support the
rejection of our first null hypothesis (Hypothesis I).
Wang et al. (2005), estimated water-column half-lives of POEA of 13 and 18 h in 72 L aquaria in
the presence of sediment with 1.5% or 3% total organic carbon (TOC), respectively. Objective
1.3 was addressed in Chapter 2, where we characterized the effect of TOC on dissipation of
POEA in outdoor microcosms. However, significant loss of organic matter during the recirculation phase of the study resulted in significant deviation from our target concentrations of TOC,
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with lower than nominal concentrations and random differences throughout the experimental
units. Multivariate statistical analysis failed to detect an effect of TOC on the half-life of POEA
with any of the studied matrices at the final (low) TOC levels. As a result we were not able to
reject the null hypothesis associated with Hypothesis II.
A direct effect of water depth on water column half-life was not apparent in the study presented
in Chapter 2. Additional observations from the study presented in Chapter 6; however, provided
significantly different values for half-lives of 19 h for 90 cm-deep microcosms and 6 h for 15 cmdeep microcosms, indicating that water depth might have an effect on dissipation in the watercolumn. Due to the conflicting results of both studies, we cannot completely reject the null hypothesis associated with our third hypothesis (Hypothesis III).
In contrast, effects of water-depth on the dissipation of POEA from suspended particulate and
sediment were observed. These effects were not so apparent on the final estimated half-life, but
on the dynamics of this dissipation, with shallower microcosms predominantly showing a twophase dissipation, involving an early, rapid dissipation phase, followed by longer phase generally
similar among depths.
7.2.2.

Effects characterization

Characterization of the effects induced by exposure to POEA on aquatic organisms and aquatic
systems is presented in Chapter 4 (Objective 3.1), Chapter 5, and Chapter 6.
To address Objective 3.1, standard, or near-standard toxicity tests were conducted with 15 species, including traditional standard test organisms (e.g., D. magna or rainbow trout), and a selection of less commonly used species potentially present in areas of intense use of POEAcontaining glyphosate formulations, organisms; such as the mentioned Oophila sp., arctic char,
lake trout or the file rams-horn snail. Calculated EC50 values ranged between 0.21 mg MON 0818
L-1 (P. subcapitata) and >9.98 mg MON 0818 L-1 (C. dilutus). This range is consistent with literature values for other species. Of special significance were the values collected for primary producers, due to the traditional under-representation of this group in the literature (for exposures to
POEA alone) and because of their apparent greater sensitive compared to other test organisms.
To address Objective 4, the effect of modifying factors on the toxicity of POEA to aquatic organisms was evaluated under laboratory conditions. Toxicity tests with POEA in the presence of sediment on four benthic invertebrates and a sediment-dwelling fish showed no mortality up to the
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highest tested concentration (10 mg MON 0818 L-1) for three of the five species. Calculated
EC50s for the other two species were significantly greater than the values obtained in water-only
tests, supporting the rejection of the null hypothesis associated with Hypothesis IV. In addition,
given the observed short exposure regimes, the capacity to recover after a short pulsed exposure
to POEA was assessed in four primary producers and a cladoceran; these tests indicated full recovery of fitness endpoints (e.g., growth and reproduction) from 24 h exposures to concentrations
of POEA equal to or greater than those expected in the environment, supporting the rejection of
the null hypothesis associated with Hypothesis V.
These results are consistent with observations from other studies conducted with POEA or
glyphosate formulations in the presence of sediment (Bernal et al. 2009b, Edge et al. 2013,
Fuentes et al. 2014, Tsui and Chu 2003, 2004, Wang et al. 2005), indicating that reduced exposure, resulting from rapid sorption of POEA to the sediment can result in decreased effects on the
tested organisms. This reduced exposure, together with the observed capacity to recover from
quick, single-pulse, exposures, could explain the limited effects observed under worst-case, field
application studies (Thompson et al. 2004, Wojtaszek et al. 2004, Bernal et al. 2009b, Thompson
2011, Edge et al. 2012, Edge et al. 2013).
Additionally, our observations on the slight increase on sensitivity registered for arctic char when
tested at 15°C (in comparison to the standard 10°C) highlights the importance of proper selection
of testing conditions for novel organisms as well as the importance of considering multiple
stressors (in addition to chemical exposure) in these kind of studies.
In order to address Objective 5, in Chapter 6, we exposed outdoor microcosms to environmentally
relevant concentrations of POEA such as those that could be expected from an unintentional direct over-spray of a 15 cm-deep water body under typical application rates.
Under these conditions, no significant effects of exposure to POEA were observed in primary
production (assessed in both phytoplankton and periphyton) or any of the assessed abiotic parameters. These results are significant in light of the high sensitivity shown by two of the algal species tested in Chapter 4, yet, are consistent with the bulk of the data presented in this thesis as
well as with observations made on field studies using glyphosate formulations (Thompson et al.
2004, Wojtaszek et al. 2004, Bernal et al. 2009b, Thompson 2011, Edge et al. 2012, Edge et al.
2013). Further support to the rejection of the null hypothesis associated with Hypothesis IV is
provided by these results.
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As part of a pilot project in collaboration with the Biodiversity Institute of Ontario, the study presented in Chapter 6 included some preliminary data evaluating the applicability of DNA metabarcoding techniques for the assessment of the microcosm’s zooplankton communities. Due to the
pilot nature of this project, replication was not possible, not allowing for certainty in the evaluation of effects; however, the application of these tools in microcosm studies showed promising
results, in terms of species detectability and potential for assessment of effects.
7.2.3.

Hazard / Risk characterization

As a final step on the hazard / risk assessment process, risk characterization aims to combine the
information collected on the two previous steps in order to reach a final conclusion about the expected ecological effects of the studied compound under the scenario being evaluated.
The lack of analytical capabilities to quantify environmental concentrations of POEA, had made
it impossible, until now, to apply refined higher tire risk assessments based on actual, measured,
environmental concentrations; or, at least, to consider accurate dissipation data in lower tier hazard assessment.
In the absence of actual monitoring studies providing measured concentrations with which to apply probabilistic methods, as part of Chapter 4, this thesis included two Objectives 3.2 and 3.3
aimed at refining deterministic Tier-1 approaches. These are considered below.
A Tier-1 hazard assessment was conducted based on the toxicity data generated in Chapter 4 (objective 3.1), as well as historical data collected from the literature via comparison to three selected reference environmental concentrations, selected to represent 1) a worst-case scenario, corresponding to an unintentional direct over-spray of a 15 cm-deep body of water with the maximum
label application rate allowed for the studied formulations; 2) an unintentional direct over-spray
of a 15 cm-deep body of water at more typical application rates and; 3) estimated concentrations
of POEA calculated from maximum measured glyphosate concentrations in surface waters.
This assessment showed moderate hazards (38.3% of the species exposed at or above EC50), for
the chosen worst-case scenario. The percent of species experiencing a hazard decreased by approximately one-half under more typical application rates; and finally fell below 5% at estimated
concentrations of POEA calculated from maximum measured concentrations of glyphosate in the
environment.
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Traditional assessments have used the first, or second scenario (estimated concentrations resulting
from direct application of the maximum label, or typical, application rates). Based on the exposure data presented on this thesis, the third scenario, based on extrapolation from measured
glyphosate concentrations, was believed to provide a more realistic approximation. Furthermore,
based on the nature of the selected environmental glyphosate concentrations (maximum measured
concentrations) and the differences in rates of dissipation between glyphosate (water column dissipation half-life 1.3 – 120 d) (PMRA 2015), and the dissipation half-lives measured for POEA
in this study (<1 d), we believe that this scenario still provides a conservative estimate.
Additionally, this thesis suggests that other mitigating factors be considered: The durations of
exposure (48-96 h) in the studies used to construct the SSD are not representative of the likely
exposure durations in the environment. Despite observations of effects occurring during the first
24 h of exposure, tests conducted in the presence of sediment, show clear reductions in response
as a result of rapid partitioning of the POEA to sediment. All these factors are expected to work
together to reduce the expected hazard from the estimated 3.2% of the species to even lower levels.
Furthermore, our results show that, even at exposures >EC50 levels calculated from traditional 4896 h water only tests, organisms (primary producers and D. magna) surviving a 24 h exposure
and were able to recover to normal fitness levels after termination of the exposure.
When this information is considered together with the results from our second microcosm study
(Chapter 6) and similar studies from the literature based on whole glyphosate formulations
(Thompson et al. 2004, Wojtaszek et al. 2004, Bernal et al. 2009b, Thompson 2011, Edge et al.
2012, Edge et al. 2013), all these lines of weight of evidence indicate that the likelihood of significant deleterious effects in aquatic ecosystems exposed to environmentally relevant concentrations of POEA is small.
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7.3.

General conclusion

The general conclusion from the work presented in this dissertation is that, under real-world environmental conditions, unintended exposure of aquatic systems to POEA surfactants will most
likely result in short, single-pulse, exposures. These are due to rapid (<24 h) partitioning of the
surfactant into sediment and onto suspended particulates, where it will, likely, remain strongly
bound with low bioavailability. Further, this exposure scenario will, most likely, result in a reduction in the biological effects observed in the field when compared to those expected from Tier-1
hazard assessments based on water-only standard tests and worst-case estimated environmental
concentrations. These results highlight the inappropriateness of simple screening-level approaches for the assessment of the risk posed by compounds for which their expected exposure regime
deviates from that used in traditional standard acute laboratory tests.

7.4.

Future work

The results presented in this thesis provide valuable information to be used in the refinement of
the assessment of the risk posed by POEA and POEA-containing formulations of glyphosate in
aquatic systems; however, they raised new questions to be explored in further work. Below, I present a number of research questions that, in my opinion, should be explored.
From an analytical chemistry point of view, the low recoveries of POEA from sediment samples
(52%), although consistent, are not ideal. Significant effort was directed to improving this extraction, but with little success. Harsher extractions conditions, such as digestion of the sediment material were not tried in this study, but might be valuable for the quantificantion of the remaining
non-extractable residue for studies requiring complete mass balances of the compound, such as
traditional partitioning tests, with the understanding, that the amounts of compound extracted under such conditions may not reflect the amounts available to organisms interacting with the matrix. The synthesis and use of stable-isotope internal standards of POEA would provide techniques to further refine recovery and address possible effects of the matrix.
Given the inconclusive effect of TOC on the dissipation rates observed in this study; particularly
when compared to the study by Wang et al. (2005), further studies are needed to fully understand
the interaction of POEA with sediment materials. Interaction of ANEOs, and other surfactants
with other components of the sediment, clay in particular, have been noted in the past
(Brownawell et al. 1997, Klotz 1987, Krogh et al. 2003, Krop and de Voogt 2006, Luckham and
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Rossi 1999), evaluation of these elements (e.g., clay content) in any partitioning study could be of
help to better understand the fate and partition of ANEOs, and POEA.
Perhaps, the most useful information regarding the characterization of exposure and eventually
the full risk assessment for POEA are real measured concentration data. Chemical and biomonitoring studies, measuring both glyphosate and POEA after realistic exposure scenarios, such
as direct over-spray of a wetland during routine forestry applications would be able to provide
information that could be used to further refine the risk assessment for POEA, and to better understand the differences in fate and dissipation between the active ingredient and the surfactant in
the formulations.
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Apendix A
Supplemental information for Chapter 2

A.1.

Supplementary methods

A.1.1.

Sediment characterization methods

Carbon
Carbon analysis were based on the method by Nelson and Sommers (1996). Total carbon analysis
was performed in a LECO SC444. Inorganic carbon was determined by ashing the sample at
475oC for three hours prior to LECO SC444 use. Organic carbon was calculated by subtracting
the inorganic carbon result from the total carbon result. The LECO SC444 method of carbon and
sulphur determination is based on the combustion and oxidation of C to form CO2 by burning the
sample at 1350°C in a stream of purified O2. The amount of evolved CO2 is measured by infrared
detection and used to calculate the percentages of C in the sample.
Cation Exchange Capacity

Cation exchange capacity (CEC) analysis was based on the method by Rhoades (1996)
and was determined by saturating the exchange sites in the soil with a single cation (Ba+)
and then displacing it with a different cation (NH4+). The amount of the original cation
(Ba+) displaced from the soil is then measured to calculate the CEC.
pH:

Determination of sediment pH was performed following the method of Hendershot et al.
(1993). Sediment sample was saturated with ddH2O and the pH was read on the saturated
sample. The pH of a buffer solution was analyzed on soils having a pH of 6.0 or less.
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a

682.8
770.8
858.6
708.8
796.6
884.6
710.8
798.6
886.6

C16H33N(EO)10
C16H33N(EO)12
C16H33N(EO)14
C18H35N(EO)10
C18H35N(EO)12
C18H35N(EO)14
C18H37N(EO)10
C18H37N(EO)12
C18H37N(EO)14

428.6

428.6

428.6

426.6

426.6

426.6

400.6

400.6

400.6

Product ionb
(m/z)

121

166

111

131

86

186

141

216

196

Declustering
potential
(V)

74

62

56

69

65

58

69

62

57

Collision
energy
(V)

CnH(2n±1) = alkyl chain, N = nitrogen, (EO)X = total number (X) of ethoxylate groups.

Precursor ionb
(m/z)

ANEO

10

12

12

10

12

10

10

10

10

Cell exit
potential
(V)

Appendix Table A.1: Summary of main parameters for multiple reaction monitoring (MRM) for the nine selected polyoxyethylene amine homologs in MON 0818 as presented in Ross and Liao (2015), optimized for the equipment used in this study.
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Appendix Table A.2: Sediment characteristics for the 9 studied microcosms.

*

*

***

**

Sediment pH
TIC

*

TOC

***

Total C

***

CEC

*

Sand

*
*

*

*

*

***

Clay

***

max
min
DO
Conductivity
Water pH

*

Hardness

*

***

Alkalinity

*

**

AFDW
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***
***

AFDW

Alkalinity

Depth

Hardness

Water pH

Conductivity

DO

min

max

Clay

Sand

CEC

Total C

TOC

TIC

Sediment pH

Depth

Appendix Table A.3: Correlation matrix for all water chemistry and sediment variables measured on treatment day. Red indicate positive correlations, blue indicate negative correlations. The
shade of the colour indicates the magnitude of the correlation. Statistical significance (p-values
from pairwise Pearson product-moment correlations) of the correlations is represented with stars.
“*” 0.05< p <0.01; “**” 0.1< p <0.001; “***” p <0.001.
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UAE
ASE
ASE
ASE
ASE
ASE
UAE
ASE

Methanol
DCM:Methanol (1:1)
Methanol
DCM:Methanol (1:1)
Methanol:Acetonitrile(30:70)
Methanol:Water (7:1)a
Methanol:ACN (1:1)
Methanol:Water (70:30)

Modifiers

Clean up

no
no
no
no
no
no
no
in-cell alumina (1g)
no
no
no
no
no
no
no
no
100 mM TEA, 80 mM Formic
Methanol:Acetonitrile (1:1)
ASE
no
acid
100 mM TEA, 80 mM Formic
ASE
Hexane:Acetone (1:1)
no
acid
Methanol:Acetonitrile (1:1)
ASE
no
in-cell alumina (2 g)
Methanol:Acetonitrile (1:1)
ASE
0.3% formic acid
no
Methanol:Acetonitrile (1:1)
ASE
0.3% formic acid
in-cell alumina (1 g)
Methanol:Acetonitrile (1:1)
ASE
no
no
UAE: ultrasonic-assisted extraction; ASE: Accelerated solvent extraction: TEA: trimethylamine
a
As presented in Ross and Liao (2015)
b
Only one replicate was tested

Method

Solvent

12.22
13.10
7.75
0.82
7.14

37.18
37.50
49.77
52.37

-b
31.47
36.12

3.16
3.86
8.82
-a
5.18
26.10
1.04
11.86

% RSD

4.31
13.01
14.45
21.20
25.52
25.74
26.62
29.73

% Recovery

Appendix Table A.4: Summary of solvents and methods tried during the method sediment extraction method development. Different conditions
appear in order of lower to higher % recovery.

Appendix Table A.5: Model parameters and water column half-life estimates for MON 0818 in
the studied microcosms. Results calculated from a single-phase exponential decay model of the
form f = c*exp(-k*x). Half-life values calculated as DT50=Ln(2)/k. 95% Confidence intervals for
the DT50 estimates are presented in brackets.
Water depth (cm)

TOC (%)

15
15
15
30
30
30
90
90
90

0.05
0.4
2.05
0.05
0.67
1.01
0.6
0.85
1.22

C
611.61
499.13
700.50
277.52
298.72
242.60
78.75
122.03
118.29

k (h-1)
0.209
0.152
0.210
0.164
0.166
0.130
0.139
0.202
0.214
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r2
0.983
0.936
0.993
0.925
0.937
0.768
0.912
0.966
0.835

DT50 (95%CI) h
3.31
4.55
3.31
4.23
4.17
5.33
4.98
3.43
3.24

(2.54 - 4.42)
(2.73 - 8.28)
(2.77 - 3.98)
(2.35 - 8.39)
(2.50 - 7.62)
(1.73 - 23.11)
(2.83 – 21.04)
(2.32 - 5.28)
(1.12 - 10.26)
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TOC (%)
0.05
0.4
2.05
0.05
0.67
1.01
0.6
0.85
1.22

Water depth (cm)

15
15
15
30
30
30
90
90
90

26.39
9.58
8.46
-

C1
0.040
0.022
0.018
-

k1 (h -1)
112.84
34.50
76.74
14.93
35.41
15.62
5.24
3.23
4.69

C2
0.974
0.165
0.529
0.038
0.553
0.026
0.016
0.033
0.017

k2 (h -1)
0.909
0.457
0.819
0.501
0.796
0.395
0.342
0.548
0.433

r2
0.71
1.31
1.25
-

(0.24 - infinity)
(0.40 - infinity)
(0.35 - infinity)
-

DT50 fast (h)

17.49
4.19
32.02
18.44
37.82
26.83
44.33
20.65
40.40

(5.37 - infinity)
(1.35 - infinity)
(4.02 - infinity)
(6.24 - infinity)
(7.46 - infinity)
(8.79 - infinity)
(14.81 - infinity)
(8.11 - infinity)
(15.15 - infinity)

DT 50 slow (h)

Appendix Table A.6: Model parameters and half-life estimates for MON 0818 in the particulate fraction collected from studied microcosms. Results calculated from a two-phase exponential decay model of the form f=c1*exp(-k1*x)+c2*exp(-k2*x), with the second section of the equation not
being applied for data fitting a single-phase model. Half-life values calculated as DT50=Ln(2)/k for each phase.95% Confidence intervals for the
DT50 estimates are presented in brackets
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TOC (%)

C1

k1 (d -1)
C2

k2 (d -1)

r2
DT50 fast (d)

15
0.05
46.22
1.28E-16
530.60 0.388
0.996 1.79
(0.24 - infinity)
15
0.4
123.94 0.033
619.48 0.613
0.999 1.13
(0.12 - infinity)
15
2.05
57.83
1.81E-11
132.92 0.077
0.733 8.93
(0.22 - infinity)
30
0.05
116.23 0.041
0.447 30
0.67
100.25 0.118
0.969 30
1.01
213.58 0.038
0.246 90
0.6
59.11
0.020
0.288
90
0.85
55.33 0.010
0.010 90
1.22
114.87 0.011
0.104 n.a.: calculation of 95% CI was not possible due to the limited number of data points and their variability.

Water depth (cm)

5.41x1015
21.05
9.03x1011
16.76
5.871
18.1
35.32
71.16
61.96

n.a.
(3.25 - infinity)
(0.36 - infinity)
(4.83 - infinity)
(3.90 - 11.84)
(4.77 - infinity)
(9.22 - infinity)
(6.34 - infinity)
(10.16 - infinity)

DT 50 slow (d)

Appendix Table A.7: Model parameters and half-life estimates for MON 0818 in the sediment collected from microcosms. Results calculated
from a two-phase exponential decay model of the form f=c1*exp(-k1*x)+c2*exp(-k2*x), with the second section of the equation not being applied
for data fitting a single-phase model. Half-life values calculated as DT50=Ln(2)/k for each phase. 95% Confidence intervals for the DT50 estimates are presented in brackets.
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Appendix Table A.8: Summary of the results from repeated-measures ANOVA of the water quality variables measured in the microcosms.
Yes/No indicates weather each of the evaluated factors (Time, Depth, Microcosm and the interaction term between time and depth) had a significant effect of each of the variables. P-values from the RM-ANOVA are presented in brackets.

A.3.

Supplementary figures

1.
Appendix Figure A.1: Schematic diagram for three representative microcosms used for the
study. Area textured with crossed lines indicates the water column. The depths of the water column was regulated by the length of the drainage standpipe (in white). Sediment (2 cm layer) is
indicated by textured pattern.
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Appendix Figure A.2: Weather data from the Guelph Turfgrass Institute Meteorological Station for the study period. (A)
Max/min (red shading) and mean daily temperature (red line) together with daily precipitation data (blue bars). Dotted vertical
line marks the treatment day. (B) Mean daily wind speed (dark blue) as well as maximum daily wind speed (light blue). Horizontal dotted line represents mean wind speed over the study period. Dotted vertical line marks the treatment day.

Appendix Figure A.3: Correlation matrix for the measured water and sediment variables. Red
shades indicate positive correlations, blue shades indicate negative correlations. The shade of the
colour indicates the magnitude of the correlation, which is also represented by the fill area of the
pies in the upper panel. Represented variables (in order from left to right) are: water column
depth (Depth) , sediment pH (S pH), total inorganic carbon (TIC), total organic carbon (TOC),
total carbon (tot. C), cation exchange capacity (CEC), % Sand in sediment (sand), % clay in sediment (clay), 24 h maximum water temperature (max), 24 h maximum water temperature (min),
dissolved oxygen (DO), conductivity (Cond), water pH (W pH), hardness (Hard.), alkalinity
(Alk), and ash-free dry weight of the suspended solids (AFDW).
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Appendix Figure A.4 (Previous page): Evolution of the physicochemical properties (A) Dissolved oxygen, (B) Temperature, (C) pH, (D) Conductivity, (E) Total hardness, and (F) Alkalinity
of the 9 studied microcosms over the duration of the study. Vertical short-dashed line (day -12)
represents the cease of recirculation to the microcosms. Vertical long-dashed line (day 0) represents treatment day. Colour of the lines represents depth (Yellow: 15 cm, blue: 30 cm, and green:
90 cm). Different line patterns represent levels of TOC in the sediment (continuous: high, ---,
medium, -..-..- : low

Appendix Figure A.5: Evolution of the ash-free dry-weight of the particulate matter collected
from the 9 studied microcosms. Vertical short-dashed line (day -12) represents the cease of recirculation to the microcosms. Vertical long-dashed line (day 0) represents treatment day. Colour of
the lines represents depth (Yellow: 15 cm, blue: 30 cm, and green: 90 cm). Different line patterns
represent levels of TOC in the sediment (continuous: high, ---, medium, -..-..- : low).
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Supplemental information for Chapter 3

B.1.

Supplementary tables

Appendix Table B.1: Combinations of NH4+ and NO3- considered for the nitrogen source evaluation test, as well as the coded factor levels for each combination.
Factors
+

Factor Level Code
-

+

NH4 (mM)

NO3 (mM)

NH4 (mM)

NO3- (mM)

0

5

-1

0

5

0

0

-1

5

5

0

0

5
10

10
5

0
1

1
0
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N-BR

BR

BBM

None

Site water

N-BR + 5 mM NH4Cl

Low-N BR
(0.3 mM NO3-)
High-N BR
(10 mM NO3-)
BR + 5 mM NH4Cl
BR + 5 mM NH4Cl
and 2x CaCl2
BR + 5 mM NH4Cl
and bubbling + shaking
N- BR +
10 μM NH4Cl
N- BR +
100 μM NH4Cl
N- BR +
1000 μM NH4Cl
N- BR +
3 mM NH4Cl

None

BBM + 1000 μM
NH4CO3

BBM

Modifications

Base medium*

+

x

x

x

x

x

24
24:0
60

x
x

NH4+
NH4+

x

x

x

x

20
16:8
60

NH4+

x

18
24:0
200

x

x

x

18
24:0
60

NH4+

x

x

x

18
16:8
200

x

x

14
24:0
200

NH4+

NO3- + NH4+

NO3 + NH4

-

NO3- + NH4+

NO3-

NO3-

NO3-

NO3- + NH4+

NO3-

N source

Temperature (°C); Light Cycle;
PAR (µmol m-2 s-1)

x

x

24
24:0
0

Appeared slightly more aggregated
than 5 mM NH4Cl
Decreasing aggregation with decreasing temp to 18°C. 14°C resulted in

Lower motility and larger cells with
increasing NH4Cl. Interpreted as
transition to asexual reproduction.

Bubbling results in more algae attached to bottom than just shaking

Appeared sexual

Mixed growth; some aggregation

Sexual growth; no growth in dark

Appeared sexual

Appeared sexual
Grew faster and longer, but appeared
sexual
Mixture of cell types; generally sexual
Less aggregation at lower temperature, but still appeared sexual; light
did not have an effect

Observations

Appendix Table B.2: Summary table of preliminary tests and their observations performed on algal isolates from Ambystoma maculatum.
Observations by Leilan Baxter and J.L.Rodriguez-Gil.
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Base medium*

N- BR +
10 mM NH4Cl
N- BR +
5 μM NH4CO3
N- BR +
50 μM NH4CO3
N- BR +
500 μM NH4CO3
N- BR +
5 mM NH4CO3
N- BR +
10 mM NH4CO3
N- BR +
5 mM NH4Cl,
2 x Ca
N- BR +
5 mM NH4Cl,
2 x Fe
N- BR +
5 mM NH4Cl,
2 x micronutrients
N- BR +
5 mM NH4Cl,
2 x Mg
N- BR +
5mM NH4Cl,
2x K2HPO4
N- BR +
5 mM NH4Cl,

Modifications
24
24:0
60

x

x

x

x

x
x

NH4+
NH4+
NH4+
NH4+
NH4+
NH4+

NH4+

NH4+

x

20
16:8
60

NH4+

18
24:0
200

x

18
24:0
60

NH4+

x

18
16:8
200

x

14
24:0
200

NH4+

NH4+

N source

Temperature (°C); Light Cycle;
PAR (µmol m-2 s-1)

x

x

24
24:0
0

No clear influence of 2x nutrients

No growth in dark

No growth apparent

Sexual, no apparent effect of increasing NH4CO3

No growth in dark

higher aggregation. No clear difference with light.

Observations
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NH4+

NH4

+

NH4+

NH4+

x

24
24:0
60

x

x

x

x

20
16:8
60

Arg +
NH4+

18
24:0
200

x

18
24:0
60

Arg

x

NH4+

18
16:8
200

x

14
24:0
200

NH4+

N source
24
24:0
0

Bleached

Bleached

Initially asexual; then bleached

Bubbling results in more algae attached to bottom than just shaking

Faded

Appeared sexual

Observations

BR: Bristol’s growth medium; N-BR: Bristol’s growth media without NO3-; BBM: Bolds basal medium; HSM: High salt medium

2 x KH2PO4
N- BR +
5 mM NH4Cl,
2 x NaCl
2 x N- BR +
5 mM NH4Cl
N-BR + 0.1 g/L LArginine
N-BR + 5mM NH4Cl
+ 0.1 g/L L-Arginine
2 x N-BR + 5 mM
NH4Cl +
bubbling + shaking
None
Kropat micronutrient
solution
1/2 TAP with 3x FeCl3

Modifications

(Sueoka’s medium); TAP: Tris-Acetate-Phosphate medium

*

TAP

HSM

Base medium*

Temperature (°C); Light Cycle;
PAR (µmol m-2 s-1)

B.2.

Supplementary figures

Appendix Figure B.1: Map showing the sampling sites for this study (★) as well as the Kerney
et al. (2011) (▲) and Graham et al. (2013) (■) studies. Darker grey shading represented the range
species range for Ambystoma maculatu
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Appendix Figure B.2: Individual Ambystoma maculatum viable egg (Harrison stage 35-36). A
light green tinge, corresponding to the algal symbiont, can be clearly observed. Photo
J.L.Rodriguez-Gil.
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Appendix Figure B.3: Growth curve for Oophila sp. grown on modified Bristol’s media with 1
mM NH4+ at 18 ± 2°C and 200 ± 5 µmol m-2 s-1 PAR on a 24 h light cycle. Line represents fitted
logistic growth model. Carrying capacity (K) was estimated at 911,164 cells mL-1. (n = one count
per time)
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Appendix Figure B.4: Standard curve (solid line) for Oophila sp. cell density (cells mL -1) vs.
absorbance at 680 nm. Dashed line represents 95% confidence interval for the standard curve.
Empty circles represent data points used in the regression. Black points represent random test
flasks measured to test the validity of the curve. (n = one count per sample)
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Apendix C
Supplemental information for Chapter 4

C.1.

Supplementary methods

C.1.1.

Details of methods for toxicity testing

C.1.1.1.

Tests on aquatic invertebrates

Testing with Ceriodaphnia dubia (water flea), Hyalella azteca (amphipod), Chironomus dilutus
(larval nonbiting midge), Hexagenia spp. (larval mayfly) (culture composed of two closely related species, Hexagenia rigida and Hexagenia limbata), Lumbriculus variegatus (oligochaete
worm), and Planorbella pilsbryi (file rams-horn snail) was conducted at the Ontario Ministry of
Environment and Climate Change (OMECC) Aquatic Toxicology Unit Laboratories in Toronto,
Ontario, Canada. The Aquatic Toxicology Unit laboratory is accredited to ISO17025 Quality
Management System. Organisms for testing were obtained from cultures maintained in OMECC
laboratory and testing procedures followed the OMECC Standard Operating Procedures
(OMECC 2012e, f, d, a, g, b). Water used in culturing and testing was tap water supplied by the
City of Toronto, dechlorinated by activated carbon beds followed by sterilization with ultraviolet
light. Characterization of the water used in culturing and testing is presented in SI Tables 1 and 2.
Water used in all tests was aerated for ≥24 h before initiation of tests. Testing with Daphnia
magna, Pseudokirschneriella subcapitata, Chlorella vulgaris, Oophila sp. and Lemna minor were
conducted at the laboratory of the Centre for Toxicology (University of Guelph).
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Ceriodaphnia dubia used in the test were less than 24-h old. H. azteca used in the test were between 7 and 10 d old. C. dilutus were 21-d old and the head capsule width of a subsample of organisms was measured before initiation of the test (n=13; mean: 0.25 mm; SD: 0.08 mm). The
mass of a subsample of Hexagenia spp. was measured before the initiation of the test (n=8; mean:
37 mg; SD: 15 mg). L. variegatus were synchronized (i.e., cut in half and retention of posterior
portion of organism) 7 d before initiation of the test.
Ten individuals of the invertebrates, except for C. dubia and P. pilsbryi, were exposed to nominal
concentrations of 0, 0.625, 1.25, 2.5, 5 and 10 mg MON 0818 L-1 in 200 mL of water contained in
250-mL glass beakers. Ten C. dubia were exposed to nominal concentrations of 0, 0.156, 0.312,
0.625, 1.25, 2.5, 5 and 10 mg MON 0818 L-1 in 200 mL of water contained in 250-mL beakers.
Ten P. pilsbryi were exposed to 0, 0.625, 1.25, 2.5, 5 and 10 mg MON0818 L-1 in 750-mL glass
beakers that were completely filled and capped, to prevent the snails from escaping exposure. The
test jars containing snails were also aerated with oil-free compressed air through a glass Pasteur
pipette at a rate of 6.5 mL min-1. Dissolved oxygen (WTW Profiline Dissolved Oxygen Meter Oxi
197, Weilheim, Germany), conductivity (Radiometer CDM 230 Conductivity Meter, Cedex,
France), pH (Radiometer PHM 240 pH/Ion Meter, Cedex, France), and temperature (Radiometer
CDM 230 Conductivity Meter, Cedex, France) were measured in each test vessel at the initiation
and conclusion of the test and light intensity (Traceable® Dual-display Light Meter, Control
Company, Friendswood, Texas, USA) and temperature were monitored daily. The temperature of
all test vessels was maintained at 20±2°C in a water bath, except for the test vessels for C. dubia,
which were maintained at 24±2°C. All test vessels were kept under a light intensity between 2.8
and 9.8 µmol m-2 s-1. All invertebrates were exposed for 96-h, except for C. dubia and H. azteca,
which were exposed for 48-h. Mortality was monitored daily in each test.
Ceriodaphnia dubia, L. variegatus, and Hexagenia spp. were not fed over the course of the test.
C. dilutus were fed 250 µL of a solution composed of 18.75 g cereal grass media (Scholar Chem203

istry, West Henrietta, NY, USA) and 12.5 g of Nutrafin Max fish flakes (Hagen, Montreal, QC,
Canada) in 500 mL of water at the initiation of the test and at 48 h. H. azteca were fed 2 mg of
finely ground Nutrafin Max fish flakes at the initiation of the test. A 5-cm long piece of sterile
cotton gauze was placed in each test beaker for H. azteca in order to provide a substrate. A raft
constructed of five glass tubes (~0.4-cm wide x 3-cm long) were placed in each test vessel for the
test with Hexagenia spp. The glass tubes provided refuge and reduced stress on the sedimentdwelling organism.
The D. magna 48-h acute immobilization tests were conducted as described by OECD (2004).
The D. magna used in the test were <24-h old, and were produced at least 8 d after first-brood of
the parent culture. Reference toxicant tests with NaCl were performed within a month of the tests
presented in this study and were within the generally accepted range. Six nominal test concentrations (0, 0.625, 1.25, 2.5, 5, 10 and 20 mg MON 0818. L-1) were prepared by serial dilution of a
MON 0818 stock solution in culture water, consisting of untreated well water from the University
of Guelph well system mixed with reverse osmosis water (1:1, v:v). Characterization of the well
water is presented in Table S3. Water used in all tests was aerated for ≥24 h before initiation of
tests. Exposures were in 80 mL of solution contained in 100-mL beakers with 10 neonates each
(three replicates per treatment). Dissolved oxygen, conductivity, and temperature (YSI Model 55
m portable dissolved oxygen meter, YSI, Yellow Springs, OH) and pH (Fischer Accumet Research AR20 pH meter, Fischer Scientific, USA) were measured at initiation and conclusion of
the test. Experimental units were placed in an environmental chamber (Controlled Environments
Ltd. Model E7) at 20°C±10% and 50 µmol m-2 s-1. Observations of mortality and other signs of
toxicity were recorded at 24 and 48 h after test initiation.
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C.1.1.2.

Tests on fish

Ten P. promelas were exposed to nominal concentrations of 0, 0.625, 1.25, 2.5, 5 and 10 mg
MON 0818 L-1 in 1 L of water contained in a 2-L glass jar for 96 h. Water was aerated for ≥24 h
before being used in the test. The test jars were aerated with oil-free compressed air through a
glass Pasteur pipette at a rate of 6.5 mL min-1 L-1. P. promelas were fed Nutrafin Max fish flakes
equivalent to 1% of average fish wet weight at 48 h. A subsample of fish was weighed before the
initiation of the test (n=10; mean: 0.568 g; SD: 0.266 g).
For the tests with O. mykiss, S. namaycush, and S. alpinus ten individuals were exposed to nominal concentrations of 0, 0.625, 1.25, 2.5, 5 and 10 mg MON 0818. L-1 in 20 L of water contained
in 22-L plastic pails lined with food-grade polyethylene liners. Water was aerated for approximately 2 h before test initiation. The fish loading density was <0.5 g fish/L of water. Test pails
were aerated through silica glass air stones at a rate of 6.5 mL min-1 L-1. The fish were not fed in
the 16 h prior to and throughout the duration of test. Mass and fork length of fish in control treatment were measured at the conclusion of the test (O. mykiss, mean mass: 0.677 g, SD: 0.175 g,
mean fork length: 37.3 mm, SD: 3.7 mm, n=10; S. namaycush, mean mass: 1.49 g, SD: 0.10 g,
mean fork length: 54.0 mm, n=10, SD: 1.34 mm; S. alpinus, mean mass: 0.27 g, SD: 0.04 g, mean
fork length: 29.2 mm, SD: 1.16 mm, n=10 ). Dissolved oxygen, conductivity, pH, and temperature were measured at the initiation and conclusion of the test and light intensity and temperature
were monitored daily. The temperature of test jars was maintained at 20±2°C in a water bath for
P. promelas, at 15±1°C in a climate controlled room for O. mykiss, and at 10±1°C for S. namaycush, and S. alpinus. Light intensity ranged between 1.4 and 7 µmol m-2 s-1. Mortality was
monitored daily and dead fish were removed from test vessels.
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C.1.1.3.

Tests on aquatic primary producers

For P. subcapitata and C. vulgaris, liquid cultures were inoculated from the original agar slants
into ASTM liquid growth medium and renewed at least 3 times before test initiation. Reference
toxicant tests with ZnSO4 were performed on this culture prior to the tests presented in this study,
and the results were within the generally accepted range. For the actual tests, flasks containing
100 mL of sterile ASTM (ASTM 2012b) growth medium were spiked with 100 µl of one of six
1000X concentrated stock solutions of MON 0818 to achieve final nominal concentrations of
0.156, 0.312, 0.625, 1.25, 2.5, and 5 mg MON 0818 L-1 in the test vessels. The 6 treatments as
well as a control were prepared in triplicate.
For Oophila sp. (strain CTOC 001), a stock liquid culture already existed at the University of
Guelph Centre for Toxicology. For the tests, flasks containing 100 mL of sterile modified Bristol’s growth medium (Rodriguez-Gil et al. 2014) were spiked with 100 µl of one of six 1000-X
concentrated stock solutions of MON 0818. An initial tests with final nominal concentrations of
0, 0.125, 0.25, 0.5, 1 and 2 mg MON 0818 L-1 was conducted that failed to induce 100% inhibition on the highest concentration. A final test was conducted with final nominal concentrations 0,
0.5, 1, 1.5, 2, and 2.5 mg MON 0818 L-1 in the test vessels. All treatments were prepared in triplicate.
For all three algal species, the required volume of a 96 h-old algal culture was added to each flask
to achieve an initial cell density of 10,000 cells mL-1. Exponential growth of the cultures at this
time point was confirmed by plotting an 8-d growth curve using haemocytometer cell counts.
Test flasks were randomly placed for the duration of the test (96 h) on a mechanical shaker table
at 100 rpm in an environmental chamber (retrofitted Controlled Environments Ltd. Model E15) at
24±1°C and 24-h cool white fluorescent light at 60±5 µmol m-2 s-1 for P. subcapitata and C. vulgaris and at 18±1°C and 24-h cool white fluorescent light at 2000±5 µmol m-2 s-1 for Oophila sp.
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After 96 h exposure, cell density was determined by spectrophotometric absorbance at 430 nm
(EC 2007a), based on standard curves developed from haemocytometer counts on a concentrated
96 h-old cultures. Average specific growth rate was calculated as the difference between the natural logarithms of final and initial cell densities divided by the duration of the experiment (96 h).
Effective quantum yield (PSII yield) of photosystem II was measured under bench-top conditions
using a Mini-PAM Portable Chlorophyll Fluorometer (Heinz Walz, Effeltrich, Germany), as described in Baxter et al. (2013). Finally, an aliquot of each treatment replicate was collected and
pooled per treatment for analytical quantification of MON 0818 and the pH of each experimental
unit was measured (Fischer Accumet Research AR20 pH meter, Fisher Scientific, USA).
For the test with L. minor, five nominal concentrations (0.37, 1.11, 3.3, 10, 30 and 90 mg MON
0818 L-1) were prepared by serial dilution in 20X ASTM liquid growth medium. There were 4
replicates per treatment and control, giving a total of 28 experimental units. Disposable polystyrene petri dishes (60 x 15 mm) (Fisherbrand, Ottawa, Canada) were used as experimental units.
Seven days before test initiation, 20-40 plants, each with 3 fronds, were transferred from a
healthy culture grown in Hutner’s sucrose positive growth medium (Brain and Solomon 2007)
into a 2,800-mL flask containing 1000 mL of 20X ASTM liquid growth medium. On the day of
the test, the test culture was decanted into a sterile tray (approximately 26 x 16 x 6.4 cm) in a
laminar flow hood. A 10-mL aliquot of each test solution in 20-X ASTM medium, was pipetted
into each petri dish. Using a sterilized fork, 2 plants with 4 fronds each were transferred into each
experimental unit to give a total of 8 fronds per unit. Experimental units were randomly positioned on a tray and placed in an environmental growth chamber (retrofitted Controlled Environments Ltd. Model E7) at 24 ±0.5°C and 142 ±10 µmol m-2 s-1. Exposure media was renewed daily, at approximately the same time of day. This was performed in the order of control to the highest concentration, with appropriate rinsing and sterilization of the fork after each transfer to avoid

207

contamination. All procedures were carried out inside a laminar flow hood to avoid contamination. Frond number and other signs of toxicity (such as chlorosis) were monitored daily.
After 7 d exposure, growth rate (based on frond number), fresh weight, dry weight, and photosystem II effective quantum yield were evaluated. The quantum yield was measured as described
above. Fresh weight and dry weight were measured using a CP124 analytical balance (Sartorius,
Mississauga, Canada). Dry weight was assessed after drying for 48 h at 80 ±10°C.
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C.2.

Supplementary tables

Appendix Table C.1: Chemical properties of dechlorinated water used for the test conducted at
the Ontario Ministry of Environment and Climate Change Aquatic Toxicology Unit Laboratories
(OMECC 2012h, 2013a, b, c, 2014f, a, b, c, d).
Chemical Property

Concentration/Measurement
29.0 mg/L
<0.5 mg/L
219 mg/L
220 mg/L
338 µS/cm
7.90
81.4 mg/L CaCO3
124 mg/L
0.023 mg/L
0.015 mg/L
0.620 mg/L
0.0016 mg/L
29.0 mg/L
0.35 mg/L
<0.05 mg/L
1.34 µg/L
10.3 µg/L
22.3 µg/L
nd
0.59 µg/L
35.3 mg/L
0.83 µg/L
0.15 µg/L
0.66 µg/L
1.63 µg/L
11.6 µg/L
1.55 mg/L
3.0 µg/L
8.70 mg/L
0.16 µg/L
2.01 µg/L
15 mg/L
nd
nd
nd
181 µg/L
0.27 µg/L
nd
0.15 µg/L
5.69 µg/L
0.12 µg/L

2-

SO4
Solids; suspended
Solids; total
Solids; dissolved
Conductivity
pH
Alkalinity
Hardness
Nitrogen; NH3 + NH4+
Nitrogen; NO2Nitrogen; NO3- + NO2Phosphorus; PO43ClBrBrO3Silver
Aluminum
Barium
Beryllium
Bismuth
Calcium
Cadmium
Cobalt
Chromium
Copper
Iron
Potassium
Lithium
Magnesium
Manganese
Molybdenum
Sodium
Nickel
Lead (µg/L)
Tin (µg/L)
Strontium (µg/L)
Titanium (µg/L)
Uranium (µg/L)
Vanadium (µg/L)
Zinc (µg/L)
Zirconium (µg/L)
nd = not detected
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Appendix Table C.2: Contaminants of concern in dechlorinated water used for the test conducted at the Ontario Ministry of Environment and Climate Change Aquatic Toxicology Unit Laboratories (OMECC 2012i, j, 2014g, e).
Contaminant

Concentration
<0.02 µg/L
<0.1 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.1 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<1.1 mg/L
<19.8 mg/L
<0.60 ng/L
<1 ng/L
<5 ng/L
<5 ng/L
<1 ng/L
<5 ng/L
<5 ng/L
<2 ng/L
<1 ng/L
<10 ng/L
<1 ng/L
<1 ng/L
<1 ng/L
<1 ng/L
<1 ng/L
<1 ng/L
<2 ng/L
<5 ng/L
<1 ng/L
<5 ng/L
<1 ng/L
<2 ng/L
<2 ng/L

Mercury
2,4-dichlorophenol
2,4,6-trichlorophenol
2,4,5-trichlorophenol
Dicamba
2,3,4-trichlorophenol
2,3,4,6-tetrachlorophenol
MCPP
MCPA
2,4-D-propionic acid
2,4-D
2,3,4,5-tetrachlorophenol
Pentachlorophenol
MCPB
2,4,5-T
2,4-DB
Dinoseb
Picloram
Diclofop-methyl
Carbon; dissolved organic
Carbon; dissolved inorganic
Silicon; reactive silicate
Hexachloroethane
1,3,5-trichlorobenzene
1,2,4-trichlorobenzene
Hexachlorobutadiene
1,2,3-trichlorobenzene
2,4,5-trichlorotoluene
2,3,6-trichlorotoluene
1,2,3,5-tetrachlorobenzene
1,2,4,5-tetrachlorobenzene
2,6-dichlorobenzyl chloride
1,2,3,4-tetrachlorobenzene
Pentachlorobenzene
Hexachlorobenzene
Heptachlor
Aldrin
pp-DDE
Mirex
a-BHC (hexachlorocyclohexane)
Trifluralin
g-BHC (hexachlorocyclohexane)
a-Chlordane
g-Chlordane
Appendix Table C.2 continued
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Contaminant

Concentration

Oxychlordane
op-DDT
pp-DDD
pp-DDT
Methoxychlor
Heptachlor epoxide
Endosulphan I
Dieldrin
Endrin
Endosulphan II
Endosulphan sulphate
Octachlorostyrene
Toxaphene
PCB; total
Hexachlorocyclopentadiene
b-BHC (hexachlorocyclohexane)
Pyrethrin 1
Piperonyl Butoxide
Permethrin
Pyrethrin 2
Cyanazine
Prometone
Propazine
Atrazine
Metribuzin
Prometryne
Atratone
Ametryne
Simazine
Metolachlor
Alachlor
De-ethylated atrazine
De-ethylated simazine
Atrazine+de-alkylatedatrazine
Butachlor
Terbutryne
Dimethoate
Mevinphos
Dichlorvos
Azinphos-methyl
Methylparathion
Malathion
Parathion
Diazinon
Terbufos
Temephos
Chlorpyrifos

<2 ng/L
<5 ng/L
<5 ng/L
<5 ng/L
<5 ng/L
<2 ng/L
<2 ng/L
<2 ng/L
<5 ng/L
<5 ng/L
<5 ng/L
<1 ng/L
<500 ng/L
<20 ng/L
<1 ng/L
<2 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<50 ng/L
<50 ng/L
<50 ng/L
<100 ng/L
<20 ng/L
<50 ng/L
<50 ng/L
<50 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<0.5 µg/L
<0.2 µg/L
<1 µg/L
<0.1 µg/L
<0.5 µg/L
<1 µg/L
<0.2 µg/L
<0.5 µg/L
<0.2 µg/L
<0.1 µg/L
<0.1 µg/L
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Appendix Table C.3: Chemical characteristics of the well water used in culturing and testing of
D. magna at the University of Guelph.
Parameter

Range

pH

7.6 to 8.1

Specific Conductance, at 25°C, µmhos

726 to 1330

Alkalinity, "M" as CaCO3, mg/L

226 to 340

-

Sulfur, Total, as SO4 , mg/L

70 to 136

-

Chloride as CI , mg/L

42 to 237

Hardness, Total, as CaCO3, mg/L

343 to 514

Calcium Hardness, Total, as CaCO3, mg/L

203 to 302

Magnesium Hardness, Total, as CaCO3, mg/L

133 to 212

+

Barium, Total, as Ba , mg/L

0.04 to 0.1

++

Strontium, Total, as Sr , mg/L

0.44 to 17.8

++

Copper, Total, as Cu , mg/L

0.05 to 0.05

Iron, Total, as Fe+++, mg/L

0.1 to 0.43

+

Sodium, as Na , mg/L

17.4 to 117

+

Potassium, as K , mg/L

1.4 to 3.3
+

Aluminum, Total, as AI , mg/L

0.1 to 0.1

++

Manganese, Total, as Mn , mg/L

0.01 to 1

-

Nitrate, as NO3 , mg/L

1 to 3.4
--

Phosphate, Total, as PO4 , mg/L

0.4 to 0.4
--

Phosphate, Total Inorganic as PO4 , mg/L
--

Phosphate, Ortho, as PO4 , mg/L

0 to 0.2
0.2 to 0.2

Silica, Total, as SiO2, mg/L

11.4 to 16.2

-

Fluoride, as F , mg/L

1 to 1.1

Carbon, Total Organic, as C, mg/L

1 to 1.3

Turbidity, NTU

0.2 to 9.5
++

Lead, Total, as Pb , mg/L

0.005 to 0.019

++

Mercury, total, as Hg , µg/L

0.2 to 0.2
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Appendix Table C.4: Average pH measurements at test take-down on the test units for the 96 h
algal tests.

Species

Nominal concentration
(mg L-1)

Measured concentration
(mg L-1)

Time

pH

-

initiation

7.50

0

0.000

96 h

7.70

0.156

0.156

96 h

7.57

0.312

0.309

96 h

7.47

0.625

0.607

96 h

7.34

1.250

1.223

96 h

7.34

2.50

2.582

96 h

7.34

5.00

4.999

96 h

7.35

0

0.000

96 h

7.63

0.156

0.156

96 h

7.59

0.312

0.299

96 h

7.44

0.625

0.610

96 h

7.35

1.25

1.282

96 h

7.33

2.50

2.672

96 h

7.35

5.00

4.992

96 h

7.45

0

0.000

96 h

6.39

0.50

0.553

96 h

6.52

1.00

1.001

96 h

6.58

1.50

1.532

96 h

7.00

2.00

2.036

96 h

7.19

2.50

2.721

96 h

7.19

All
P. subcapitata

C. vulgaris

Oophila sp.
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Appendix Table C.5: Mean endpoint measurements for the 96 h algal tests with MON 0818.

Species

Measured concentration
(mg L-1)

Cell density
(cell mL-1)

Growth rate
(h-1)

PSII yield

P. subcapitata

0.000

3.72E+06

0.062

0.631

0.156

2.28E+06

0.056

0.598

0.309

1.29E+06

0.047

0.597

0.607

3.91E+05

0.036

n.a.

1.223

3.27E+04

0.016

n.a.

2.582

1.00E+04

0.000

n.a.

4.999

1.00E+04

0.000

n.a.

0.000

2.18E+06

0.055

0.611

0.156

1.98E+06

0.055

0.588

0.299

5.25E+05

0.038

0.599

0.610

1.15E+05

0.025

n.a.

1.282

4.45E+04

0.012

n.a.

2.672

1.00E+04

0.000

n.a.

4.992

1.00E+04

0.000

n.a.

0.000

7.02E+05

0.044

0.660

0.553

7.19E+05

0.045

0.687

1.001

6.51E+05

0.043

0.685

1.532

2.66E+05

0.033

0.670

2.036

5.54E+04

0.018

n.a.

2.721

4.51E+04

0.016

n.a.

C. vulgaris

Oophila sp.

n.a. PSII Effective quantum yield was not measurable due to the low signal resulting
from the low cell density in these treatments.
Appendix Table C.6: Mean endpoint variable and percent inhibition for each measured endpoint
with L. minor
Measured concentration
(mg L-1)

Frond
number

Growth rate
(d-1)

Fresh weight
(mg)

Dry weight
(mg)

PSII yield

0

106.3

0.368

755.33

13.53

0.771

0.319

89.5

0.344

691.18

12.75

0.772

1.104

87.5

0.342

834.73

14.25

0.771

3.323

54.0

0.272

315.05

5.90

0.545

9.978

49.8

0.261

202.03

5.18

0.549

29.347

46.3

0.250

147.28

4.30

0.562

89.772

40.0

0.230

128.53

4.08

0.557
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Appendix Table C.7: Mortality and monitoring data for dissolved oxygen, pH, conductivity, and
temperature at the initiation and conclusion for the acute (48 h) test with C. dubia with MON
0818.
Measured concentration (mg
L-1)

pH

Dissolved
oxygen
(mg L-1)

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

0

8.2

8.76

275.4

18.8

-

0.15

8.3

8.95

297.9

18.5

-

0.29

8.2

9.11

297.8

18.5

-

0.67

8.2

8.75

295.2

18.8

-

1.31

8.3

8.24

301.8

18.8

-

2.69

8.3

8.66

300.7

18.8

-

5.22

8.3

8.63

298.0

18.9

-

9.71

8.3

8.28

292.7

18.9

-

0

8.1

8.22

293.9

20.6

0

0.15

8.3

8.16

321.2

20.5

0

0.29

8.4

8.08

309.2

20.6

0

0.67

8.4

7.97

332.8

20.2

10

1.31

8.4

8.07

327.1

20.6

60

2.69

8.4

8.26

326.4

20.6

100

5.22

8.4

8.13

304.3

20.8

100

9.71

8.4

8.11

307.9

20.5

100

Initiation

Conclusion
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Appendix Table C.8: Mortality and monitoring data for dissolved oxygen, pH, conductivity, and
temperature at the initiation and conclusion for the 48 h test with H. azteca with MON 0818.
Measured concentration (mg
L-1)
Initiation
0.00
0.61
1.33
2.83
5.17
9.66
Conclusion
0.00
0.61
1.33
2.83
5.17
9.66

pH

Dissolved
oxygen
(mg L-1)

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

8.0
8.2
8.2
8.2
8.2
8.3

9.35
9.30
9.42
9.51
9.42
9.64

282.4
300.6
304.8
299.4
297.9
292.9

19.7
19.8
19.6
19.6
19.5
19.3

-

8.2
8.2
8.2
8.2
8.2
8.2

8.88
9.04
9.05
8.94
8.91
9.08

306.6
320.6
322.3
318.2
318.8
321.9

19.7
19.5
19.6
19.6
19.6
19.6

0
0
0
90
90
100
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Appendix Table C.9: Mortality and monitoring data for dissolved oxygen, pH, conductivity, and
temperature at the initiation and conclusion for the 96 h test with C. dilutus with MON 0818.
Measured concentration (mg
L-1)
Initiation
0.00
0.59
1.25
2.79
5.34
9.98
Conclusion
0.00
0.59
1.25
2.79
5.34
9.98

pH

Dissolved
oxygen
(mg L-1)

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

8.1
8.2
8.2
8.2
8.2
8.2

8.79
9.04
9.14
9.23
9.27
9.15

358.4
338.1
336.5
341.8
331.9
349.0

17.3
17.1
17.0
17.2
17.1
17.3

-

8.2
8.2
8.2
8.2
8.1
8.2

7.54
7.67
7.80
7.79
7.71
7.75

420
356.7
393
381
373
379

18.8
18.9
18.7
18.7
18.7
18.6

0
0
0
0
0
0
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Appendix Table C.10: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the test 96 h with Hexagenia spp. with MON
0818.
Measured concentration (mg
L-1)
Initiation
0.00
0.56
1.16
1.84
4.77
9.32
Conclusion
0.00
0.56
1.16
1.84
4.77
9.32

pH

Dissolved
oxygen
(mg L-1)

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

8.2
8.2
8.2
8.2
8.2
8.3

8.90
9.12
9.31
9.11
9.21
9.19

276.3
295.5
299.5
298.2
295.7
290.9

20.0
20.1
20.1
20.0
20.0
19.8

-

8.1
8.2
8.2
8.1
8.2
8.2

7.84
8.23
8.28
7.96
8.27
8.86

294.5
300.4
321.8
338.2
303.4
309.4

20.5
20.2
19.9
19.7
19.7
19.8

0
0
20
20
30
100
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Appendix Table C.11: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the 96 h test with L. variegatus with MON
0818.
Measured concentration (mg
L-1)
Initiation
0.00
0.61
1.28
2.31
5.21
9.82
Conclusion
0.00
0.61
1.28
2.31
5.21
9.82

pH

Dissolved
oxygen
(mg L-1)

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

8.1
8.2
8.3
8.3
8.3
8.3

9.60
9.51
9.32
9.62
9.57
9.49

285.4
300.9
300.3
299.6
295.2
289.4

20.0
20.2
20.2
20.3
20.2
20.1

-

8.2
8.3
8.3
7.9
7.8
7.8

8.67
8.61
8.50
7.65
7.38
6.82

277.4
306.7
296.4
300.6
288.9
301.3

20.3
20.2
20.0
21.1
19.9
19.8

0
0
0
100
100
100
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Appendix Table C.12: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the test with P. pilsbryi with MON 0818.
Measured concentration (mg
L-1)
Initiation
0.000
0.643
1.342
2.782
4.867
9.611
Conclusion
0.000
0.643
1.342
2.782
4.867
9.611

pH

Dissolved
oxygen
(mg L-1)

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

8.2
8.2
8.3
8.2
8.2
8.2

9.56
9.57
9.62
9.61
9.57
9.56

310.5
312.3
307.6
318.6
304.3
311.7

18.6
18.3
18.4
18.4
18.5
18.6

-

8.2
8.2
8.1
8.2
8.3
8.0

8.29
8.50
8.63
8.73
8.49
6.55

352.6
333.4
334.0
342.1
423.0
468.2

19.0
18.4
18.3
18.3
18.2
18.3

0
0
0
0
30
50
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Appendix Table C.13: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the 48 h test with D. magna with MON 0818.
Measured concentration (mg
L-1)
Initiation
0
0.62
1.24
2.79
4.78
9.87
21.74
Conclusion
0
0.62
1.24
2.79
4.78
9.87
21.74

pH

Dissolved
oxygen
(mg L-1)

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

8.41
8.43
8.41
8.45
8.46
8.46
8.43

7.62
7.40
7.33
7.28
7.52
7.43
7.49

504.1
461.4
464.8
467.8
453.1
451.1
461.9

22.1
22.3
22.6
22.5
22.6
22.6
22.5

-

8.37
8.34
8.30
8.29
8.26
8.31
8.30

7.60
7.55
7.64
7.51
7.39
7.58
7.46

502.4
478.1
486.8
489.6
495.3
490.6
491.2

21.4
21.2
21.3
21.4
21.3
21.2
21.5

0
0
20
80
90
100
100
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Appendix Table C.14: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the 96 h test with P. promelas with MON
0818.
Measured concentration (mg
L-1)
Initiation
0.00
0.59
1.31
2.58
4.98
10.93
Conclusion
0.00
0.59
1.31
2.58
4.98
10.93

pH

Dissolved
oxygen
(mg L-1)

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

8.2
8.2
8.3
8.3
8.3
8.3

8.84
8.89
9.00
9.15
9.15
9.26

285.2
297.1
296.7
295.7
293.5
288.0

19.5
19.4
19.6
19.7
19.6
19.7

-

8.3
8.3
7.6
7.6
7.6
7.7

8.54
8.71
5.34
7.23
6.31
5.96

324
339
392
375
389
380

21.6
21.8
19.7
19.5
19.3
19.3

0
0
100
100
100
100
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Appendix Table C.15: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the 96 h test with Salvelinus namaycush with
MON 0818.
Measured concentration (mg
L-1)

pH

Dissolved
oxygen
(mg L-1)

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

346.2
308.6
310.3
311.4
310.7
311.0

14.3
14.6
14.9
14.6
14.2
14.0

-

292.8
302.1
304.9
382.7
329.0
331.3

12.0
11.8
12.2
12.6
12.7
13.1

0
0
0
100
100
100

Initiation
0.00
8.3
10.31
0.61
8.3
10.27
1.19
8.3
10.40
2.41
8.3
10.46
5.01
8.3
10.25
9.72
8.4
10.35
Conclusiona
0.00
8.0
11.10
0.61
8.1
10.88
1.19
8.1
10.83
2.41
8.3
10.85
5.01
8.2
10.88
9.72
8.2
10.78
a
Concentration only measured at initiation.
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Appendix Table C.16: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the test with Salvelinus alpinus with MON
0818.
Measured concentration (mg
L-1)

pH

Dissolved
oxygen
(mg L-1)

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

346.2
309.0
310.5
350.7
310.9
309.7

14.3
14.6
14.0
13.4
13.4
13.2

-

298.1
298.7
302.2
329.4
330.9
333.5

11.8
12.4
12.1
12.3
12.7
13.0

0
0
0
100
100
100

Initiation
0.00
8.3
10.31
0.63
8.3
10.11
1.22
8.3
10.97
2.45
8.3
10.33
5.00
8.3
10.38
9.52
8.3
10.27
Conclusiona
0.00
8.1
10.91
0.63
8.2
11.02
1.22
8.2
10.94
2.45
8.1
10.99
5.00
8.2
11.01
9.52
8.3
10.98
a
Concentration only measured at initiation
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Appendix Table C.17: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the test with S. alpinus with MON 0818.
Measured concentration (mg
L-1)
Initiation
0.00
0.64
1.32
2.40
4.95
10.60
Conclusion
0.00
0.64
1.32
2.40
4.95
10.60

pH

Dissolved
oxygen
(mg L-1)

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

8.1
8.1
8.1
8.2
8.2
8.2

9.74
9.65
9.72
9.68
9.75
9.68

418.5
332.9
329.7
329.2
329.2
421.6

14.7
14.7
14.6
14.5
14.6
14.6

-

8.2
8.2
8.2
8.1
8.2
8.1

9.61
9.46
9.50
9.81
9.75
9.68

473.6
376.9
433.4
364.6
398.4
435.6

15.1
15.2
15.3
15.2
15.2
15.1

0
0
40
100
100
100
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48
48
96
96
48
96
96
96
96
96
96

Daphnia magna

Pimephales promelas

Oncorhynchus mykiss

Daphnia magna
Daphnia pulex
Oncorhynchus nerka
Oncorhynchus mykiss
Oncorhynchus kisutch

Oncorhynchus kisutch

Oncorhynchus keta

Lepomis macrochirus

Chironomous plumosus

96

Chironomous plumosus
Oncorhynchus mykiss
Pimephales promelas
Ictalurus punctatus
Lepomis macrochirus

96

48
96
96
96
96

Species

Ictalurus punctatus

duration
(h)

mortality

mortality

immobilization
mortality
mortality
mortality
mortality

mortality

mortality

immobilization

mortality

mortality

mortality

immobilization
mortality
mortality
mortality
mortality

endpoint

1.40

1.80

4.10
2.00
2.60
3.20
3.50

0.68

1.40

5.20

13.00

13.00

1.00

13.00
2.00
1.00
13.00
3.00

EC50 (mg
L-1)

1

1

1
0.7
0.7
0.7
0.7

0.7

0.7

0.7

0.7

0.7

0.7

0.7
0.7
0.7
0.7
0.7

Correction
factor

1.40

1.80

0.48
4.10
1.40
1.82
2.24
2.45

0.98

3.64

9.10

9.10

0.70

9.10
1.40
0.70
9.10
2.10

Corrected
value
(mg POEA L1
)

TAM-15
MON 0818
MON 0818
MON 0818
MON 0818
POEA IN MON
0818
POEA IN MON
0818

MON 0818

MON 0818

MON 0818

MON 0818

MON 0818

MON 0818

MON 0818
MON 0818
MON 0818
MON 0818
MON 0818

Original data fors:

(Wan et al. 1989)

(Wan et al. 1989)

(Folmar et al. 1979)
(Folmar et al. 1979)
(Folmar et al. 1979)
(Folmar et al. 1979)
(Folmar et al. 1979)
(Mayer and Ellersieck
1986)
(Mayer and Ellersieck
1986)
(Mayer and Ellersieck
1986)
(Mayer and Ellersieck
1986)
(Mayer and Ellersieck
1986)
(Mayer and Ellersieck
1986)
(Moore et al. 1986)
(Servizi et al. 1987)
(Servizi et al. 1987)
(Servizi et al. 1987)
(Servizi et al. 1987)

Reference

Appendix Table C.18: Summary of literature toxicity data used for the creation of the historical species sensitivity distribution. The specific mixture / blend of POEA used for each study is presented, as well as the correction factor used to normalize the EC50 values to POEA based on the
used mixture.
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mortality
mortality
mortality
growth
growth
growth
growth
mortality
mortality
mortality
mortality
Inhibition
mortality
immobilization
immobilization
mortality
mortality
mortality
mortality
mortality

96
96
96
96
96
96
96
40
48
48
48
96
24
0.25
48
48
48
48
96
96
96
96

Oncorhynchus tshawytsha

Oncorhynchus gorbuscha

Oncorhynchus mykiss

Xenopus laevis
Xenopus laevis
Lepomis macrochirus
Pseudokirchneriella subcapitata
Skeletonema costatum
Tetrahymena pyriformis
Euplotes vannus
Ceriodaphnia dubia
Acartia tonsa
Xenopus laevis
Rana clamitans
Vibrio fischeri
Daphnia magna
Thamnocephalus
platyurus
Daphnia magna
Lampsilis siliquoidea
Rana pipiens
Bufo fowleri
Rana catesbeiana
Hyla chrysoscelis

mortality

mortality

mortality

96

Species

endpoint

duration
(h)

0.85
0.50
0.68
0.80
0.83
>1.25

0.00

3.35
4.96
5.00
1.15
0.57
1.40
1.10
10.20
2.90

3.92

5.00
6.80
1.60

1.70

1.40

1.70

EC50 (mg
L-1)

1
0.7
0.7
0.7
0.7
0.7

1

1
1
1
1
1
0.7
0.7
1
0.7

1

0.7
0.7
0.35

1

1

1

Correction
factor

0.00
0.85
0.35
0.48
0.56
0.58
0.88

3.92
3.35
4.96
5.00
1.15
0.57
0.98
0.77
10.20
2.03

1.70
3.50
4.76
0.56

1.40

1.70

Corrected
value
(mg POEA L1
)

Surfonic T 15
MON 0818
MON 0818
MON 0818
MON 0818
MON 0818

Surfonic T 15

100% POEA
100% POEA
100% POEA
100% POEA
100% POEA
MON 0818
MON 0818
100% POEA
MON 0818

100% POEA

POEA IN MON
0818
POEA IN MON
0818
POEA IN MON
0818
MON 0818
MON 0818
Entry II

Original data fors:

(Brausch et al. 2007)
(Bringolf et al. 2007)
(Moore et al. 2012)
(Moore et al. 2012)
(Moore et al. 2012)
(Moore et al. 2012)

(Brausch and Smith 2007)

(Tsui and Chu 2003)
(Tsui and Chu 2003)
(Tsui and Chu 2003)
(Tsui and Chu 2003)
(Tsui and Chu 2003)
(Edginton et al. 2004a)
(Howe et al. 2004)
(Tsui and Chu 2003)
(Wang et al. 2005)

(Tsui and Chu 2003)

(Perkins 1997)
(Perkins et al. 2000)
(Haller and Stocker 2003)

(Wan et al. 1989)

(Wan et al. 1989)

(Wan et al. 1989)

Reference
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duration
(h)
96
48
96
36

Species

Rana clamitans
Ceriodaphnia dubia
Pimephales promelas
Crassostrea gigas

mortality
mortality
mortality
arrested develop.

endpoint
1.32
0.42
>0.44
0.26

EC50 (mg
L-1)
0.7
0.35
0.35
0.7

Correction
factor
0.92
0.15
0.15
0.18

Corrected
value
(mg POEA L1
)
MON 0818
Entry II
Entry II
Genamin T200

Original data fors:

(Moore et al. 2012)
(Tatum et al. 2012)
(Tatum et al. 2012)
(Mottier et al. 2014)

Reference

C.3.

Supplementary figures

Appendix Figure C.1: Time-to-first-brood survival curve for C. dubia exposed to MON 0818.
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Appendix Figure C.2: Species sensitivity distribution (SSD) of acute EC10s (Green) EC50s
(Black) and EC90s (Red) for MON 0818 (technical mixture, 68% POEA) based on the toxicity
data produced in this study. All ECx’s are based on survival, except for P. subcapitata, C. vulgaris and Oophila sp. , where cell density was used and L. minor, where the ECx for fresh weight is
presented. Dashed vertical lines indicate reference concentrations based worst-case scenario unintentional direct over-spray of a 15 cm-deep body of water with the maximum (Max.) label application rate allowed for the studied formulations (Roundup Original® and Vision®; 12 L formulation ha-1, 4.27 kg kg a.e. ha-1), a more typical (Typical) application rate (6 L formulation ha-1, 2.14
kg kg a.e. ha-1) as well as estimated concentrations of MON 0818 calculated from maximum
measured glyphosate concentrations in the environment (Estimated).
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.

Appendix Figure C.3: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with Hexagenia sp.

Appendix Figure C.4: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with H.azteca.
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Appendix Figure C.5: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with L. variegatus.

Appendix Figure C.6: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with C. dilutus.
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Appendix Figure C.7: Progression of the mortality over the duration of the acute (48 h) toxicity
test for MON 0818 with D. magna.

Appendix Figure C.8: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with P. promelas.

233

Appendix Figure C.9: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with O. mykiss.

Appendix Figure C.10: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with S. namaycush.
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Appendix Figure C.11: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with S. alpinus.
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Apendix D
Supplemental information for Chapter 5

D.1.

Supplementary methods

D.1.1.

Acute invertebrate toxicity tests in the presence of sediment.

Testing with Hyalella azteca (amphipod), Chironomus dilutus (nonbiting midge), Hexagenia spp.
(larval mayfly, with the culture composed of two closely related species, Hexagenia rigida and
Hexagenia limbata), and Lumbriculus variegatus (oligochaete worm) was conducted at the Ontario Ministry of Environment and Climate Change (OMECC) Aquatic Toxicology Unit Laboratories in Toronto, Ontario, Canada. The Aquatic Toxicology Unit laboratory is accredited to
ISO17025 Quality Management System. Organisms for testing were obtained from cultures
maintained at the OMECC laboratory and testing procedures followed the OMECC Standard Operating Procedures (OMECC 2012e, f, d, a, g, b). Water used in culturing and testing was tap water supplied by the City of Toronto, dechlorinated by activated carbon beds followed by sterilization with ultraviolet light. Characterization of the water used in culturing and testing is presented
in Appendix Table D.3 and Appendix Table D.4. Water used in all tests was aerated for ≥24 h
prior to initiation of tests.
Hyalella azteca used in the test were between 7 and 10 d old. C. dilutus were 21-d old and the
head capsule width of a subsample of organisms was measured before initiation of the test (n=13;
mean: 0.25 mm; SD: 0.08 mm). The mass of a subsample of Hexagenia spp. was measured before the initiation of the test (n = 8; mean: 37 mg; SD: 15 mg). L. variegatus were synchronized
(i.e., cut in half and retention of posterior portion of organism) 7 d before initiation of the test.
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Ten individuals of each species were exposed to nominal concentrations of 0, 0.625, 1.25, 2.5, 5
and 10 mg MON 0818 L-1 in 200 mL of water contained in 250-mL glass beakers with 15 mL of
control sediment. In order to allow the sediment to settle and limit the amount of suspended materials, all experimental units were prepared 24 h before the test and left to equilibrate under test
conditions until initiation. The test solutions of MON 0818 were created by adding known
amounts of concentrated stocks to the test units immediately before adding the organisms. Dissolved oxygen (WTW Profiline Dissolved Oxygen Meter Oxi 197, Weilheim, Germany), conductivity (Radiometer CDM 230 Conductivity Meter, Cedex, France), pH (Radiometer PHM 240
pH/Ion Meter, Cedex, France), and temperature (recorded daily using a Radiometer CDM 230
Conductivity Meter, Cedex, France) were measured in each test vessel at the initiation and conclusion of the test and light intensity (Traceable® Dual-display Light Meter, Control Company,
Friendswood, Texas, USA). The temperature of all test vessels was maintained at 20±2°C in a
water bath. All test vessels were kept under a light intensity between 2.8 and 9.8 µmol m-2 s-1. All
tests were 96 h, except for H. azteca, which were exposed for 48 h. Mortality was monitored daily.
Lumbriculus variegatus, and Hexagenia spp. were not fed over the course of the test. C. dilutus
were fed 250 µL of a solution composed of 18.75 g cereal grass media (Scholar Chemistry, West
Henrietta, NY, USA) and 12.5 g of Nutrafin Max fish flakes (Hagen, Montreal, QC, Canada) in
500 mL of water at the initiation of the test and at 48 h. H. azteca were fed 2 mg of finely ground
Nutrafin Max fish flakes at the initiation of the test.

D.1.2.

Acute toxicity tests with fish.

Ten Pimephales promelas (fathead minnow) were exposed for 96 h to nominal concentrations of
0, 0.625, 1.25, 2.5, 5 and 10 mg MON 0818. L-1 in 1 L of water contained in 2 L glass jars to
which 100 mL of control sediment had been added. The test units were prepared 24 h in advance
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to allow the sediment to settle. Spiking of the test units with known amounts of MON 0818 was
conducted immediately before adding the organisms. Water was aerated for ≥24 h before being
used in the test. The test jars were aerated with oil-free compressed air through a glass Pasteur
pipette at a rate of 6.5 mL min-1 L-1. P. promelas were fed Nutrafin Max fish flakes equivalent to
1% of average fish wet weight at 48 h. A subsample of fish was weighed before the initiation of
the test (n=10; mean: 0.568 g; SD: 0.266 g). Dissolved oxygen, conductivity, pH, and temperature were measured at the initiation and conclusion of the test and light intensity and temperature
were monitored daily. The temperature of test jars was maintained at 20±2°C in a water bath.
Mortality was monitored daily and dead fish were removed from test vessels.
In order to assess the effect of lower temperature on the toxicity of MON 0818, as well as any
possible difference in sensitivity between cold and warm water species, the cold-water fishes
Salvelinus namaycush (lake trout) and Salvelinus alpinus (arctic char) were exposed to nominal
concentrations of 0, 0.625, 1.25, 2.5, 5 and 10 mg MON 0818. L-1 at 10°C. A summary of the
testing conditions used for the tests with fish is presented in Table 5.1. Exposure was conducted
at the OMECC laboratories in 20 L of water contained in 22-L plastic pails lined with food-grade
polyethylene liners. Water was aerated for approximately 2 h before test initiation. The fish loading density was <0.5 g fish/L of water. Test pails were aerated through silica glass air stones at a
rate of 6.5 mL min-1 L-1. The fish were not fed in the 16 h prior to and throughout the duration
of test. Mass and fork length of fish in control treatment were measured at the conclusion of the
test (S. namaycush, mean mass: 1.50g, SD: 0.11 g, mean fork length: 54.0 mm, SD: 1.35 mm,
n=10; S. alpinus, mean mass: 0.38 g, SD: 0.07 g, mean fork length: 32.5 mm, SD: 3.85 mm,
n=10). Dissolved oxygen, conductivity, pH, and temperature were measured at the initiation and
conclusion of the test and light intensity and temperature were monitored daily. The temperature
of test jars was maintained at 10±1°C in a climate controlled room. Light intensity ranged be-
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tween 1.4 and 7 µmol m-2 s-1. Mortality was monitored daily and dead fish were removed from
test vessels.
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D.2.

Supplementary Tables

Appendix Table D.1: Physical and chemical properties of control sediments used in the current
study. Previously collected sediment from Peche Island (near the head of the Detroit River) was
used as the control sediment (CS)
Chemical Property
Carbon; total organic (mg/g dry w)
Nitrogen; total Kjeldahl (mg/g dry w)
Phosphorus; total (mg/g dry w)
Solids; total (mg/g dry w)
Moisture (%)

Concentration/Measurement
27
1.2
0.61
50
53

% 1000-2000um (% volume)
% <1000 um, >42.2 um (% volume)
% <42.2 um (% volume)
% <1000 um, >704 um (% volume)
% <704 um, >500 um (% volume)
% <500 um, >352 um (% volume)
% <352 um, >250 um (% volume)
% <250 um, >176 um (% volume)
% <176 um, >125 um (% volume)
% <125 um, >88 um (% volume)
% <88 um, >62 um (% volume)
% <62 um, >42.2 um (% volume)
% <42.2 um, >29.8 um (% volume)
% <29.8 um, >21.1 um (% volume)
% <21.1 um, >14.9 um (% volume)
% <14.9 um, >10.5 um (% volume)
% <10.5 um, >7.46 um (% volume)
% <7.46 um, >5.27 um (% volume)
% <5.27 um, >3.73 um (% volume)
% <3.73 um, >2.63 um (% volume)
% <2.63 um, >1.69 um (% volume)
% <1.69 um, >1.01 um (% volume)
% <1.01 um, >0.66 um (% volume)
% <0.66 um, >0.43 um (% volume)
% <0.43 um, >0.34 um (% volume)
% <0.34 um, >0.21 um (% volume)
% <0.21 um, >0.10 um (% volume)
% <2.63 um, >0.10 um, sum (% volume)
% <62 um, >2.63 um, sum (% volume)
% <1000 um, >62 um, sum (% volume)
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<0.5
10.5
89.5
<0.2
<0.2
<0.2
<0.2
<0.2
<0.2
1.8
3.2
5.6
8.0
9.6
11.0
10.8
10.0
9.2
7.6
6.4
6.2
5.4
3.2
1.6
<0.2
<0.2
<0.2
16.8
78.2
5.0

Appendix Table D.2: Mean concentration (ng/g) of PCB congeners control sediments used in the
current study.

PCB Congener

Concentration
(ng/g)

PCB congeners; total

<10

2,2',5-trichlorobiphenyl
2,2',6-trichlorobiphenyl
2,3,4'-trichlorobiphenyl
2,4,4'-trichlorobiphenyl
2',3,4-trichlorobiphenyl
3,4,4'-trichlorobiphenyl
2,2',3,5'-tetrachlorobiphenyl
2,2',4,5'-tetrachlorobiphenyl
2,2',5,5'-tetrachlorobiphenyl
2,2',6,6'-tetrachlorobiphenyl
2,3',4',5-tetrachlorobiphenyl
2,4,4',5-tetrachlorobiphenyl
3,3',4,4'-tetrachlorobiphenyl
3,4,4',5-tetrachlorobiphenyl
2,2'3,4,5'-pentachlorobiphenyl
2,2'3,5',6-pentachlorobiphenyl
2,2'4,4',5-pentachlorobiphenyl
2,2'4,5,5'-pentachlorobiphenyl
2,2'4,6,6'-pentachlorobiphenyl
2,3,3'4,4'-pentachlorobiphenyl
2,3,3'4',6-pentachlorobiphenyl
2,3,4,4',5-pentachlorobiphenyl
2,3'4,4',5-pentachlorobiphenyl
2,3'4,4',6-pentachlorobiphenyl
2'3,4,4',5-pentachlorobiphenyl
3,3'4,4',5-pentachlorobiphenyl
22',33',44'-hexachlorobiphenyl
2,2'3,44'5'-hexachlorobiphenyl

<2
<2
<2
<2
<2
<2
<1
<1
<1
<1
1
<1
<1
<1
<1
<1
<2
<1
<1
1
<1
<1
1
<1
<1
<1
<1
<1

PCB Congener

Concentration
(ng/g)

2,2'3,4'5'6-hexachlorobiphenyl
2,2'3,5,5'6-hexachlorobiphenyl
22',44',55'-hexachlorobiphenyl
22',44',66'-hexachlorobiphenyl
2,3,3'4,4'5-hexachlorobiphenyl
2,3,3'44'5'-hexachlorobiphenyl
2,3,3'4,4'6-hexachlorobiphenyl
23',44',55'-hexachlorobiphenyl
23',44',5'6-hexachlorobiphenyl
3,3'4,4'55'-hexachlorobiphenyl
22'33'44'5-heptachlorobiphenyl
22'33'44'6-heptachlorobiphenyl
22'33'4'56-heptachlorobiphenyl
22'33'55'6-heptachlorobiphenyl
22'344'55'-heptachlorobiphenyl
22'344'5'6-heptachlorobiphenyl
22'34'55'6-heptachlorobiphenyl
22'34'566'-heptachlorobiphenyl
233'44'55'-heptachlorobiphenyl
233'44'5'6-heptachlorobiphenyl
22'33'44'55'-octa(Cl)biphenyl
22'33'455'6'-octa(Cl)biphenyl
22'33'45'66'-octa(Cl)biphenyl
22'33'55'66'-octa(Cl)biphenyl
233'44'55'6-octachlorobiphenyl
22'33'44'55'6-nona(Cl)biphenyl
22'33'455'66'-nona(Cl)biphenyl
2,2'3,4'5'6-hexachlorobiphenyl
2,2'3,5,5'6-hexachlorobiphenyl
22',44',55'-hexachlorobiphenyl
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<1
<1
1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
<1
1
<1
<1
<1
<1
1

Appendix Table D.3: Chemical properties of dechlorinated water used for the test conducted at
the Ontario Ministry of Environment and Climate Change Aquatic Toxicology Unit Laboratories
(OMECC 2012h, 2013a, b, c, 2014f, a, b, c, d).
Chemical Property

Concentration/Measurement
29.0 mg/L
<0.5 mg/L
219 mg/L
220 mg/L
338 µS/cm
7.90
81.4 mg/L CaCO3
124 mg/L
0.023 mg/L
0.015 mg/L
0.620 mg/L
0.0016 mg/L
29.0 mg/L
0.35 mg/L
<0.05 mg/L
1.34 µg/L
10.3 µg/L
22.3 µg/L
nd
0.59 µg/L
35.3 mg/L
0.83 µg/L
0.15 µg/L
0.66 µg/L
1.63 µg/L
11.6 µg/L
1.55 mg/L
3.0 µg/L
8.70 mg/L
0.16 µg/L
2.01 µg/L
15 mg/L
nd
nd
nd
181 µg/L
0.27 µg/L
nd
0.15 µg/L
5.69 µg/L
0.12 µg/L

2-

SO4
Solids; suspended
Solids; total
Solids; dissolved
Conductivity
pH
Alkalinity
Hardness
Nitrogen; NH3 + NH4+
Nitrogen; NO2Nitrogen; NO3- + NO2Phosphorus; PO43ClBrBrO3Silver
Aluminum
Barium
Beryllium
Bismuth
Calcium
Cadmium
Cobalt
Chromium
Copper
Iron
Potassium
Lithium
Magnesium
Manganese
Molybdenum
Sodium
Nickel
Lead (µg/L)
Tin (µg/L)
Strontium (µg/L)
Titanium (µg/L)
Uranium (µg/L)
Vanadium (µg/L)
Zinc (µg/L)
Zirconium (µg/L)
nd = not detected
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Appendix Table D.4: Contaminants of concern in dechlorinated water used for the test conducted at the Ontario Ministry of Environment and Climate Change Aquatic Toxicology Unit Laboratories (OMECC 2012i, j, 2014g, e).
Contaminant

Concentration
<0.02 µg/L
<0.1 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.1 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<0.05 µg/L
<1.1 mg/L
<19.8 mg/L
<0.60 ng/L
<1 ng/L
<5 ng/L
<5 ng/L
<1 ng/L
<5 ng/L
<5 ng/L
<2 ng/L
<1 ng/L
<10 ng/L
<1 ng/L
<1 ng/L
<1 ng/L
<1 ng/L
<1 ng/L
<1 ng/L
<2 ng/L
<5 ng/L
<1 ng/L
<5 ng/L
<1 ng/L
<2 ng/L
<2 ng/L

Mercury
2,4-dichlorophenol
2,4,6-trichlorophenol
2,4,5-trichlorophenol
Dicamba
2,3,4-trichlorophenol
2,3,4,6-tetrachlorophenol
MCPP
MCPA
2,4-D-propionic acid
Bromoxynil
2,4-D
2,3,4,5-tetrachlorophenol
Pentachlorophenol
MCPB
2,4,5-T
2,4-DB
Picloram
Diclofop-methyl
Carbon; dissolved organic
Carbon; dissolved inorganic
Silicon; reactive silicate
Hexachloroethane
1,3,5-trichlorobenzene
1,2,4-trichlorobenzene
Hexachlorobutadiene
1,2,3-trichlorobenzene
2,4,5-trichlorotoluene
2,3,6-trichlorotoluene
1,2,3,5-tetrachlorobenzene
1,2,4,5-tetrachlorobenzene
2,6-dichlorobenzyl chloride
1,2,3,4-tetrachlorobenzene
Pentachlorobenzene
Hexachlorobenzene
Heptachlor
Aldrin
pp-DDE
Mirex
a-BHC (hexachlorocyclohexane)
Trifluralin
g-BHC (hexachlorocyclohexane)
a-Chlordane
g-Chlordane
Appendix Table D.4 continued
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Contaminant

Concentration

Oxychlordane
op-DDT
pp-DDD
pp-DDT
Methoxychlor
Heptachlor epoxide
Endosulphan I
Dieldrin
Endrin
Endosulphan II
Endosulphan sulphate
Octachlorostyrene
Toxaphene
PCB; total
Hexachlorocyclopentadiene
b-BHC (hexachlorocyclohexane)
Pyrethrin 1
Piperonyl Butoxide
Permethrin
Pyrethrin 2
Cyanazine
Prometone
Propazine
Atrazine
Metribuzin
Prometryne
Atratone
Ametryne
Simazine
Metolachlor
Alachlor
De-ethylated atrazine
De-ethylated simazine
Atrazine+de-alkylatedatrazine
Butachlor
Terbutryne
Dimethoate
Mevinphos
Dichlorvos
Azinphos-methyl
Methylparathion
Malathion
Parathion
Diazinon
Phorate
Chlorpyrifos

<2 ng/L
<5 ng/L
<5 ng/L
<5 ng/L
<5 ng/L
<2 ng/L
<2 ng/L
<2 ng/L
<5 ng/L
<5 ng/L
<5 ng/L
<1 ng/L
<500 ng/L
<20 ng/L
<1 ng/L
<2 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<50 ng/L
<50 ng/L
<50 ng/L
<100 ng/L
<20 ng/L
<50 ng/L
<50 ng/L
<50 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<100 ng/L
<0.5 µg/L
<0.2 µg/L
<1 µg/L
<0.1 µg/L
<0.5 µg/L
<1 µg/L
<0.2 µg/L
<0.5 µg/L
<0.1 µg/L
<0.1 µg/L
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Appendix Table D.5: Chemical characteristics of the well water used in culturing and testing of
Daphnia. magna at the University of Guelph.
Parameter

Range

pH

7.6 to 8.1

Specific Conductance, at 25°C, µmhos

726 to 1330

Alkalinity, "M" as CaCO3, mg/L

226 to 340

-

Sulfur, Total, as SO4 , mg/L

70 to 136

-

Chloride as CI , mg/L

42 to 237

Hardness, Total, as CaCO3, mg/L

343 to 514

Calcium Hardness, Total, as CaCO3, mg/L

203 to 302

Magnesium Hardness, Total, as CaCO3, mg/L

133 to 212

+

Barium, Total, as Ba , mg/L

0.04 to 0.1

++

Strontium, Total, as Sr , mg/L

0.44 to 17.8

++

Copper, Total, as Cu , mg/L

0.05 to 0.05

Iron, Total, as Fe+++, mg/L

0.1 to 0.43

+

Sodium, as Na , mg/L

17.4 to 117

+

Potassium, as K , mg/L

1.4 to 3.3
+

Aluminum, Total, as AI , mg/L

0.1 to 0.1

++

Manganese, Total, as Mn , mg/L

0.01 to 1

-

Nitrate, as NO3 , mg/L

1 to 3.4
--

Phosphate, Total, as PO4 , mg/L

0.4 to 0.4
--

Phosphate, Total Inorganic as PO4 , mg/L
--

Phosphate, Ortho, as PO4 , mg/L

0 to 0.2
0.2 to 0.2

Silica, Total, as SiO2, mg/L

11.4 to 16.2

-

Fluoride, as F , mg/L

1 to 1.1

Carbon, Total Organic, as C, mg/L

1 to 1.3

Turbidity, NTU

0.2 to 9.5
++

Lead, Total, as Pb , mg/L

0.005 to 0.019

++

Mercury, total, as Hg , µg/L

0.2 to 0.2
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Appendix Table D.6: Mortality and monitoring data for dissolved oxygen, pH, conductivity, and
temperature during the recovery phase of the exposure-recovery test with Daphnia magna with
MON 0818.

a

Measured concentrationa
(mg L-1)

pH

Dissolved
oxygen
(mg L-1 )

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

0

8.42 ± 0.05

8.78 ± 0.09

505 ± 11

19.8 ± 0.5

10

0.54

8.42 ± 0.05

8.55 ± 0.12

511 ± 9

19.9 ± 0.5

0

2.03

8.45 ± 0.02

8.74 ± 0.12

501 ± 7

19.9 ± 0.5

0

4.83

8.43 ± 0.02

8.60 ± 0.15

507 ± 6

19.9 ± 0.5

40

During the exposure phase
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Appendix Table D.7: Mortality and monitoring data for dissolved oxygen, pH, conductivity, and
temperature at the initiation and conclusion for the 48 h test with Hyella azteca with MON 0818
in the presence of sediment.
Measured concentration (mg
L-1)

pH

Dissolved
oxygen
(mg L-1 )

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

334.1
334.8
359.0
350.0
345.8
340.7

20.1
20.1
19.9
19.8
19.6
19.6

-

380
402
401
404
401
401

19.8
19.9
20.0
19.9
20.2
20.1

20
20
20
30
40
60

Initiation
0
8.2
8.81
0.61
8.3
8.50
1.24
8.3
8.57
2.85
8.4
8.57
5.00
8.3
8.63
10.09
8.3
8.68
Conclusiona
0
8.1
7.95
0.61
8.1
8.03
1.24
8.1
8.30
2.85
8.2
8.16
5.00
8.2
8.50
10.09
8.1
8.20
a
Concentration only measured at initiation
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Appendix Table D.8: Mortality and monitoring data for dissolved oxygen, pH, conductivity, and
temperature at the initiation and conclusion for the 96 h test with Chironomus dilutus with MON
0818 in the presence of sediment.
Measured concentration (mg
L-1)

pH

Dissolved
oxygen
(mg L-1 )

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

338.0
354.1
349.7
360.8
366.2
362.6

17.6
17.5
17.5
17.6
17.4
17.5

-

446
438
441
456
462
445

18.7
18.7
18.6
18.4
18.3
18.4

10
10
0
10
10
10

Initiation
0.00
7.8
8.20
0.65
7.9
8.01
1.24
7.9
8.05
2.47
7.9
8.00
4.84
7.8
7.88
9.92
7.9
8.12
Conclusiona
0.00
7.8
6.39
0.65
7.8
5.69
1.24
8.2
7.79
2.47
8.3
8.18
4.84
8.2
8.01
9.92
8.2
7.76
a
Concentration only measured at initiation
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Appendix Table D.9: Mortality and monitoring data for dissolved oxygen, pH, conductivity, and
temperature at the initiation and conclusion for the test 96 h with Hexagenia spp. with MON 0818
in the presence of sediment.
Measured concentration (mg
L-1)

pH

Dissolved
oxygen
(mg L-1 )

Conductivity
(µS/cm)

Temperature
(°C)

Initiation
0.00
8.3
8.50
320.7
19.8
0.58
8.3
9.19
342.5
19.9
1.24
8.3
9.18
344.2
19.8
2.03
8.3
9.18
339.8
19.8
4.60
8.4
9.01
340.1
19.6
9.53
8.4
9.05
335.1
19.4
Conclusiona
7.8
6.56
363
20.0
0.00
0.00
7.9
6.84
392
19.9
0.04
7.9
6.56
380
20.0
0.25
7.9
6.35
375
20.0
0.99
7.8
6.32
369
19.9
5.55
7.9
6.07
354
19.9
a
Concentration at termination of the exposure phase (48 h ) was measured.
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Mortality
(%)

0
0
0
0
0
0

Appendix Table D.10: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the 96 h test with Lumbriculus variegatus
with MON 0818 in the presence of sediment.
Measured concentration (mg
L-1)

pH

Dissolved
oxygen
(mg L-1 )

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

338.4
360.0
360.1
345.6
350.1
345.7

20.0
20.2
20.2
20.2
20.1
20.2

-

361
324
390
380
389
315

20.0
19.9
19.6
19.7
19.7
19.6

10
0
10
30
10
10

Initiation
0.00
8.4
9.04
0.63
8.3
9.08
1.25
8.4
9.10
2.69
8.4
9.15
5.26
8.4
9.21
9.65
8.4
9.28
Conclusiona
0.00
8.1
7.84
0.63
8.2
7.75
1.25
8.2
7.66
2.69
8.2
7.86
5.26
8.2
8.00
9.65
8.2
7.81
a
Concentration only measured at initiation
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Appendix Table D.11: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the 96 h test with Pimephales promelas with
MON 08180818 in the presence of sediment.
Measured concentration (mg
L-1)

pH

Dissolved
oxygen
(mg L-1 )

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

310.2
339.9
339.6
338.7
336.1
329.4

19.5
19.7
19.7
19.5
19.5
19.5

-

363
354
362
358
405
430

20.0
19.9
20.0
20.0
19.3
19.3

0
0
10
0
100
100

Initiation
0
8.3
8.51
0.61
8.4
8.55
1.23
8.4
8.60
2.49
8.3
8.55
4.99
8.4
8.62
9.53
8.3
8.71
Conclusiona
0
8.1
7.95
0.61
8.2
8.58
1.23
8.3
8.78
2.49
8.3
8.81
4.99
5.97
7.8
9.53
5.53
7.7
a
Concentration only measured at initiation
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Appendix Table D.12: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the 96 h test with S. namaycush with MON
0818 at 15°C.
Measured concentration (mg
L-1)
Initiation
0.00
0.64
1.24
2.46
5.05
9.78
Conclusion
0.00
0.64
1.24
2.46
5.05
9.78

pH

Dissolved
oxygen
(mg L-1 )

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

8.1
8.2
8.2
8.3
8.3
8.3

9.92
10.04
10.10
10.12
10.21
10.15

314.1
384.8
321.0
322.0
324.0
325.1

14.7
14.3
14.4
14.5
14.3
14.4

-

8.0
8.1
8.1
7.8
7.9
7.9

9.85
9.88
9.62
9.53
9.47
9.52

383.5
305.1
322.8
329.1
335.6
337.7

15.1
15.0
15.0
15.1
15.0
15.1

0
0
0
100
100
100
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Appendix Table D.13: Mortality and monitoring data for dissolved oxygen, pH, conductivity,
and temperature at the initiation and conclusion for the test with S. alpinus with MON 0818 at
15°C.
Measured concentration (mg
L-1)
Initiation
0.00
0.64
1.32
2.40
4.95
10.60
Conclusion
0.00
0.64
1.32
2.40
4.95
10.60

pH

Dissolved
oxygen
(mg L-1 )

Conductivity
(µS/cm)

Temperature
(°C)

Mortality
(%)

8.1
8.1
8.1
8.2
8.2
8.2

9.74
9.65
9.72
9.68
9.75
9.68

418.5
332.9
329.7
329.2
329.2
421.6

14.7
14.7
14.6
14.5
14.6
14.6

-

8.2
8.2
8.2
8.1
8.2
8.1

9.61
9.46
9.50
9.81
9.75
9.68

473.6
376.9
433.4
364.6
398.4
435.6

15.1
15.2
15.3
15.2
15.2
15.1

0
0
40
100
100
100
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Appendix Table D.14: Measured concentration in the exposure-phase vessels and average pH
measurements at the end of the recovery-phase on the test algal tests.

Species

Measured concentration
(mg L-1)

Time

pH

-

initiation

7.50

0

0.000

96 h

8.11

0.25

0.247

96 h

8.18

0.50

0.496

96 h

8.37

1.00

0.998

96 h

7.97

0

0.000

96 h

8.06

0.25

0.248

96 h

8.03

0.50

0.497

96 h

7.98

1.00

1.001

96 h

7.91

0

0.000

96 h

6.14

0.50

0.486

96 h

6.12

1.00

1.018

96 h

6.15

1.50

1.507

96 h

6.14

Nominal concentration (mg L-1)

All
Pseudokirschneriella
subcapitata

Chlorella vulgaris

Oophila sp.
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Appendix Table D.15: Mean endpoint measurements at the end of the recovery phase for the
exposure-recovery test with algae.

Species

Measured concentration
(mg L-1)

Pseudokirschneriella
subcapitata

0.000

Cell density (cell
mL-1)
4.42E+06

0.247

4.34E+06

0.48

0.496

4.46E+06

0.51

0.998

3.01E+06

0.47

0.000

8.35E+06

0.29

0.248

6.85E+06

0.32

0.497

6.19E+06

0.39

1.001

3.58E+06

0.50

0.000

8.85E+05

0.66

0.486

8.52E+05

0.69

1.018

8.53E+05

0.69

1.507

8.31E+05

0.67

Chlorella vulgaris

Oophila sp.

PSII yield
0.49

Appendix Table D.16: Mean endpoint variable and percent inhibition for each measured endpoint with Lemna. minor
Nominal concentration
(mg L-1)

Measured concentration
(mg L-1)

Frond
number

Dry weight
(mg)

PSII yield

0

0

55.4

7.6

0.74

1

1.024

55.2

7.38

0.74

10

9.959

50.6

7.04

0.72

100

102.895

48.8

6.28

0.73
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D.3.

Supplementary figures

Appendix Figure D.1: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with Hexagenia spp. without sediment (left) and with sediment (right).

Appendix Figure D.2: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with Hyella azteca without sediment (left) and with sediment (right).
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Appendix Figure D.3: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with Lumbriculus veriegatus without sediment (left) and with sediment
(right).

Appendix Figure D.4: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with Chironomus dulutus without sediment (left) and with sediment (right).

257

Appendix Figure D.5: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with Salvelinus namaycush.at 15°C (left) and 10°C (right).

Appendix Figure D.6: Progression of the mortality over the duration of the acute (96 h) toxicity
test for MON 0818 with Salvelinus alpinus at 15°C (left) and 10°C (right)
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Appendix Figure D.7: Total number of neonates produced per surviving daphnia over the 21-d
recovery period after a 24 h exposure to the indicated concentrations of MON 0818. Linear regression was fitted to the data. The arrow, indicates the 2.03 mg L-1 treatment, the only one being
significantly different (P<0.05) from the control under a Kruskal-Wallis One Way Analysis of
Variance on Ranks.
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Appendix Figure D.8: Mean number of broods produced per surviving daphnia over the 21-d
recovery period after a 24 h exposure to the indicated concentrations of MON 0818. Linear regression was fitted to the data. Error bars represent the standard deviation of the mean.
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Appendix Figure D.9: Mean length (measured from the centre of the eye to the end of the spine)
of surviving daphnia after a 21 d recovery period following a 24 h exposure to the indicated concentrations of MON 0818. Linear regression was fitted to the data. Error bars represent the standard deviation of the mean.
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Appendix Figure D.10: Weight per surviving daphnia (measured from all pooled individuals per
treatment divided by # of individuals) after a 21 d recovery period following a 24 h exposure to
the indicated concentrations of MON 0818. Linear regression was fitted to the data.
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Appendix Figure D.11: Mean effective PS II quantum yield in Chlorella vulgaris after a 21 d
recovery period following a 24 h exposure to the indicated concentrations of MON 0818. Linear
regression was fitted to the data. Error bars represent the standard deviation of the mean.
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Apendix E
Supplemental information for Chapter 6

E.1.

Supplementary methods

E.1.1.

Sediment characterization methods

E.1.1.1.

Carbon

Carbon analysis were based on the method by Nelson and Sommers (1996). Total carbon analysis
was performed in a LECO SC444. Inorganic carbon was determined by ashing the sample at
475oC for three hours prior to LECO SC444 use. Organic carbon was calculated by subtracting
the inorganic carbon result from the total carbon result. The LECO SC444 method of carbon and
sulphur determination is based on the combustion and oxidation of C to form CO2 by burning the
sample at 1350°C in a stream of purified O2. The amount of evolved CO2 is measured by infrared
detection and used to calculate the percentages of C in the sample.
E.1.1.2.

Cation Exchange Capacity

Cation exchange capacity (CEC) analysis was based on the method by Rhoades (1996) and was
determined by saturating the exchange sites in the soil with a single cation (Ba+) and then displacing it with a different cation (NH4+). The amount of the original cation (Ba+) displaced from the
soil is then measured to calculate the CEC.
E.1.1.3.

pH

Determination of sediment pH was performed following the method of Hendershot et al. (1993).
Sediment sample was saturated with ddH2O and the pH was read on the saturated sample. The pH
of a buffer solution was analyzed on soils having a pH of 6.0 or less.

264

E.2.

Supplementary tables

Appendix Table E.1: Characteristics of the sediment used in the microcosms (n=1).
Organic C (%)

4.94

Inorganic C (%)

2.70

Total C (%)

7.64

pH

7

CEC

13.3

Gravel (%)

0.3

Sand (%)

65.2

Very fine sand (%)

7.5

Fine sand (%)

31.0

Medium sand (%)

21.2

Coarse sand (%)

4.6

Very coarse sand (%)

0.9

Silt (%)

11.3

Clay (%)

23.5

Texture (%)

Sandy clay loam
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Appendix Table E.2: Summary of the results (p-values) from repeated measures ANOVA of the
different measured variables when treated and control are compared for the 15 cm cosms (POEA
at 15 cm) and the 90 cm (POEA at 90 cm) or when the controls from the 15 and 90 cm cosms
were compared against each other to evaluate the basic effect of water depth. Results marked as
“no” represent p>0.05.
Factors
Measure
Conductivity
POEA at 15 cm
POEA at 90 cm
Depth
pH
POEA at 15 cm
POEA at 90 cm
Depth
Alkalinity
POEA at 15 cm
POEA at 90 cm
Depth
Hardness
POEA at 15 cm
POEA at 90 cm
Depth
Dissolved Oxygen
POEA at 15 cm
POEA at 90 cm
Depth
AFDW particulate
POEA at 15 cm
POEA at 90 cm
Depth
Phytoplankton Chl-a
POEA at 15 cm
POEA at 90 cm
Depth
AFDW Periphyton
POEA at 15 cm
POEA at 90 cm
Depth
PAM Periphyton
POEA at 15 cm
POEA at 90 cm
Depth

Time

POEA or depth

Interaction

subject

<0.0001
<0.0000
<0.0001

no
no
<0.024

no
no
<0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001

no
no
no

0.013
no
no

0.009
no
0.014

<0.0001
0.002
<0.0001

no
no
no

no
no
0.008

no
no
no

<0.0001
no
no

no
no
no

no
no
no

0.006
no
0.004

<0.0001
<0.0001
<0.0001

no
no
no

0.003
no
0.0003

<0.0001
no
<0.0001

no
<0.0001
no

no
no
no

no
no
no

no
0.004
no

no
0.001
no

no
no
no

no
no
0.024

0.005
0.009
<0.0001

0.032
no
no

no
no
no

no
no
no

0.042
no
no

0.015
0.024
0.04

no
no
no

no
no
no

no
0.041
no
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Appendix Table E.3: Number of available Cytochrome c oxidase I (CO1) gene sequences for the
indicated zooplankton families at the indicated date in both GenBank and the Barcode of Life
Database (BOLD).

Class/Subclass
Branchiopoda
Eurotatoria
Copepoda
Ostracoda
Eurotatoria
Eurotatoria
Branchiopoda
Copepoda
Branchiopoda
Eurotatoria
Eurotatoria
Branchiopoda
Branchiopoda
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria
Eurotatoria

Family

Genbank sequences as
of 21/11/2014

Bold sequences as
of 21/11/2014

1822
1507
1025
829
806
602
407
192
139
131
121
79
69
0
0
2
15
13
10
10
6
3
0
0
0
0
0
0
0
0

1859
1476
991
833
781
577
435
197
157
144
116
85
57
45
25
22
15
13
12
8
6
3
0
0
0
0
0
0
0
0

Daphniidae
Brachionidae
Diaptomidae
Cyprididae
Synchaetidae
Philodinidae
Chydoridae
Cyclopidae
Moinidae
Lecanidae
Testudinellidae
Bosminidae
Macrothricidae
Gastropodidae
Mytilinidae
Euchlanidae
Trichocercidae
Trichotriidae
Asplanchnidae
Proalidae
Notommatidae
Dicranophoridae
Birgeidae
Collothecidae
Collurellidae
Conochilidae
Hexarthridae
Ituridae
Lindiidae
Trochosphaeridae
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Class
Family
Branchiopoda Bosminidae
Branchiopoda Bosminidae
Branchiopoda Chydoridae
Branchiopoda Chydoridae
Branchiopoda Chydoridae
Branchiopoda Chydoridae
Branchiopoda Chydoridae
Branchiopoda Daphniidae
Branchiopoda Daphniidae
Branchiopoda Daphniidae
Branchiopoda Daphniidae
Branchiopoda Macrothricidae
Maxillopoda
Cyclopidae
Maxillopoda
Cyclopidae
Maxillopoda
Diaptomidae
Ostracoda
Cyprididae
Ostracoda
Cyprididae
Ostracoda
Cyprididae
Monogononta Asplanchnidae
Monogononta Brachionidae
Monogononta Synchaetidae
Monogononta Synchaetidae
Monogononta Brachionidae
Monogononta Brachionidae
Monogononta Gastropodidae
Monogononta Lecanidae
Total number of taxa

Species
Bosmina liederi
Bosmina longirostris
Chydorus sp.
Chydorus brevilabris
Alona cf. glabra
Alona dentifera
Pleuroxus cf. varidentatus
Simocephalus cf. punctatus
Simocephalus cf. serrulatus
Simocephalus sp.
Ceriodaphnia dubia
Macrothrix sp.
Cyclops sp.
Cyclopidae sp.
Skistodiaptomus reighardi
Eucypris virens
Heterocypris incongruens
Cypridopsis vidua
Asplanchna sieboldi
Brachionus angularis
Polyarthra dolichoptera
Polyarthra sp.
Keratella cochlearis
Keratella quadrata
Ascomorpha sp.
Lecane bulla

15C0
17189
3001
61
5039
2042
5

15T0
61
2
3
33
4
9
2
2
8

20

90T0
256
142
2
2332
5
1
6374
3
2058
1
203
217
91
678
4
19
39
1
2
8
16

90C0
278
63
1
749
5
119
6
127
6
420
7614
2437
1
15
3
5
5

15T4
10
5
5
1
4
11

15C4
11
117
47
43190
18588
1
45161
57
41
342
44
-

15

90T4
31
15
14
623
3
1579
4
844
1
380
1
237
6160
3
1
-

16

90C4
14
35
38
11
531
15
773
1
4
172
108
11873
1462
7
182
56
-

Appendix Table E.4: Total number of read sequences for each detected taxa and total number of taxa detected per sample. Treatment labels indicate the depth of the sampled microcosms (15, 90 cm), whether treatment (T) or control (C), and sampling time (day 0, day 4). Independent samples were collected from each microcosms (three microcosms per treatment/depth combination) and were, then, pooled for each treatment/depth
combination for a final n=1 for each shown sample. Samples on day 0 were collected before treatment and are shown as a reference for the basal
state of the microcosms. Due to the available sampling equipment, sampling effort was different for the 15 and 90 cm deep cosms, with a total
sampled area per sample of 450 cm2 for the 15 cm cosms and 1530 cm2 for the 90 cm cosms, this difference is not accounted for on the data presented on this table.

E.3.

Supplementary figures

Appendix Figure E.1: Schematic diagram for three representative microcosms used for the
study. Area textured with crossed lines indicates the water column. The depth of the water column was regulated by the length of the drainage standpipe (in white). Sediment (2 cm layer) is
indicated by textured pattern.
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Appendix Figure E.2: Mean pH (top) hardness (as CaCO3) (middle) and total alkalinity (as CaCO3) (bottom) measures over the duration of the study for each depth-treatment combination. Error bars represent standard deviation of the mean (n=3). Dotted vertical line marks the treatment
day.
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Appendix Figure E.3: Mean dissolved oxygen measured at 8 am for each depth and treatment
combination over the duration of the study. Error bars represent standard deviation of the mean
(n=3). Dotted vertical line marks the treatment day.
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Appendix Figure E.4: Max/min (red shading) and mean daily temperature (red line) from the
Guelph Turfgrass Institute Meteorological Station for the study period. Dotted vertical line marks
the treatment day
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Appendix Figure E.5: Photographs of the three control 15 cm-deep microcosms taken on day 42 after treatment (7 days after
the end of the study). Extensive colonization by filamentous algae is observed in microcosm number 5.

