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Abstract: The toxic unit and additive index approaches were used to understand how 2 pesticides, 3‐trifluoromethyl‐4‐
nitrophenol (TFM) and 2,5‐dichloro‐4‐nitrosalicylanilide (niclosamide; Nic), interact in mixtures. Our first objective was to
determine whether the interaction was strictly additive or greater than additive at doses comparable to those used to control
invasive sea lamprey (Petromyzon marinus) in the Laurentian Great Lakes, and our second was to compare the utility of
the toxic unit and additive index models for determining how TFM and Nic interacted. Typically, TFM is mixed with Nic
(1–2%, w/v) to increase its potency and reduce TFM use. However, there is little information on how the 2 chemicals interact.
Using a well‐studied, resident nontarget fish, the rainbow trout (Oncorhynchus mykiss), we conducted toxicity tests with TFM,
Nic, and TFM:Nic (100:1, w/v; TFM/1% Nic) mixtures over 12 h to determine if the interaction was strictly additive, less than
additive (antagonistic), or greater than additive (synergistic). The toxic unit and additive index approaches indicated syn-
ergistic interactions at environmentally relevant concentrations, suggesting that both are valid approaches for predicting
how TFM and Nic interact. The toxic unit approach was simpler to conceptualize and to calculate, and we recommend that it
be used when describing how TFM and Nic, and other similar organic compounds, interact with each other in aquatic
ecosystems. Environ Toxicol Chem 2021;40:1419–1430. © 2021 The Authors. Environmental Toxicology and Chemistry
published by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION
The piscicides 3‐trifluoromethyl‐4‐nitrophenol (TFM) and

2,5‐dichloro‐4‐nitrosalicylanilide (niclosamide; Nic; Figure 1)
have been used for 5 to 6 decades to control invasive sea
lamprey (Petromyzon marinus) in the Laurentian Great Lakes
(Wilkie et al. 2019). The invasion of the Great Lakes by sea
lamprey devastated culturally and economically important
fisheries because of parasitism/predation by parasitic juvenile
lamprey in the early to mid‐1900s, after sea lamprey gained
access to Lake Erie and the upper Great Lakes from Lake
Ontario, following modifications to the Welland canal

(Siefkes 2017). Applied to rivers infested with larval sea
lamprey, TFM and Nic, commonly referred to as “lampricides,”
have reduced the number of parasitic juvenile lampreys in the
Great Lakes by almost 90%, resulting in the rehabilitation of its
fisheries (Siefkes 2017; Wilkie et al. 2019).

Because it specifically targets larval sea lamprey with min-
imal effects on nontarget fishes, TFM is considered an ideal
lampricide (Dawson et al. 1977; Boogaard et al. 2003). This
specificity is due to the limited ability of larval sea lamprey to
detoxify TFM via glucuronidation, which is used by nontarget
species, such as the rainbow trout, to produce TFM‐
glucuronide, leading to effective excretion via the bile (Lech
and Costrini 1972; Lech 1974). The levels of TFM used during a
treatment vary with water pH and alkalinity, based on the pH/
alkalinity model, with total (ionized+ un‐ionized) concen-
trations ranging from 1.3mg/L TFM in low‐alkalinity (30mg/L
CaCO3) waters to 3.6mg/L TFM in high‐alkalinity (260mg/L
CaCO3) waters, at a constant pH of 8.0 (Bills et al. 2003;
Hepditch et al. 2019). With a pKa of 6.38, TFM is a weak acidic
phenol, and it completely dissociates in water (McConville
et al. 2016). Niclomide is more toxic than TFM, less costly to
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manufacture, and nonspecific; therefore, it is added at 1% of
TFM, to reduce the amount of TFM used (Bills and
Marking 1976; Dawson et al. 1977; Marking and Bills 1985;
Boogaard et al. 2003). There is evidence that Nic toxicity is also
impacted by water chemistry (Dawson 2003). With a pKa of
6.25, Nic is a weak acid, but it is difficult to keep in solution
because of its high octanol–water partition coefficient (log KOW)
of 10 at pH 9.6 (Tomlin 1994). Because of the similar pKa to that
of TFM, the equilibrium between the ionized and un‐ionized
forms of Nic is pH‐dependent, much like TFM (Dawson 2003).
Niclosamide adsorbs more strongly than TFM to organic
matter, tending to accumulate more in sediment‐rich organic
content (McConville et al. 2016). Both lampricides may interact
with ions (i.e., calcium and magnesium) in water, but it appears
that photodegradation and bacterial degradation are the big-
gest influences on the persistence of the chemicals in the en-
vironment following a treatment (McConville et al. 2016).

Although TFM is the preferred lampricide, it is often mixed
with small amounts of Nic (1–2%, w/v), which increases its
toxicity, without loss of its specificity to the lamprey, thereby
reducing the amount of TFM required (Boogaard et al. 2003;
Wilkie et al. 2019). Our understanding of how TFM and Nic
interact with one another to increase toxicity remains uncertain.
This is especially important for nontarget fish species that share
their habitat with sea lamprey, which may be at higher risk
during TFM/Nic applications (Siefkes 2017; Wilkie et al. 2019).
In addition, a better understanding of the interaction of the
current lampricides may provide insights into the development
of novel, more specific methods of sea lamprey control (i.e.,
next‐generation lampricides), which is one of the current goals
of the Great Lakes Fishery Commission (Wilkie et al. 2019).

The interactions between 2 or more toxicants can be eval-
uated using several approaches. Two such approaches, based
on the concept of concentration additivity or the concentration
addition model, are the toxic unit model (Norwood et al. 2003;
Playle 2004) and the additive index model (Marking and
Dawson 1975). According to the toxic unit model (Figure 2A),
1 toxic unit can be set to any convenient endpoint for the system
being studied. For instance, if 1 toxic unit equals the individual
12‐h LC50 (concentration required to kill 50% of the animals

over 12 h) of each compound, the expected mortality following
exposure to 0.5 toxic unit of each chemical in a mixture would
be defined as "strictly additive” if their combined effects equal
1.0 toxic unit, which is 50% mortality. If the combined effect of

FIGURE 1: Chemical structures of 3‐trifluoromethyl‐4‐nitrophenol (TFM) and 2,5‐dichloro‐4‐nitrosalicylanilide (niclosamide). Chemical information
obtained from https://pubchem.ncbi.nlm.nih.gov/compound/4477. KOW= octanol–water partition coefficient.

(A)

(B)

FIGURE 2: Theoretical models for assessing the interaction of chem-
icals in mixture. The combined effects of 2 chemicals in fish can be
quantified by expressing the concentration of toxicants A and B in
mixture either as (A) toxic units (TU) or (B) linearly, using the additive
index. For the toxic unit approach (A), if 1 toxic unit (dashed horizontal
line) is defined as a one‐half unit of response, then 1toxic unit
A+ 1toxic unit B= 1 unit of response if the interaction is strictly addi-
tive; if the interaction is less than additive (antagonistic), then 1toxic
unit A+ 1toxic unit B< 1 unit of response; if the interaction is greater
than additive (synergistic), then 1toxic unit A+ 1toxic unit B> 1 unit of
response. The additive index (B) represents a linear scaling of the
combined effects of chemicals A and B. If the range of the effects spans
0, then the interaction of the 2 toxicants is strictly additive; if the range
<0, then the interaction is less than additive (antagonistic); and if the
range of the additive index is >0, then the interaction is greater than
additive (synergistic). Figure adapted from Newman (2015).
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0.5 toxic unit was <1.0 (<50%mortality), the effect would be less
than additive (“antagonistic”); and if the effect was >1.0 (>50%
mortality), the interaction would be greater than additive
(“synergistic”; Norwood et al. 2003; Playle 2004).

With the additive index approach (Figure 2B), additive indices
quantify the combined activity of mixtures (Marking and
Dawson 1975; Marking 1977; Marking and Bills 1985). An ad-
ditive index, which is based on the toxic unit concept, is derived
by summing the toxicity contributions (such as the LC10, LC50,
LC99, which are the lethal concentrations required to kill, 10, 50,
and 99% of the population, respectively) of each constituent
compound and converting the sum to a linear, quantitative value
(Marking 1977; Newman 2015). Typically, LC50 values are used
to accurately derive additive indices, and the corresponding
confidence interval (CI) range is used to determine the inter-
action between the chemicals. If the numerical value of the ad-
ditive index's CI range overlaps zero, then the interaction is
strictly additive. If the CI does not span zero, then negative
ranges represent a less than additive interaction (“antago-
nistic”), whereas positive ranges represent greater than additive
interactions (“synergistic”; Marking and Dawson 1975;
Marking 1977; Marking and Bills 1985; Newman 2015).

A number of early studies on the effects of lampricide mix-
tures in nontarget fish species indicated that TFM–Nic inter-
actions were additive or less than additive, depending on the
concentrations used, the duration of exposure, and the species
of fish tested (Howell et al. 1964; Bills and Marking 1976;
Marking and Bills 1985; Dawson et al. 1977), whereas others
suggested that the interaction was greater than additive or
synergistic (Marking and Dawson 1975). Accordingly, the goal
of the present study was to resolve if TFM and Nic interacted in
a less than, strictly, or greater than additive manner, using both
the toxic unit and additive index approaches. This interaction
was explored in rainbow trout (Oncorhynchus mykiss), a rep-
resentative nontarget fish. Rainbow trout share their habitat
with larval sea lamprey and are likely to be exposed to TFM/Nic
mixtures. In addition, this species has been used as a model
organism in previous studies exploring the effects of lamp-
ricides in nontarget species (Marking and Bills 1985), making it
an ideal nontarget fish model for understanding the interaction
of the 2 lampricides in mixture.

To this end, rainbow trout juveniles were exposed to a range
of TFM, Nic, and TFM/1% Nic mixture concentrations to de-
termine the 12‐h LC10, LC25, LC50, and LC99. These LC values
were used to understand the nature of the interaction of the
2 chemicals by taking 2 approaches: toxic unit and additive
index. The additive index approach has been used previously to
determine how TFM and Nic interact in both target and non-
target species, but the results of those studies were inconclusive,
predicting both additive and synergistic interactions (Bills and
Marking 1976; Dawson 1977 Marking and Bills 1985). No studies
to date, however, have explored whether the toxic unit ap-
proach is effective at predicting the interaction of the 2 lamp-
ricides. The simplicity of the toxic unit model makes it a useful
tool for predicting interactions of various multimixture agents,
including insecticide applications for the control of agricultural
pests, or assessing metal toxicity (Playle 2004).

MATERIAL AND METHODS
Experimental animals and holding

Rainbow trout (mass= 13.6± 0.2 g, length= 11.1± 0.1 cm,
n= 326) were purchased from Silver Creek Aquaculture and
held in 200‐L polyethylene tanks continuously receiving Wilfrid
Laurier University well water (water temperature ~12 °C, pH
~8.1, dissolved oxygen ~80–95% saturation, alkalinity= 210
mg/L as CaCO3, hardness= 460mg/L as CaCO3). Fish were
acclimated to their holding tanks for 7 d prior to experiments,
during which they were held under a 12:12‐h light:dark cycle
and fed 3 times/wk with commercial pellets (size 3.0) at 2%
body weight (Corey Feed Mills). Fish were not fed 48 h before
experiments, to minimize fouling of the water and ammonia
accumulation in the experimental tanks. All experiments and
fish husbandry were approved by the Wilfrid Laurier University
Animal Care Committee (no. R14000) and followed the
Canadian Council of Animal Care guidelines.

Experimental protocols
Acute toxicity of TFM and Nic individually. Field for-
mulation TFM (35% active ingredient; Clariant SFC) and Nic
(Bayluscide® Emulsifiable Concentrate; 16.9% active in-
gredient in ethanol solution) were used for each toxicity test,
provided courtesy of the Sea Lamprey Control Centre, Fish-
eries and Oceans Canada. Working stocks of niclosamide used
for the toxicity experiments were diluted 10 times in 95%
ethanol prior to addition to each tank. The respective 12‐h
LC50 values of TFM and Nic were calculated as described in
section Determination of the toxicity of lampricides, alone and
in mixture. All concentrations of TFM and Nic are reported as
total (ionized+ un‐ionized) lampricide.

All experiments were conducted in Wilfrid Laurier University
well water (water temperature ~12 °C, pH ~8.1, dissolved
oxygen ~80–95% saturation, alkalinity= 210mg/L as CaCO3,
hardness= 460mg/L as CaCO3). Acute toxicity experiments for
TFM and Nic were conducted over 12‐h static exposures of
rainbow trout fingerlings (n= 18 per test concentration) to the
respective nominal concentrations of TFM and Nic, in triplicate:
TFM 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, and 25.0mg/L; Nic 0.05,
0.1, 0.25, 0.5, and 1.0 mg/L, plus controls containing neither
lampricide. To mimic field lampricide treatments, TFM was
added to the treatment containers directly from the 35% active
ingredient stock. Niclosamide (16.9% active ingredient) was
first diluted in 95% ethanol to a concentration of 50 µg/L; from
that, appropriate volumes of stock were added to each con-
tainer, to achieve the desired concentrations. The controls used
for TFM alone exposures did not receive the vehicle (i.e., iso-
propanol) because previous work in our laboratory found no
difference between vehicle and no‐vehicle controls. The con-
trols used for Nic and TFM/Nic mixtures received 888 µL
ethanol as a vehicle, which represents the volume of ethanol
added to the highest concentration of Nic (1.0mg/L). All con-
trols survived the length of the treatment. Prior to experiments,
appropriate amounts of TFM, Nic, or vehicle (where appro-
priate) were added to test containers filled with 15 L of aerated
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water, followed by collection of water samples (20mL prior to
the addition of fish in the system) for measurement of TFM or
Nic concentration, then left to mix and equilibrate overnight.
Both TFM and Nic are hydrolytically stable in solutions, with
half‐lives of 1444 to 4620 d at pH 5 to 9 for TFM and 8.88 to
382 d for Nic in the laboratory (Schultz and Harman 1978;
Hubert 2003) and 16.6 to 32.9 h for TFM and 8.88 to 382 d for
Nic in the field, depending on water pH, ultraviolet, and mi-
crobial degradation (McConville et al. 2016). The next morning,
the trout were transferred to test containers (n= 6 per con-
tainer), followed by water sample collection (7mL once the fish
were in the system) at 5 min and 1, 3, 6, and 12 h of exposure,
and then used for immediate determination of TFM concen-
tration or frozen at –20 °C and saved for later measurement of
Nic concentration. Water temperature, dissolved oxygen, and
pH were monitored prior to and following the 12‐h lampricide
exposure, to not stress the fish during the actual exposure.
Survival was monitored hourly for the first 8 h of the experiment
and at 10 and 12 h of exposure. Unresponsive fish were im-
mediately removed from the container, and surviving fish were
anesthetized with 1.5 g/L tricainemethanesulfonate (Syndel
Canada) buffered with 3.0 g NaHCO3 at the conclusion of the
toxicity tests. The 12‐h exposure period approximates the total
duration of an actual TFM or TFM/Nic mixture application
(McDonald and Kolar 2007).

Toxicity of binary mixtures of TFM and Nic. To determine
the nature of the interactions between TFM and Nic, fingerling
trout were exposed to TFM:Nic (100:1, w/v; TFM/1% Nic)
mixtures over a range of concentrations, to mimic those that
could be encountered under field conditions. The nominal
concentrations of TFM/Nic in the water were 2.5/0.025,
5.0/0.05, 7.5/0.075, 10.0/0.1, 15.0/0.15, and 25.0/0.25mg/L.
The TFM/Nic mixture experiment was conducted exactly as
described for TFM and Nic in the previous section, in triplicate.
The lampricides were added to 15 L of well water the night
before experiments. Water samples for the determination of
lampricide levels during the exposure were collected as pre-
viously described, with one exception: following the 12‐h ex-
posure, the containers were left as they were overnight, and a
24‐h water sample was collected in the morning. When sam-
ples were pooled for Nic measurements, that sample was in-
cluded. For consistency, TFM was also measured in the same
24‐h sample, and the resulting concentration was used to cal-
culate the average TFM number for the exposures.

Analytical techniques
Water TFM concentrations were quantified by spectropho-

tometry using a SpectraMax 190 microwell plate spectropho-
tometer (Molecular Devices) at a wavelength of 395 nm, using
certified standards provided courtesy of Fisheries and Ocean
Canada (IOP:012.3) and adapted to the 96‐well plates. Water
Nic levels were quantified using high performance liquid
chromatography (HPLC; Waters) configured with a 2489 de-
tector and a 515 pump. All water samples (prior to the start of

the exposure and those collected at various time points during
the exposure) that were collected from one tank were pooled
to measure Nic. The instrument was fitted with a 77251i in-
jector, and the analysis was conducted at 55 °C using a CHM
column heater. Standards were prepared using Nic powder
(Sigma‐Aldrich) dissolved in ethanol, following Fisheries and
Oceans Canada standard operating procedures (IOP:015.4).
Samples and standards were injected manually (100 μL) using a
Hamilton glass syringe. The mobile phase used was 2mmol/L
sodium acetate (Sigma‐Aldrich) made in HPLC‐grade meth-
anol. Data were collected using Empower II Software.

Data analysis and predictive models
Determination of the toxicity of lampricides, alone and in
mixture. Replicate tanks were treated as individual exposures
for the determination of the dose–response relationships.
Probit analyses on mortality data obtained for each individual
lampricide and mixtures were used to determine
dose–response relationships for the lethal concentrations.
Toxicity data were expressed as the 12‐h LC50 or LC99. Gen-
eration of the dose–response curves and of the LC values was
done using the ecotox R package, Ver 1.4.2 (refer to Supple-
mental Data for the code).

Using the toxic unit approach to determine lampricide
interactions. Using the data generated from each respective
acute toxicity experiment, the corresponding 12‐h LC50 values
that were determined for TFM and Nic alone (see above, Acute
toxicity of TFM and Nic individually) were set to equal 1 toxic
unit each. These values were subsequently used to quantify
how TFM and Nic interacted in TFM/1% Nic mixtures. This was
done by first calculating the total toxic unit (TU) of exposure,

= +x yTotal toxic unit of exposure TU TUTFM Nic (1)

where x and y denote the proportion of each toxic unit present
in the mixture and TUTFM and TUNic denote the respective in-
dividual 12‐h LC50 of TFM and Nic previously determined (see
above, Acute toxicity of TFM and Nic individually). The ex-
pected percentage mortality was calculated by multiplying
each toxic unit of exposure by 0.5, which corresponds to 50%
mortality, and combining the 2 values:

= [( × ) + ( × )]

×

Expected % mortality TU 0.50 TU 0.50

100%

TFM Nic

(2)

A line of strict additivity was generated by plotting the
total toxic unit of exposure against the (expected) percentage
mortality, as depicted in Figure 1. Thus, exposure to 1 toxic
unit of TFM plus 1 toxic unit of Nic would result in an
expected mortality of 100%, whereas exposure to 0.5 toxic unit
of each would result in an expected mortality of 50%, and
so on.

Finally, to define the type of TFM and Nic interaction at each
combination, the total toxic unit exposure was plotted against
the observed percentage mortality, with points falling on the
line of strict additivity representing strictly additive interactions,

1422 Environmental Toxicology and Chemistry, 2021;40:1419–1430—S.L.J. Hepditch et al.

© 2021 The Authors wileyonlinelibrary.com/ETC



those falling above indicating greater than additive (synergistic)
interactions, with any points falling below the line denoting less
than additive (antagonistic) interactions (Figure 1A).

Using the additive index to determine lampricide inter-
actions. The additive index and its CIs was determined by
separately calculating the respective 12‐h LC10, LC25, LC50,
and LC99 and the 95% CIs of the individual exposures (see
above, Acute toxicity of TFM and Nic individually). This was
followed by calculation of the TFM LC (LCTFM‐mix) or the Nic LC
(LCNic‐mix) when the fish were exposed to different mixtures of
the chemicals. These values were used to define the additive
toxicity index and its ranges (defined in the present study as
CIs), as described by Marking and Dawson (1975) and Marking
(1977), in which the sum of the toxic activity (S) of the com-
pounds alone and in mixture was calculated as follows:

= ( / ) + ( / )‐ ‐ ‐S LC LC LC LCTFM mix TFMi Nic mix Nic i (3)

In Equation 3, LCTFM‐mix and LCNic‐mix are the corresponding
LCs (i.e., LC10, LC25, LC50, LC99) of the TFM or Nic in mixture,
whereas LCTFM‐i and LCNic‐i are the respective LCs of TFM or
Nic measured independently.

The additive index and its ranges were calculated based on
whether or not S was >1 or <1:

≤ = / –If S 1, additive index 1 S 1 (4)

> = (– ) +If S 1, additive index S 1 1 (5)

When the range of the CIs spans zero, the interaction is con-
sidered to be strictly additive (Figure 1B). If a calculated CI
range is >0, the interaction is considered greater than additive,
whereas a CI range <0 indicates a less than additive inter-
action. Additive indices quantify the combined effects of mix-
tures, while the CIs of the LC values for which the additive
indices were calculated to define the significance of the
indices.

Survival curves following exposure to lampricides, alone
and in mixture. Survival curves ±95% CIs were generated
using survival data collected over a 12‐h exposure of rainbow
trout fingerlings to TFM and Nic, alone and in TFM/1% Nic
mixtures. Survival curves and 95% CIs were generated from the
12‐h exposures of TFM, Nic, and the TFM/Nic binary mixture.
Log‐rank (Mantel‐Cox) tests were used to determine if the
curves were significantly different from each other (p< 0.05).
Pairwise comparisons between different survival curves were
made using the Bonferroni‐corrected threshold value of
p< 0.0018 for TFM alone, p< 0.0033 for Nic alone, and
p< 0.0024 for TFM/1% Nic mixture (refer to Supplemental
Data, Tables S2–S4 for the statistical analysis). The p value for
the comparisons was determined by dividing the overall level
of significance (p< 0.05) by the total number of comparisons
(K= 28 for TFM [Supplemental Data, Table S2], K= 15 for Nic
[Supplemental Data, Table S3], K= 21 for TFM/1% Nic mixture

[Supplemental Data, Table S4]). Next, pairwise comparisons
were made between the survival curves of each lampricide
alone and the curve for the same lampricide concentration in
mixture (refer to Supplemental Data, Tables S5 and S6;
Bonferroni‐corrected threshold value of p< 0.0006 for TFM
alone vs TFM in mixture with Nic and p< 0.0083 for Nic vs Nic
in mixture with TFM). Similarly, the p value for the comparisons
was determined by dividing the overall level of significance
(p< 0.05) by the total number of comparisons (K= 78 for TFM
vs the corresponding TFM concentrations in mixture [Supple-
mental Data, Table S5], K= 6 for Nic vs the corresponding Nic
concentrations in mixture [Supplemental Data, Table S6]).
Survival curve statistical analyses were conducted using Prism
8.0 (GraphPad).

RESULTS
TFM and Nic toxicity alone and in mixtures

The measured levels of TFM and Nic in the acute toxicity
experiments are presented in Figure 3, and concentrations in
the controls were below detection. All LC values were calcu-
lated based on the measured levels of lampricides in water
(please refer to Supplemental Data, Table S1). For TFM‐only
exposures, concentrations for each of the replicate exposures
are representative of the average TFM concentrations meas-
ured at 3, 6, and 12 h, except for the 25mg/L exposures, where
the average TFM was calculated from samples collected at 1
and 3 h because all the animals died after that time (Supple-
mental Data, Table S1). For the TFM/Nic mixture experiments,
the TFM values in each container represent averages of the
numbers recorded at 3, 6, 9, 12, and 24 h following the addi-
tion of the fish to the containers. The remainder of the
water samples were all pooled to measure Nic levels, where
appropriate.

The corresponding 12‐h LC50 for TFM alone was 18.2mg/L
(95% CI 18.0–18.4mg/L; Figure 3A) in rainbow trout, which
was approximately 165‐fold greater than the 12‐h LC50 of
0.11mg/L (95% CI 0.09–0.13mg/L) observed for Nic
(Figure 3B). The measured concentrations of the TFM/1%
Nic mixtures experiment were 2.5 (±0.2)/0.01 (±0.004), 5.2
(±0.03)/0.02 (±0.003), 7.9 (±0.03)/0.05 (±0.004), 10.1
(±0.2)/0.07 (±0.001), 16.0 (±0.2)/0.12 (±0.01), and 26.6 (±0.5)/
0.21 (±0.01) mg/L, which represent the mean measured TFM
and Nic concentrations in the water at all the time points where
samples were collected for a given treatment. When trout were
exposed to a TFM/1% Nic mixture, the 12‐h LC50 for TFM was
approximately 60% lower at 6.64mg/L (95% CI 6.57–6.71mg/L)
than for TFM alone. Similarly, the respective 12‐h LC10, LC25,
and LC99 values for TFM in the TFM/Nic mixture were lower
than when the fish were exposed to TFM alone (Figure 3C). The
12‐h LC50 for Nic within the TFM/Nic mixture was 0.038mg/L
(95% CI 0.035–0.041mg/L), approximately 60% lower than
when the fish were exposed to Nic alone. The 12‐h LC10, LC25,
and LC99 values for Nic in the TFM/Nic mixture were also
lower, 0.020, 0.028, and 0.071mg/L, respectively (Figure 3D).

The dose–response curves were steeper when the fish
were exposed to TFM/Nic mixtures compared to the curves
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generated for each lampricide alone (Figure 3). The slope
for the TFM‐alone dose–response curve was 4.90, whereas
in the presence of 1% Nic, the slope was 8.04 (Figure 3A). For
Nic alone, the slope of the dose–response curve was 4.38,
whereas in the presence of TFM, the slope was 5.76
(Figure 3B).

Survival following acute exposure to individual
lampricides and mixtures

To better understand how the presence of one lampricide
influences the toxicity of the other in mixture, we analyzed the
survival profiles of the fish during the 12‐h exposures. Exposure
of rainbow trout fingerlings to TFM, Nic, and TFM/1% Nic
mixtures yielded different survival profiles over 12 h (Figure 4;
p< 0.0001). There were no mortalities in the control groups.
Following a 12‐h exposure to TFM alone (Figure 4A), all fish
survived exposure to 2.5 and 7.5mg/L TFM, and approximately
89 and approximately 94% of the fish survived exposure to

5 and 10mg/L, respectively. In the fish exposed to 12.5mg/L
TFM, survival was approximately 78%, whereas in those ex-
posed to 15mg/L TFM, approximately 67% of the fish survived.
No fish survived exposure to 25mg/L TFM. Pairwise compar-
isons between the survival curves at different exposure con-
centrations yielded significant differences for the 25mg/L TFM
group, where approximately 50% of the fish died in the
first 2 h and survival was significantly reduced compared
to all the other lower concentrations (p= 0.0001; Supplemental
Data, Table S4).

In the Nic‐alone exposures (Figure 4B), all fish survived the
12‐h exposure to 0.05mg/L Nic. In the individuals exposed to
0.1mg/L, survivorship was approximately 67% at the end of
the 12‐h experiment, whereas no fish survived exposure to
0.25, 0.5, and 1.0mg/L Nic. Survival curves for 0.25, 0.5, and
1.0mg/L Nic were significantly different from those of the 0.05
and 0.1mg/L groups (p< 0.0001; level of significance set at
p= 0.0033; Supplemental Data, Table S5).

For the TFM/1% Nic mixture (Figure 4C, D), all fish exposed
to 2.5/0.025mg/L TFM/Nic survived the 12‐h exposure. In the

FIGURE 3: Dose–response curves for the acute toxicity experiments. Dose–response relationship for juvenile rainbow trout (Oncorhynchus mykiss)
exposed to lampricides alone and in combination. (A) Dose response for 3‐trifluoromethyl‐4‐nitrophenol (TFM), either alone (orange) or in the
presence of 1% niclosamide (Nic; red). (B) Dose response for Nic, either alone (blue) or in the presence of 100% TFM (red). n= 6 fish/tank, in
triplicate, for each exposure concentration. Concentrations of TFM and Nic are plotted against percentage of survival. Insets denote the lethal
concentration values calculated for each condition, along with the slopes of the dose–response curves.
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5/0.05mg/L TFM/Nic group, approximately 72% of the fish
survived the exposure, whereas in the 7.5/0.075mg/L TFM/Nic
group, survivorship was 33% at the end of the 12 h. No fish
survived exposure to 10/0.1, 15/0.15, and 25/0.25mg/L TFM/
Nic. Significant differences (p< 0.0001) in survival curves (level
of significance set at p= 0.0023; Supplemental Data, Table S6)
were noted between 7.5/0.075, 10.0/0.1, and 15/0.15mg/L
TFM/Nic and all the respective lower exposure concentrations
(2.5/0.025 and 5.0/0.05), except between 7.5/0.075 and 2.5/
0.025 which showed similar survival curves. The survival curve
for 25/0.25mg/L was significantly different from those for 2.5/
0.025, 5.0/0.05, 7.5/0.075, and 10.0/0.1; but it was not different
from that of 15/0.15mg/L.

When fish were exposed to 7.5, 10.0, 15.0, and 25.0mg/L
TFM alone, their survival was significantly different (p< 0.0006)
than for those fish exposed to the same levels of TFM but with
1% Nic mixture (Supplemental Data, Table S7). With respect to
niclosamide (alone vs mixture exposure), significant differences
in survival (p< 0.0083) were noted between fish that were ex-
posed to 0.1mg/L Nic alone and those exposed to the same
level of Nic in combination with TFM (comparing identical Nic
concentrations between Figure 4B and C; Supplemental Data,
Table S8). There was no significant difference in survival be-
tween fish exposed to 0.05 and 0.25mg/L Nic, alone and in
mixture with TFM.

Characterization of TFM–Nic interactions using
the toxic unit approach

The 12‐h LC50s for TFM (18.2mg/L) and Nic (0.11mg/L)
were assigned as 1 toxic unit. Based on these values, 1 toxic
unit of TFM would correspond to a TFM concentration of
18.2mg/L and 1 toxic unit of Nic to 0.11mg/L, with each pre-
dicted to cause 50% mortality.

To determine if the responses of the trout to the TFM/Nic
mixtures were strictly additive (falling on the line of strict ad-
ditivity), less than or greater than additive, the total toxic unit of
exposure was calculated based on the actual TFM and Nic
exposure concentrations to which the fish were exposed and
the observed mortality. Exposure to the lowest TFM/Nic

exposure concentrations, of 2.54 and 0.013mg/L, corre-
sponded to 0.14 and 0.12 toxic unit, adding up to 0.26 total
toxic unit of exposure, but resulted in no mortality (Figure 5A).
As the respective concentrations of TFM and Nic increased to
0.28 and 0.18 toxic unit, equal to 0.46 total toxic unit of ex-
posure, the observed mortality was 28%, near the expected
26% mortality if the interaction was strictly additive. As the
concentrations of TFM and niclosamide in the water increased
further, to 0.43 and 0.44 toxic unit of exposure, equivalent to
0.87 total toxic unit of exposure, mortality increased to 68%,
above the expected 46% mortality if the interaction was strictly
additive. At 0.55 and 0.63 toxic unit of exposure, equivalent to
1.18 total toxic unit of exposure, there was 100% mortality, well
above the expected 62% mortality predicted from the line of
strict additivity (Figure 5A). Not surprisingly, as the concen-
tration of TFM plus Nic approached 2 toxic unit of exposure
(0.88 toxic unit TFM plus 1.07 toxic unit Nic), 100% mortality
was observed (Figure 5A), as well as at 2.56 total toxic units of
exposure (1.46 toxic unit TFM:2.1 toxic unit Nic; data not
shown).

Characterization of TFM–Nic interactions using
the additive index approach

Toxicity values of the individual lampricides and their mix-
tures were used to quantify the interaction between TFM and
Nic (Figure 3). The additive index was calculated after de-
termining the 12‐h LC10, LC25, LC50, and LC99 for each
lampricide, alone and in mixture, along with their respective CIs
(Figure 5B). Using the CIs associated with each LC value, the
range of the additive indices was calculated to characterize the
interactions between TFM and Nic. The additive index, when
the trout were exposed to the 12‐h LC10, was approximately
0.24, with a range of (+)0.04 to (+)0.041. The additive index for
the 12‐h LC25 combination was determined to be approx-
imately 0.36, with a range of (+)0.31 to (+)0.37, whereas at the
12‐h LC50, the additive index was approximately 0.42, with a
range of (+)0.27 to (+)0.46. Lastly, at the 12‐h LC99, the ad-
ditive index was 0.52, with a range of (+)0.47 to (+)0.55.
Because all additive indices were >0 (or above the line of

FIGURE 4: Effects of lampricide exposure on rainbow trout (Oncorhynchus mykiss) survival. Percentage of survival of rainbow trout fingerlings
exposed to (A) 3‐trifluoromethyl‐4‐nitrophenol (TFM), (B) 2,5‐dichloro‐4‐nitrosalicylanilide (niclosamide; Nic), and (C) TFM:Nic (100:1, w/v; TFM/1%
Nic) mixture. The nominal exposure concentrations (n= 6 fish/tank, in triplicate) for the lampricides were TFM 0.0, 2.5, 5.0, 7.5, 10.0, 12.5, 15.0, and
25.0mg/L; Nic 0.0, 0.05, 0.1, 0.25, 0.5, and 1.0 mg/L; TFM/1% Nic 0.0/0.0, 2.5/0.025, 5.0/0.05, 7.5/0.075, 10.0/0.1, 15.0/0.15, and 25.0/0.25mg/L.
No mortalities were observed in controls. Colored solid lines represent the nominal exposure concentrations, whereas the dotted lines represent
the 95% confidence intervals.
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additivity in Figure 4B), the additive index predicted greater
than additive interaction between TFM and Nic.

DISCUSSION
TFM and Nic interact in a greater than additive
(synergistic) manner

Both the concentration addition (toxic unit) and additive
index models revealed that the interactions between TFM and
Nic, applied in proportions (~99% TFM:1% Nic) likely to be
used in the field, are greater than additive (synergistic). On its
own, Nic was significantly more toxic than TFM alone, with
coapplication of the TFM/1% Nic mixture increasing the toxicity
of both lampricides by approximately 2‐fold. These synergistic
effects were demonstrated using both the toxic unit and the
additive index approaches, indicating that either of the
2 models can be used to describe TFM–Nic interactions.
Conceptually, the concentration addition model, which em-
ploys the relatively simple toxic unit concept, is easier to im-
plement and to interpret. It should be noted that at low
concentrations (0.14/0.13 toxic units of TFM/Nic), the toxic unit
approach could not be used because we observed no mor-
tality, whereas the additive index approach suggested that the
effects are synergistic at all concentrations tested.

In agreement with earlier studies (Boogaard et al. 2003;
McDonald and Kolar 2007; O'Connor et al. 2017), the 12‐h
LC50 of TFM was approximately 165‐fold greater than that of
Nic, and therefore much less toxic. However, Nic lacks the

specificity of TFM, which is considered an ideal lampricide
because it specifically targets larval lampreys as a result of their
limited ability to detoxify it compared to nontarget fishes such
as the rainbow trout (Boogaard et al. 2003; McDonald and
Kolar 2007; Wilkie et al. 2019). Using the phase II detoxification
pathways glucuronidation and sulfation, TFM is mainly detoxi-
fied by trout and other nontarget fishes, such as bullhead
(Ameiurus nebulosus) and bluegill (Lepomis macrochirus), and
then eliminated (Lech and Statham 1975; Birceanu et al. 2014;
Bussy et al. 2018a, 2018b). Thus, TFM application on its own
has minimal physiological and ecological impacts on nontarget
fishes during routine treatments in the field, when applied at
the appropriate concentration. Recent work has also shown
that both sea lamprey and some nontarget fishes are able to
detoxify TFM via phase I biotransformation, leading to a re-
duced form of TFM, TFMa (Bussy et al. 2018a, 2018b). Whether
Nic is handled by fishes in the same way remains to be
resolved.

Unlike TFM, Nic not only is much more toxic but also lacks
specificity to larval sea lamprey, which exhibit comparable
LC50 values to nontarget fishes (Boogaard et al. 2003; Hubert
et al. 2005). When exposed to 0.05mg/L of Nic, an environ-
mentally realistic concentration that was also used in the
present study, rainbow trout, channel catfish (Ictalurus punc-
tatus), and largemouth bass (Micropterus salmoides) rapidly
took up the pesticide (Dawson et al. 1982), which was dis-
tributed throughout the body, with the highest concentrations
in the bile and liver (Lech and Statham 1975). Like TFM, Nic was
detoxified via glucuronidation and sulfation in rainbow trout

(A) (B)

FIGURE 5: Interactions between 3‐trifluoromethyl‐4‐nitrophenol (TFM) and niclosamide (Nic) using the toxic unit (TU) and additive index ap-
proaches. (A) Plot displaying predicted percentage mortality (line of equivalence) based on strictly additive interactions in rainbow trout (Onco-
rhynchus mykiss) exposed to increasing concentrations of TFM plus Nic mixtures, expressed as the combined total toxic units of exposure (1 toxic
unit= 12‐h median lethal concentration [LC50] of TFM or Nic) of each. Partially shaded circle depicts the expected mortality when the fish were
exposed to their respective 12‐h LC50 for TFM or Nic alone, which are equivalent to 1.0 toxic unit. Open triangles denote the observed mortality
when the fish were exposed to increasing concentrations of TFM and Nic, expressed as total toxic units of exposure. Note that for each combination
of TFM and Nic tested, the greater than additive interactions increased with total toxic unit of exposure. (B) Plot displaying the additive indices
calculated from LC values derived from individual and mixture (TFM:Nic, 100:1, w/v) exposures. The shaded area above the lines of strict additivity
represents greater than additive (synergistic interactions) between the 2 agents, whereas the open area below the line represents less than additive
interactions. CI= confidence interval.
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and catfish (Hubert et al. 2005). The rate of sulfation was much
greater because the concentrations of Nic‐sulfate ester were
18‐fold greater than those of Nic‐glucuronide in the muscle of
rainbow trout. Beyond this, little work has been done on the
pharmacokinetics of Nic in sea lamprey and nontarget fishes
and how these processes are influenced by the simultaneous
presence of TFM in water. An intriguing possibility is that
competitive or noncompetitive inhibition of sulfatase and/or
glucuronyl transferase binding sites by either TFM or Nic could
impair detoxification, leading to greater accumulation of TFM
or Nic in the fish and greater toxicity. Indeed, the metabolism
of numerous drugs is inhibited in this fashion, such as acet-
aminophen, in which glucuronidation is impaired in the pres-
ence of medications such as morphine and tetracycline
(Bolanowska and Gessner 1978). Further mechanistic inves-
tigations on the detoxification and elimination of TFM and Nic,
particularly as they pertain to phase II processes such as glu-
curonidation and sulfation and perhaps phase I enzymes that
could potentially be involved, would certainly reveal more
about the nature of their interactions.

Another intriguing possibility leading to the observed in-
teractions between TFM and Nic in the present study is that the
presence of one lampricide in water influences the ionization of
the other, therefore impacting its toxicity. Indeed, previous
research has found that the presence of metal ions (such as
copper, chromium, manganese, and cobalt) in water inhibited
the photodegradation of organophosphorous pesticides sen-
sitized by humic acid (Kamiya and Kameyama 2001), sug-
gesting that the addition of ionizing compounds to the water
can impact chemical bioavailability. In the present study, we
have shown that the presence of one lampricide in water alters
the dose response of the other, increasing its toxicity (Figures 3
and 4), but whether this is due to a shift of the ionization
equilibrium induced by the presence of both chemicals in sol-
ution has yet to be determined.

Because both TFM and Nic target the mitochondria, it is
also possible that their combined effects on oxidative phos-
phorylation lead to greater impairment of adenosine triphos-
phate (ATP) production at a given dose of TFM, which
ultimately increases the acute toxicity of TFM in lamprey and
nontarget fishes alike. Both TFM and Nic are believed to un-
couple oxidative phosphorylation, the oxygen‐dependent
process required to generate ATP, the primary energy cur-
rency in the body (see Wilkie et al. 2019 for review). This results
in a mismatch between ATP supply and demand in the body,
which forces the fish to increase their reliance on anaerobic
pathways of ATP production such as high‐energy phosphagens
(e.g., phosphocreatine) and anaerobic glycolysis to meet their
ATP demands for survival. Depending on the dose of TFM or
Nic, anaerobic ATP production pathways may be sufficient to
supplement the lower rates of ATP production by the mi-
tochondria. At higher concentrations and/or as the lampricide
accumulates in the tissues, the dose‐dependent effects of TFM
and Nic on mitochondrial function will worsen (Birceanu
et al. 2011; O. Birceanu et al., unpublished data). Ultimately,
the amounts of these limited anaerobic resources become
depleted, and the animal dies.

Perturbation of mitochondrial oxidative phosphorylation by
TFM appears to be related to the depolarization of mitochon-
drial membrane potential, which results in the degeneration of
the H+ electrochemical gradient across the inner mitochondrial
membrane that is essential for the movement of H+ through the
ATP synthase complex, the site where ADP is phosphorylated
to ATP (Birceanu et al. 2011). Although less work has been
done on the mode of action of Nic in fishes, there is strong
evidence in other model organisms that it acts in a similar
manner (Skulachev 1998; Moridani 2003; Ozaki et al. 2008;
Solaini et al. 2011; Jurgeit et al. 2012). The greater toxicity of
Nic compared to TFM may therefore be because the mi-
tochondria are simply much more sensitive to this chemical.
Indeed, comparisons to 2,4‐dinitrophenol, a classic uncoupler
of oxidative phosphorylation, have indicated that mitochondria
are much more sensitive to Nic (Park et al. 2011; Jurgeit
et al. 2012). The reasons for greater mitochondrial sensitivity to
Nic have not been resolved, but it could be related to differ-
ences in chemical properties such as lipid solubility or the
presence of additional targets such as the protein complexes
found on the inner mitochondrial membrane that are respon-
sible for generating the H+ electrochemical gradient needed to
drive ATP synthesis. Ongoing studies using isolated mi-
tochondria, transcriptomics, and/or metabolomic approaches
should shed additional light on the target(s) of not only Nic but
also TFM, to provide a better mechanistic explanation about
how these compounds interact with one another.

Another explanation of the greater than additive inter-
actions between TFM and Nic is the possibility that one or both
constituents have additional modes of action that have not yet
been explored in fishes. Indeed, Nic has been shown to reduce
cancer cell growth by preventing cell proliferation (Park
et al. 2011), whereas a variety of other salicylanilides have been
shown to interfere with pH regulation and the biochemical
pathways involved in glycolysis, therefore impairing glycolysis
and anaerobic energy production (Köhler 2001). These addi-
tional modes of action, when combined with Nic's proto-
nophore properties, could be an explanation as to why this
lampricide is much more toxic than TFM to both larval sea
lamprey and nontarget fish species. When used in combination
with TFM, the secondary mechanisms of toxicity of Nic plus the
enhanced uncoupling effects of the 2 chemicals lead to in-
creased toxicity of each chemical in mixtures.

The toxic unit and additive index approaches can
be used to define TFM–Nic interactions

The concentration addition model assumes that the con-
stituents of a chemical mixture exert their toxicity in a similar
manner. Therefore, the concentration of the toxic constituents
of the mixtures are added to predict toxicity (Norwood
et al. 2003). Because TFM and Nic appear to similarly affect
mitochondrial function (Wilkie et al. 2019), the concentration
addition model can be used to determine if they interact in a
less than, strictly, or greater than additive manner. Using the
toxic unit approach, it is clear from our analysis that the greater
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mortality observed when TFM and Nic were applied together
was greater than additive or synergistic (Figure 5A). This in-
terpretation was supported by the additive index model
(Figure 5B), in which the respective ranges for the LC10, LC25,
LC50, and LC99 of the lampricides and mixtures were >0,
which is an indication of synergism, proposed previously
(Howell et al. 1964). These results differ from those of Marking
and Bills (1985), who determined that the interaction between
the lampricides in rainbow trout, white sucker, and fathead
minnow were strictly additive when fish were exposed to their
respective 96‐h LC50s of TFM and Nic, alone and in combi-
nation. This apparent contradiction is likely because Marking
and Bills (1985) determined the acute toxicity of TFM and Nic
over 96 h, which greatly exceeds a typical period of lampricide
application, which typically is approximately 12 h (Wilkie
et al. 2019). Moreover, the concentrations they used to make
their calculations using the additive index model were far
below those used in the present study. In other words, the
Marking and Bills (1985) study would have been unlikely to
exhibit any toxicity in trout after the first 12 h of exposure. In-
deed, the respective concentrations of TFM and Nic were 90
and 50% lower in mixtures in the Marking and Bills (1985) study
than in the present study. These differences highlight the need
to consider exposure duration when attempting to describe the
interactions between the constituents of chemical mixtures and
the need to ensure that the concentration of the mixture is
sufficient to cause death or some other suitable, quantifiable
endpoint (e.g., changes in growth, loss of equilibrium, re-
productive success). In the absence of a measurable response
to the chemical mixture, conclusions regarding the presence of
lower, strictly, or greater than additive interactions can be
misleading.

We have also considered the possibility that having added
ethanol and isopropanol as vehicles for Nic and TFM, re-
spectively, may have impacted the response of the fish used in
the present study. However, the highest percentage of ethanol
and isopropanol used in the present study was <0.64 × 10–4%,
in both individual lampricide exposures and mixtures. In pre-
vious studies, the no‐observed‐effect concentration for ethanol
in zebrafish embryos was 0.5%, with a lowest‐observed‐effect
concentration of 1.0% (Chromcova et al. 2012). In trout mi-
crosomes, ethanol at levels <0.5% had no effect on in vitro
activity of CYP450 (Sakalli et al. 2015). Therefore, we believe
that the low levels of vehicles that were used in the present
study, either alone or in combination, had no effect on the
responses we recorded in rainbow trout.

We have considered the possibility that impurities in the
manufacturing process of the 2 lampricides may be present
and, therefore, may have impacted our results, particularly
because previous work has shown that TFM applications were
associated with induction of mixed‐function oxygenase activity
(Munkittrick et al. 1994). However, the formulations of TFM and
Nic have been changed in the last 15 yr to increase purity and
reduce the potential for the formation of impurities (J. Luoma
and T. Hubert, Upper Midwest Environmental Sciences Center,
US Geological Survey, personal communication). In addition, as
part of the Environmental Protection Agency's reregistration

process (Product Properties Test Guide OPPTS 830.1670), any
impurities detected in the formulations of pesticides must be
identified, and if toxicologically significant, further information
must be provided. None were provided for the formulations of
TFM and Nic that were used in the present study.

To further support the finding that TFM and Nic interact in a
synergistic manner, as proposed by both the toxic unit and
additive index models, we also tested whether a similar pre-
diction can be made using an alternative model to concen-
tration addition: the response addition (or effects addition)
model (Norwood et al. 2003), where the survival rates of the
animals exposed to the individual components of the mixtures
are multiplied to predict their combined effects. Advantages of
the response addition model are that it does not assume an
identical mode of action of the chemicals present in the mixture
(whereas both the toxic unit and additive index do) and that
it is easy to employ (Norwood et al. 2003; Clemow and
Wilkie 2015). Using the data generated in the present study, we
can use the response addition model to predict the toxicity of
TFM and Nic in mixtures. The 12‐h LC50 (50% or 0.5 survival) of
TFM and Nic in mixtures is 6.64 and 0.06mg/L, respectively.
Survival of rainbow trout when exposed to 6.64mg/L TFM only
and 0.06mg/L Nic only is 97% (0.97) and 83% (0.83), re-
spectively. By multiplying the 2 values, the predicted survival
rate in the mixture is approximately 0.80, or 80%. However, the
observed survival rate was 50% (0.5), or 30% less than the
predicted, therefore suggesting that the interaction of the 2
lampricides was greater than additive, in agreement with our
conclusions using both the toxic unit approach and the additive
index model.

Relevance for field applications and risk
assessment

Using the toxic unit concept and the additive index, with the
response addition model as a third method for assessing
lampricide interactions, we have demonstrated that TFM and
Nic interact in a greater than additive, or synergistic, manner in
trout subjected to concentrations typically encountered in the
field. Knowing that lethality caused by TFM/Nic mixtures is due
to greater than additive or synergistic interactions may put
fisheries managers, regulators, and sea lamprey control agents
in a better position to assess how nontarget species respond to
mixtures of TFM and Nic, particularly in waters where TFM/Nic
mixtures have not been used previously. Such information will
also help them to determine if mitigation measures are called
for and what measures might be adopted to mitigate potential
nontarget toxicity, such as altering the timing of treatments or
application concentrations. We recognize that extrapolation of
the present results on TFM/Nic interactions in rainbow trout to
other fishes or invertebrates, including species at risk, is ten-
uous. Accordingly, we suggest that the experimental frame-
work adopted in the present study could be used to learn more
about how other nontarget species, not to mention sea
lamprey, respond to TFM/Nic mixtures and the underlying as-
sociated mechanisms. Such information will be of great im-
portance because the use of TFM and Nic to control sea
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lamprey populations will continue in the Great Lakes basin for
the immediately foreseeable future and likely be of value
when reregistration of these lampricides is required (Wilkie
et al. 2019).

To conclude, the toxic unit and additive index approaches
are equally effective methods that can be used to assess how
fishes respond to TFM and Nic mixtures, and they yield similar
results. Conceptually, the use of the toxic unit approach that
underlies the concentration addition model is less cumbersome
and conceptually clearer, and therefore easier to implement
when assessing the possible impact of the 2 lampricides on
fishes. We therefore recommend that this model be used to
predict and explain how TFM/Nic mixtures are likely to affect
lampreys and nontarget fishes more effectively.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at https://doi.org/10.1002/etc.4994.
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