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ABSTRACT. The lampricide 3-trifluoromethyl-4-
nitrophenol (TFM) has been used in the United States
and Canada for more than 35 years to control larval sea
lampreys (Petromyzon marinus) in tributaries of the
Great Lakes. Occasionally, during stream treatments
with TFM, nontarget-fish mortality reaches
unacceptable levels. These losses could be due to the
presence of sensitive fish species, excess TFM, or a
combination of factors that influence the toxicity of
TFM, such as delays in daily stream reaeration by algae
resulting in extended periods of low pH and low
dissolved oxygen (DO). We determined the-effects of a
broad range of TFM concentrations on net DO
production and respiration by two species of algae, in
two culture media (high alkalinity and low alkalinity).
The pH and DO in cultures of Chlorella pyrenoidosa
and Selenastrum capricornutum were recorded at time
zero and again after a 9-h exposure to TFM under either
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lighted or dark conditions. Algal cultures exposed to
TFM concentrations typical of those used to control sea
lampreys in streams showed only small changes in pH
(< 0.1) and small reductions in DO (about 8% in lighted
conditions and 11% in dark conditions). Changes in pH
and DO of this magnitude probably do not change the
efficacy of TFM or cause nontarget fish mortality if
algae are the predominant photosynthetic organisms in
the stream.

I N T R O D U C T I O N

In the United States and Canada, 3-trifluoromethyl-4-nitrophenol (TFM)
has been used for more than 35 years to kill larval sea lampreys
(Petromyzon marinus) in tributaries of the Great Lakes (Applegate et al.
1961). Lieffers (1990) reported that sea lamprey-infested streams
usually are treated for 8 to 14 h with TFM at concentrations based on the
LC 100 values for larval sea lampreys. Kanayama (1963) correlated the
toxicity of TFM with the alkalinity and conductivity of the stream water
and developed a guideline for estimating the concentration of TFM
needed to treat a sea lamprey-infested stream. Seelye et al. (1988) also
developed a TFM-alkalinity regression equation and toxicity charts to
estimate the concentration of TFM to be used in stream treatments
across a broad range of alkalinities. Klar et al. (1993) reported that the
stream treatment application rate of TFM (used by United States Fish
and Wildlife Service) is based on water alkalinity, pH, on-site toxicity
tests, and past stream-treatment history. A pH-alkalinity prediction
chart was developed at the Hammond Bay Biological Station to identify
the 9-h minimum lethal concentration of TFM (LC99.9 for larval sea
lampreys) and the maximum allowable concentration of TFM (LC25 for
nontarget brown trout (Salmo trutta)).

Significant, nontarget-fish mortality seldom occurs during TFM stream
treatments but can sometimes reach unacceptable levels (Dahl and
McDonald 1980). These unacceptable losses could be due to the
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presence of sensitive fish species, excess TFM, or a combination of
factors that influence the toxicity of TFM, such as delays in daily stream
reaeration by algae or extended periods of low pH. For example, TFM
treatments of streams that exhibit diurnal variations in pH and dissolved
oxygen (DO) could harm fishes and other aquatic organisms if TFM
inhibits oxygen production, limits reaeration of the water, or results in
abnormally low pH and DO levels. Seelye and Scholefield (1990)
reported that low DO levels alone do not increase the toxicity of TFM to
larval sea lampreys or rainbow trout (Oncorhynchus mykiss). However,
lower pH increases the toxicity of TFM to larval sea lampreys and
nontarget fish (Dawson et al. 1975; Marking and Olson 1975; Bills et al.
1988; Bills and Johnson 1992). Consequently, exposure to TFM at
reduced pH increases the toxicity of TFM to both larval sea lampreys
and nontarget aquatic organisms.

Previous studies (Gilderhus et al. 1975; Maki et al. 1975; Maki and
Johnson 1976; Dawson et al. 1992) showed that TFM affects growth,
oxygen production, and metabolism of aquatic macrophytes and algae,
which may lower stream pH and DO. Gilderhus et al. (1975) reported
that aquatic vegetation absorbed TFM and that algae absorbed TFM
more readily than aquatic macrophytes. Maki and Johnson (1976)
reported that TFM alters community metabolism-when TFM was
present, algal oxygen production decreased and respiration increased.
However, the results of Maki and Johnson (1976) are difficult to
extrapolate to conventional TFM stream treatments because they used a
longer exposure period (24 h) and a TFM concentration at least two
times greater than that routinely used today to control sea lampreys in
streams with similar pH and alkalinity.

If a TFM treatment inhibits oxygen production and enhances respiration,
the slow recovery of stream pH and DO may extend the normal diurnal
decreases in pH and DO, thus increasing the toxicity of TFM. The net
result may be unacceptable mortality of nontarget fish. Hence, our
objective was to examine, under controlled laboratory conditions, the
effects of TFM on algal net oxygen production, reaeration, and
respiration during a 9-h TFM exposure at stream-treatment
concentrations.
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M E T H O D S

Our experimental design consisted of four treatments:

• Two species of algae

• Two alkalinities

• Five concentrations of TFM plus a control

• Two metabolic conditions (photosynthesis and respiration)

Each species of algae was tested under four different conditions. Each
test consisted of preparing a fresh high alkalinity (HA) or low alkalinity
(LA) algal test solution and running the 9-h TFM-algal exposure tests
under lighted or dark conditions. At least four replicates were run for
each of the test conditions; however, some tests were repeated five or six
times because of unexpected results.

T F M

The lampricide TFM (37.1% active ingredient, isopropanol formulation)
was supplied by the American Hoechst Corporation and is the same
formulation used in the United States and Canada to control larval sea
lampreys in tributaries of the Great Lakes. The TFM concentrations
were based on active ingredient (3-trifluoromethyl-4-nitrophenol) and
were quantified by the spectrophotometric method described by Smith et
al. (1960).



C u l t u r e  P r o c e d u r e s

We choose Chlorella pyrenoidosa and Selenastrum capricornutum for
our experiments because they are:

• Found in tributaries of the Great Lakes

• Easy to culture

• Easy to enumerate in culture

These latter features assure equal concentrations of algal cells among
containers, treatments, and tests. Monocultures of C. pyrenoidosa and S.
capricornutum were obtained from the Carolina Biological Supply
Company and cultured under sterile conditions (American Public Health
Association 1989) in a water bath-the temperature of the water bath
was continuously recorded by a thermograph. The cultures were held at
21°C under continuous fluorescent light (two 200-W bulbs, about
6W/m2), aerated continuously, and maintained in logarithmic growth
phase by transferring a small volume of culture (3-5 mL containing 1 x
105 - 1 x 106 cells/mL) to fresh medium each week using sterile
procedures. A hemacytometer and compound microscope were used to
determine the algal cell densities in the cultures. Two types of culture
media were made by adding nutrients to either HA reconstituted water
(alkalinity 200 mg/L as CaCO3, hardness 260 mg/L as CaCO3, and pH
8.4) or LA reconstituted water (alkalinity 30 mg/L as CaCO3, hardness
43 mg/L as CaCO3, and pH 7.9) (Committee on Methods for Toxicity
Tests with Aquatic Organisms 1975).



L i g h t e d  a n d  D a r k  T F M - E x p o s u r e  T e s t s

To determine the effects of TFM on net oxygen production and oxygen
uptake of algae, an algal culture was exposed to TFM for 9 h in either
lighted or completely dark conditions. Our experimental design required
that initial algal-cell concentration be equal among test vessels. Test
vessels were 60-mL biological oxygen demand (BOD) bottles. The BOD
bottles used for dark conditions were coated with a black rubber material
from Plasti Dip, PDI INC. A teflon-coated magnetic stirring bar was
placed into each BOD bottle to mix the sample when determining pH
and DO values after the 9-h TFM exposure.

Before each exposure, BOD bottles, stirring bars, and culture media
were sterilized by autoclaving (National Appliance Company, Steril-
Quik, Model 704-9000-D-9). About 3,800 mL of algal test solution was
prepared in a magnetically stirred 4-L container. A suitable volume of
algae, determined by preliminary 9-h tests, was added to either the HA
(177-204 mg/L as CaCO3) or LA (39-75 mg/L as CaCO3) culture
medium to achieve cell concentrations that ranged from:

• 1 to 3 x 104 cells/ml for the lighted, oxygen-production tests

• 1 to 3 x 105 cells/ml for the dark, oxygen uptake (respiration) tests

Although greater than under natural stream conditions, these algal cell
concentrations were needed to produce measurable changes in DO under
the constraints of our laboratory experiment.

For tests in lighted conditions, carbon dioxide and nitrogen were
bubbled through the algal test solutions in the 4-L container. The carbon
dioxide was used to adjust pH between:

• 8.3 and 8.5 for the HA test solutions

• 7.8 and 8.0 for the LA test solutions



These pH values approximated the pH values found in streams with
alkalinities of 200 and 30 mg/L as CaCO3. The nitrogen was used to
reduce the DO to about 3 mg/L so that 9-h oxygen production and
reaeration could be determined without the samples becoming
supersaturated. For tests in dark conditions, carbon dioxide and air were
bubbled through the algal test solutions. The carbon dioxide was used to
adjust the pH of the test solutions. The air was used to raise the DO level
to about 8.8 mg/L (saturation at 21°C) so that the reduction in oxygen
could be determined.

While filling the BOD bottles, we:

• Stirred the algal test solution to prevent stratification and stabilize
pH and DO readings

• Continuously monitored pH with a Beckman portable CD F12 pH
meter

• Continuously monitored DO with a Wheaton Model 8000 BOD
Measurement System

To minimize changes in pH or DO values while filling the bottles, latex
tubing was connected to an outlet at the bottom of the 4-L container and
used to transfer the algal test solution by gravity flow to the BOD
bottles. We followed the DO sampling procedures specified by the
American Public Health Association (1989) for sampling from a supply
line under pressure. Initial pH and DO values were recorded as each
BOD bottle was filled.

Controls

Three control BOD bottles were filled to overflowing with the algal test
solution and immediately capped to prevent gas exchange with the
atmosphere. Another sample of the solution was removed from the 4-L
container and used to determine alkalinity and hardness.



Addition of TFM

An initial volume of TFM was added to the 4-L container holding the
remaining stirred algal test solution. Another three BOD bottles were
then filled to overflowing and immediately capped. A sample of the
TFM-algal test solution was removed from the 4-L container and used to
determine the TFM concentration.

A second volume of TFM was added to the TFM-algal test solution to
increase the concentration of TFM to the next level. Three more BOD
bottles were filled, and another sample of the algal test solution was
obtained and used to determine the TFM concentration.

This TFM addition and sampling process was repeated three more times,
thereby creating five concentrations of TFM for testing. The five TFM
concentrations ranged from:

• 3.0 to 30 mg/L for the HA algal test solution

• 0.3 to 17 mg/L for the LA algal test solution

The 18 BOD bottles (3 controls and 15 TFM-algal test samples) were
placed in the lighted water bath and maintained at 21°C for 9 h. The
temperature of the water bath was continuously recorded by a
thermograph. At the end of the 9-h exposure period, pH, DO, and algal-
cell concentration were determined for each BOD bottle. The 9-h
exposure period corresponded to the minimum time during a stream
treatment that TFM is maintained at or above the LC99.9 for larval sea
lampreys (Kanayama 1963).

We used a pH/total alkalinity prediction chart (Klar 1993) to estimate
the minimum lethal concentration of TFM (LC99.9 for larval sea
lampreys) and the maximum allowable concentration of TFM (LC25 for
nontarget brown trout). The LC99.9 values for larval sea lampreys
ranged from 5.2 to 6.6 mg/L for the HA tests and from 1.1 to 1.9 mg/L
for the LA tests. The LC25 for nontarget brown trout ranged from 12.8
to 17.8 mg/L for the HA tests and from 6.1 to 8.8 mg/L for the LA tests.



Data Analys is

The indirect effect of TFM on pH and DO levels and algal-cell
concentrations was analyzed by comparing the 9-h exposure data for the
controls with the TFM-algal test samples using both the Kruskal-Wallis
one-way analysis of variance and the Mann-Whitney test for multiple
comparison (Sigma Stat 1994). Significance was defined asp _< 0.05.

R E S U L T S

TFM generally affected C. pyrenoidosa less than it affected S.
capricornutum. Compared to the controls, a 9-h exposure to TFM
concentrations equal to the LC99.9 for larval sea lampreys resulted in
minor reductions in pH (< 0.1) and DO (< 20%) both in lighted and dark
conditions (Figs. l-4). Specifically, with TFM levels at or less than the
LC99.9 values, pH changes were not significantly different than those in
the control. Even when the TFM concentrations were increased to the
LC25 for nontarget brown trout, the change in pH was < 0.2 (Figs. 1, 2).
The final algal-cell concentrations did not differ between the controls
and the samples exposed to TFM for 9 h.



Figure 1. Changes in pH after exposing Chlorella pyrenoidosa and
Selenastrum capricornutum to TFM for 9 h under lighted conditions.
The LC99.9 value refers to the concentration of TFM predicted to kill
99.9% of the sea lampreys. The LC25 value refers to brown trout and the
maximum permissible concentration of TFM that could be used in a
stream treatment. An asterisk (*) indicates significant difference from
control.



Figure 2. Changes in pH after exposing Chlorella pyrenoidosa and
Selenastrum capricornutum to TFM for 9 h under dark conditions. The
LC99.9 value refers to the concentration of TFM predicted to kill 99.9%
of the sea lampreys. The LC25 value refers to brown trout and the
maximum permissible concentration of TFM that could be used in a
stream treatment. An asterisk (*) indicates significant difference from
control.
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Figure 3. Changes in dissolved oxygen after exposing Chlorella
pyrenoidosa and Selenastrum capricornutum to TFM for 9 h under
lighted conditions. The LC99.9 value refers to the concentration of TFM
needed to kill 99.9% of the sea lampreys. The LC25 value refers to
brown trout and the maximum permissible concentration of TFM that
could be used in a stream treatment. An asterisk (*) indicates significant
difference from control.
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Figure 4. Changes in dissolved oxygen after exposing Chlorella
pyrenoidosa and Selenastrum capricornutum to TFM for 9 h under dark
conditions. The LC99.9 value refers to the concentration of TFM needed
to kill 99.9% of the sea lampreys. The LC25 value refers to brown trout
and the maximum permissible concentration of TFM that could be used
in a stream treatment. An asterisk (*) indicates significant difference
from control.



Photosynthes is  (Lighted)  Experiments

Oxygen production in the HA test solution was generally lower than in
the LA test solution and was greater for C. pyrenoidosa than it was for S.
capricornutum “(Fig 3)“. When the algae were exposed to TFM, oxygen
production was slightly inhibited. C. pyrenoidosa appeared more
resistant to TFM than the S. capricornutum (Fig. 3).

In the HA algal test solution with TFM at the LC99.9 concentration for
larval sea lampreys, final DO levels in the test vessels were about 11%
lower than in the controls for C. pyrenoidosa (N = 4) and 19% lower for
S. capricornutum (N = 5). With TFM at the LC25 concentration for
brown trout, final DO levels were about 20% lower than in the controls
for C. pyrenoidosa and 37% lower for S. capricornutum. For C.
pyrenoidosa, the final DO levels did not differ significantly between the
controls and the samples containing TFM at concentrations lower than
the LC25. However, for S. capricornutum with TFM levels greater than
the LC99.9 for larval sea lampreys, DO levels were significantly lower
than those in the controls (Fig. 3).

In the LA test solution with TFM at the LC99.9 concentration for larval
sea lampreys, final mean DO levels were about 2% lower than in the
controls for C. pyrenoidosa (N = 4). For S. capricornutum (N = 6), no
significant difference was found in the DO levels in the test solution
exposed to TFM at the LC99.9 and the controls. With TFM at the LC25
concentration for brown trout, final mean DO levels were about 9%
lower than in the controls for C. pyrenoidosa and about 21% lower for S.
capricornutum. These differences were not significant.

R e s p i r a t i o n  ( D a r k )  E x p e r i m e n t s

Exposure of algae to TFM in tests conducted in darkness resulted in a
pH change of < 0.1 and a slight increase in oxygen uptake, for both
species of algae (Figs. 2, 4). However, for C. pyrenoidosa, neither pH
nor DO levels differed significantly between controls and samples for
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tests in which TFM was present at concentrations equal to or less than
the LC25 concentration.

In the HA algal test solution with TFM at the LC99.9 concentration,
oxygen uptake increased by about 8% as compared to the controls for C.
pyrenoidosa (N = 4) and increased by about 14% for S. capricornutum
(N = 5). With TFM at the LC25 concentration, oxygen uptake increased
by about 13% as compared to the controls for C. pyrenoidosa and
increased by about 28% for S. capricornutum (Fig. 4). For S.
capricornutum in the HA test solution, oxygen uptake differed
significantly between the controls and samples with TFM concentrations
at or above the LC99.9 (Fig. 4).

In the LA algal test solution with TFM at the LC99.9 concentration,
oxygen uptake increased by about 9% as compared to the controls for C.
pyrenoidosa (N = 6) and by about 13% for S. capricornutum (N = 5).
With TFM at the LC25 concentration, oxygen uptake increased by about
18% compared to the controls for C. pyrenoidosa and by about 32% for
S. capricornutum. The increased oxygen uptake was significant for S.
capricornutum at the LC25 concentrations (Fig. 4).

D I S C U S S I O N

The results of our study indicate that 9-h TFM stream treatment at the
LC99.9 concentration for sea lampreys would change the pH by 0.1 or
less in lighted and dark conditions (Figs. 1, 2). These small changes in
pH should have little effect on the toxicity of TFM.

In this study, a 9-h exposure to TFM at LC99.9 concentrations for sea
lampreys reduced DO production by about 8% in lighted tests and
increased respiration by about 11% in dark tests. These results are
similar to those of Maki and Johnson (1976). They reported that TFM at
a concentration of 9 mg/L decreased community oxygen production by
5% to 10% and increased community respiration by 3% to 50%.
Dawson et al. (1992) also reported that TFM inhibited photosynthetic
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oxygen production during daylight, but they found no decrease in DO
levels in tests conducted in the shade.

The decrease in stream DO is probably related to the uptake of TFM by
aquatic plants (Gilderhus et al. 1975), which may inhibit photosynthesis.
Hawxby et al. (1977) noted that the most toxic herbicides are those that
inhibit photosynthesis rather than some other metabolic process. Huang
and Gloyna (1968) reported that the toxic characteristics of phenolic
compounds appear to be a function of the substituent groups and their
relative substitution position. They also reported that nitrated (para
substituted isomers) and halogenated (meta substituted isomers) phenols
are the most toxic. The lampricide TFM is a nitrated (para nitro
substitute) and halogenated (meta trifluoromethyl substitute) phenolic
compound and may impair photosynthesis in aquatic plants.

Maki and Johnson (1976) reported that, in a simulated stream (alkalinity
179 mg/L as CaCO3, hardness 211 mg/L as CaCO3, and pH 7.8)
exposure to TFM at a concentration of 9 mg/L did not permanently
impair oxygen production by aquatic plants. Oxygen production and
respiration rates returned to pre-TFM exposure rates within 24 to 36 h,
possibly because TFM residues in aquatic plants rapidly decrease by
about 89% to 97% after 24 h when exposed to TFM-free water
(Gilderhus et al. 1975). Both studies demonstrated the natural ability of
a stream ecosystem to adjust to a temporary exposure to TFM and return
to normal conditions within 1 to 4 d. Thus, our data also support the
idea that TFM treatments at the LC99.9 concentration for sea lampreys
are unlikely to inhibit natural reaeration of a treated stream.

Seelye and Scholefield (1990) reported that low DO alone did not
increase the toxicity of TFM to sea lampreys or brown trout. If algae are
the predominant source of oxygen in a stream and stream DO levels are
not already depressed by other factors, TFM concentrations applied for
sea lamprey control should not greatly affect net oxygen production or
the available DO in a stream for nontarget fishes.
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We conclude that a 9-h TFM stream treatment for sea lamprey control:

• Would change pH levels < 0.1

• Could decrease DO levels from about 2% to 19%

• Would not affect algal concentrations

If algae are the predominant source of oxygen in a stream, TFM
concentrations used in most sea lamprey control treatments should not:

• Inhibit algal stream reaeration after a typical diurnal decline in
oxygen

• Substantially affect algal net oxygen production or oxygen uptake

• Change DO or pH enough to cause substantial nontarget-fish
mortality

Although care must be taken when extrapolating laboratory results to the
field, the lack of substantial change in algal-cell concentration, oxygen
production, oxygen uptake, or pH indicates that algae should not be
greatly affected by sea lamprey control activities.
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