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Abstract—For anadromous salmonids, olfaction is a critical sense, enabling return migration. In recent years, several pesticides
have been identified that interfere with salmonid olfaction at concentrations in the pg/L range; thus, they may pose a risk to species
longevity. In the present study, we investigated the acute effects of five agricultural pesticides on juvenile coho salmon (Oncorhynchus
kisutch) olfaction using the electro-olfactogram (EOG), a measure of odorant-evoked field potentials. Electro-olfactogram responses
to the odorant L-serine were measured during and following a 30-min exposure of the left olfactory rosette to chlorothalonil,
endosulfan, glyphosate acid, iodocarb (IPBC), trifluralin, and 2,4-dichlorophenoxyacetic acid. With the relatively insoluble pesticides
endosulfan and trifluralin, decreases in EOG amplitude were only apparent at relatively high concentrations (100 and 300 pg/L,
respectively) following 20 min of exposure and were absent for chlorothalonil (1 mg/L). With the water-soluble herbicide glyphosate,
significant EOG reductions occurred within 10 min of exposure to 1 mg/L and more rapidly with higher concentrations. Recovery
of EOG post—glyphosate exposure was concentration-dependent, and complete recovery was not observed with some concentrations
at 60 min postexposure. Dichlorophenoxyacetic acid only affected EOG at high concentration (100 mg/L), where it eliminated
EOG within 2 min of exposure. With IPBC, EOG was decreased at 25 min of exposure to 1 pg/L; higher concentrations caused
decreases to occur more rapidly. Excluding IPBC and glyphosate, all EOG reductions occurred at concentrations greater than the
current Canadian water-quality guidelines and reported 96-h lethality values. Our results show that olfactory neurons can be impaired

rapidly by some current-use pesticides, even at exposures in the low-ug/L range.
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INTRODUCTION

The olfactory sense is important throughout the animal
kingdom. For vertebrates, olfactory ability can be assessed by
measuring the field potential of olfactory sensory neurons
(OSNs) following odorant presentation. This measure, referred
to as the electro-olfactogram (EOG), was developed by Ot-
toson for use in frogs a half-century ago [1], fine-tuned for
use in fish by Evans and Hara [2], and applied in recent years
to determine the effects of current-use pesticides on the ol-
factory ability of salmonids. For example, EOG has detected
the sublethal olfactory toxicity of carbamates [3], chlorpyrifos
[4], copper (a constituent of pesticides; e.g., chromated copper
arsenate) [5], diazinon [6], and triazines [7]. The olfactory
ability of salmon has received attention at least in part because
olfaction is behaviorally indispensable, enabling behaviors
such as imprinting and, thus, return migration.

Determining the olfactory toxicity of pesticides to coho
salmon (Oncorhynchus kisutch) is of added relevance, because
some stocks are endangered in Canada [8] and the United
States [9]. Ideally, water-quality guidelines are in place to
protect species from injurious chemical concentrations. How-
ever, guidelines often are based on available toxicological data,
which may consist of acute and chronic toxicity data. This
approach may be limited in that critical physiological systems,
such as olfaction, can be impaired at concentrations lower than
those that result in lethality. For example, simazine negatively
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affects the EOGs of Atlantic salmon parr (Salmo salar) at
concentrations as low as 1 pg/L [7], which is 0.001% of the
96-h median lethal concentration (LLC50) for another salmonid,
rainbow trout (O. mykiss) [10], yet simazine is permitted at
10 pg/L in Canada [11] (http://www.ccme.ca). Similarly, the
carbamate fungicide iodocarb (IPBC), which has a maximum
allowed freshwater concentration of 1.9 wg/L in Canada, sig-
nificantly impairs the EOGs of coho salmon parr at 0.1 pg/L
[3], or 0.1% of the LC50 [12]. These studies demonstrate that
salmonid olfaction can be impaired at toxicant concentrations
substantially less than the LC50—and less than existing water-
quality guidelines. Because olfaction is tantamount to survival
for anadromous salmonids, this sublethal toxicity endpoint
would need to be considered in determining the no-observed-
adverse-effect concentration (NOAEC). An olfactory NOAEC
may be of regulatory use and serve to help preserve salmonid
stocks, especially those at risk.

In the present study, we examine five agricultural pesticides
identified as being of concern to the aquatic environment:
Chlorothalonil, endosulfan, glyphosate, trifluralin, and 2,4-
dichlorophenoxyacetic acid (2,4-D) [13]. Chlorothalonil is a
fungicide used in various applications from food (fruit and
vegetable) to turf. Endosulfan is an insecticide used on food
crops. Glyphosate is a widely used (especially by the forestry
industry) herbicide, with more than 120,000 kg (acid and
isopropylamine forms) used in British Columbia (Canada)
during 2003 [14] (http://www.env.gov.bc.ca/epd/epdpa/ipmp/
technical-reports/pesticide_survey2003/survey-2003.html).
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Trifluralin is a pre-emergent herbicide used to control broadleaf
weeds and annual grasses. Like glyphosate, 2,4-D is used to
control broadleaf and aquatic weeds. Because the selected pes-
ticides are currently used in agriculture, the potential exists
for their presence in coho-bearing streams bordering land with
agricultural activity. The fungicide IPBC was included in our
testing despite being previously identified as an olfactory tox-
icant [3], because we used a new testing protocol. In British
Columbia, IPBC is used routinely (>10,000 kg sold in 2003
[14]) as an antisapstain for dimensional lumber. To assess acute
olfactory toxicity, we exposed the OSNs of juvenile coho salm-
on to concentrations of these pesticides for a period of 30 min
and monitored changes in the EOG during the exposure and
a 60-min recovery period.

MATERIALS AND METHODS
Animals

Coho salmon parr were obtained from the Fisheries and
Oceans Canada Capilano Hatchery (North Vancouver, BC,
Canada; n = 108; mass, 16.5 = 0.86 g; length, 11.4 = 0.25
cm; condition factor [fork length] (K;) = 0.971 = 0.021) and
maintained in indoor, 700-L tanks supplied with filtered, de-
chlorinated municipal water (background water; dissolved O,,
>90% saturation; pH 6.8; hardness, 6.12 mg/L as CaCO;)
under a 12:12-h light:dark photoperiod with a 30-min dawn:
dusk transition and a temperature of approximately 10°C. Coho
salmon parr were fed commercial salmon pellets (EWOS, Sur-
rey, BC, Canada) ad libitum.

Chemicals

All chemicals were purchased from Sigma-Aldrich (Oak-
ville, ON, Canada). The specific pesticides and their given
purities were chlorothalonil (2,4,5,6-tetrachloro-1,3-dicyanob-
enzene; purity, 99.1%), endosulfan («,B-1,2,3,4,7,7-hexach-
lorobicyclo(2.2.1)-2-heptene-5,6-bisoxymethylene sulfite; pu-
rity, 99%), glyphosate acid (N-(phosphonomethyl) glycine; pu-
rity, 99%), IPBC (purity, 97%), trifluralin (o,o,c-trifluro-2,6-
dinitro-N, N-dipropyl-p-toluidine; purity, 99.5%), and 2,4-D
(purity, 98%). 2-Phenoxyethanol was used for anesthesia, and
L-serine (serine; purity, 99%) was used as an odorant.

Electrophysiology

Electro-olfactograms were recorded according to the pro-
cedure described by Evans and Hara [2] using the apparatus
described by Jarrard et al. [3]. Briefly, fish were anesthetized
using 2-phenoxyethanol (induction, 0.4 ml/L; maintenance, 0.2
ml/L) and placed in a Plexiglas holder, and the gills were
continuously perfused with background water and anesthetic.
The left naris covering was excised, and the exposed olfactory
rosette was irrigated with background water and pesticide/
vehicle mixtures (flow rate, ~1.5 ml/min). All solutions were
maintained at the holding-tank temperature (~10°C) by a Lau-
da chiller (Brinkmann Instruments, Westbury, NY, USA). Fish
heart rate was monitored by paired internal, ventromedially
placed, stainless-steel electrodes, amplified 100X, and dis-
played on an oscilloscope. Tests in which arrhythmia was ob-
served were not included for analysis. An Ag/Ag-Cl electrode
in 2% agar (1 M NaCl) inside a pulled-glass pipette (tip di-
ameter, ~150 wm) was advanced until it was observed to be
depressing the mediocaudal area of the rosette raphe and then
backed off until no tissue depression was seen. A similar in-
different electrode was placed on top of the head.

To elicit EOGs, 2-s pulses of stimulus were delivered in
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the nasal background water flow using a computer-controlled,
solenoid-valve system. Direct current EOGs were amplified
1,000-fold, digitized at 200 Hz, and acquired on a computer
(LabView; National Instruments, Austin, TX, USA). A serine
concentration-response curve over the concentrations of 10~7
to 10° M was established to guide selection of a submaximal
stimulus concentration for EOGs. Electro-olfactogram re-
sponse peaked with 1072 M serine, approximately double that
at 1073 M (Fig. 1A; for example traces, see Fig. 1B). Two-
second pulses of concentrations greater than 10-? M required
more than 2 min to restore to baseline, indicating that sensory
adaptation took longer than 2 min to decline with 10~ and
10° M serine. For subsequent tests, 107> M serine was used
to evoke EOGs. This amino acid concentration, which has been
used for previous electrophysiological work with salmonids
(O. kisutch and O. mykiss [15]), is greater than the 10> M
used in some EOG studies (see, e.g., [3,7]) but lower than the
1072 M used in another [16]. In the present study, 10— M was
used because it provided robust and repeatable peaks. Neither
1073 nor 1075 M realistically reflect reported background ami-
no acid concentrations, which can be less than 107 [17], but
they may have relevance in situations of high organic material
(e.g., with carcass decay).

To limit EOG variation during exposure and postexposure
periods, fish were acclimated to the apparatus, and pre-ex-
posure EOGs were taken until the variation between two EOGs
determined 5 min apart was 5% or less. Following acclimation,
the nasal background water feed was switched to either control
(one of three: Either background water alone, or one of two
vehicle controls) or pesticide solutions.

Exposures

In the present study, one of two factors was used to establish
a sublethal exposure concentration range for each pesticide.
With water-soluble pesticides (glyphosate and 2,4-D), initial
exposure concentrations were based on 50% of the LC50s for
salmonids (Table 1). To establish a concentration—response
relationship, incrementally higher and lower concentrations
also were tested. With glyphosate, because formulations gen-
erally have higher toxicity as a result of surfactants (e.g., po-
lyethoxethyleneamine) [18], our initial exposure concentration
should have been well below lethality. For the remaining pes-
ticides of lower solubility, their maximum solubilities [19]
were used to set the maximum exposure except for chloroth-
alonil, for which we used slightly more (solubility, 0.6 mg/L;
exposure concentration, 1 mg/L). If pesticides affected EOG
at 100% of their water solubility value (Table 1), then they
were tested at 10% of this concentration. Concentrations for
IPBC (1, 10, and 100 pg/L) were within the range tested by
Jarrard et al. [3].

For pesticide-exposure solutions, glyphosate was added di-
rectly to background water, and although our goal was to test
other pesticides at concentrations approaching the upper limit
of their solubility, we first had to solubilize endosulfan, chlo-
rothalonil, trifluralin, and 2,4-D in acetone (10, 10, 10, and
100 mg/ml acetone, respectively). Similarly, IPBC was solu-
bilized in polyethylene glycol (10 mg/ml). Both solubilizing
agents were tested at their highest dilution concentration (i.e.,
10 wl/L for polyethylene glycol and 1 ml/L for acetone; n =
6 for each group). Pesticides were not added to 2-s stimulant
serine pulses. All solutions were prepared daily. All reported
concentrations are nominal.

To determine whether the pesticides were capable of evok-
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Fig. 1. (A) Electro-olfactogram (EOG) responses and (B) example EOG traces taken from the nasal epithelium of coho salmon in response to
2-s pulses of various concentrations of L-serine, glyphosate acid, and 2,4-dichlorophenoxyacetic acid (2,4-D) (in A, n = 6 per group; in B, serial
EOG traces were taken 10 min apart from one fish). Curve equations for A are as follows: L-Serine, EOG = 0.896 + 79.0-2.59'elsrinel ;2 = 99 3%,

p = 0.0005; 2,4-D, 0.207 + 193.2.78cel2 4D y2
0.0005.

ing EOGs, each pesticide was first tested at its maximum ex-
posure concentration using the same protocol as that for serine.
If a 2-s pesticide pulse caused an EOG, progressively lower
concentrations were tested.

For the exposures, single serine-evoked EOGs were re-
corded at 2, 5, 10, 15, 20, 25, and 30 min during exposure
and at 2, 5, 10, 15, 20, 30, 40, 50, and 60 min postexposure.
Line washout following exposure took 30 s. All background
water, vehicle, and pesticide solutions were delivered in Tef-
lon® tubing, which was replaced with each test group. Control
fish were distributed throughout pesticide trials.

Statistics

For each fish, exposure and postexposure EOG peak am-
plitude size (in mV) was considered as a proportion of the last
pre-exposure value. Differences between control groups (back-
ground water, polyethylene glycol, and acetone; n = 6 per
group) were tested using a two-way (time and treatment), re-
peated-measures analysis of variance followed by a Holm-
Sidak post hoc test. Because no differences were found, control
groups were pooled, and pesticide-exposure groups were tested
against the control using the same method as described above.

For glyphosate, the median inhibitory concentration (IC50)
was determined for each exposure time (2, 5, 10, 15, 20, 25,
and 30 min) by fitting curves to EOG inhibition versus gly-
phosate concentration and interpolating 50% EOG reduction.
For the curves, given the small number of points (average
values for control, 0.1, 1, 10, and 100 mg/L at each time point),

99.6%, p = 0.0037; glyphosate, EOG = 0.559 + 67,300-12.70zlzlyphosacel ;2

99.9%, p =

a three-parameter exponential decay model (inhibition = y, +
a-ePlelyphosael) wag used for simplicity, because a polynomial
model did not provide a better fit. To establish 95% confidence
intervals (CIs), curves also were fitted to twofold the standard
error above and below each point. To view interactions in IC50
and exposure duration, the IC50 was then plotted against ex-
posure time, and again, best-fit models were used. To model
the time required for IPBC and glyphosate to cause an EOG
decrease, the time at which a significant drop in EOG occurred
was plotted against pesticide concentration, and curves were
fitted. Additionally, EOG changes at the beginning and end of
exposure and recovery periods were plotted for IPBC and gly-
phosate, and polynomials were fitted for visualization pur-
poses.

Five percent was used as the limit of significance for all
comparisons. All values are presented as the mean * standard
error, unless stated otherwise. SigmaStat 3.0 and SigmaPlot
8.0 (Systat Software, Point Richmond, CA, USA) were used
for statistics and graphing.

RESULTS

Heart rate was not different between exposure groups and
did not vary over the 90-min testing procedure (pooled av-
erage, 59 = 0.90 bpm). Across all fish, EOG acclimation took
49.3 £ 2.2 min, and pre-exposure EOGs were 4.31 = 0.19
mV (range, 0.496—-10.6 mV). The EOG acclimation time was
positively correlated to fish mass (range, 7.53—42.8 g) [(min)
= 1.4(g) + 30, » = 15.6%, p = 0.0015].
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To test if the pesticides themselves evoked EOGs, 2-s pulses
of each pesticide were delivered in the nasal background water
feed. None of the pesticides evoked EOGs over the concen-
tration ranges tested except for 2,4-D and glyphosate, which
evoked EOGs in a concentration-dependent manner similar to
L-serine (Fig. 1).

With 30-min exposures, vehicle control EOG peak ampli-
tude did not vary significantly over the 90-min testing pro-
cedure (Fig. 2A). For IPBC, exposure to 1 pg/L caused a
significant decrease in EOG 25 min into the exposure. Sig-
nificant decreases occurred more rapidly at higher concentra-
tions (time to significant decrease in min = 24.9[IPBC (ug/
L)]7937, 2 = 99.7%, p = 0.03), and these decreases were
concentration-dependent (Fig. 3). At the end of exposure, EOG
responses differed from control for all concentrations, with
treatments at 1, 10, and 100 pg/L reaching 71.8 = 16.5%,
54.1 = 5.14%, and 57.9 = 13.6%, respectively, of control. At
60 min postexposure, all IPBC-exposure groups remained sig-
nificantly depressed from control except the lowest concen-
tration, which returned to the control level 30 min following
exposure.

Chlorothalonil did not affect EOG amplitude within the
testing protocol, even at an exposure concentration greater than
solubility (1 mg/L) (Fig. 2B), so other concentrations were not
explored. Endosulfan at 100 wg/L caused significant EOG de-
creases with 20 to 30 min of exposure, but EOG returned to
control levels by 2 min postexposure (Fig. 2C). Endosulfan at
10 pg/L did not cause any difference compared to controls.
Similarly, with exposure to high-concentration (300 wg/L) tri-
fluralin, EOG was decreased at 30 min but recovered within
2 min of exposure cessation (Fig. 2D). As with endosulfan,
EOG effects were absent when trifluralin exposure was reduced
by 10-fold (30 wg/L).

At exposures of 1 and 10 mg/L, 2,4-D did not affect serine-
evoked EOGs (Fig. 2E). However, in the presence of 100 mg/
L of 2,4-D, the EOG response was atypical and in the opposite
direction. Because a 2-s pulse of water in place of serine had
the same effect, we conclude that the apparently reversed EOG
was simply a rapid washout effect (EOG recovery), because
2,4-D was not included in the stimulant pulse. For the purposes
of the present paper, reversed washout EOGs were considered
as EOG loss and as 0% of pre-exposure EOGs. Two minutes
following exposure to 100 mg/L, EOG appeared to recover to
53.2 = 9.4%, and it remained at a similar level up to 60 min
postexposure. A clear concentration—response relationship was
not established with 2,4-D, because both 1 and 10 mg/L ex-
posures did not alter EOG significantly from the control values.

Glyphosate reduced EOG in a concentration-dependent
manner (Figs. 2F and Fig. 3), and significant decreases oc-
curred more rapidly with increasing concentration (time to
significant decrease in min = 10.0[glyphosate (mg/L)] %325, 2
= 99.6%, p = 0.04). Exposure to 100 mg/L of glyphosate, as
with exposure to 100 mg/L of 2,4-D, caused small reversed
EOGs as a result of washout. After 30 min of exposure, EOGs
recorded in fish exposed to 1, 10, and 100 mg/L were 66.1 =
8.0%, 44.4 = 13.9%, and 0 = 0%, respectively, of their pre-
exposure level. Exposure at 0.1 mg/L did not affect EOG dur-
ing or after exposure. Unlike the 100 mg/L of 2,4-D exposure,
EOG recovery after 100 mg/L. was time-dependent (Fig. 2F).
By 60 min postexposure, 1 and 100 mg/L exposures remained
significantly different from control, at 74.5 = 11.7% and 72.8
* 11.0%, respectively, of their pre-exposure EOG.

The point at which EOG was 50% of the pre-exposure value
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(IC50) was interpolated for glyphosate. At 2 min into the ex-
posure, the IC50 was 10.9 mg/L, and at 5 min, it dropped to
8.17 mg/L and then remained at a similar level for the balance
of the exposure (IC50 = 7.66-¢[0-218/ime=139] "2 = 8B 4% p =
0.01; upper 95% CI = 9.76 + 11.5-¢(-028time) 4 ().322-time,
r? =96.3%, p = 0.01; lower 95% CI = 4.91 + 28.5-¢(~1:32time)
— 0.102-time, > = 95.8%, p = 0.01).

The IC50s were not calculated for other pesticides, because
greater than 50% inhibition was not reached except for 2,4-
D. However, the IC50 was not calculated with this pesticide,
because a concentration—response curve was not reasonably
established.

DISCUSSION

Five of the six pesticides examined affected coho salmon
EOG amplitude, with some pesticide concentrations doing so
within 2 min of exposure. These effects typically were noted
in the high-pg/L to mg/L concentration range except for IPBC,
for which effects were noted in the low-pg/L concentration
range. To relate these sublethal toxicity findings to lethality
data and water-quality regulations as they apply to salmonids,
we present our findings in a three-part comparison (summa-
rized in Table 1). First, we asked if an acute, 30-min pesticide
pulse alters olfaction, setting our pulse concentrations accord-
ing to either maximum solubility (because potentially little
likelihood exists that a salmon will encounter a pulse of a
concentration > 100% solubility) or an estimate of sublethal
exposure concentration (50% of the 96-h LC50). Second, we
present our findings in comparison with existing lethality data,
which answers whether olfactory impact (if found) represents
a viable sublethal toxicity endpoint. Last, we ask whether wa-
ter-quality guidelines are equal to or less than the concentration
at which EOG was negatively affected, acknowledging that
these guidelines may or may not have bearing on environ-
mental pesticide concentrations.

In the environment, negative EOG effects may alter sur-
vivorship, because olfactory-mediated behaviors, such as the
alarm and avoidance reactions, will be impaired at some level
of EOG loss. For example, 1 pg/L of diazinon lowers EOG
by 70% [6] and impairs alarm response [20]. Like Moore and
Waring [6], we explored decreases in EOG response to stim-
ulation by serine. This amino acid washes off mammalian skin
[21] and has been shown to elicit an avoidance response in
both juvenile [22] and adult salmonids [21] and so, presum-
ably, functions as an antipredator behavior [21]. Recently, it
was demonstrated that amino acids also can function as ‘“home
stream olfactory bouquet’ constituents for chum salmon [17].
Thus, pesticides that reduce amino acid—elicited EOGs also
may impair imprinting. However, as mentioned earlier, the
amino acid concentrations of salmon EOG studies likely are
greater than environmental amino acid concentrations, which
hampers real-world extrapolation.

We found decreases in serine EOG amplitude with IPBC
similar to those reported by Jarrard et al. [3]. Those authors
found a 50 and 70% decrease in EOG 30 min following a
exposure at 1 and 10 pg/L, respectively; we noted a decrease
of 30 and 45%, respectively, for the same concentrations. The
more conservative impairment estimate of the present study
may be attributable to a higher L-serine stimulus concentration
(1073 M in the present study and 107> M in Jarrard et al. [3])
or differences in the exposure system. If the difference is
caused by the greater stimulus concentration, this suggests that
EOG alteration, as assayed through EOG peak size, may be-
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Fig. 2. Changes in coho salmon electro-olfactogram (EOG) during 30-min exposure and 60-min recovery from (A) control (n = 18), the carbamate

fungicide iodocarb (IPBC), and (B) chlorothalonil, (C) endosulfan, (D) trifluralin, (E) 2,4-dichlorophenoxyacetic acid (2,4-D), and (F) glyphosate
(n = 6 per exposure concentration). Hatched area represents the exposure washout and transition period. For reference, the EOG of control fish
are shown as a solid line. Line equation for 100 mg/L of glyphosate recovery (32 — 90 min) is EOG = 0.875(min) — 5.40, r> = 94.3%, p <
0.0001. Significant differences from control are denoted with asterisks (two-way repeated-measures analysis of variance, Holm-Sidak, p < 0.05).
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Fig. 3. Changes in electro-olfactogram (EOG) at 2 and 30 min into
and 60 min after (A) iodocarb (IPBC) and (B) glyphosate exposure.
Polynomial curves were fitted for visualization purposes only. Sig-
nificant differences from control are denoted with asterisks (two-way
repeated-measures analysis of variance, Holm-Sidak, p < 0.05).

come a less sensitive measure of pesticide impact with in-
creasing stimulus concentration. Future studies may benefit
from examining an additional measure of EOG, such as the
maximum rate of EOG generation (the maximum of the curve
slope) after toxicant exposure. In any event, iodocarb is clearly
toxic to coho salmon olfaction at concentrations less than those
that cause lethality (Table 1). The Canadian Water-Quality
Guidelines for the Protection of Aquatic Life (CWQG) [11]
set a limit at 1.9 pg/L. Based on the present results and those
of Jarrard et al. [3], the guidelines may not provide an adequate
safeguard for coho salmon olfaction.

In contrast to IPBC, chlorothalonil does not appear to affect
EOG within 30 min, even at a concentration far greater than
that causing lethality and the CWQG of 0.18 pg/L (Table 1).
Chlorothalonil was tested just above its theoretical maximum
solubility (0.6 mg/L [19]), which is a concentration well above
the 96-h LC50 range of 14.3 to 17.1 pg/L [23,24], so chronic
effects or other sublethal effects are likely to develop before
olfactory toxicity.

Endosulfan reduces EOG, but only at high concentrations
(100 pg/L). Much lower concentrations (0.5 pg/L) of endo-
sulfan impair pheromone-based behaviors in red-spotted newt
(Notophthalmus viridescens) following a 4-d exposure
[25,26]. That we only noted olfactory effects after exposure
to a 200-fold higher concentration suggests either that coho
salmon olfaction is not as sensitive to this pesticide or that
lower-pg/L range concentrations act in a more chronic fashion,
one missed with acute exposure. Although our findings support
the latter notion, because the time to EOG impairment in-
creased with decreasing concentration for both IPBC and gly-
phosate exposures, acute and chronic endosulfan olfactory tox-
icities likely differ in their mechanism of action. For example,
the olfactory effects noted with newts and chronic exposures
may be mediated through altered hormonal profiles. Any future
EOG studies of endosulfan should consider extended expo-
sures, such as those carried out over days in tanks. Unfortu-
nately, variation between individual EOG preparations can be
considerable: In the present study, we found a greater than 20-
fold range in EOG peak size before pesticide exposure. Thus,
isolating subtle effects on EOG following a tank exposure
might be challenging. In any case, as long as concentrations
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of this pesticide do not exceed the current CWQG (0.02 pg/
L) (Table 1), acute sublethal olfactory effects would not be
anticipated for newts or salmonids.

Like endosulfan, trifluralin only reduced EOG at a very
high (300 wg/L) exposure concentration, and even then, it only
caused a small effect. Because lethality occurs at a much lower
concentration (Table 1), and because the CWQG is much lower
(0.2 pg/L), this pesticide likely does not pose an acute risk to
salmonid olfaction.

Serine-evoked EOGs were not affected with exposure to
low-concentration (1 and 10 mg/L) 2,4-D. However, 2,4-D at
these exposure concentrations evoked EOGs similar to serine,
suggesting that 2,4-D may be acting as a ligand to a set of
OSNs different than the set acted on by serine. This could be
tested by cross-adaptation experiments using 2,4-D and ligands
that likewise include phenolic rings, such as aromatic amino
acids (e.g., L-pheylalanine or L-DOPA). One of these, L-DOPA
has been shown to evoke EOGs in other teleost species (Car-
assius auratus [27] and Solea senegalensis [28]). At high
concentration (100 mg/L), 2,4-D eliminated serine-evoked
EOGs. This effect may result from a nonselective effect on
multiple OSNs or from 2,4-D acting as a weak serine-receptor
ligand (i.e., cross-adapting). This second explanation may not
completely account for the effect, given that the serine-evoked
EOG did not recover after exposure to 100 mg/L of 2,4-D as
it did after exposure to 100 mg/L of glyphosate. The approx-
imately 50% recovery observed could be caused by persistent
effects or actual physical damage resulting from prolonged
depolarization.

Folmar [29] found that rainbow trout avoided 2,4-D con-
centrations of 1 and 10 mg/L but not 0.1 mg/L, suggesting
that salmonids may behaviorally reduce 2,4-D exposure where
possible. Our results suggest that salmonids can detect 2,4-D
through olfaction. Alternately, or additionally, a sensorial
mechanism other than OSNs in the olfactory rosette may be
used for 2,4-D detection, as Ishida et al. [30] suggested with
carp (Cyprinus carpio) avoidance of the pesticides benthio-
carb, isoprothiolane, and fenitrothion. With our EOG findings,
in view of the high concentration required for the observed
effect and the fact that lethality occurs at a lower concentration,
acute pulses of this pesticide likely do not pose a specific
olfactory risk. Should existing guidelines be applied to stream
habitat (Table 1), salmonids will be protected from any short-
term olfactory alteration.

With the widely used herbicide glyphosate, our results show
that exposure can reduce EOG responses rapidly, with a cal-
culated IC50 of 10.9 mg/L (95% CI, 6.72-16.8 mg/L) 2 min
into the exposure. However, glyphosate also evoked EOGs in
a concentration-dependent manner. This is not surprising given
the similarity of glyphosate to the amino acid glycine. Thus,
during exposure, the reduced serine EOG peak size may in-
dicate that glyphosate was acting as an agonist; consequently,
there may have been receptor adaptation. Several minutes after
glyphosate washout, it was unlikely that significant residual
receptor binding (i.e., antagonist or agonist action) occurred.
However, because the serine-evoked EOG did not return to
control levels for all exposure concentrations (1 and 100 mg/
L), evidence suggests either persisting adaptation or toxic ef-
fects on OSNs or other cells of the olfactory rosette.

In our tests, we used pure glyphosate acid, despite product
formulations generally having elevated toxicity because of the
formulation constituents. However, the glyphosate formulation
used for weed control in the aquatic environment (Rodeo®;
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Monsanto, St. Louis, MO, USA) does not include inert ingre-
dients. In Willapa Bay (WA, USA), Rodeo® has been used
repeatedly to control the invasive exotic smooth cordgrass
(Spartina alterniflora) [31]. For this reason, testing the effects
of glyphosate in the absence of inerts or other formulation
constituents is warranted. Furthermore, the method and sheer
volume of glyphosate application over areas including or ad-
jacent to salmon-bearing streams, in addition to its high sol-
ubility, make exploring its olfactory toxicity of interest, even
though it tends not to persist unbound (for review, see Giesy
et al. [32]).

The present study noted that glyphosate has sublethal neu-
rophysiological effects (i.e., salmonid olfaction would be im-
paired before lethality would be expected) (Table 1). Fish may
be able to reduce any sublethal effects, because our data sug-
gest that fish can detect it via OSNs. However, a previous
study suggested that this may not be the case, because rainbow
trout did not avoid glyphosate over a concentration range of
0.1 to 10 mg/L [29]. Thus, the present results as well as those
of the previous study [29] suggest that salmonid OSNs detect
both 2,4-D and glyphosate but do not avoid glyphosate. Re-
gardless, in view of the existing CWQG for glyphosate (65
ng/L), the relatively high (1 mg/L) concentration required to
significantly decrease EOG, and the physicochemical prop-
erties of glyphosate, acute exposures of glyphosate are unlikely
to be a routine risk to olfactory systems of anadromous sal-
monids. Nevertheless, should a salmon-bearing location re-
ceive concentrated pulses of this pesticide, olfaction and, con-
sequently, ecological fitness may be impaired.

Most of the pesticides known to inhibit salmonid olfaction,
such as the organophosphorous insecticide diazinon [6], at-
razine [7], and the carbamate fungicide IPBC [3], have ace-
tylcholinesterase (AChE)-inhibiting properties. Acetylcholine
is of central importance, because it acts as a neurotransmitter
for the peripheral nervous system, controlling skeletal muscle
contraction and, by the autonomic, parasympathetic nervous
system, inhibiting heart rate [33] and stimulating mucous se-
cretion [34], among other functions. Because inhibition of
AChE will cause elevated acetylcholine, tetanus (sustained
muscular contraction) and elevated heart rate or mucous se-
cretion may result. Considering that elevated peripheral AChE
may lead to increased mucous production, it is not unreason-
able to hypothesize that olfaction could be diminished by an
anticholinesterase-caused mucous plug, which is exactly what
Jarrard et al. [3] hypothesized. In our tests, we did not observe
any heart rate changes, so it is unlikely that AChE was sys-
temically inhibited. Because our exposure system was de-
signed to isolate pesticide exposure to the naris, altered heart
rate would not have been expected, even if a pesticide had
AChE-inhibiting properties.

In summary, pulses of the pesticides we tested can rapidly
affect olfaction in coho salmon parr. The carbamate pesticide
IPBC can impair olfaction within 25 min even at 1 wg/L. Thus,
runoff pulses of this semipersistent pesticide should be con-
sidered as hazardous to olfaction in migratory salmonids. The
existing CWQG would likely better protect salmonid olfaction
if set at the NOAEC, which for the olfactory epithelium would
be approximately 10-fold lower than the present value. The
highly soluble pesticide glyphosate impairs olfaction within
10 min at 1 mg/L, and the effects appear to persist. Overall,
EOG can provide a useful measure for acutely toxic pesticides,
such as carbamates and some organophosphorous pesticides.
Electro-olfactograms could be of greater use and have better
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real-world applicability if new methods could be evolved to
use the EOG to detect any olfactory effects arising from longer-
term exposures.
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