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Abstract: Salinity can interact with organic compounds and modulate their toxicity. Studies have
shown that the fraction of pyrethroid insecticides in the aqueous phase increases with increasing
salinity, potentially increasing the risk of exposure for aquatic organisms at higher salinities. In
the San Francisco Bay Delta (SFBD) estuary, pyrethroid concentrations increase during the rainy
season, coinciding with the spawning season of Delta Smelt (Hypomesus transpacificus), an endangered,
endemic fish. Furthermore, salinity intrusion in the SFBD is exacerbated by global climate change,
which may change the dynamics of pyrethroid toxicity on aquatic animals. Therefore, examining the
effect of salinity on the sublethal toxicity of pyrethroids is essential for risk assessments, especially
during the early life stages of estuarine fishes. To address this, we investigated behavioral effects
of permethrin and bifenthrin at three environmentally relevant concentrations across a salinity
gradient (0.5, 2 and 6 PSU) on Delta Smelt yolk-sac larvae. Our results suggest that environmentally
relevant concentrations of pyrethroids can perturb Delta Smelt larvae behavior even at the lowest
concentrations (<1 ng/L) and that salinity can change the dynamic of pyrethroid toxicity in terms
of behavioral effects, especially for bifenthrin, where salinity was positively correlated with anti-
thigmotaxis at each concentration.

Keywords: bifenthrin; permethrin; estuary; multiple stressors; behavior; fish; pesticide; thigmotaxis;
endangered species; global climate change

1. Introduction

The Delta Smelt, Hypomesus transpacificus, is a pelagic fish species endemic to brackish
and freshwater portions of the Sacramento River and the San Francisco Estuary (California,
USA). This fish has a migratory annual life cycle which follows the seasons and where life
stages vary spatially across the San Francisco Bay Delta (SFBD). Delta Smelt have a complex
life cycle [1], with adults generally migrating upstream to spawn in freshwater (0.5 Practical
Salinity Unit; PSU), where resulting larvae remain until they become juveniles. During late
spring, they begin their migration downstream to low-salinity zones (1–6 PSU), where they
continue to mature until the next winter [2]. The Delta Smelt has experienced a dramatic
decline in abundance since the 1980s [2,3]. It was first classified as “threatened” under
the Federal and State Endangered Species Act (ESA) in 1993, then listed as “endangered”
under the California Endangered Species Act (ESA) in 2009 [4], and was finally classified
as “critically endangered” by the International Union for Conservation of Nature 5 years
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later [5]. The listed threats for the Delta Smelt’s decline are multiple and include natural
habitat modification and degradation (e.g., dams and water diversions), introduced species
competition and predation, decreased food availability, changes in the physiochemical
properties of the system associated with global climate change [2,6], and pollution not
only from domestic and industrial wastewater, but also from agricultural and surface
runoff [7–11].

Pyrethroid insecticides are heavily used in agricultural and urban areas, and are
commonly detected in waterbodies worldwide. In the San Francisco Bay Delta (SFBD)
estuary, their concentrations increase during the rainy season (November to April) due to
runoff, coinciding with the spawning season of Delta Smelt (December to May) [12]. Among
these insecticides, the frequent detection of two pyrethroids, permethrin and bifenthrin,
which are highly toxicity to aquatic life, is of great concern for the Delta Smelt habitat
and overall fitness for species living in this system [12–14]. Permethrin and bifenthrin are
frequently detected in the low ng/L to µg/L range in sediment and surface waters [15,16].
For example, bifenthrin has been measured at concentrations up to 106 ng/L upstream
of known Delta Smelt habitats [12,17]. Given the lipophilic nature of pyrethroids, it is
expected that, in fish, these insecticides are widely absorbed and bioaccumulated in tissues
with a high lipid content, including fat, central and peripheral nervous [18], and larval
yolk-sacs. The mechanism of action of both permethrin and bifenthrin is through binding to
voltage-gated sodium ion channels (VGSCs), delaying closure of the channel and resulting
ultimately in convulsions and death [19,20]. Pyrethroids are also reported to be more
toxic to aquatic organisms than terrestrial organisms due to their effect on Na+ATPase, an
enzyme involved in osmoregulation [21]. In fish, the pyrethroid cypermethrin can reduce
sperm motility and fertilization success [22,23]. Permethrin and bifenthrin have both been
shown to impact endocrine activity, acting as an estrogen receptor agonist [24]. Exposure
to bifenthrin (0.5 ng/L) altered endocrine signaling and reduced the number of fertilized
eggs per female in Inland Silverside, Menidia beryllina, a euryhaline fish species whose
habitat overlaps with Delta Smelt [25]. Pyrethroid metabolites are reported as having a
greater endocrine activity than the parent molecules in in vitro tests [26–28]. Estrogen
and estrogen mimics exposure during the larvae period can influence the sex ratio of
fishes [29], suggesting that early life exposure to these low concentrations of pyrethroids
may indirectly precipitate fish population decline [30,31]. Given this knowledge, it is
not surprising that pyrethroids have been postulated to have played a significant role in
the decline of several fish species in the California Bay-Delta [10], but such cause–effect
relationships are extremely difficult to demonstrate in field populations.

Salinity is an important factor in the Delta Smelt life cycle and influences their spatial
distribution especially during the spawning period. However, climate change impacts are
predicted to alter abiotic conditions, which may potentially increase environmental stress
on estuarine species. Climate change-related increased duration/frequency of drought
periods reduces the freshwater entering estuaries and, with coupled sea level rise, this
allows for intrusions of higher-salinity water from the ocean, pushing the low-salinity
zone further upstream [32,33]. This further compress Delta Smelt habitat and relative
distribution. Salinity has also been shown to interact with chemical properties of organic
pesticides by decreasing the water solubility of the compound and therefore potentially
modulating their toxicity [34]. Pyrethroids are highly hydrophobic and studies have shown
that the more hydrophobic a contaminant is, the larger the impact salinity has on its affinity
for a solid phase such as sediments and/or tissues [35]. Moreover, the fraction of pyrethroid
insecticides in the aqueous phase (with either no or limited suspended sediments present)
increases with increasing salinity, potentially increasing the risk of exposure for aquatic
organisms at higher salinities [36]. Therefore, examining the effect of salinity on the toxicity
of two frequently detected pyrethroid insecticides, permethrin and bifenthrin, is essential
in assessing the risk that these insecticides pose to estuarine fish, especially during sensitive
stages of development (i.e., yolk-sac larvae).
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Locomotion behavior is key for the survival of animals, and it is governed by biotic
and abiotic factors. The observation of behavioral change at environmentally relevant
concentrations of contaminants in fish larvae may provide a strong indicator for neuroac-
tivity effects. Behavioral endpoints are highly sensitive and ecologically relevant to assess
these effects [23]. The potential to identify interactions of chemicals with the nervous
system using behavioral assays has been extensively used in model fish species such as
Zebrafish (Danio rerio) [37], where larvae are often used for studying the behavioral toxicity
of environmental contaminants [38–40]. Among the several locomotor behavioral assays,
the light and dark locomotion test, in which various swimming activity endpoints are
measured, has been used to evaluate and screen numerous compounds for potential neu-
roactive properties [41,42]. At sublethal concentrations, pyrethroids are found to induce
changes in the protein metabolism and/or behavior in larval fish such as Zebrafish, Inland
Silversides and Delta Smelt [43–48]. Mundy et al. (2020), have recently adapted a light
and dark cycle behavioral test, routinely used on Zebrafish species, for Delta Smelt larvae
and used it to assess sensitive alterations in swimming activity due to environmentally
relevant pyrethroid concentrations [47,48]. Indeed, their research has shown that exposure
of Delta Smelt larvae to 50 ng/L permethrin and 2 ng/L bifenthrin, for 96 h, resulted
in significant hyperactivity, as well as a decrease in thigmotaxis (wall hugging). Similar
observations have been reported for Zebrafish larvae exposed to permethrin at 50 µg/L
for 24 h, resulting in alterations in nonmotor behavioral patterns, such as decreased de-
fensive behaviors linked to thigmotaxis and scototaxis (dark/light preference) [44]. Direct
links of these effects on survival in the field and overall fitness are difficult to predict, but
these behavior alterations are likely to cause changes in ability to avoid predation, capture
prey and subsequently affect reproduction success, leading to a decrease in population
abundance [23,49].

The goals of the present study were to determine (1) the effect of environmentally
relevant pyrethroid concentrations on Delta Smelt larvae behavior and (2) the dynamics
of pyrethroid toxicity on Delta Smelt yolk-sac larvae behavior at salinities experienced by
this species across their habitat range. We exposed Delta Smelt during sensitive stages
of development (yolk-larvae) to low (ng/L) environmentally relevant concentrations of
permethrin or bifenthrin, across a salinity gradient (0.5 to 6 PSU). Hatching and survival
rates during the exposure and over six behavioral parameters were analyzed following
96 h exposures in order to assess whether salinity may alter the pyrethroids’ toxicity to
Delta Smelt yolk-larvae. The behavioral alterations were studied by using a behavioral
test based on photomotor response (using light and dark period) adapted for use on Delta
Smelt larvae by Mundy et al. (2020) [47].

2. Materials and Methods
2.1. Larval Fish Source

In March 2020, Delta Smelt embryos were fertilized via strip spawning and main-
tained at 16 ◦C in the Delta water (0.2 PSU) [50] until 7 days post fertilization (dpf) at
the UC Davis Fish Culture and Conservation Laboratory (FCCL) as approved by the
University of California Davis Institutional Animal Care and Use Committee (IACUC);
protocol #19841, date of approval: 20 March 2017. A total of 1920 embryos were used
for two experiments. For each experiment, 960 embryos were transported at 7 dpf to
our laboratory at UC Davis, and distributed in batches of 20 embryos across forty-eight,
200 mL beakers containing 100 mL of oxygenated filtered (0.2 µm) ground water at 0.5, or
with supplemented with Instant Ocean®, at 2 or 6 PSU. Organisms were then placed in
a controlled chamber at 16 ± 0.5 ◦C under dark conditions, where they were maintained
until test initiation. Water physicochemical parameters were measured daily such as the
pH (8.53–8.59, Hanna Instruments), dissolved oxygen (98%; YSI, Yellow Springs, OH, USA),
salinity (0.5; 2 or 6 PSU; Hanna Instruments), ammonia (0; API, McLean, VA, USA), and
temperature (16 ± 0.5 ◦C; Hanna Instruments, Woonsocket, RI, USA) before and after a
50% water renewal, at respective conditions.
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2.2. Experimental Larvae Exposure

Toxicological research was approved under UC Davis IACUC protocol #20274, date of
approval: 14 December 2018. Pesticide exposures were performed with either permethrin or
bifenthrin, conducted using embryos from one spawn per insecticide. For each experiment,
pesticide exposures were initiated at 8 dpf and included a total of 12 treatments: 3 salinities
(0.5, 2 and 6 PSU) and 3 concentrations plus a solvent control (0 ng/L), in quadruplicate
(Figure 1). Larvae were allowed to hatch into the exposure vessels, and were maintained
under static renewal conditions for a period of 96 h. All exposures were conducted in
experimental chambers at 16 ± 0.5 ◦C, as described above. Concentrations used in this
study were chosen to reflect the concentrations measured in the San Francisco Bay Delta,
California, USA [13]. The pesticide exposures were performed at 1, 10 and 100 ng/L
(nominal) for permethrin (ChemService, WestChester, PA, USA. CAS: 52645-53-1, product#:
N-12848), and 0.1, 1 and 10 ng/L (nominal) for bifenthrin (ChemService, WestChester,
PA, USA. CAS: 82657-04-3, product#: N-11203). All concentrations (including the control)
contained methanol at 0.02% v/v, used as a solvent carrier for the insecticides [51]. Water
physicochemical parameters were measured daily over the 96 h exposure, at the time of
50% water renewal described above. Cumulative hatching and mortality were recorded
daily. At 96 h post exposure (corresponding to 12 dpf), behavioral assays were performed
on larvae from each treatment (Figure 1B).
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2.3. Analytical Chemistry

At the beginning of each experiment, three one-liter water samples were collected from
the control and the highest concentration in amber glass bottles and the effective concen-
trations were measured by the USGS (Sacramento, CA, USA). Bifenthrin and permethrin
concentrations were measured within 24 h of sample collection using solid-phase extraction
(SPE) followed by gas chromatography–mass spectrometry (GC–MS) [52]. Recoveries for
each insecticide ranged from 84 to 96%. The method detection limit for 1 L of water sample
is 0.5 ng/L. The actual concentrations from the highest doses were: 94.5, 92.7 or 98.6 ng/L
for permethrin (nominal concentration at 100 ng/L) and 11.7, 9.3 or 10.3 ng/L for bifenthrin
(nominal concentration at 10 ng/L), for 0.5, 2 and 6 PSU, respectively. No permethrin or
bifenthrin was detected in the controls. We therefore report results in terms of the nominal
exposure concentrations.

2.4. Locomotor Behavior Assay

For each experiment, behavioral tests were independently conducted at the 96 h
timepoint using a 40 min Light:Dark (LD) cycle test into a DanioVision Observation
Chamber (Wageningen, the Netherlands) as described by [47]. Briefly, tests were con-
ducted in batches; a total of 10 plates (24-well cell culture plate; Thermofisher, CA, USA)
were ran sequentially on a single day to evaluate behavioral responses of n = 20 lar-
vae/salinity/treatment (5 larvae/replicate). Each plate held one larva from two separate
replicates to ensure that the 4 replicates from each treatment were represented across the
10 plates used. Each well contained one larva and 1 mL of filtered ground water (0.22 µm)
at respective salinities. Once larvae were randomly distributed across a plate, they were
returned to the exposure chambers for 1 h for them to habituate to the plate before the be-
havioral tests were conducted. Then, each plate was carefully placed into the DanioVision
Observation Chamber and after holding them for 5 min under dark conditions, the LD
cycle test was started. Cycles included 10 min dark (dark 1), followed by 5 min light (light
1), 10 min dark (dark 2), 5 min light (light 2), and finally a 10 min dark period (dark 3). The
resolution was set at 1280 × 960, light cycles were programmed at 10,000 lux and the frame
rate was set at 25/s. During the procedure, a steady flow of water was supplied to the
chamber via chiller (TECO-US, Terrell, TX, USA) to keep the fish at a constant 16 ± 0.5 ◦C.

2.5. Behavioral Parameters

Individual Delta Smelt larval activity was recorded and tracked by a Basler Gen1 Cam-
era using the EthoVision XT 14 software (version 14, Noldus, Wageningen, the Netherlands).
Video data were analyzed in 30 s time bins and several parameters were analyzed such as
the total distance moved from each condition. Velocity thresholds were set experimentally
and used to define the following parameters: cruising (between 0.5 to 2.0 cm/s), bursting
(>2.0 cm/s), and freezing (<0.5 cm/s). Moreover, a virtual center zone (area drawn with
EthoVision software as 1.3 cm diameter) was defined within each well (1.6 cm diameter) to
determine the time that larvae spent in the center zone or the edge zone (well area minus
center zone) across the different conditions. Z-scores were determined to increase visual
clarity while presenting multiple parameters having different units (cm/s, s, %) on the
same figure, and normalized to control. The calculation of Z-score was conducted using the
following equation: Z-score = (x – µ)/σ, where x = value, µ= mean, σ=standard deviation.

2.6. Data Analysis

The homogeneity of variances and normality were tested using Levene and Shapiro–
Wilk tests, respectively. Data were not normally distributed, and the variances were
not homogeneous. For each experiment, we therefore analyzed changes in behavior by
comparing the difference across concentrations to the controls for each salinity, using
a Kruskal–Wallis test followed by Dunn’s test to determine the multiple comparison.
Spearman’s correlations were performed between (1) concentration and the total distance
moved for each salinity, (2) concentration and anti-thigmotaxic behavior (thigmotaxis: wall
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hugging; anti-thigmotaxis: time in the center zone) for each salinity, (3) salinity and the
total distance moved for each concentration and (4) salinity and anti-thigmotaxic behavior
for each concentration, in the dark and light cycles for both experiments (permethrin and
bifenthrin independently). Only the moderate (coefficient rs = |0.3| to |0.49|) or strong
(|0.5| to |1|) correlations with a significant p value (*, p < 0.05) were considered. All
analyses were performed using the statistical software R (R version 3.5.1 2018, Vienna,
Austria) with a significance level at p < 0.05. Figures were made using the statistical
software R (version 3.5.1) and GraphPad Prism 8 (version 8.3.0, San Diego, CA, USA, 2019).

3. Results

Average hatching was 94 ± 5% and 98 ± 2% at 9 dpf, and 97 ± 2% and 98 ± 2% at
12 dpf for batches used for the permethrin and bifenthrin exposures, respectively, and
there were no differences across all exposure vessels (One-way ANOVA, p > 0.05). Average
larval survival was 97.5± 1.7% and 98.1± 1.8% for permethrin and bifenthrin experiments,
respectively, across all conditions, and no difference in mortality was observed throughout
the 96 h exposures. All larvae from all conditions, in both experiments, exhibited a
significant increase in movement in all light periods compared to dark cycles (Figure S1),
confirming predictable behavior patterns previously verified for this species [47]. No
significant difference was observed between each of the three dark cycles across conditions,
nor between the two light cycles (Figure S1). In addition, the total distance moved was not
significantly different across concentrations, relative to controls, during the light stimulus
changes, i.e., the last thirty seconds of the initial photoperiod, and the first thirty seconds
of the following period (dark/light switching) for both experiments (data not shown).
Therefore, the three dark cycles for each treatment were analyzed together, as were the two
light cycles, facilitating the comparison between the concentrations across salinities.

We found differences in distance moved between the controls from both experiments,
which can be explained by the fact that two separate batches were used for each experiment,
which is why each pesticide treatment was compared solely to their respective controls,
and comparisons were not made across pyrethroids. Similar observations have already
been reported between Delta Smelt batches [47,48]. This variability between batches could
be due to a difference in prior early life and/or genetic diversity between the ancestors.

3.1. Pyrethroids Effect on Delta Smelt Larvae Behavior across A Salinity Gradient
3.1.1. Permethrin

No correlation was found between the concentration and the total distance moved
or the anti-thigmotaxic behavior (time spent in center zone) in both dark and light cycles
(Table 1, for each salinity Spearman’s correlation coefficient rs < |0.3| and p > 0.05). How-
ever, significant differences were observed across concentrations and relative to controls,
across a salinity gradient for multiple other behavioral endpoints under both light and
dark cycles.

In the dark period, larvae at 0.5 PSU exposed to 1 ng/L showed a significant increase
in thigmotaxic behavior, while cruising time was significantly increased compared to
the control (p < 0.05) (Figure 2A). Under the same conditions (dark period and 0.5 PSU),
hypoactivity was higher in larvae exposed to 10 ng/L than in control larvae (same salinity),
while the highest concentration, 100 ng/L permethrin, showed no difference across all other
behavioral endpoints. Larvae at 2 PSU exposed to 1 ng/L exhibited a significantly decrease
in total distance moved, velocity, cruising duration, bursting time, and showed an increase
anti-thigmotaxic behavior and freezing duration compared to the control (Figure 2A).
Additionally, at 2 PSU, exposure to 10 ng/L caused an increase in anti-thigmotaxic behavior
and freezing time, and overall hypoactivity in terms of the cruising duration compared
to the respective control. However, larvae exposed to 100 ng/L permethrin exhibited
increased movements in terms of total distance moved, velocity, cruising and bursting
duration compared to the control. This resulted in a significant quadratic dose–response
curve at 2 PSU, with significant hyperactivity observed in larvae exposed to 100 ng/L,
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during the dark cycle (Figure S2A). At 6 PSU, larvae exposed to 1 ng/L presented a
significant decrease in total distance moved, velocity, and cruising duration, and an increase
in thigmotaxic behavior and freezing time compared to the respective control, in the dark
(Figure 2A). Larvae exposed to 10 and 100 ng/L at 6 PSU were hyperactive compared to
controls. There were significant increases in velocity and bursting time at 10 ng/L, and an
increase in total distance moved, velocity and anti-thigmotaxic behavior at 100 ng/L.

Table 1. Correlation between Delta Smelt yolk-sac behavioral parameters (either the total distance moved or the anti-
thigmotaxic behavior) and the insecticide concentration, or the salinity for each treatment in the dark and light period, for
both permethrin and bifenthrin exposures. TDM: total distance moved. * p < 0.05, and rs is the Spearman’s correlation
coefficient. Only the moderate (|0.3| to |0.49|) or strong (|0.5| to |1|) correlations with a * p < 0.05 were considered.
These correlations were highlighted in orange (moderate) or red (strong). ns: not significant.

Correlation (Spearman) Condition
Periods

Dark Light
rs p rs p

Permethrin

Concentration vs. TDM
0.5 PSU 0.00 ns −0.02 ns
2 PSU 0.09 * −0.04 ns
6 PSU 0.06 * 0.02 ns

Concentration vs. anti-thigmotaxis
0.5 PSU 0.11 * 0.21 *
2 PSU 0.05 * −0.01 ns
6 PSU 0.05 * 0.08 *

Salinity vs. TDM

Control 0.01 ns −0.05 ns
1 ng/L −0.09 * 0.08 *

10 ng/L 0.09 * −0.06 ns
100 ng/L 0.03 ns 0.04 ns

Salinity vs. anti-thigmotaxis

Control −0.14 ns −0.01 ns
1 ng/L −0.19 * −0.02 ns

10 ng/L −0.24 * −0.22 *
100 ng/L −0.28 * −0.16 *

Bifenthrin

Concentration vs. TDM
0.5 PSU 0.04 * 0.10 *
2 PSU 0.00 ns 0.32 *
6 PSU 0.05 * 0.07 *

Concentration vs. anti-thigmotaxis
0.5 PSU 0.07 * 0.18 *
2 PSU 0.09 * 0.43 *
6 PSU 0.11 * 0.33 *

Salinity vs. TDM

Control −0.02 ns −0.10 *
0.1 ng/L 0.00 ns 0.13 *
1 ng/L −0.01 ns −0.18 *

10 ng/L 0.01 ns −0.02 ns

Salinity vs. anti-thigmotaxis

Control 0.05 * 0.16 *
0.1 ng/L 0.14 * 0.67 *
1 ng/L 0.10 * 0.83 *

10 ng/L 0.14 * 0.46 *

In the light period, larvae at 0.5 PSU exposed to 1 ng/L showed a significant increase
in thigmotaxic behavior, while cruising and bursting time were significantly increased
compared to the control (p < 0.05) (Figure 2B). Exposure to 10 ng/L permethrin caused
an increase in anti-thigmotaxis compared to the control, and larvae from the highest
concentration, 100 ng/L permethrin, showed no difference across all other endpoints.
Larvae at 2 PSU exposed to 1 ng/L and to 100 ng/L exhibited a significantly decrease
in total distance moved, velocity, and showed an increase in anti-thigmotaxic behavior
compared to the control (p < 0.05) (Figure 2B). Additionally, at 2 PSU, exposure to 10 ng/L
caused an increase in anti-thigmotaxic behavior and well as in cruising duration compared
to the control. Larvae at 6 PSU exposed to 1 ng/L and to 100 ng/L presented a significant
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increase in total distance moved, velocity and cruising duration (Figure 2B). An increase
in thigmotaxic behavior was also determined for larvae exposed to 1 ng/L, while larvae
exposed to 10 ng/L showed no difference across all other endpoints tested.
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Figure 2. Delta Smelt yolk-sac larvae behavioral response after 96 h exposure to permethrin across a salinity gradient (0.5,
2 or 6 PSU). Mean Delta Smelt swimming activity in (A) dark and (B) light cycles periods following permethrin exposure.
Plotted circles represent activity over 10 min dark (x3) or 5 min light (x2) photoperiods. Data are representative of the
calculated Z-scores normalized to controls, which are presented on the 0 axis in each figure. Behavioral parameters include
total distance moved (cm), velocity (cm/s), anti-thigmotaxis (or anti-thig.: time spent in the center zone), and duration
of movement across three speed levels, freezing (<0.5 cm/s), cruising (0.5 to 2.0 cm/s) and bursting (>2cm/s). Arrows
represent a significant increase (↑), or decrease (↓) in activity in comparison to control. n = 20 larvae used in behavioral
observations for each treatment (insecticide concentrations /salinity). * p < 0.05; ** p < 0.005; *** p < 0.0005, Kruskal–Wallis
test followed by Dunn’s test, comparing all concentrations to control within each cycle per salinity.

3.1.2. Bifenthrin

In the dark period, at 0.5 PSU, all bifenthrin tested concentrations (0.1, 1 and 10 ng/L)
caused a significant increase in total distance moved, velocity, anti-thigmotaxic behavior,
and a decrease in freezing duration compared to controls (Figure 3A). In addition, increases
in cruising and bursting duration were also observed for larvae exposed to 1 and 10 ng/L.
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At 2 PSU, all bifenthrin concentrations caused an increase in total distance moved, velocity
and the freezing duration decreased compared to controls. Larvae exposed to 0.1 and
10 ng/L also showed an increase in cruising duration, and those exposed to 1 and 10 ng/L
spend significantly more time in the center area; increased anti-thigmotaxic behavior
(Figure 3A). At 6 PSU, increased anti-thigmotaxis behavior was observed for all group
exposed compared to the control groups. Larvae exposed to 0.1 and 10 ng/L displayed
increased total distance moved, velocity, and decreased freezing duration compared to the
control at 6 PSU (Figure 3A).
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Figure 3. Delta Smelt yolk-sac larvae behavioral response after 96 h exposure to bifenthrin across a salinity gradient (0.5,
2 or 6 PSU). Mean Delta Smelt swimming activity in (A) dark and (B) light cycles periods following bifenthrin exposure.
Plotted circles represents activity over 10 min dark (x3) or 5 min light (x2) photoperiods. Data are representative of the
calculated Z-scores normalized to controls, which are presented on the 0 axis in each figure. Behavioral parameters include
total distance moved (cm), velocity (cm/s), anti-thigmotaxis (or anti-thig.: time spent in the center zone), and duration of
each movement across three speed levels, freezing (<0.5 cm/s), cruising (0.5 to 2.0 cm/s) and bursting (>2cm/s). Arrows
represent a significant increase (↑), or decrease (↓) in activity in comparison to control. n = 20 larvae used in behavioral
observations for each treatment (insecticide concentrations /salinity). * p < 0.05; ** p <0.005; *** p < 0.0005, Kruskal–Wallis
test followed by Dunn’s test, comparing all concentrations to control within each cycle per salinity.
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In the light period, at 0.5 PSU, the total distance moved and cruising duration were
significantly higher at all concentrations compared to controls (p < 0.05) (Figure 3B). The
bursting duration was also significantly higher for larvae exposed to 0.1 ng/L compared to
the respective control. Larvae exposed to 1 and 10 ng/L showed an increase in velocity
and a decrease in freezing duration compared to the control. Only the larvae exposed to
10 ng/L spent more time in the center zone compared to the control. During the light
periods, a significant dose dependent increase in the form of a linear dose response was
observed at 0.5 PSU (Figure S2B). At 2 PSU, no difference was observed in terms of total
distance moved between the concentrations and the control at 2 PSU in the light cycle.
Nevertheless, a positive moderate correlation was observed between the concentration
and the total distance moved (Table 1, rs =0.32, p < 0.05). At this salinity, larvae exposed
to 1 and 10 ng/L spent significantly more time in the center zone compared to the control
(Figure 3B) reflecting an anti-thigmotaxic behavior. In addition, a positive and moderate
correlation was found between this behavioral parameter and the concentrations at this
salinity (rs =0.43, p < 0.05) (Table 1). Bursting duration was also significantly higher for
larvae exposed at 1 ng/L compared to the control. At 6 PSU, a positive but moderate
correlation was found between the concentration and the anti-thigmotaxis parameter
(rs = 0.33, p < 0.05) (Table 1). Moreover, all concentrations resulted in significant anti-
thigmotaxic behavior compared to the control. Finally, under this salinity, larvae exposed
to 10 ng/L showed a significant increase across all evaluated behavioral endpoints except
for cruising duration compared to controls (Figure 3B).

3.2. Effect of the Salinity on the Toxicity of Pyrethroid Insecticides on Delta Smelt Larvae
3.2.1. Permethrin

A significant effect of the salinity was observed on total distance moved from larvae
exposed to all permethrin concentrations, during the dark periods, while no effect was
observed in the control (Figure 4A). Indeed, at 1 and 10 ng/L of permethrin, larvae at
0.5 PSU showed a significant difference in distance moved compared to those at 2 PSU
and 6 PSU (increase and decrease, respectively). At 100 ng/L, the larvae at 2 PSU showed
a significant increase in movement compared to those at 0.5 and 6 PSU. No difference
in the total distance moved was observed across salinities for each concentration tested
during the light period (data not shown), but the thigmotaxic behavior showed significant
differences across salinities in both light and dark periods (Figure 4B). However, neither
the total distance moved nor the thigmotaxis were correlated with the salinity (rs < 0.3, for
each concentration and periods).

3.2.2. Bifenthrin

All tested bifenthrin concentrations, including the control, caused a significant increase
in total distance moved at 0.5 PSU compared to 2 and 6 PSU during the dark period
(Figure 5A). Anti-thigmotaxic behavior, however, significantly increased with increasing
salinity and bifenthrin concentrations during in both light and dark periods (Figure 5B,C).
Positive correlations were observed in the light period, between anti-thigmotaxic behavior
and salinity at each of the tested bifenthrin concentrations (0.1, 1 and 10 ng/L; rs = 0.67,
0.83 and 0.46, respectively, p < 0.05) (Table 1).
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Figure 5. Effect of salinity on Delta Smelt yolk-sac larvae behavior exposed with bifenthrin. (A) Total distance moved
response of larvae under the dark period and (B) thigmotaxic behavior (edge/wall preference) of Delta Smelt larvae at four
bifenthrin concentrations (0, 0.1, 1 and 10 ng/L) over dark and light cycles, and (C) example locomotion trace of individual
larval Delta Smelt performing thigmotaxis (wall/edge preference) in the control, to a lesser extent, in the exposed larvae.
(orange: edge zone; yellow: in center zone of the well) in the dark period at 6 PSU. In the bar graphs, different letters
indicate a significant difference between groups (Dunn’s test, p < 0.05), and error bars represent the S.E.M.

4. Discussion

Our data describe strong patterns of hypoactivity for larvae exposed to permethrin
at low concentrations and low salinity, while those exposed at high concentrations and
high salinity exhibited hyperactivity. Bifenthrin, on the other hand, caused hyperactivity
at all concentrations and salinities compared to controls, and thigmotaxis (wall hugging)
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negatively correlated with salinity. These results suggest that (1) environmentally relevant
pyrethroid concentrations can perturb larval Delta Smelt behavior and may alter larval
anxiety levels, even at concentrations assumed to safe for aquatic species, and (2) salinity
can change the dynamic of pyrethroid toxicity in terms of behavioral effects on Delta Smelt.

4.1. Low Pyrethroid Concentrations Impact Early Larval Delta Smelt Behavior and Decrease Their
Anxiety-Related Response

In the present study, we tested concentrations of pyrethroid insecticides that are
frequently detected at locations where Delta Smelt spawn and during their spawning
season. We have shown that a short-term exposure (96 h) to concentrations as low as 1 and
0.1 ng/L permethrin and bifenthrin, respectively, can impact behavior. When we compared
the locomotor behavior between the conditions (exposed versus control across a salinity
gradient), multiple endpoints (distance moved, velocity, freezing, cruising, bursting and
thigmotaxis) confirmed that yolk-sac larvae exposed to permethrin were either hypo-or
hyperactive depending on concentration and salinity, while larvae exposed to bifenthrin
exhibited hyperactivity across both concentration and salinity, interactively.

To date, understanding Delta Smelt behavior and its response to insecticide exposure
is limited to a few studies [47,48,53]. Several hypotheses can explain behavioral changes
associated with sublethal exposure. Among them, an alteration of genes involved in
neurodevelopment due to exposure can result in a locomotion alteration. Investigating
larval behavior and associated molecular change after pyrethroid exposure, can provide
important clues toward identifying the neural mechanisms involved [45,53], but clear
mechanisms are still unknown. Mundy et al. (2020) has demonstrated that environmentally
relevant concentrations of bifenthrin that caused hyperactivity (at 2, 10 and 100 ng/L) may
impact genes involved in neurodevelopment (at 100 ng/L) of 12 days post hatched Delta
Smelt larvae [47]. Indeed, the same authors suggested that mechanisms other than neuronal
injury may be responsible for resulting hyperactivity at lower concentrations of bifenthrin
(2 and 10 ng/L), pointing to potential long-term effects of exposure, through impacts on
neurodevelopment. The range of concentrations used in our study includes concentrations
that are much lower than maximum concentrations detected in tributaries to their habitat
during a storm event (permethrin 66.1 ng/L and bifenthrin up to 106 ng/L [54,55]) and
likely encompass concentrations that are representative of chronic and acute exposures.

Among the different behavioral endpoints measured in this study, thigmotaxis (also
known as wall hugging) showed a strong pattern for both experiments, with a result
of negative thigmotaxis in exposed larvae compared to the control across the salinity
gradient. Larvae exposed to bifenthrin were spending more time in the center compared
to the control at all salinities; for larvae exposed to permethrin, negative thigmotaxis,
especially at 2 PSU, was observed at all concentrations. Previous studies also reported a
negative thigmotaxis in Delta Smelt larvae exposed to permethrin and bifenthrin [47,48].
This parameter is usually taken as a measure of anxiety or fear levels and evolutionarily
conserved in different species such as rodents, fish and humans [56]. Indeed, in thigmotaxis,
the animal avoids the center of the arena and moves in contact with a vertical surface (wall
for example), especially in a novel environment, which indicates some form of anxiety. This
endpoint is crucial in studying anxiogenic (such as caffeine and pentylenetetrazol) and
anxiolytic/sedative (such as diazepam) drugs. Thus, results of the present study suggested
that Delta Smelt larvae exposed to sublethal concentrations of pyrethroid insecticides,
equal to or lower than 100 ng/L, present less anxiety-related behavior when they are
presented with a visual stimulus. An increase in the amount of time in the center or
open zone, depending on the test, is considered to be reflective of an anxiolytic response
to a compound such as caffeine [57]. Nunes et al. (2019) also advanced the hypothesis
that permethrin exposure (50 µg/L) may have decreased the anxiety-like behavior in
Zebrafish larvae, altering the normal preference of the periphery in favor of the central
area [44]. This change of anxiety related behavior after a pyrethroid exposure may be a
threat to the survival of these larvae in terms of predator avoidance and food capture.
Moreover, Frank et al. (2019) demonstrated that bifenthrin can alter predator avoidance
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behavior in Inland Silversides larvae exposed at 3 and 27 ng/L [46]. Anxiety is also an
important factor in assessment of an animal’s spatial learning ability since it can impair
spatial learning and memory [58,59]. Indeed, early life permethrin exposure in rats has
shown long-lasting consequences on the hippocampus such as impairment of long-term
memory storage, resulting in spatial learning deficits [60]. Moreover, it has previously
been reported that the pyrethroid increased incidence of eye cataracts in adult Nile tilapia,
suggesting the possibility that bifenthrin-induced behavioral deficits in response to light-
dark stimuli are secondary to ocular toxicity [61]. This information raises the hypothesis
that (1) pyrethroids inhibited fear (anxiolytic proprieties) on Delta Smelt larvae, resulting
in motivation to explore the environment, and/or (2) these insecticides impair spatial
perception in larvae. However, our data indicate that while exposed larvae spend more
time in the center of the well compare to controls (at each salinity), the larvae are still able
to detect the visual stimuli and respond to these dark and light signals by exhibiting a clear
preference to swim during a visual stimulus (light versus dark cycles) (Figure S1). The
anti-thigmotaxis and bifenthrin concentrations were positively correlated at 2 and 6 PSU,
and larvae exhibited increase in bursting and freezing at 6 PSU at the highest concentration
suggesting an erratic behavior and a motor deficit when exposed at high concentration
and salinity.

4.2. Salinity Increases Pyrethroid Toxicity, Resulting in Behavior Change

Salinity changes occurring due to global climate change may enhance pesticides
toxicity effects in aquatic organisms by altering their chemical fate and transport [62–66].
Salinity can interact in a synergistic, additive or antagonistic manner with pesticides,
thereby altering the tolerance of the animal [67]. Understanding how salinity can affect
the toxicity of pyrethroids is crucial to early life stages of fishes, which are at high risk of
exposure, especially during a storm runoff event when pesticide concentrations increase
rapidly. The influence of salinity on toxicity tolerance has been reported in other species
including shrimps, amphipods and fish [68–70], and several pesticides seem to be more
toxic at high salinities [71,72]. Bifenthrin is potentially more toxic for aquatic organisms
at higher salinity [64,69]. For example, in the amphipod Hyalella azteca, the combination
of an increase in bifenthrin toxicity at low temperature, with increasing salinity, reduced
the organisms’ capability to contend with nanomolar exposures (1 ng/L) [69]. In our
study, salinity was found to be positively correlated with anti-thigmotaxic behavior at each
bifenthrin concentration, while no correlation was observed for permethrin exposed larvae.
This suggests that bifenthrin may be more toxic at high salinities, resulting in an alteration
of fish locomotion. Several mechanisms can explain that the salinity enhances the toxicity
of organic compound, including (1) salinity may inhibit detoxification pathways, enhance
bioactivation pathways, or reduce elimination of the compounds, (2) salinity may increase
the uptake and bioaccumulation of xenobiotics, (3) salinity may induce a chemical change
of the compounds and/or (4) larval osmoregulation may be altered by pesticides at high
salinity. The lipophilic properties of pyrethroids, its permeation into adipose tissues, skin,
ovaries, kidneys, adrenal glands, and liver of aquatic animal is relatively high [18] and
results in elevated levels of bioaccumulation in those tissues. Early life stages such as
yolk-sac larvae, thus may be the most vulnerable to these pesticides due to the yolk nature
which is highly adipose.

The hydrophobicity of pyrethroids also plays a role in its affinity for tissues (solid
phase) at high salinity [35]. However, hydrophobicity alone cannot explain that bifenthrin
toxicity was correlated with the salinity and permethrin was not, since both are hydropho-
bic and have similar water solubility coefficients (octanol–water partition coefficient or
Kow = 6.9 and 6.4 for permethrin and bifenthrin, respectively) [73]. The different interac-
tions observed between salinity and these insecticides may be explained by a difference
in mechanism of action. While both are type I pyrethroids because they lack an α-CN
group present in type II pyrethroids, previous studies suggest a mixed type I/II mode of
action for the bifenthrin [74]. The mechanism of action of type I pyrethroids is to change
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the sodium channels’ conformation during their opening and closing in neuronal mem-
branes [19,75,76]. The channel opening duration is dependent on the pyrethroid type, with
type II pyrethroids holding voltage-gated sodium channels open much longer than type
I [77]. Moreover, pyrethroids can inhibit the Ca2+channels and the Ca2+/Mg2+ ATPases.
This alteration is considered a secondary toxic mechanism of pyrethroids related to os-
moregulation disorders because these ATPases are involved in ion regulation [78]. More
studies are needed to investigate the different mode of action between both pyrethroids
and their interactions with salinity. Linking larvae behavior and molecular change will give
important clues to identify the neuronal mechanisms involved across a salinity gradient.

5. Conclusions

Our study demonstrated that low, environmentally relevant, concentrations of pyrethroids
impact larval Delta Smelt behavior, which may have long-term consequences. This study
also confirms that increases in salinity can increase pyrethroid toxicity on exposed lar-
vae, especially for bifenthrin. Understanding the biological consequences of interactions
between salinity and contaminants in the highly managed San Francisco Bay Delta is
particularly important because alternate management actions can strongly influence abiotic
conditions and affect Delta Smelt habitat, its fitness, population, and potential for recovery.
These findings also have far-reaching implications across coastal and estuarine ecosystems,
given that pesticides and other hydrophobic contaminants present in runoff and effluent
could be more severely impacting sensitive fish species in saline habitats in comparison
to freshwater. As such, it is critical that risk assessments consider the role of abiotic fac-
tors, such as salinity, to facilitate the protection of fishes globally as our climate continues
to change.
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