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The challenge of assessing
multiple stressors in freshwater
ecosystems: nonintuitive
Interactions between pesticide
exposure and larval crowding
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tDepartment of Plant and Environmental Sciences, Clemson University, Charleston, SC, United States,
%Integral Consulting, Cary, NC, United States, *Environmental Science and Studies, Department of
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It is widely recognized that populations of freshwater aquatic organisms are
faced with a myriad of co-occurring stressors. These likely include manufactured
chemicals, stressors due to climate change, habitat alterations, water quality
parameters, etc. Importantly, these stressors are superimposed over “natural”
stressors such as density of conspecifics. Density effects, in particular, are
important and can result from resource competition or crowding; here we
define crowding as high density but without resource limitation. Crowding
has received less research attention despite its potential ecological importance
and frequency of occurrence. In larval mosquitoes, for example, both physical
and chemical components are important effects of crowding, which result in
increased mortality, prolonged development, and reduced size. The objective
of this research was to determine how different crowding conditions would
affect subsequent insecticide sensitivity using the yellow-fever mosquito, Aedes
aegypti. We hypothesized that stress due to crowding in the larval stage would
increase insecticide sensitivity. Results showed that when larvae were reared at
various crowding densities (without resource competition) but later exposed to a
contact insecticide (permethrin) at equal densities they exhibited similar sensitivity.
However, when larvae were reared at equal densities but exposed at various
crowding densities there appeared to be a protective effect of crowding, as more
densely crowded larvae were significantly less sensitive to the insecticide. Possible
mechanisms for this protective effect were investigated. Induced detoxification
enzymes do not appear to be a factor, but density-modified larval exposure is likely
a mechanism. This research provides important insights into how mosquitoes may
respond to control efforts as well as providing empirical recommendations on
designing laboratory toxicity tests to better reflect ecological conditions in natural
mosquito populations.
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1 Introduction

It is well-recognized that naturally occurring populations of freshwater organisms are
exposed to multiple, co-occurring stress factors (Ormerod et al., 2010 and related articles;
Birk et al., 2020). Anthropogenic stressors that have received considerable attention include
a wide array of manufactured chemicals (e.g., Busch et al,, 2016), increasing salinity
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(Kaushal et al., 2021), altered water quality (Wantzen and Mol,
2013), and multiple factors related to climate change (Woodward
et al,, 2010). Importantly, these anthropogenic stress factors are
operating in conjunction with inherent stress factors critical
to population dynamics such as predator-prey interactions and
density or resource effects. This multi-stressor environment
has important implications for understanding, predicting and
managing impacts to freshwater systems (Spears et al., 2021). An
interesting subset of studies exploring impacts of multiple stressors
can also have important implications for direct effects to humans.
This is especially the case when mosquito species are the subject
of multi-stressor research. Studies involving mosquito larvae have
utility in advancing our understanding of stress ecology while also
providing insights to facilitate management applications.

The Aedes aegypti mosquito is an important vector for diseases
such as yellow fever, dengue, and chikungunya. Because of its
public health importance, global efforts have been undertaken
to control both larvae and adults. Understanding population
dynamics of disease vector mosquitoes is essential in controlling
mosquito populations as well as in assessing the impact of
control efforts (Juliano, 2007; White et al, 2011). Like many
aquatic invertebrates, for the larval (aquatic) stage of mosquitoes,
density-dependent competition plays a central role in regulating
populations by influencing survival (Macia, 2009), development
(Barbosa et al., 1972), adult size (Renshaw et al., 1994), egg hatching
(Livdahl et al., 1984), female fecundity (Moore and Fisher, 1969),
mating competitiveness (Ng'habi et al., 2005), dispersal capabilities
(Mori, 1979), adult longevity (Hawley, 1985) and even oviposition
behavior of gravid females (Wasserberg et al., 2014).

Density effects are often driven by competition for food but can
also be caused by other physical and chemical factors (Roberts and
Kokkinn, 2010), the latter having received less research attention
despite its potential ecological importance. Density effects from
high larval density can result from physical interference among
larvae that disrupts normal feeding behavior (Roberts, 1998) or
chemical effects such as accumulated chemical waste products
(Bédhomme et al.,, 2005) and growth-regulating factors (Ikeshoji
and Mulla, 1970; Silberbush et al., 2014). These chemical factors
can be strain-specific (Dye, 1984) or species-specific (Silberbush
etal,, 2014). Chemical factors produced in crowded conditions have
been shown to increase mortality, cause toxicity to Ist-instar larvae,
delay or increase development rate, and produce morphological
aberrations (Moore and Fisher, 1969; Ikeshoji and Mulla, 1970;
Broadie and Bradshaw, 1991; Roberts, 1998; Silberbush et al.,
2014). Here, we use “crowding” to describe the conditions whereby
individuals are at high density but resources are not limited. We
would expect under crowded conditions, that other stress responses
(besides competition for resources) would manifest.

Based on the evidence for physically and chemically-driven
crowding effects, it can be argued that larval crowding (without
food limitation) can be a significant environmental stressor.
In natural mosquito populations, sub-optimal conditions and
environmental stress are common to most organisms and can
include heat stress, freezing temperatures, desiccation, oxygen
depletion, starvation, and pathogen exposure (Holmstrup et al,
2010). Environmental stress can also have ecological sources such

Frontiers in Freshwater Science

10.3389/ffwsc.2023.1302240

as predation (Uitregt et al.,, 2012) and competition (Bedhomme
et al, 2003). Furthermore, pesticide toxicity can be modified
by co-occurring environmental and ecological factors such as
temperature (Muturi et al., 2011), competition (Foit et al., 2012),
predation (Relyea, 2003; Qin et al., 2011), pH (Lohner and Fisher,
1990), and resource conditions (Campero et al., 2008). Although
the interaction of density and pesticide toxicity has been studied for
decades (e.g., Forbes et al., 2001) it is still recognized as critically
important for understanding and predicting effects of stressors
at the population level (e.g., Accolla et al., 2021). Interestingly,
the results of studies exploring the interaction of organismal
density and toxicant exposure are varied and, thus far, have
focused on resource competition as the density stress with release
from competition as a driving factor for the results (Relyea and
Hoverman, 2006). In contrast, we are not aware of any studies that
have explored the interaction of crowding and pesticide toxicity in
aquatic invertebrates.

There are a few existing studies that explore the influence of
density on pesticide toxicity in mosquitoes, specifically. The efficacy
of Bti, a widely used bacterial insecticide that must be ingested
to activate, decreases with increasing larval density (Becker et al.,
1992); presumably because it’s availability can be limited similar to
food. Contact insecticides, such as the organophosphate malathion,
have decreased efficacy with increasing larval densities. This result
only occurred at the high nutrient level and was most likely
attributable to release from competition among survivors (Muturi
et al, 2010). Contact insecticides—such as organophosphates,
pyrethroids, and neonicotinoids—work by being absorbed through
the cuticle and then interacting with nerve cells (Welling, 1977).
Tolerance to contact insecticides can be modified by reduced
exposure (Nkya et al., 2013) or increased metabolic detoxification
(Hemingway et al., 2004).

Effects from larval crowding can manifest in at least two ways,
which we describe as latent and active crowding. Latent crowding
effects are those that have their origins in early development but
are exhibited later in development (Pechenik, 2006). Specifically,
to investigate latent crowding effects, newly hatched mosquito
larvae could be reared and developed at varying densities prior
to being exposed to an insecticide at equal larval densities. To
investigate active crowding effects, larvae could be reared and
developed at a single density prior to being distributed into different
densities and exposed to the insecticide. The only other study we
are aware of to test interacting effects of crowding and insecticide
exposure was Edwards (1981), who found that cockroaches that
were crowded during insecticide exposure were more sensitive than
those exposed individually, possibly from the convulsions of one
individual triggering convulsions in nearby individuals.

The overarching objective of this study was to determine
how the environmental stress of different crowding conditions
could modify permethrin sensitivity in Aedes aegypti larvae.
We hypothesized that the physical and chemical factors
of larval crowding, both latent and active, would increase
sensitivity to permethrin, a contact insecticide. Additionally,
the mechanism behind how crowding may modify toxicity was
explored and the relationship between density and survival
was modeled.
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2 Materials and methods

2.1 Mosquitoes and chemicals

Larvae for experiments were obtained from a laboratory strain
of Aedes aegypti (Liverpool strain) reared in standard insectary
conditions (25 + 1°C, 60-70% RH, photoperiod 14:10 L:D
including 30 min of simulated dawn and 30 min of simulated dusk).
Adult mosquitoes were bloodfed adult bovine blood (1:1 whole
blood: alsever’s solution; Lampire Biological Laboratories, USA) at
least once a week and provided a 10% sugar solution ab libitum.
Larvae used in experiments were hatched at 25°C from egg cards in
plastic containers with ~1,500 mL moderately hard water (60 pg/l
CaSO0y, 60 pg/l, MgSOy4, 4 pg/l, KCl, 98 g/l NaHCO3; hereafter
referred to as lab water). A pinch of yeast was added to reduce water
oxygen content to induce hatching. Less than 24 h after hatching,
larvae were distributed according to the specific experimental
design (i.e., latent- or active-crowding effects, described in detail
below) and experiments were conducted in an incubator at 25°C
and a photoperiod of 12:12 (L:D).

The insecticide permethrin (98.3%; 26.7% cis-isomer, 71.6%
trans-isomer) and the synergist piperonyl butoxide (99.0%)
were both obtained from Sigma-Aldrich, Inc. (St. Louis, MO).
Permethrin was used as a surrogate for the relevant contact
insecticide class of pyrethroids and also has similar partitioning
characteristics to temephos, a widely used organophosphate
larvicide (Noble, 1993). Stock solutions of each were made with
an acetone vehicle and stored at 5°C. Before beginning each
bioassay, each stock solution was diluted in DI water to produce
working solutions.

2.2 Experiment 1: latent crowding effects

Experiment 1 occurred in two phases. In the first phase, 1st-
instar larvae were reared at different densities in the absence
of pesticide. Once larvae reached the 4th-instar, they were then
exposed to pesticides at equal densities. This design was chosen to
evaluate effects of density during early development on subsequent
pesticide sensitivity under low density conditions; these represent
so-called latent effects (Pechenik, 2006).

The first phase of the experiment was initiated with larvae
<24h after hatching. Ist-instar larvae were distributed into
containers representing three different densities, a “low” density
of approximately 60 larvae in 300 mL lab water (0.20 larvae/mL),
a “medium” density of approximately 175 larvae in 300 mL lab
water (0.58 larvae/mL), and a “high” density” of approximately
250 larvae in 300 mL lab water (0.83 larvae/mL). Four replicates
were used in both the medium and high-density treatments while
five replicates were used in the low density treatment to ensure
sufficient numbers of larvae for the bioassay. Larvae were provided
goldfish flakes and
a full water change was performed every day to maintain water

abundant food consisting of ground TetraFin

quality. The feeding regime ensured larval crowding, whereby there
was competition for space but not food.

After the majority of larvae in treatments developed to 4th-
instar, the replicate rearing containers for each treatment were
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combined (within treatment) and 4th-instar larvae randomly
selected for the second phase of the experiment involving
pesticide exposure. All 4th-instar larvae from phase 1 were then
included in a bioassay at the same larval density of 10 larvae in
100 mL lab water (0.1 larvae/mL). For each of the three density
treatments in phase 1, the bioassays consisted of six concentrations
(including one control) with four replicates. The concentrations
used were 0.0, 0.5, 1.0, 1.5, 2.0, and 3.0 ppb permethrin. At 24-
h, survival was recorded. Controls were provided an amount of
acetone equivalent to the acetone concentration of the highest
concentration permethrin exposure concentration and mortality
never exceeded 8%, which is well below acceptable levels (generally,
20% or less). Larvae were not fed during phase 2 bioassays to avoid
sorption of permethrin to food.

After each bioassay was initiated, 30- 4th-instar larvae
from each of the three combined rearing density containers
were removed and placed in emergence chambers to determine
emergence rate and adult dry mass. Larvae were provided abundant
ground TetraFin~ goldfish flakes until emergence. Within 24-
h of adults emerging, they were removed from the emergence
chamber and stored at —25°C until all adults emerged. Adults were
dried at 60°C for 48-h and then weighed to determine if larval
rearing conditions had a significant impact on adult mosquito mass.
Mosquito dry mass was measured using a Thermo Scientific Orion
Cahn® C-33 microbalance.

2.3 Experiment 2: active crowding effects

Experiment 2 also occurred in two phases. First-instar larvae
in this experiment were reared at equal initial densities but then
exposed to pesticide at varying larval densities to determine if there
was an interaction between concomitantly occurring density and
pesticide exposure. In this design, any latent effects of different
rearing densities (Experiment 1) were removed as potential factors.

Less than 24h after hatching, Phase 1 of Experiment 2 was
initiated with 1st-instar larvae that were evenly distributed into
six new plastic containers each with ~340 larvae and 1,500 mL
lab water (0.23 larvae/mL). Larvae were provided abundant food
goldfish flakes and a full water
change was performed every other day to maintain water quality.

consisting of ground TetraFin

After the majority of larvae developed to 4th-instar, the separate
rearing containers were combined and 4th-instar larvae were
randomly selected for Phase 2 of Experiment 2.

In Phase II, the larvae from Phase I were separated into three
different densities: a “low” density of 10 larvae in 250 mL lab water
(0.04 larvae/mL); a “medium” density of 10 larvae in 100 mL lab
water (0.1 larvae/mL); and a “high” density of 10 larvae in 25 mL
lab water (0.4 larvae/mL). Three simultaneous toxicity bioassays
were performed, one for each density, and each consisted of six
concentrations of permethrin ranging from 0.0 ppb (control) to
4.5 ppb with four replicates. Based on the results of earlier pilot
experiments in which density affected insecticide sensitivity, each
bioassay included a specific range of concentrations in order to
generate robust survival curves and toxicity estimates. For the
low density, the bioassay concentrations were 0.0, 0.2, 0.35, 0.6,
1.0, 1.9, and 3.0 ppb permethrin. For the medium density, the
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bioassay concentrations were 0.0, 0.7, 1.0, 1.4, 1.9, 2.8, and 4.0
ppb permethrin. For the high density, the bioassay concentrations
were 0.0, 1.0, 1.35, 1.9, 2.5, 3.35, and 4.5 ppb permethrin. At 24-
h, survival and development were recorded. Larvae were not fed
during the bioassays to avoid adsorption of permethrin to food.

A control was used for each density and was provided an
amount of acetone equal to the highest permethrin exposure
concentration. Control mortality never exceeded 5%.

2.4 Experiment 3: active crowding
protective effects: role of metabolic
tolerance?

The results from Experiments 2 indicated there was a protective
effect of crowding in terms of pesticide sensitivity, a somewhat
surprising result that we successfully repeated and confirmed
(data not shown). To better understand a possible mechanism
providing the protective effect of active larval crowding, a
comparative toxicity test using piperonyl butoxide (PBO)—a
synergist that inhibits cytochrome P-450 oxidase (CYP450)—
was used to determine if induced detoxifying enzymes played a
significant role in increasing insecticide tolerance for crowded
larvae. CYP450s are an important enzyme class involved in
metabolism of xenobiotics and pesticides and are one of the major
mechanisms of insecticide resistance in insects (Hardstone et al.,
2007). Expression and enzyme activity of CYP450 is induced by
exposure to a wide-range of chemicals (Scott, 1999).

The experimental procedure was the same as for Experiment 2:
Active Crowding Effects described above except that 1.5 ppm PBO
was added to each treatment plus the controls and the permethrin
concentrations were similar. For the low density treatment, the
permethrin concentrations were 0.0, 0.05, 0.1, 0.17, 0.3, 0.6, and 1.0
ppb; for the medium density treatment, permethrin concentrations
were 0.0, 0.01, 0.2, 0.4, 0.8, 1.1, and 1.5 ppb; for the high density
treatment, the concentrations were 0.0, 0.25, 0.4, 0.6, 0.9, 1.3,
and 2.0 ppb. At 24-h, survival and development were recorded.
Controls were provided an amount of acetone equal to what the
highest concentration permethrin exposure received and mortality
never exceeded 1%. Larvae were not fed during the bioassay.

A synergism ratio (SRsg) was determined for each density
to better relate the role CYP450s play in the protective effect of
non-latent larval crowding. Synergism ratios were obtained by
calculating the ratio between each density’s LC5g value with and
without PBO. A larger SRsq value indicates a larger role for CYP450
metabolism in a density treatment (Riaz et al., 2013).

2.5 Experiment 4: characterizing the
density-survival relationship

Larvae at a range of different densities were exposed to
two concentrations of permethrin to understand and characterize
the relationship between larval density and survival. The higher
number of density treatments and fewer permethrin exposure
concentrations allowed us to create more robust density-
dependent relationships.
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Larvae were reared to 4th-instar as described above in
Experiment 2: Active Crowding Effects. Once at 4th-instar, larvae
were separated into eight densities and exposed to a concentration
of 1.5 or 2.0 ppb permethrin. These concentrations were chosen
because they permitted sufficient survival/mortality for a wide
range of densities. Each glass container had ten larvae and the
volumes of 1.5 and 2.0 ppb permethrin solutions were varied to
achieve densities of 2.0, 1.0, 0.71, 0.50, 0.29, 0.20, 0.10, and 0.05
larvae/mL. Each larval density treatment had four replicates and a
control was used for densities 2.0, 0.29, and 0.05 larvae/mL, which
corresponded to a low, medium, and high density. Controls were
provided an amount of acetone equal to the highest permethrin
exposure concentration and mortality never exceeded 1%. At 24-h,
survival and development were recorded.

2.6 Statistical analysis

The R 3.0.2 statistical programming environment (R Core
Team, 2023) was used for all analyses and alpha equaled 0.05.
Dose-response curves were created using a log-logistic function.
Effect levels (e.g., LCsp) along with corresponding 95% confidence
intervals and standard errors were obtained using the drm()
function in R within the drc package (Ritz and Streibig, 2005).
Dose-response curves and LCsg values were compared using 95%
confidence intervals and standard errors. Lack of an overlap
in 95% confidence intervals or lack of an overlap in standard
errors indicated that any observed differences in LCs values were
significantly different (Payton et al., 2003). SRso values were also
compared using standard error overlap.

Survival differences within latent crowding treatment groups at
1.00ppb were analyzed by one-way analysis of variance (ANOVA),
with density as a factor. Adult mass was also analyzed using
ANOVA, with density as a factor. Post hoc analysis for all
ANOVAs included Tukey’s HSD. Response variables were assessed
for assumptions of normality and homogeneity of variances prior
to analysis. Results were considered significant at the p<0.05 level.

3 Results

3.1 Latent crowding effects

In experiment 1: latent crowding effects, crowding early in
development did not significantly impact permethrin sensitivity,
despite increased rearing densities resulting in significantly
decreased adult mass. LCsg values, 95% confidence intervals, and
standard errors were calculated for each rearing density. LCs
values for the rearing densities 0.19, 0.59, and 0.84 larvae/mL
were 1.237, 1.391, and 1.485 ppb, respectively. Overlapping 95%
confidence intervals are typically used to determine if values are
significantly different from each other, but overlapping standard
errors can be used and is more stringent, although overly
conservative (Payton et al., 2003). 95% confidence intervals
overlapped for all three latent rearing densities, indicating similar
LCsq values for each (Table 1). The dose-response curve for the low
rearing density (0.19 larvae/ml) showed an unusual relationship,
where at low permethrin concentrations there was less survival
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compared to the medium and high densities. However, at high
permethrin concentrations there was higher survival in the low
rearing density compared to the medium and high densities
(Figure 1). LCso values between the rearing densities were not
significantly different from each other, but at 1.00 ppb permethrin
the low rearing density had lower survival than the medium and
high rearing density treatments (F,,7 = 7.923, p < 0.05).

At permethrin concentrations <1.5 ppb there was an apparent
trend in that mosquito larvae at the higher rearing density showed
an increased tolerance to subsequent permethrin exposure, but this
trend did not hold for concentrations >1.5 ppb.

TABLE 1 Latent and non-latent crowding effects on permethrin
sensitivity.

Experiment

Rearing Dosing
density density
(larvae/ml) (larvae/ml)

LC50 ppb LC50 ppb
(CI95%) (3]

Latent 0.19 0.1 1.237 1.237
(1.046-1.428) | (1.146-1.329)

059 0.1 1.391 1.391
(1.248-1.533) | (1.322-1.459)

0.84 0.1 1.485 1.485
(1.397-1.573) | (1.443-1.528)

Active 0.22 0.04 0.928 0.928
(0.865-1.026) | (0.906-0.984)

0.22 0.1 1.196 1.19
(1.075-1.246) | (1.119-1.202)

0.22 0.4 2.484 2.484

(2.121-3.450) | (2.463-3.107)

Rearing densities and densities during exposure are provided for both experiments, in
addition to their respective 95% confidence interval and standard error values for each LC50.
Overlapping 95% confidence intervals indicate similar values.

10.3389/ffwsc.2023.1302240

Latent effects of different larval rearing densities resulted in
significant impacts on adult mass (Figure 2). Female mosquitoes
reared at high densities (0.84 larvae/mL) weighed significantly less
than larvae reared at low densities (0.19 larvae/mL) (F2,27 = 6.539, p
=0.004). Male mosquitoes reared at high densities (0.84 larvae/mL)
weighed significantly less than male mosquitoes reared at medium
densities (0.59 larvae/mL) (F221 = 4.546, p = 0.013).

3.2 Active crowding effects

The active crowding effects described here included larvae
reared from Ist-instar at equal densities (0.22 larvae/mL) in the
absence of permethrin. When larvae developed to 4th-instar, they
were divided into a low, medium, and high density treatment
(0.04, 0.1, 0.4 larvae/mL, respectively) before being exposed to
permethrin. A 24-h bioassay was conducted to determine dose-
response curves (Figure 3) and LCsq values (Table 1). LCsq values
for the exposure densities 0.04, 0.1, 0.4 larvae/mL were 0.928,
1.196, and 2.484 ppb, respectively. We found that active crowding
effects had a significant impact on permethrin sensitivity and
that increasing larval density resulted in increased larval tolerance
(Figure 3). The 95% confidence intervals for each of the low,
medium, and high densities did not overlap indicating significant
differences (Payton et al., 2003).

3.3 Active crowding protective effects:
eliminating the possible role of metabolic
tolerance

To investigate a potential mechanism for the protective

effect of non-latent crowding, the synergist piperonyl
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Effects of latent crowding on insecticide sensitivity. A dose-response curve and 95% confidence intervals were generated for each of the three
rearing densities exposed to permethrin and LC50 values were calculated. Standard error values and 95% CI for each LC50 value (Table 1) were
calculated. Confidence intervals overlapped for each rearing density LC50. Standard errors overlapped for the medium and high densities indicating
no significant difference in permethrin sensitivity (p > 0.05). At the 1.0 ppb permethrin concentration the low rearing density had significantly less
survival than the medium and high rearing densities (F, 27 = 7.923, p < 0.05). See Table 1 for specific values.
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non-latent crowding densities (p < 0.05) (Payton et al., 2003). See Table 1 for specific values.
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treatments (Table2). We found that the synergism ratios

among density treatments were not significantly

different

from each other and that standard error values overlapped for

each SRsg (Payton et al., 2003).
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3.4 Modeled density-survival relationship

To better understand the relationship between larval density
and survival, and to facilitate eventual incorporation into
population dynamics models, a mathematical relationship was
generated. The density-survival relationship for 1.5 ppb was similar
as for 2.0 ppb permethrin (except for slightly more survival overall).

3.5 Toxicity under a range of larval
densities

To provide additional context for the observed results and
our argument that density is an important consideration when
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TABLE 2 Addition of synergist to determine role of metabolic
detoxification.

Dosing LCs50 ppb LCs0 + SRs5( (SE)

density (Clgsop) PBO

(larvae/mL)

0.04 0.928 0.465 1.996
(0.865-1.026) (1.796-2.196)

0.1 1.196 0.608 1.967
(1.075-1.246) (1.771-2.163)

04 2484 1.143 2173
(2.121-3.450) (2.006-2.340)

The three bioassays conducted for the active crowding densities were repeated, but with the
addition of the synergist PBO. Synergism ratios (SR50) were calculated by comparing active
crowding LC50 values with and without the synergist: [LC50/(LC504-PBO)]. Overlap in SR50
standard error values indicates the values are not significantly different (p > 0.05) (Payton
et al., 2003).

conducting toxicity studies, we conducted a simple experiment
where 4 densities of larval mosquitoes were exposed to the same
2.0 ppb permethrin. The four densities were in units of larvae/ml:
30/360, 10,100, 20/100, and 25/50. Larvae were reared to 41 -instar
and separated into the four different density treatments with four
replicates per treatment. After addition of 2.0 ppb permethrin,
24-hr survival was recorded. Data were log transformed and a one-
way analysis of variance and a Tukey post hoc test were used to
compare proportion survival across treatments.

4 Discussion

We examined the effects of two different crowding conditions
on pesticide sensitivity, latent and active, on Aedes aegypti
larvae and hypothesized that increased crowding would increase
sensitivity to a contact insecticide, permethrin. Latent crowding
effects were those where density effects were present early in
development but not during permethrin exposure and active
crowding effects were those where crowding was only present at the
time of permethrin exposure. Contrary to our hypothesis, we found
no significant difference among permethrin sensitivity for latent
crowding and decreased permethrin sensitivity in actively crowded
larvae. Actively crowded larvae displayed a very strong protective
effect and increased crowding resulted in increased pesticide
tolerance. Induced metabolic detoxification was investigated as a
possible mechanism for the protective effect but proved to be
an unlikely source of the increased tolerance. This is among the
only studies to investigate the role that crowding plays in toxicant
sensitivity and yielded some interesting and unexpected insights.

Environmental stressors such as temperature, pH, resource
conditions, competition and predation are common occurrences
to most organisms and have been found to modify pesticide
toxicity when they co-occur (e.g., Holmstrup et al., 2010; Qin et al.,
2011). Non-food limiting larval-crowding is likely an important
environmental stressor for treehole mosquitoes that breed in small,
ephemeral pools and other aquatic species (invertebrates, fish,
amphibians) because of the physical and chemical factors that alter
significant life history traits such as development rate and survival
(Moore and Fisher, 1969; Ikeshoji and Mulla, 1970; Broadie and
Bradshaw, 1991; Roberts, 1998; Silberbush et al., 2014).
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Despite no significant difference among acute toxicity in the
three latent crowding treatments, the fitness-related effects of latent
crowding were evident, as manifested in reduced adult dry mass.
Increased latent rearing densities resulted in a significant reduction
in adult mass for both male and female mosquitoes (Figure 2). The
effects of intraspecific competition on adults have been described
previously (Haramis, 1983; Renshaw et al, 1994; Reiskind and
Lounibos, 2009) and were sex-specific (Bedhomme et al., 2003).
Male and females each maintain the more important life-history
trait, which is development rate for males and body size for
females. Our result, that females had decreased body size with
increased density, indicates that females were negatively impacted
by crowding despite ample food, but were unaffected in terms of
insecticide sensitivity.

While the effects of latent crowding on sensitivity overall
were minimal, at a single, low concentration (1.00 ppb) the low
rearing density treatment was more sensitive to permethrin than
the medium and high densities. This result was related to the
flatter dose-response curve of the low rearing density treatment.
This curve intersected the other two curves, with mosquitoes
from the low rearing treatment showing greater sensitivity to
permethrin at lower concentrations but less sensitivity at higher
concentrations. This is a peculiar response but the lack of
significant differences indicates that additional experiments are
needed to truly understand what, if any effect, is occurring.
Future work should incorporate a wider range and greater number
of latent rearing densities, especially at a lower density range
(0.05-0.40 larvae/ml) to better understand the subtle underlying
factors that may be impacting permethrin sensitivity for latent
crowded larvae.

In the active crowding experiment, sensitivities to permethrin
were significantly different among different density treatments.
Increasing larval density during exposure resulted in higher
pesticide tolerance. This result was unanticipated. If active
crowding was, in fact, a stressor then insecticide sensitivity would
be expected to increase with increased crowding, as seen in other
reports of multiple stressors and synergism (e.g., Holmstrup et al.,
2010). Instead, the opposite was observed, indicating a strongly
protective effect of crowding in the presence of pesticide exposure.
To better understand the relationship between active crowding and
pesticide tolerance, the mechanism driving this protective effect
should be further explored. Two possibilities include an induction
of protective enzymes associated with crowding or a diminishment
in per-individual exposure to insecticide (a “dilution” effect).

We empirically explored one possible mechanism supporting
the protective effect of larval crowding by testing whether there was
an increased role of CYP450 metabolic detoxification associated
with crowding, as this enzyme family can be induced by permethrin
and is also a major detoxification pathway of permethrin (Kasai
et al, 1998; Poupardin et al., 2008; Liu et al., 2011). A wide
variety of chemicals have been shown to induce CYP450s, such
as plant chemicals, fungal metabolites, hormones, pesticides, and
metals (Feyereisen, 1999; Riaz et al,, 2009). With the evidence
for chemical factors (e.g., growth factors, waste metabolites) in
larval crowding (Ikeshoji and Mulla, 1970; Bédhomme et al., 2005;
Silberbush et al., 2014) there was the potential that chemical factors
from conspecifics could induce CYP450s thereby playing a role
in permethrin detoxification as well. Our experiments utilizing
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the synergist piperonyl butoxide to inhibit CYP450s demonstrated
that CYP450 detoxification is likely not playing a role in the
active crowding protective effect. Inhibiting CYP450s roughly
doubled the sensitivity to permethrin for each density treatment
but the synergism ratios calculated to estimate the importance
of metabolism were not significantly different among the density
treatments. As CYP450s are the metabolic enzyme most strongly
linked to pyrethroid detoxification (Kasai et al., 2014), metabolism
likely does not play a significant role in the protective effect of
crowding. However, future work should also investigate esterases
and glutathione-S-transferases (GSTs), two potentially important
detoxification enzyme systems (Hemingway et al., 2004; Li et al,,
2007).

Given the lack of an apparent effect of crowding on
enzyme systems, an alternate and likely mechanism that would
explain the protective effect of active crowding is modified
exposure. In this scenario, crowded larvae competitively absorb
the available insecticide so that the exposure each individual
receives is reduced to the point of being less or non-toxic. This
is substantiated by earlier studies that have demonstrated the
mosquito larvae propensity for bioaccumulation of xenobiotics.
Henry et al. (1971) found that 4th-instar mosquito larvae
concentrated Abate (temephos) up to 1ppm per larva, which was
100 times the concentration of the surrounding water used to
kill the larvae. Another study found the absorption of Abate
into A. aegypti larvae was extremely rapid, with over 99%
being absorbed within 1h after exposure (Leesch and Fukuto,
1972). Previous studies also indicate that mosquito larvae are
particularly efficient at absorbing xenobiotics relative to other
aquatic organisms. Culex quinquefasciatus larvae accumulate
DEHP (di-2-ethylhexyl phthalate; resembles DDT in rate of uptake
and storage) to a much higher level than other aquatic organisms
investigated (guppy, snail, Daphnia, Elodea, Culex pupae) (Metcalf
et al, 1973). Compared to brine shrimp and silverside fish,
A. aegypti larvae showed the highest tendency to accumulate

10.3389/ffwsc.2023.1302240

TCDD, DDT, mexacarbate and y-BHC. Furthermore, the level
of bioaccumulation in fish decreased because of the competitive
pickup of available xenobiotics by the A. aegyptilarvae (Matsumara,
1977). The high degree of pesticide partitioning to mosquito larvae
is likely related to their exceptionally high lipid content, which can
facilitate survival up to 15 days without food (Timmermann and
Briegel, 1999).

It is generally accepted that insecticide penetration occurs
through the cuticle and into the hemolymph and is then dissolved
and stored in lipid-rich regions such as the fat body (Welling,
1977; Arrese and Soulages, 2010). Compared to other mosquito
species, pesticide partitioning may be more pronounced for A.
aegypti because of their exponential, and non-linear accumulation
of lipids throughout the larval period (Timmermann and Briegel,
1999). For lipophilic and low water soluble compounds such as
permethrin, temephos, and DDT, partitioning capacity is best
predicted using log Kow values, since octanol represents a good
substitute for biotic lipids (Chessels et al., 1991). Temephos (under
the trade name Abate®) is the third most widely used larvicide after
methoprene and Bti, and is the only product specifically designed
for application to tire piles (USEPA United States Environmental
Protection Agency, 2015). The experiments conducted here utilized
permethrin, but because of their very similar log Kow values (5.84
for trans-permethrin, 6.24 for cis-permethrin (our sample was 72%
trans), 5.96 for temephos; Noble, 1993) their partitioning behavior
in water systems is likely similar (Noble, 1993). Thus, permethrin is
a good proxy for other contact insecticides, specifically temephos.

While we have not identified other studies that explored the
effects of non-food limited larval crowding on sensitivity to contact
insecticides, similar questions have been investigated but often
involve other factors such as food levels. Muturi et al. (2010)
found that at high nutrients and low malathion concentrations,
survival was enhanced with increasing larval densities. However,
these effects were attributed to release from competition among
survivors after mortality from malathion. In this overcompensatory
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Comparison of insecticide sensitivity across a range of representative rearing densities found in published studies. A single concentration of
permethrin, 2.00 ppb, was used to compare survival differences among four different larval density regimes (i.e., # of larvae and amount of water
used). Density treatments are in order of increasing density (larvae/ml). Significant differences among samples were detected using one-way analysis
of variance (ANOVA; F3 336 = 36.12, p < 0.0001). A Tukey post hoc test detected significant differences among all samples except for between the
two lowest densities, 30/360 and 10/100 larvae/mL (Tukey HSD, p < 0.05). Treatments that share a letter are not significantly different from each
other. Data were log-transformed to meet assumptions. Means and standard error bars are shown.

model of larval control, larviciding high-density populations can be
counterintuitive (Agudelo-Silva and Spielman, 1984; Juliano, 2007).
Our results add an additional layer of nuance to the process of
density-mediated toxicant responses.

We have shown that high-density Aedes populations are more
tolerant to insecticide exposure than low density populations,
possibly due to modified exposure. The effects of density on
insecticide tolerance can occur with seemingly innocuous changes
in density, but we have shown that even relatively small changes
in density, especially at the low to moderate density range (0-
0.5 larvae/ml), can have significant impacts on survival (depicted
in density-survival model, Figure 4). To add further context for
our observed results, we conducted another experiment where we
analyzed toxicity differences among four different density regimes
found in the ecotoxicity literature that have been used in testing.
Most studies appear to somewhat arbitrarily choose larval densities
for toxicity experiments such as 20 larvae in 250 ml (Baruah, 2004),

Frontiers in Freshwater Science

20 larvae in 50 ml (Kasai et al., 2014), 30 larvae in 360 ml (Muturi
etal, 2011), 20 larvae in 100 ml (Mulla et al., 1982), among others.
We experimentally compared several representative densities and
found significant differences in mortality of larvae exposed to the
same 2.0 ppb permethrin (Figure 5). These results confirm our
main finding that higher larval density can increase insecticide
tolerance and further indicate that results from toxicity assays can
differ widely depending on rearing density. We suspect the effect of
density (in the absence of food limitation) has not been seriously
considered when designing toxicity bioassays but perhaps should.
The protective effect of crowding that we have shown here
can have important implications for mosquito control programs,
in designing and comparing toxicity tests (such as resistance
monitoring), and in developing population models for use in
management and risk assessment. High density larval populations
encountered in the field may be tolerant or less receptive to
insecticide treatment (such as temephos) if larval densities are not
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taken into consideration. Failure to compensate for high densities
may lead to unsuccessful reduction of mosquitoes and may also
permit the development of resistance if 100% mortality is not being
achieved and the most tolerant individuals are able to survive
(Hamdan et al., 2005). It is also very important in toxicity testing
of mosquito larvae to consider the densities being used. The WHO
has issued multiple recommendations for bioassay experimental
design. In their instructions for determining susceptibility or
resistance of larvae to insecticides (1981), they recommend a
density of 20 or 25 larvae in a 250 ml solution, which correspond
to densities of 0.08 and 0.1 larvae/ml, respectively. If applied to
our model (Figure 2), these density differences result in survival
differences of 11% and 18% for 0.08 and 0.1 larvae/ml, respectively.
In the WHO guidelines for laboratory and field-testing of mosquito
larvicides (2005), they recommend a density of 25 larvae in 100 or
200 ml of solution. In our model, these density differences resulted
in 46% survival and 25% survival, respectively. The effect that small
density differences have on toxicity makes it critical that toxicity
data only be compared when the exact same density regimes are
used. Ideally, comparative toxicity tests should all be conducted
concurrently: same day, same time and same larvae population.
For determining toxicant sensitivity in resistance monitoring it is
crucial to perform the same toxicity test on a susceptible population
[as advised in World Health Organization (2005)] and to not rely
only on a lethal concentration value, as larval crowding can easily
influence them.

Additionally, when assessing impacts or potential impacts of
toxicants on exposed populations, our results have clear and
potentially meaningful applications beyond mosquito control. As
indicated, understanding the manifestation of density-dependent
effects is critically important for assessing impacts of anthropogenic
stressors on populations (Accolla et al., 2021). For example,
Woo et al. (2020), using Daphnia magna as the research
model, demonstrated the importance of resource levels as well
as phase of the population cycle and density in contributing
to response and recovery from pesticide exposure. In essence,
while it is widely recognized that density-dependent effects are
critical for understanding and predicting population-level effects
of anthropogenic stressors, more research is needed to continue
to advance the science and to improve management of impacted
freshwater systems.

This study demonstrates the importance of crowding
in mosquito larval tolerance to contact insecticides. Latent
effects of crowding in this study did not exhibit a significant
overall impact on insecticide sensitivity but active crowding
(when crowding co-occurred with insecticide exposure)
resulted in a strongly protective effect against the insecticide
with the likely mechanism occurring via a modification
of exposure. These results stress the importance of larval
crowding in the design and comparison of susceptibility and
resistance testing as well as highlight the need to consider
larval density when carrying out mosquito control efforts in
the field and when considering population-level effects of
anthropogenic stressors.
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