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Salinization of freshwater ecosystems, due to the application of road salts, is recognized

as a potential threat to aquatic communities. Much of the research on the impact of

salinity has focused on performance metrics in vertebrates, including respiration and

osmoregulation. Here we focus on immune function in larvae of the dragonfly Anax junius,

a top predator in fishless aquatic habitats. Impacts on this top predator have the potential

to cascade through the community, and immune function is known to be both plastic

and sensitive to stress. We injected larvae with monofilaments (simulating a parasite)

and placed them in one of three environmentally relevant concentrations of deicing road

salt: control (dechlorinated tap water with no added salt), low (1,000 mgL−1), or high

salt (3,000 mgL−1), for either acute (24 h) or chronic (96 h) exposure. We hypothesized

that elevated salinity would suppress the immune response and that longer exposure

magnifies this effect. As predicted, chronic exposure to high salt concentrations resulted

in significantly reduced larval immune response compared to control conditions, however,

there were no detectable treatment effects in larvae exposed to low concentrations

of road salt or to acute high concentrations. Our results demonstrate that prolonged

exposure to high levels of road salt can compromise the immune response of dragonfly

larvae. Our findings suggest that insects in aquatic environments that experience

sustained environmental salt pollution will be more susceptible to parasites, which in

turn may affect the impact of this major predator on aquatic community dynamics.

Keywords: insect immunity, melanization, anthropogenic stressor, road salt, salinization, odonates, salt pollution

INTRODUCTION

Salinization of freshwater ecosystems, resulting from the transfer of winter road salts into aquatic
systems through meltwater (Kaushal et al., 2005; Novotny et al., 2008; Dugan et al., 2017), has
become a major concern in freshwater conservation (Cañedo-Argüelles et al., 2013; Herbert et al.,
2015). Previous research found that salinization of freshwater systems from the increasing use of
deicing salt can negatively affect the performance of freshwater organisms (Bernabò et al., 2013;
Kearney et al., 2014; Dananay et al., 2015; Hopkins et al., 2016), and threaten the viability of some
populations (Silberbush et al., 2005; Petranka and Doyle, 2010; Van Meter et al., 2011; Searle et al.,
2016; Castillo et al., 2018; Timpano et al., 2018). Salinization can impose physiological stresses
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for freshwater organisms including impaired osmoregulation
(Marshall and Grosell, 2006; Griffith, 2016; Sala et al., 2016;
Scheibener et al., 2016, 2017) and decreased respiratory
performance (Roast et al., 1999; McAllen and Taylor, 2001;
Tollefsen et al., 2015; Botwe et al., 2018). Consequently, road
salt has been recognized as a potentially harmful substance and
added to the “List of Toxic Substances” in Canada (Environment
Canada, 2012).

The majority of studies examining the biological effects of
salinization in freshwater systems have focused on vertebrates.
Amphibians have been found to be negatively affected by
increased salinity with reduced survival to metamorphosis and
longer developmental times (Bernabò et al., 2013; Hopkins et al.,
2013; Kearney et al., 2014; Wood and Welch, 2015), reduced
activity levels (Wood and Welch, 2015; Jones et al., 2017),
decreased spermmotility and velocity (Wilder andWelch, 2014),
and physical abnormalities (Sanzo and Hecnar, 2006) including
morphological alterations of gill epithelium following salinity
exposure (Bernabò et al., 2013). Key fitness metrics, including
reduced body length and mass, have also been reported in fish
exposed to high salinity (e.g., Hintz and Relyea, 2017).

Although less extensively studied than the effects of
salt on vertebrates, negative effects of salinization on
freshwater invertebrates have also been reported. For example,
exposure to dissolved salts resulted in slower growth rates of
macroinvertebrate detrivores (Tyree et al., 2016) and reduced
hatching rate of diapausing eggs of zooplankton species (Bailey
et al., 2004). The stress induced by non-lethal levels of salt
can interact with other stressors, such as parasite infections, to
induce harmful effects in organisms. Daphnia magna infected
with parasites and exposed to saline conditions produced
fewer offspring than uninfected individuals exposed to the
same range of salinities (Hall et al., 2013). These impacts may
result from multiple stressors associated with salinization. For
example, in addition to directly influencing osmoregulation,
salinization reduces the capacity of water to hold dissolved
oxygen and, thus, may lead to respiratory stress. Moreover, the
increased investment required to maintain homeostasis during
salt stress may lead to decreased investment in other crucial
physiological functions and, thus, diffuse negative effects on
organismal performance.

Here, we conducted an experimental investigation of the
effect of deicing road salt exposure on immune function in
the aquatic larvae of the dragonfly, Anax junius (Odonata:
Aeshnidae). Immune function of these top predators may be
particularly sensitive to salt stress because of their relatively
large body size and high activity levels (e.g., Folsom and Collins,
1984). Additionally, freshwater invertebrates such as dragonfly
larvae that breathe using tracheal gills are more vulnerable to
hypoxic conditions than invertebrates with other respiratory
modes (Chapman et al., 2004; Novotny and Stefan, 2012).
Immunity is known to be both highly plastic and sensitive to
stress (Adamo, 2017) and its expression will also affect the
ability of parasites and pathogens to infect hosts and take up
resources from them, influencing host and pathogen populations
and pathogen transmission dynamics (Schmid-Hempel, 2005a,b;
Yourth et al., 2011). Finally, our focal species, A. junius larvae,

is an important predator in aquatic habitats and can act as a
top predator in fishless ponds (McPeek, 1990, 1998). Therefore,
changes in the survival or performance of this species may have
cascading effects throughout aquatic communities.

In this study we tested for an effect of salinity stress on the
melanin immune response in larval A. junius dragonflies. We
used sub-lethal concentrations of salt (not higher than 3,000
mgL−1) that are environmentally realistic for the region from
which we collected our specimens (Environment Canada, 2001).
Additionally we tested for an effect of acute vs. chronic salinity
exposure on the larvae’s melanization immune response.

METHODS

Specimen Collection
Larvae were collected from a fishless pond at University of
Toronto’s Koffler Scientific Reserve in King City, Ontario,
Canada (44◦ 01’ 48” N, 79◦ 32’ 01”W) in October 2017, and
transferred in buckets to a laboratory at the University of Toronto
(Mississauga, Ontario). Larvae were kept individually in plastic
cups filled with aged, de-chlorinated water at room temperature
for 3 weeks prior to experiments. Larvae were fed ad libitum
with prey collected from a local pond. Waste and uneaten food
were removed prior to feeding. Food types included zooplankton,
smaller larval odonates and mayfly larvae that were given to A.
junius larvae daily.

Experimental Set-Up
This study varied two conditions: concentration (low: 1,000
mgL−1 or high: 3,000 mgL−1) and duration (acute: 24 h or
chronic: 96 h) of deicing salt exposure for larval dragonflies.
These two conditions were fully crossed, and compared to
A. junius larvae held in control conditions with no road salt
exposure. Larvae were randomly allocated to the five treatments
(four salt conditions and the control): low concentration-acute
exposure (n= 16), low concentration-chronic exposure (n= 17),
high concentration-acute exposure (n= 14), high concentration-
chronic exposure (n = 16) and control (n = 15). We included
head width (as a proxy for body size) in our analyses because
melanization can vary with body size in some species (e.g.,
Rantala and Roff, 2005; Kelly and Jennions, 2009). The head
width and body length (mm) of each larva was measured using
digital calipers (accurate to 0.02mm) and recorded prior to
placing the larva into the experiment (mean head width ± SE:
5.02± 0.07; mean body length± SE: 32.12± 1.86).

Salt water was prepared by dissolving Windsor Safe-T-Salt
deicing salt, primarily composed of NaCl, in de-chlorinated
water at experimental concentrations. These concentrations were
chosen based on ecologically relevant chloride concentrations at
peak periods of road salt influx into freshwater systems based on
previous work (Environment Canada, 2001; Canadian Council of
Ministers of the Environment (CCME), 2011). Aquarium heaters
were added to heat up salt solutions to ∼32◦C, to speed up the
process of dissolving these salts in water. The salt water was then
cooled down to room temperature (∼22◦C) before the start of
experimental trials. During trials, larvae were held individually
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in plastic cups filled with 250mL of water with one of the three
salt concentration treatments.

Data Collection
Like most insects, dragonfly larvae respond to infection with
an internal cellular defense (Schmid-Hempel, 2005b), which
includes encapsulating the pathogen and/or parasite with
melanized hemocytes (Christensen et al., 2005). To test how
different levels of salinization from road salt affected the level
of melanization of a simulated parasite, A. junius larvae were
injected with 1mm sanded monofilaments (diameter 0.20mm)
using a single-shot tag injector (Northwest Marine Technology,
Inc.). This approach provides a standard measure of this aspect
of immune function (Köning and Schmid-Hempel, 1995; Rantala
and Roff, 2007), and has been used successfully in odonate larvae
(e.g., Nagel et al., 2011; Duong and McCauley, 2016; Ilvonen and
Suhonen, 2016).

Monofilaments were injected into the seventh abdominal
segment, dorsolaterally and perpendicular to the cuticle suture
as in Duong and McCauley (2016). Larvae were then randomly
assigned to one of the five treatments (control, Low-Acute, Low-
Chronic, High-Acute, High-Chronic). After 24 h, larvae in the
acute exposure treatment were removed from the salt water and
placed in de-chlorinated tap water, and those under chronic
exposure remained in their salt water treatment. Therefore, A.
junius larvae in the acute exposure treatment were in the salt
water for only 24 h, followed by a 72 h recovery period in non-
salinized water, while those in chronic exposure experienced
a total of 96 h in salt water conditions, and control treatment
animals spent 96 h in non-salinized water. Ninety-six hours
after the start of the experiment, injected monofilaments were
removed from all larvae using tweezers, and placed in 2.0mL
microcentrifuge tubes and stored in a −20◦C freezer. Two
pictures of each monofilament were taken (rotated 180 degrees
lengthwise) with an Infinity 1 camera mounted on an Olympus
SZ61 microscope. Photos of monofilaments were then analyzed
using ImageJ software, where pictures were converted into 32-bit
grayscale images, and the melanin sections of the monofilament
were measured. The mean level of melanization (expressed in
pixel values) was recorded using a 0–255 scale (255 corresponds
to white and 0 corresponds to black). The mean value of
both sides of the monofilament was taken. We subtracted the
measured melanization value from 255 to convert the scale so
that lower values indicated less melanization.

Statistical Analyses
We standardized the continuous measure of melanization using
the scale function in R (R Core Development Team). We fit
a linear model to assess if there was a significant effect of
deicing salt on melanization in A. junius larvae. The model fit
melanization as the response, treatment (Control, Low-Acute,
Low-Chronic, High-Acute, High-Chronic) and individual head
width as fixed effects. Additionally, we performed an ANOVA
that fit head width as well as concentration, exposure, and
their interaction as predictors of melanization. All analyses were
conducted in R version 3.1.2 (R Core Development Team).

TABLE 1 | Results from a linear model testing for an association of deicing salt

treatment (exposure and salt concentration) and body size on the melanization

immune response in larval Anax junius dragonflies.

Coefficient Estimate Standard error T value P-value

Intercept (Control) 1.87 0.907 2.06 0.042

Treatment

Low-Acute −0.073 0.335 −0.218 0.828

Low-Chronic −0.553 0.335 −1.65 0.103

High-Acute −0.288 0.334 −0.862 0.391

High-Chronic −0.713 0.331 −2.153 0.034

Body Size

Head width −0.311 0.172 −1.80 0.075

Standardized melanization measures were fit as the response, treatment (salt

concentration and exposure type) and head width (as a proxy for body size) were fit as

predictors. Table values were generated using the “summary” function in R. Results in

bold typeface indicate a significant result (P < 0.05).

RESULTS

We found a significantly decreased melanization response
in individuals chronically exposed to high (3,000 mgL−1)
concentrations of deicing road salt compared to the control
treatment (p = 0.034; Table 1, Figure 1). There was no
significant decrease in melanization for individuals exposed
to low salt concentrations regardless of exposure type, or for
individuals exposed to acute, high concentrations compared to
the control treatment (p > 0.05; Table 1). Larval head width was
not a significant predictor of melanization response (Table 1).
We did not see an effect of salinity treatment type (exposure or
concentration) or their interaction on melanization (Table S1).

DISCUSSION

Larval dragonflies exposed to high concentrations of deicing salt
for 4 days significantly decreased their melanin immune response
to a simulated parasite compared with larvae exposed to control
conditions in a laboratory setting (Table 1, Figure 1). We did not
see a significant effect of either treatment type (salt concentration
or exposure time) or their interaction in an ANOVA (Table S1),
and there was no effect of head width on larval melanization
(Table 1, Table S1). Our findings show that exposure to salt
pollution at environmentally realistic concentrations for less than
a week can compromise dragonfly larvae’s ability to initiate a
cellular defense against a foreign body (Figure 1). Depression of
the melanization response could make larval dragonflies more
vulnerable to parasites and suggests that salinity may induce a
generalized stress response, which has previously been associated
with decreased immune responses in insects (Adamo, 2017).

Studies of laboratory salinity tolerance (survival) have been
shown to correlate with natural salinity tolerances across
species (Kefford et al., 2004). These studies primarily focus
on determining the lethal levels of salinity exposure. Many
salt tolerance studies (both in the lab and the field), however,
have not examined salinity levels that cause sub-lethal effects,
which can also have dramatic consequences for organisms (but
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FIGURE 1 | Mean melanization of monofilaments for Anax junius dragonfly larvae across five deicing salt stress treatments: control (no added salt treatment); low

concentration, acute exposure; low concentration, chronic exposure; high concentration, acute exposure; high concentration, chronic exposure. Error bars show the

standard error around the mean. Melanization was significantly decreased in the High Chronic treatment compared to the control treatment (*P < 0.05).

see Hintz and Relyea, 2019). The depressed melanization in the
High-Chronic salt treatment that we observed is likely part
of a larger suite of sub-lethal effects of salinity on freshwater
invertebrates. While we did not see overall effects of exposure
time and concentration, understanding how these two important
salinity pollution factors interact on a larger time scale (longer
chronic exposure time) will be important for understanding
the long-term consequences of even low levels of road salt
pollution for freshwater organisms and the functioning of
these ecosystems.

Sub-lethal effects of salinity pollution, such as those observed
in this study, likely have consequences for higher levels
of ecological organization (Hintz and Relyea, 2019). The
physiological stress of salinization in freshwater ecosystems
can affect the performance of many aquatic organisms at
varying trophic levels (reviewed in Castillo et al., 2018), and
have cascading effects that influence the structure of aquatic
communities (Silberbush et al., 2005; Petranka and Doyle, 2010;
Van Meter et al., 2011; Searle et al., 2016; Timpano et al.,
2018; Hintz and Relyea, 2019). By favoring salt tolerant species,
salinization could not only alter community structure and affect
ecosystem function but will likely drive down biodiversity in
places that are particularly at risk of salinization, such as road-
adjacent habitats (Collins and Russell, 2009; Stoler et al., 2018;
Hintz and Relyea, 2019). Future mesocosm studies looking
at how sub-lethal salt pollution affects species abundance,
local diversity and community structure will be important for
predicting changes to permanent and temporary aquatic habitats.

We compared animals from a relatively small range of larval
instars and body sizes, however, the effects of salinization have
been shown previously to vary considerably across life stages
(e.g., amphibians: Kearney et al., 2014; fish: Hintz and Relyea,
2017). Future studies investigating immunity in the context of
road salt contamination across life stages in insects (egg through
adult) will be important for beginning to understand some
of the evolutionary consequences of long-term salt exposure.

Specifically, studies could assess how the developmental stage
that insects experience periods of peak salt pollution (e.g., during
the spring melt) affects their performance (including growth rate,
parasite immunity, metamorphic and reproductive success).

Our study shows that insect hosts will be vulnerable to
parasites at relatively short salt exposure times. Within this
study “chronic salt exposure” was 4 days long, and we did not
see an effect of exposure itself (Table S1), however we know
that some freshwater habitats experience heightened salinity
throughout the year (see Hintz and Relyea, 2019). Future studies
looking at the effect of long-term exposure to salt pollution on
host parasite dynamics will be critical to our understanding of
how multiple stressors (i.e., salt and parasites) interact to affect
insect populations. For example, do hosts and parasites respond
similarly to road salt contamination, or are some parasites
tolerant to salinity stress? Surveys of parasite loads on aquatic
insects in sites that vary in road salt inputs would be useful to
assess the impacts of this contaminant on interactions between
hosts and parasites in nature.

In addition to affecting host-parasite interactions, freshwater
salinization may influence the structure and functioning of
freshwater communities and ecosystems through indirect effects
on other members of the food web (Silberbush et al., 2005;
Petranka and Doyle, 2010; Van Meter et al., 2011; Searle et al.,
2016; Castillo et al., 2018; Timpano et al., 2018). Given the high
trophic position of A. junius in fishless environments (Crumrine,
2010; Hopkins et al., 2011), depressed immune function in these
animals could have important consequences for the community
structure of ponds exposed to road salt contamination. Even
when the salt levels are not high enough to induce mortality in
this species, by facilitating infections by parasites and pathogens,
road salt may affect the abundance or behavior of this top
predator, altering community structure in both permanent and
temporary fishless habitats (McPeek, 1990, 1998).

The contamination of aquatic ecosystems by deicing road salts
and how it acts both directly and indirectly to affect populations
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and communities requires further investigation. We have a
growing, but still limited, understanding of the sub-lethal effects
of salt pollution on freshwater invertebrates. Our understanding
of the more subtle ways that relatively low levels of salt pollution
affect freshwater systems is critical to developing predictions
about the effects of road salt on community structure and for
developing measures to facilitate freshwater conservation and
minimize the influence of this contaminant.
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