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Organisms around the globe are experiencing novel environments created by human activities. One such
disturbance of growing concern is the salinization of freshwater habitats from the application of road
deicing salts, which creates salinity levels not experienced within the recent evolutionary history of most
freshwater organisms. Moreover, salinization can induce trophic cascades and alter the structure of
freshwater communities, but knowledge is still scarce about the ability of freshwater organisms to adapt
to elevated salinity. We examined if a common zooplankton of freshwater lakes (Daphnia pulex) could
evolve a tolerance to the most commonly used road deicing salt (sodium chloride, NaCl). Using a mes-
ocosm experiment, we exposed freshwater communities containing Daphnia to five levels of NaCl (15,
100, 200, 500, and 1000 mg Cl� L�1). After 2.5 months, we collected Daphnia from each mesocosm and
raised them in the lab for three generations under low salt conditions (15 mg Cl� L�1). We then con-
ducted a time-to-death experiment with varying concentrations of NaCl (30, 1300, 1500, 1700,
1900 mg Cl� L�1) to test for evolved tolerance. All Daphnia populations exhibited high survival when
subsequently exposed to the lowest salt concentration (30 mg Cl� L�1). At the intermediate concen-
tration (1300 mg Cl� L�1), however, populations previously exposed to elevated concentrations (i.e.100
e1000 mg Cl� L�1) had higher survival than populations previously exposed to natural background levels
(15 mg Cl� L�1). All populations survived poorly when subsequently exposed to the highest concen-
trations (1500, 1700, and 1900 mg Cl� L�1). Our results show that the evolution of tolerance to moderate
levels of salt can occur within 2.5 months, or 5e10 generations, in Daphnia. Given the importance of
Daphnia in freshwater food webs, such evolved tolerance might allow Daphnia to buffer food webs from
the impacts of freshwater salinization.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Anthropogenic disturbances generate novel environments and
human-induced evolutionary change is occurring worldwide
(Palumbi, 2001; Sih et al., 2010). A lack of adaptation to novel en-
vironments may threaten biodiversity and ecosystem services
(Dudgeon et al., 2006; McGill et al., 2015). Chemical contamination
of aquatic ecosystems is one of the most common types of
anthropogenic disturbances. Many organisms targeted by chem-
icals like pesticides and antibiotics have developed a resistance to
such chemicals, sometimes within a decade of introduction (Hoy,
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1998; Palumbi, 2001). Less attention, however, has been given to
how chemical contaminants affect non-target organisms. Recent
research has shown that some non-target species in communities
are able to adapt to chemicals like pesticides (e.g., Hua et al., 2013,
2015; Bendis and Relyea, 2014), which stabilizes communities and
prevents trophic cascades (Bendis and Relyea, 2016).

Salinization of freshwater ecosystems is an emergent environ-
mental and ecological issue worldwide (Ca~nedo-Argüelles et al.,
2016). Salinization is caused by agriculture, mining, and the
application of road deicing salts (Thunqvist, 2004; Corsi et al., 2010;
Ca~nedo-Argüelles et al., 2013, 2016). In regions that experience cold
winters, the application of road salt has caused the salinity of many
freshwater ecosystems to rise sharply over the past few decades
(Ca~nedo-Argüelles et al., 2013). In the United States, road deicing
salt consumption has increased from approximately 0.20 million
metric tons per year in 1944 to 24.5 million metric tons per year in
2014 (Harris and Tucker, 1947; Bolen, 2016). Expansion of
tolerance to road salt in zooplankton, Environmental Pollution (2016),

mailto:coldsk@rpi.edu
mailto:matteb2@rpi.edu
mailto:hintzwd@gmail.com
mailto:relyer@rpi.edu
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
http://dx.doi.org/10.1016/j.envpol.2016.12.024
http://dx.doi.org/10.1016/j.envpol.2016.12.024
http://dx.doi.org/10.1016/j.envpol.2016.12.024


K.D. Coldsnow et al. / Environmental Pollution xxx (2016) 1e72
impervious surface area from urbanization (Bester et al., 2006) and
increased precipitation in cold regions from climate change will
only increase the application rates of road salts (Novotny and
Stefan, 2010).

Currently because of road salt application, the salinity levels of
many lakes, streams, and wetlands exceed the chronic and acute
thresholds established for chloride (Cl�). In the USA, the chronic
threshold is 230 mg Cl� L�1 and the acute threshold is
860 mg Cl� L�1 (Benoit and Stephan, 1988). In major metropolitan
areas in the northern USA, 51% of stream sampled during thewinter
months had chloride concentrations above the chronic level, while
23% experienced concentrations above the acute level (Corsi et al.,
2010). Many lakes and wetlands in northern USA and Canada also
experience chloride concentrations above chronic levels (e.g., Evans
and Frick, 2001; Judd et al., 2005). Longer water retention times in
lakes and wetlands compared to streams also results in longer
exposure times for freshwater organisms (Evans and Frick, 2001),
which are typically adapted to low salt concentrations
(0e20 mg Cl� L�1; Kelting and Laxson, 2010). Yet, it is unknown
whether freshwater organisms can adapt to salinity levels far above
those encountered in their recent evolutionary history.

Little research has investigated the impacts of road salt on
freshwater communities. Some field studies suggest an inverse
relationship between salinity and biodiversity in freshwater sys-
tems (reviewed in Evans and Frick, 2001). In particular,
zooplankton abundance and diversity decrease as salinity increases
(e.g. Schallenberg et al., 2003). Experiments manipulating salt
concentrations commonly observe increases in rotifers and de-
clines in cladocerans and copepods (Van Meter et al., 2011; Van
Meter and Swan, 2014; Dalinsky et al., 2014; Dananay et al., 2015;
and Kefford et al., 2016). Because cladocerans are major consumers
of phytoplankton, their decline commonly leads to increases in
phytoplankton, which may result in a loss of ecosystem services
(e.g., Walsh et al., 2016). Cladocerans in the genus Daphnia are one
of the more sensitive groups of zooplankton (Bona et al., 2014), yet
they are vital to aquatic ecosystems as a preferred food source for
many planktivorous fish and a primary consumer of phytoplankton
(Ebert, 2005; Seda and Petrusek, 2011). Because of their important
role in freshwater communities and food webs, it is essential to
evaluate if zooplankton, and Daphnia in particular, can adapt to
high salinities resulting from road salt contamination.

We investigated if Daphnia pulex, a dominant cladoceran species
in many aquatic ecosystems, could evolve a tolerance to road salt
contamination. We performed a two-phase experiment. In Phase 1,
we raised Daphnia in outdoor mesocosms, embedded within a lake
foodweb, under varying levels of the road salt (Hintz et al., in press).
After 2.5 months of exposure (i.e. 5e10 generations), we trans-
ferred the Daphnia to the laboratory. After being raised under low
salt conditions for three generations (1.5 months), Phase 2 of the
experiment tested whether populations previously exposed to
elevated salt concentrations during Phase 1 exhibited increased salt
tolerance during Phase 2. If zooplankton were able to evolve a
tolerance to road salt, we predicted that populations previously
exposed to a wide range of salt concentrations for several genera-
tions would all exhibit high survival when subsequently exposed to
a low concentration of salt (Fig. 1A). In contrast, we predicted that
populations previously exposed to elevated salt concentrations
would exhibit higher survival (relative to the control) when sub-
sequently exposed to moderate concentrations of salt (Fig. 1B).
Finally, we predicted that populations previously exposed to any
salt concentrations would exhibit low survival when subsequently
exposed to high concentrations of salt (Fig. 1C).
Please cite this article in press as: Coldsnow, K.D., et al., Rapid evolution of
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2. Methods

2.1. Phase 1einitial salt exposure

Phase 1 of the experiment was part of a larger study, which took
place outside at the Rensselaer Aquatic Lab (Troy, New York, USA)
during the summer of 2015 (Hintz et al., in press). The experimental
design consisted of five salt treatments: 15 (control), 100, 250, 500,
and 1000 mg Cl� L�1. We chose these road salt concentrations
because they represented concentrations near the EPA thresholds
for aquatic ecosystems (Benoit and Stephan, 1988), as well as
concentrations that have been detected in lakes (Judd et al., 2005;
Novotny et al., 2008; Novotny and Stefan, 2010; Sibert et al., 2015),
streams (Kaushal et al., 2005; Corsi et al., 2010), and wetlands
(Evans and Frick, 2001). We used Solar Salt (Morton® Salt, Chicago,
IL, USA), which is 99.8% pure NaCl. We chose NaCl because it is the
most widely used road deicer in North America (Kelting and
Laxson, 2010). The treatments were replicated four times for a to-
tal of 20 experimental units. The experimental units were 1200-L
polyethylene cattle tanks (mesocosms) covered with a 60% shade
cloth to prevent organisms from departing or colonizing the tanks.

We filled each mesocosm with a sand substrate, leaf litter, and
water from Lake George (New York, USA), which had a chloride
concentration of 15 mg Cl� L�1. Each mesocosm contained a food
web consisting of pouch snails (Physa acuta), amphipods (Hyalella
azteca), isopods (Asellus aquaticus), banded mystery snails (Vivipa-
rus georgianus), and fingernail clams (Sphaerium simile). We also
added two concentrated 450-mL aliquots of a zooplankton and
phytoplankton mix from Lake George to serve as a source of
plankton. Plankton were collected from Lake George using a ver-
tical, integrated plankton tow (64-mm mesh) at various places
(throughout Northwest Bay, Lake George) starting just below the
thermocline and up to the lake's surface. Once the organisms had
adjusted to tank conditions for 2 d, we applied the salt treatments
on 10 July. Additional details of the food web experiment can be
found in Hintz et al. (in press).

2.2. Animal collection and husbandry

After 2.5 months of the food webs being exposed to the different
salt concentrations, we collected samples of zooplankton from the
20 mesocosms using aquarium dip nets with a 100-mm mesh.
Within 30 min of collection, we transported the zooplankton to a
lab where they were raised under the low-salt conditions of Lake
George (15 mg Cl� L�1). From each zooplankton sample collected
from a given mesocosm, we selected 20 large Daphnia pulex (body
length: 1.5e2.0 mm), all of which were reproductively active fe-
males. We placed 10 of them into each of two 400-mL experimental
jars. Each jar contained 300 mL of Lake George water, which was
filtered using glass microfiber filters (1.2-mm pore size; Whatman,
Inc.) to remove any zooplankton. Populations exposed to the five
salt concentrations from Phase 1 were raised separately by meso-
cosm until later pooled within a concentration for Phase 2. Pop-
ulations were pooled because the timing of reproduction between
jars did not line up in a way that made it possible to have enough
Daphnia for Phase 2 in all replicates. The Daphniawere placed in an
animal room with a light cycle of 12 L:12 D and at constant tem-
perature (20.5 ± 0.2 �C). Each jar of Daphnia was sufficiently fed
150 mL of concentrated algae (Raphidocelis subcapitata) every 2 d. A
single batch of R. subcapitata algae was used for the duration of
Daphnia husbandry. This algae was grown in high phosphorus
COMBO medium prior to the start of the experiment (Kilham et al.,
1998). We added new water when needed to keep the water level
constant and removed any debris to keep the water clean. Each
populationwas reared in the lab for three generations to reduce any
tolerance to road salt in zooplankton, Environmental Pollution (2016),



Fig. 1. Predictions of evolved tolerance to road salt (NaCl). The solid line represents a population of zooplankton that has been previously exposed to low salt levels. The dashed line
represents a population of zooplankton that has been previously exposed to high salt levels. An asterisk indicates a hypothesized difference between the two lines, while NS means
there is no significant difference between the two lines. (A) If these populations were exposed to low levels of salt, their survival would be similar. At low levels, there is no threat to
either population. (B) If these populations were exposed to moderate levels of salt, their survival would differ. The high exposed population would survive better than the low
exposed population because of the development of tolerance. (C) If these populations were exposed to high levels of salt, their survival would be similar. At high levels, the threat
would be the same, regardless of tolerance level.
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environmental and maternal effects. The original mothers, as well
as each consecutivemother, was removed from each jar once young
Daphnia were released to ensure that we were working with only
one generation at a time.
2.3. Phase 2etesting for evolved tolerance

We began Phase 2 of the experiment on 5 November. We
crossed the five original treatments from Phase 1 with five new
treatments [30 (control), 1300, 1500, 1700, 1900 mg Cl� L�1]. The
goal for these concentrations was to have intermediate, varying
levels of survival across the Phase-1 populations over a 48-hr
timeframe. We based these concentrations on a pilot study of
Daphnia tolerance, as well as previous reports of acute (�48 h)
concentrations of salt that cause an effect (EC50) or death (LC50) to
Daphnia species. There is immense variation among these studies
sometimes based on other factors (i.e. temperature, food avail-
ability) or the population's background chloride concentration. For
example, D. magna has many reported values for the LC50 of NaCl
from 2024 mg Cl� L�1 (Benoit and Stephan, 1988) to
4704 mg Cl� L�1 (Cowgill and Milazzo, 1990), while D. pulex has
reported NaCl LC50s ranging from 1470 mg Cl� L�1 (Benoit and
Stephan, 1988) to 2042 mg Cl� L�1 (Gardner and Royer, 2010).

Using a randomized design, we replicated each of the 25
treatment combinations three times, for a total of 75 experimental
units. The experimental units were 250-mL glass beakers, each
filled with 200 mL of one of the five new salt concentrations. We
prepared the water using filtered Lake George water, which when
collected had a concentration of 30 mg Cl� L�1. This 15 mg Cl� L�1

increase was not a concern since it was less than our lowest
elevated Phase-1 concentration (i.e. 100 mg Cl� L�1) and our next
highest Phase-2 concentration (i.e. 1300 mg Cl� L�1). The increase
was likely caused by runoff from a nearby stream, causing localized
fluctuations in Cl� concentration. We measured the salinity of each
salt concentration with the Traceable® Salinity Meter (VWR Inter-
national). The actual concentrations of the water were, on average,
within 1.0% of the nominal, so throughout our results we refer to
the nominal concentrations. Using third-generation Daphnia, we
collected eight large individuals from the populations exposed to
the salt concentrations in Phase 1 and placed them in a beaker
containing one of the five new concentrations. We then monitored
Daphnia mortality every 2 h for 48 h. Mortality was defined as no
movement before or after being tapped gently with a pipette two
times. Daphnia were not fed during the 48-hr trials.
Please cite this article in press as: Coldsnow, K.D., et al., Rapid evolution of
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2.4. Statistical analysis

To examine whether a previous exposure to 15, 100, 250, 500,
and 1000 mg Cl� L�1 affected the ability of later generations to
survive at a given salt concentration, we performed a Cox's pro-
portional hazard regression (Cox, 1972). We obtained regression
coefficients (b) and hazard ratios (eb) by using the time-to-death of
individual Daphnia for each Phase-1 population at a given test
concentration (30, 1300, 1500, 1700, 1900 mg Cl� L�1) as the
response variable and the different Phase-1 populations as the
predictor with replicate as a stratified covariate. In preliminary
analysis, we checked for interactions between Phase-1 populations
and replicate number and after finding widespread insignificant
interactions, we dropped the interaction but retained the replicate
term in the analysis. Within each salt exposure in the lab, a negative
coefficient would indicate that a population exposed to higher salt
in Phase 1 survived better than the population exposed to the
lowest salt concentration in Phase 1, while a positive coefficient
would indicate reduced survival. Because the control population
(15 mg Cl� L�1) was the reference population for the comparison of
elevated exposures, the regression coefficient is zero. The hazard
ratios, or the rate of death, were used to calculate the statistical
difference. If the 95% confidence intervals did not overlap with the
hazard ratio of the control population (i.e. 1), this would signal a
statistically significant difference from the control population. We
also obtained percent censored data for each Cox's proportional
hazard regression for the Phase-2 concentrations, telling us the
percentage of individuals that contributed to the survivor function
but not the death (Crawley, 2013). Survival graphs represent the
number of individuals alive at each time, visually showing the rate
of death for each Phase-1 population at a given Phase-2 concen-
tration. All analyses were completed using the package
RcmdrPlugin.survival in RStudio version 0.99.491 (Fox and
Carvalho, 2012; R Development Core Team, 2015).
3. Results

Using the Cox's proportional hazard model, we found that sur-
vival in the Phase-2 control treatment (30 mg Cl� L�1) was high
(94%) with most populations experiencing no death (Table 1,
Fig. 2A). None of the populations previously exposed to elevated
salt concentrations (100e1000mg Cl� L�1) differed in survival from
the Phase-1 control population (15 mg Cl� L�1; p � 0.21).

When we examined the Phase-2 treatment of 1300 mg Cl� L�1,
we detected survival differences among the populations previously
tolerance to road salt in zooplankton, Environmental Pollution (2016),
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raised under different salt concentrations in Phase 1 (Table 1,
Fig. 2B). Populations previously exposed to moderate salt concen-
trations (100 and 250 mg Cl� L�1) exhibited significantly higher
survival (p ¼ 0.01) and populations previously exposed to
1000 mg Cl� L�1 exhibited marginally higher survival (p ¼ 0.09)
when compared to the control. The 500 mg Cl� L�1 population was
not significantly different from the control (p ¼ 0.11).

When we exposed the Phase-1 populations to much higher salt
concentrations in Phase 2 (1500, 1700, and 1900 mg Cl� L�1), we
found that all populations experienced high mortality (Table 1,
Fig. 2CeE). In all populations, survival decreased as the concen-
tration of salt increased (Table 1). Averaged across all Phase-1
concentrations, survival was 69% when exposed to
1500 mg Cl� L�1, 58% when exposed to 1700 mg Cl� L�1, and 26%
when exposed to 1900 mg Cl� L�1. The Cox's proportional hazard
model showed no significant differences among any Phase-1 pop-
ulations at 1500 (p � 0.16), 1700 (p � 0.10) or 1900 mg Cl� L�1

(p � 0.26).
Table 1
Regression coefficients (b) and hazard ratios of Daphnia that were originally exposed to 1
later to 30, 1300, 1500, 1700, or 1900 mg Cl� L�1 in Phase 2. Percent censored indicates
populations for that given Phase-2 concentration. Bolded p-values indicate a significant
in that population and the lowest concentration (15 mg Cl� L�1).

Phase-2 exposure Percent censored Phase-1 exposure

30 94 15
100

250

500

1000

1300 74 15
100

250

500

1000

1500 69 15
100

250

500

1000

1700 58 15
100

250

500

1000

1900 26 15
100

250

500

1000
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4. Discussion

We show that in the span of 2.5 months (i.e. 5e10 generations),
Daphnia were able to evolve an increased tolerance to road salt.
Daphnia populations initially reared under high salt conditions
were subsequently able to survive relatively high salinities
(1300 Cl� L�1) compared to Daphnia reared under their natural
concentration of 15 mg Cl� L�1. Even initial exposures to moderate
levels of salt (100 and 250 mg Cl� L�1) resulted in the evolution of
increased tolerance. However, survival was reduced above
1500 mg Cl� L�1, regardless of exposure history, suggesting a limit
to evolved tolerance in Daphnia.

We are the first to show evolved tolerance to road salt in
Daphnia within recent evolutionary history. Other studies show
that species in the family Daphniidae living at high salinities have a
higher tolerance to salt than populations that live in low salinity
environments (Weider and Hebert, 1987; Teschner, 1995; Latta
et al., 2012; Loureiro et al., 2012; Liao et al., 2015), which demon-
strates adaptability and differences between populations and
5, 100, 250, 500, or 1000 mg Cl� L�1 in Phase 1 and then re-exposed several months
the average percent survival of Daphnia after the 48-hr exposure in all the Phase-1
(p � 0.05) or marginally significant (p < 0.10) difference between the rate of death

Regression coefficient (b) Hazard ratio
[95% CI]

p-value

0 1 e

�20.88 8.53e-10
[0.00, Infinite]

1.00

�0.69 0.50
[0.09, 2.73]

0.42

�20.88 8.53e-10
[0.00, Infinite]

1.00

�1.41 0.24
[0.03, 2.19]

0.21

0 1 e

�1.70 0.18
[0.05, 0.64]

0.01

�2.13 0.12
[0.03, 0.53]

0.01

�0.76 0.47
[0.19, 1.18]

0.11

�0.85 0.33
[0.16, 1.13]

0.09

0 1 e

�0.48 0.62
[0.22, 1.74]

0.36

�0.21 0.81
[0.31, 2.10]

0.67

�0.07 0.93
[0.37, 2.36]

0.88

�0.79 0.45
[0.15, 1.35]

0.16

0 1 e

�0.43 0.65
[0.24, 1.75]

0.39

0.69 1.99
[0.87, 4.58]

0.10

0.40 1.49
[0.64, 3.47]

0.36

�0.78 0.46
[0.15, 1.36]

0.16

0 1 e

0.04 1.04
[0.55, 1.96]

0.90

�0.36 0.70
[0.36, 1.37]

0.26

�0.08 0.93
[0.49, 1.76]

0.82

�0.18 0.84
[0.43, 1.64]

0.61

tolerance to road salt in zooplankton, Environmental Pollution (2016),
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genotypes. However, these studies examine salinity tolerance in
close proximity to saltwater (e.g., brackish water, total salts
>2000 mg L�1). No study has shown that a salinity increase from
anthropogenic sources is capable of inducing an evolved tolerance
to high salinities in such a short period of time. Loureiro et al.
(2015) showed that Daphnia previously exposed to
1000 mg Cl� L�1 for one, three, or nine generations had little in-
fluence on their survival time at 6000mg Cl� L�1. This is contrary to
what we found, but the test concentration in Loureiro et al. (2015)
was much higher than the exposure concentration, potentially ac-
counting for the differences in our results and those of Loureiro
et al. (2015). It is known that zooplankton are able to evolve
tolerance to other freshwater contaminants. For example, Daphnia
pulex and Simocephalus vetulus evolved a tolerance to pesticides,
but the level of tolerance was dependent on distance to agriculture
and exposure history over a relatively long period of time (Bendis
and Relyea, 2014). In the present study, we show that evolved
tolerance to an aquatic contaminant can occur over a short period
of time even after an abrupt change in concentration.

While we pooled the original Phase-1 populations before going
into the Phase-2 experiment, we still saw evolved tolerance to NaCl.
Because each Phase-1 population was exposed to a control envi-
ronment that only varied in salinity levels, we would expect there
to be little differences between Phase-1 replicates within a con-
centration and in turn little issue with pooling the populations in
order to gain the numbers needed for the experiment. Further, we
see what appears to be a grouping of the moderate pre-exposed
populations (100 and 250 mg Cl� L�1) and the high pre-exposed
populations (500 and 1000 mg Cl� L�1) specifically shown by
high significance and marginal or non-significance respectively
(Table 1, Fig. 2B). Because of this graded response in evolved
tolerance, rather than random response, we feel the pooling of the
populations still allows us to see the evolved tolerance in the
populations. Future studies should involve looking at separate
Fig. 2. The survival of five Daphnia populations that were previously exposed to different l
exposed to five new salt concentrations: (A) 30, (B) 1300 (C) 1500, (D) 1700, and (E) 1900 mg
ratio, or rate of death, of that population and the control population.

Please cite this article in press as: Coldsnow, K.D., et al., Rapid evolution of
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populations that were independently exposed, as well as investi-
gating other traits that may follow a similar graded pattern as seen
here.

The mechanism behind evolved salt tolerance in zooplankton
remains unclear. Changes in the expression of genes related to
osmoregulation and ATP activity are thought to play a role (Kefford
et al., 2016). In fact, Latta et al. (2012) found that genes responsible
for the sodium/potassium ATPase activity in D. pulex were upre-
gulated in individuals adapted to higher salt concentrations. This
enzyme is important in osmoregulation in most eukaryotic or-
ganisms by transporting salts into and out of the cells, allowing
them to survive in different salinity environments (Ituarte et al.,
2008). It is possible that differences in these genes, either within
the population or within an individual, are responsible for the
evolved tolerance discovered in the present study. Because the
tolerance was present after three generations (1.5 months) in the
lab, the tolerance could be a result of a change in allele frequency
through selection of more tolerant individuals within the popula-
tion exposed during Phase 1 of the experiment. The alternative
could be a long lasting epigenetic change passed through genera-
tions. Epigenetic changes, such as methylation, have been shown to
occur when Daphnia are exposed to other toxins such as heavy
metals (Vandegehuchte et al., 2009; Harris et al., 2012). Some of
these changes in gene expression, such as the gene responsible for
ATPase activity, may affect more than just salinity tolerance (e.g.,
life history traits).

Besides mortality and increased tolerance, salinity increases can
affect other traits by causing increased developmental abnormal-
ities, reduced feeding rates (Evans and Frick, 2001), decreased
reproduction (Sarma et al., 2006; Gonçalves et al., 2007; Stoks et al.,
2014), and decreased respiration (Arn�er and Koivisto, 1992).
Daphnia populations that are more tolerant to salt or survive in
higher salt environments have smaller bodies and experience
reduced reproduction when compared to Daphnia populations
evels of salt (15, 100, 250, 500, and 1000 mg Cl� L�1) in Phase 1 and then in Phase 2,
Cl� L�1. The asterisks indicate that there is a significant difference between the hazard

tolerance to road salt in zooplankton, Environmental Pollution (2016),
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from low salt waters, despite having time to evolve mechanisms to
cope with the trade offs of higher salt tolerance (Ghazy et al., 2009;
Latta et al., 2012). More tolerant zooplankton also show changes in
gene expression in genes other than ATPase activity, such as
important predator sensing genes (Latta et al., 2012), hinting at
indirect effects from salt exposure. If the costs are less than the
benefits, the exposed population and community may be able to
benefit from the survival of a tolerant species.

Understanding the impacts of contaminants on zooplankton is
essential because of their critical role in aquatic food webs.
Zooplankton are important for transferring energy from primary
producers to higher trophic levels (Carpenter et al., 1985) and
maintaining ecosystem services like water clarity (Walsh et al.,
2016). As such, an evolved tolerance to road salt could mitigate a
salt-induced trophic cascadewhereby the reduction of zooplankton
abundance would lead to elevated phytoplankton levels (e.g., Hintz
et al., in press). This may be particularly important for urban lakes
where salinity levels are high from road salt inputs (e.g., Novotny
et al., 2008) because of the ecosystem services they provide. The
ability to mitigate a trophic cascade has already been shown in
zooplankton with an evolved tolerance to pesticides (Bendis and
Relyea, 2016), but this has yet to be tested with salt-tolerant
zooplankton.

The existence of evolved tolerance to road salts opens up a
number of fascinating possibilities for future research. For example,
the prevalence of evolved tolerance in organisms living in natural
freshwater systems is currently unknown but may be common.
Further, it may be that evolution of increased tolerance to a com-
mon road salt also confers increased tolerance to other roads salts
(e.g., CaCl2, MgCl2). It is also important to determine how long
evolved tolerance persists in freshwater organisms. Road salt enters
freshwater systems in pulses during the spring snowmelt but
elevated salinity levels can remain year round in some ecosystems
(Langen et al., 2006; Corsi et al., 2010). The current study discov-
ered that a press disturbance of high salinity triggered evolved
tolerance, but future research should examine whether repeated
salt pulses also trigger evolved tolerance. Finally, future work
should also consider the potential life history costs of evolved salt
tolerance as well as potential consequences such as changes in
behavior, species interactions, community structure, or ecosystem
services.
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