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Scientific Significance Statement

Freshwater salinization from anthropogenic activities—including the application of road deicing salts—is a global environmental
concern, harming aquatic biota and drinking water quality. However, the relative sensitivity of zooplankton communities to sali-
nization across large scales remains largely unknown. Performing experiments in parallel across North America and Europe, we
show that there is substantial variation in the sensitivity of different zooplankton taxa to salinization, but that chloride sensitiv-
ity is more common and pronounced in crustaceans. This study demonstrates that the abundance and diversity of the communi-
ties can be reduced at chloride levels below common water quality guidelines (120–250 mg Cl�1 L�1, depending on the study
country). Our results suggest that freshwater biodiversity might be reduced by chloride contamination at a global scale.

Abstract
Human-induced salinization increasingly threatens inland waters; yet we know little about the multifaceted
response of lake communities to salt contamination. By conducting a coordinated mesocosm experiment of
lake salinization across 16 sites in North America and Europe, we quantified the response of zooplankton abun-
dance and (taxonomic and functional) community structure to a broad gradient of environmentally relevant
chloride concentrations, ranging from 4 to ca. 1400 mg Cl� L�1. We found that crustaceans were distinctly
more sensitive to elevated chloride than rotifers; yet, rotifers did not show compensatory abundance increases
in response to crustacean declines. For crustaceans, our among-site comparisons indicate: (1) highly consistent
decreases in abundance and taxon richness with salinity; (2) widespread chloride sensitivity across major taxo-
nomic groups (Cladocera, Cyclopoida, and Calanoida); and (3) weaker loss of functional than taxonomic diver-
sity. Overall, our study demonstrates that aggregate properties of zooplankton communities can be adversely
affected at chloride concentrations relevant to anthropogenic salinization in lakes.

The salinization of freshwater ecosystems from human
activities is a growing issue globally. Anthropogenic drivers of
freshwater salinization include agricultural practices, resource
extraction, land clearing, and climate change (Williams 2001;
Cañedo-Argüelles 2020); in colder regions, however, one of
the most pervasive sources of salts is road deicing (Dugan
et al. 2017a). Long-term increases in chloride—the anion of
most road salts—have occurred in waterbodies across North
America and Northern Europe (Dugan et al. 2017b; Kaushal
et al. 2018), sparking toxicity concerns for biota and drinking
water quality. As expanding urbanization increases the risk of
chloride contamination (e.g., Dugan et al. 2020), it is critical
to understand the ecological consequences of salinization to
develop effective water quality management.

In most inland waters, chloride naturally occurs at low con-
centrations (< ca. 20 mg Cl� L�1) but can increase to 1000–
10,000 mg Cl� L�1 in lakes, rivers, and wetlands contaminated
with road salt (Hintz and Relyea 2019). Current water quality
guidelines for aquatic life chronic exposure in Canada and the
U.S.A. are 120 and 230 mg Cl� L�1 (US–EPA 1988; CCME 2011),
respectively; although variable within the European Union,

250 mg Cl� L�1 is a common recommendation. Most bench-
marks for the protection of freshwater biota rely on labora-
tory toxicity tests of individual species. For zooplankton,
which play a critical functional role in lake food webs, most
toxicity studies have focused on large cladocerans, especially
Daphnia (e.g., Daphnia longispina and Daphnia galeata;
Gonçalves et al. 2007; Loureiro et al. 2015). Arnott et al. (2020)
demonstrated reductions in Daphnia (Daphnia catawba,
Daphnia mendotae, and Daphnia minnehaha) survival and repro-
duction at concentrations as low as 5–40 mg Cl� L�1. However,
knowledge remains scarce about copepod and rotifer species,
and relatively few studies have thus far investigated lake salini-
zation effects at the community level (Hintz and Relyea 2019).
Recent work addressed effects on zooplankton assemblages
within single lakes (Hintz et al. 2017) or along naturally-occur-
ring salinity gradients (Gutierrez et al. 2018); but experimen-
tally testing how community structure responds to salinization
under different environmental conditions could help reveal the
mechanisms by which lake zooplankton may cope with salin-
ity stress. Yet, large-scale experimental examinations across
lakes and regions are, to our knowledge, nonexistent.
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Variation in chloride sensitivity across taxa can mediate
community-wide responses to salinization, altering taxonomic
and functional community structure following contamina-
tion. Diversity loss or compositional shifts in favor of salt-tol-
erant taxa may have implications for ecosystem functions and
services, given the strong influence of zooplankton on both
lower and upper trophic levels in lakes. For example, large-
bodied filter-feeding cladocerans could be replaced with
smaller, less efficient grazers such as rotifers (via compensa-
tory increases; Jeppesen et al. 2007), thereby promoting algal
blooms (Korosi et al. 2012) and reduced food quality for pred-
ators of zooplankton and upper trophic levels (Hintz
et al. 2017). While zooplankton communities tend to be less
diverse with increased salinity (Nielsen et al. 2003a), certain
biotic factors may mitigate abundance or species losses. For
instance, communities with high diversity may be buffered
from the adverse effects of salinization given their broad range
of life-history traits (including salt tolerance) and functional
redundancy (Setubal et al. 2020).

Local environmental conditions may also modulate zooplank-
ton responses to salinization. Notably, historic chloride levels at
which communities have evolved may influence tolerance to
contamination events (Coldsnow et al. 2017). Naturally-occur-
ring calcium (Elphick et al. 2011) and phytoplankton availability
(Brown and Yan 2015) may also mitigate chloride toxicity. Thus,
irrespective of composition, communities may exhibit a range of
chloride sensitivity across lake types and regions. Although biotic
and abiotic drivers of community responses have been investi-
gated in riverine macroinvertebrates (Kefford et al. 2012), there is
a need to expand such assessments to other freshwater ecosys-
tems and communities experiencing salinization.

We performed a cross-continental experimental study of
lake salinization to investigate the effects of chloride contami-
nation on zooplankton communities. Through 16 coordi-
nated mesocosm experiments across North America and
Europe, we exposed naturally-occurring zooplankton assem-
blages (spanning ca. 130 taxa) to a range of environmentally
relevant chloride concentrations, along opportunistic gradi-
ents of baseline conditions (chloride, calcium, algal availabil-
ity) owing to regional differences among lakes. We compared
zooplankton abundance, taxonomic, and trait-based responses
to salinization and tested four main hypotheses:

H1: Zooplankton communities will decline in abundance,
owing to local species extinctions, concomitant with declines
in taxonomic and functional evenness resulting from greater
dominance by salt-tolerant taxa. Functional diversity will
decline less markedly than taxonomic diversity owing to func-
tional redundancy.

H2: Large-bodied cladoceran grazers will be the most salinity-
sensitive (functional) group, while rotifers and smaller omniv-
orous crustaceans will be less sensitive. Rotifers will show
compensatory increases in abundance.

H3: Originally more diverse communities (taxonomically and
functionally) will show weaker declines in abundance and
diversity with increasing chloride.

H4: Communities originating from lakes with higher calcium,
chloride, or chlorophyll a (Chl a) concentrations will show
weaker declines in abundance and diversity with increasing
chloride.

Methods
Coordinated experiments

We conducted 16 coordinated mesocosm experiments
across lakes in Canada, U.S.A., Sweden, and Spain. The experi-
ments were based on a standardized protocol to examine how
a wide range of Cl� concentrations may affect zooplankton
assemblages. All experiments ran between June and August
2018; except for sites Purdue (September) and Tavernoles
(November). Site characteristics and field protocols are pro-
vided in the Appendix (Section I), Arnott et al. (2021), and
Hintz et al. (In press).

Briefly, at each location, we filled 20–32 mesocosms (volume
range: 80–2500 L) with local lake or well water, filtered using a
40- to 100-μm mesh to remove zooplankton, and inoculated
them with zooplankton and phytoplankton from a local lake.
We then applied treatments in a regression design by amending
mesocosms with NaCl to obtain an unreplicated nominal gradi-
ent from ambient Cl� (ranging from <2 to 18 mg Cl� L�1) to
1400 mg Cl� L�1. NaCl treatments were only applied once, at
the beginning of the experiment. Two sites did not reach the tar-
get gradient due to rain (Dartmouth, maximum concentration
reached = 800 mg Cl� L�1) and evaporation (Convict, maximum
concentration reached = 3000 mg Cl� L�1). Given that Cl� con-
centrations varied with weather conditions over time, we aver-
aged Cl� concentrations throughout the duration of the
experiment at each site in analyses. Dissolved nitrogen and phos-
phorus were added fortnightly to preclude resource limitation
except for sites Dartmouth, Feresjön, Sturgeon, and Stortjärn.

Each mesocosm experiment ran for 6 weeks (44 � 3.3 d of
exposure). We measured chloride concentrations directly or
indirectly (conductivity) on weeks 0, 3, and 6 of each experi-
ment. We sampled Chl a at the beginning and end of each
experiment via fluorometry or spectrophotometry. We also
sampled the zooplankton community at the beginning and
end of the experiment (10–20% of the mesocosm volume).
Zooplankton were preserved with ethanol (70–95%) or Lugol’s
solution. We identified and enumerated all week-6 zooplank-
ton samples and processed week-0 samples for a subset of the
sites (12/16). Week-0 zooplankton data were discarded from
the main results; however, a separate analysis indicated that
communities sampled within 2 d of salt addition were not
associated with the chloride treatment, except for Stortjärn,
which showed positive relationships between crustacean
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diversity and evenness and nominal chloride (Appendix
Section III).

Dataset, functional traits, and diversity metrics
The community dataset used for this study consisted of

zooplankton abundances at the end of experiments (spanning
60 crustacean and 69 rotifer taxa) by chloride treatment level
by source lake. We validated taxonomy and curated data to
ensure consistency across sites. Details and data sets are pro-
vided in Arnott et al. (2021).

To assess functional responses to salinization, we assembled a
trait matrix for crustaceans. We collated taxon-specific informa-
tion on trophic group, body length, body mass, and feeding type.
In addition to being well-documented, these traits reflect ecologi-
cal strategies and roles (niche space) occupied in food webs
(Hébert and Beisner 2020). We first extracted trait information
from existing syntheses and known trait relationships
(McCauley 1984; Barnett et al. 2007; Hébert et al. 2016a,b); then
compiled remaining data as described in the Appendix
(Section II). The assembled trait matrix can be found in Hébert
et al. (2021). Data were not compiled for rotifers, as traits were
either known to be strongly phylogenetically constrained or
redundant across species.

We calculated functional diversity indices using a Gower
dissimilarity matrix, with the function dbFD in the R package
FD (Laliberté et al. 2014). We performed a principal coordi-
nate analysis and used the axes to estimate functional rich-
ness and evenness, as per Villéger et al. (2008). We calculated
functional dispersion as an extension of the average distance
from the centroid (Laliberté and Legendre 2010). For taxo-
nomic diversity, we quantified richness, diversity (Shannon),
and evenness (Pielou) separately for crustaceans and rotifers.
We performed diversity calculations and all subsequent data
analyses in R (R Core Team 2020).

Statistical analyses
For each set of analyses, we included experimental sites

(referred to as sites hereafter) with either ≥3 functionally dis-
tinct crustacean groups or different rotifer taxa; we analyzed
the two groups separately. We used mean chloride concentra-
tions for each mesocosm as the predictor variable. We applied
a log10-transformation to abundances but left diversity indices
untransformed. We quantified the effect of chloride using lin-
ear mixed-effects models (LMMs), with the lmer function in
the R package lme4, setting site as a random effect. To model
taxon richness, we used generalized LMMs to accommodate
the discrete nature of the data (Poisson distribution) with a
log link and the glmer function.

To identify which taxa and traits were most sensitive to
chloride, we used linear models adapted to multivariate abun-
dance data with the R package mvabund (Wang et al. 2012).
We built site-specific models using the manyany function,
fitting a model for each taxon (Appendix Section III). To
assess crustacean functional trait responses, we performed a

fourth corner analysis for each site using the traitglm function
available with manylm (Brown et al. 2014).

To determine whether zooplankton responses could be
explained by lake abiotic or biotic characteristics, we tested
for the effect of chloride, calcium, temperature, and Chl
a concentrations, as well as taxonomic and functional diver-
sity. We used lake chloride, calcium, and Chl a concentrations
measured prior to the start of experiments; additionally, we
tested for the effect of Chl a concentrations in control meso-
cosm at the end of experiments. Although not part of our
hypotheses, we tested for the effect of temperature on chlo-
ride sensitivity and included these results in Appendix
Section III. Our community diversity predictor variables were
calculated using compositional data at the end of each experi-
ment to account for both the “mesocosm effect” and the eco-
logical drift that may have affected communities during the
previous 6 weeks. To estimate the taxonomic and functional
diversity of control communities without relying exclusively
on the one untreated mesocosm per site, we used data from
all mesocosms to fit site-specific multivariate abundance
models, using the manyany function of mvabund with a
Tweedie distribution, and predicted taxonomic and functional
community diversity at the lowest (control) chloride concen-
tration. Then, we performed a two-step regression analysis: we
(1) quantified the effect of chloride on community response
metrics for each site and extracted significant slopes as a mea-
sure of effect size; and (2) regressed site-specific slopes against
predictors (chloride, calcium, Chl a, temperature, and taxo-
nomic and functional diversity of modeled control communi-
ties; tested individually), and weighted relationships by model
r2 values obtained in (1).

Finally, to compare chloride sensitivity among community
metrics and across sites, we extracted three indicator values
from our models: (1) chloride concentrations corresponding
to a 50% reduction in each metric relative to modeled control
communities, and proportions (%) reduction in each metric
observed at (2) Canadian and (3) U.S. water quality guideline
thresholds.

Results
Increasing chloride reduced crustacean abundance, taxon

richness, and Shannon diversity across sites (Fig. 1a–c; H1).
Declines in abundance and richness were most pronounced,
with highly similar rates of decrease along the chloride gradi-
ent (slopes declining in parallel; Tables S3 and S4). Evenness
did not respond significantly (Fig. S2). For rotifers, only abun-
dance and richness decreased significantly, although weakly
(Fig. 1d,e).

Taxon-specific sensitivity to chloride was more common
(proportions of sensitive taxa) and pronounced (magnitude of
response) in crustaceans of all sizes than in rotifers (Figs. 2a,b,
3; H2). Among-site analyses identified 35 sensitive crusta-
ceans, spanning all major taxonomic units (Fig. 2a). Most
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sensitive genera (highest quartile; Table S5) were also found
across major groups: Calanoida (Eudiaptomus), Cyclopoida
(Microcyclops, Acanthocyclops, Diacyclops), and Cladocera
(Chydorus, Bosmina, Ceriodaphnia, Diaphanosoma). Daphnia
pulex x pulicaria was the sole member of Daphnia that declined
significantly. Most rotifers were unresponsive to chloride
(Fig. 2b), with only five taxa declining. No zooplankton taxon
responded positively to chloride, indicating that no compen-
satory increases occurred.

We found no detectable pattern with chloride in crusta-
cean trait assemblages. Feeding type and body size responded
idiosyncratically to chloride across experiments (Figs. 3a, S4;
H1–H2). Despite substantial among-site variation in trait-
based responses, chloride weakly reduced crustacean func-
tional richness and dispersion (Fig. 3b,c). Crustacean

functional evenness did not respond to salinity (Fig. S2). Over-
all, chloride caused weaker loss of functional than taxonomic
diversity in crustaceans (Figs. 1b,c vs. 2b,c; Table S4). Further-
more, none of the tested biotic and abiotic drivers (H3–H4)
could explain zooplankton community responses to saliniza-
tion (Fig. S4; Table S7).

Across sites, we found that many metrics of crustacean
community structure showed 50% reductions at concentra-
tions slightly exceeding 500 mg Cl� L�1 (Fig. 4a). Further-
more, most crustacean metrics showed � 10% and � 20%
decreases when chloride levels reached Canadian (120 mg Cl�

L�1) and U.S. (230 mg Cl� L�1) water quality guidelines,
respectively (Fig. 4b,c). Rotifer community responses showed
greater variation across sites, with no apparent pattern
(Fig. 4d–f).

Fig. 1. Variation in (a–c) crustacean and (d–f) rotifer community abundances and diversity metrics in response to chloride additions across lake experi-
ments. Each colored line distinctly represents one of the source lakes (individual lake linear regression models), while thicker black lines represent the gen-
eral trend across lakes (LMM; significant models only, slope coefficients provided). For among-lake LMMs, both marginal and conditional R2 are provided
(Rm

2 and Rc
2, respectively). See Table S3 for parameter estimates.
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Discussion
Through coordinated experiments of lake salinization, we

compared the response of zooplankton density and community
structure along a gradient of chloride concentrations (4 to
ca. 1400 mg Cl� L�1), while accounting for differences in regional
assemblages and environmental conditions. We found that crus-
taceans were more sensitive to elevated chloride than rotifers,
with no evidence of compensatory increases by the latter. Based

on the multifaceted response of crustaceans (i.e., community
vs. individual taxa, taxonomic vs. functional), our results indicate
that salinization: (1) leads to marked, highly consistent declines
in abundance and taxon richness; (2) impairs multiple taxa across
Cladocera, Cyclopoida, and Calanoida; and (3) causes greater
losses of taxonomic than functional diversity, with substantial
among-site variation in trait-based responses. Despite among-site
variation in community structural responses, many crustacean
metrics showed 50% reductions at ca. 500 mg Cl� L�1; although

Fig. 2. Taxon-level abundance responses of (a) crustaceans and (b) rotifers to chloride additions across lake experiments. Color saturation represents
lake-specific slopes of models, reflecting taxon-level sensitivity to chloride. Unframed, gray squares represent nonsignificant relationships whereas white
areas indicate the absence of taxa in each lake. Abundance data are log10-transformed. See Table S5 for parameter estimates.
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adverse effects of salinity already occurred at lower concentra-
tions. Our study demonstrates that key community metrics can
be affected at chloride levels relevant to anthropogenic saliniza-
tion, pointing to broad implications for lake ecosystems.

Salinization altered crustacean abundance and taxonomic
structure, in agreement with previous studies (H1; Schallenberg
et al. 2003; Jensen et al. 2010; Hintz et al. 2017). Elevated chlo-
ride strongly reduced richness and Shannon diversity but had
no effects on evenness. While richness declines could result
from an inability to detect taxa reduced to very low abun-
dances, this observation suggests that diversity loss was poten-
tially driven by local extinctions. The striking consistency in
the loss of abundance and taxa for each chloride level incre-
ment across sites highlights a general response pattern to salini-
zation; that is, independent of initial abundance and richness.
Salinity can induce mortality and diversity loss in freshwater
crustaceans in different ways, interfering with osmoregulation,
ionoregulation, and egg hatching (Nielsen et al. 2003b;
Griffith 2017). Irrespective of the causal mechanisms, the
trends uncovered in our study indicate that increased chloride
may impair crustacean biomass stocks, biodiversity, and associ-
ated functions (e.g., grazing control, dietary supply for upper
trophic levels), which may in turn reduce food chain length
and energy transfer in lakes (Golubkov et al. 2018).

Chloride additions had weak to no effect on rotifer com-
munities and individual taxa (H1–H2). This result is consis-
tent with studies reporting relatively high salt tolerance in
rotifers (Schallenberg et al. 2003). However, in contrast to our
expectation, the decrease in crustacean abundance and, there-
fore, competition for phytoplankton, was not accompanied
by an increase in rotifer abundance, as observed elsewhere
(Jeppesen et al. 2007; Van Meter and Swan 2014; Lin
et al. 2017). Furthermore, the parallel study by Hintz et al. (In

press) showed that Chl a increased as a result of cascading
effects in most experiments (as observed by Moffett
et al. 2020), suggesting that rotifers were not limited by phy-
toplankton availability. Although we found no evidence of
compensatory increases, the concomitant decrease in crusta-
ceans and maintenance of rotifer abundance support the gen-
eral suggestion that lake salinization is likely to induce weaker
top-down control by zooplankton, with implications for algal
proliferation and food web stability (Jeppesen et al. 2015).

Crustacean community-wide responses were attributable to
declines in multiple species, rather than a few distinct (“senti-
nel”) sensitive taxa (H2). Surprisingly, chloride sensitivity was
common across all major crustacean groups, with 25% of taxa
showing declines in all of Cladocera (23/89), Calanoida
(3/12), and Cyclopoida (9/34). While salt sensitivity has been
observed in copepods (Van Meter et al. 2011), toxicological
effects are mainly documented for large cladocerans, espe-
cially Daphnia. Such toxicity tests form the basis of most water
quality guidelines, representing the criteria upon which gov-
ernmental agencies base monitoring programs. Yet, our study
reports only one sensitive Daphnia taxon, and suggests that
copepods and various other cladocerans may be equally or
even more sensitive to chloride. Furthermore, our results indi-
cate that a given species may exhibit variable chloride sensi-
tivity across lakes, highlighting the role of environmental
forcing and intraspecific variation in crustacean responses to
increased salinity. Current knowledge based on toxicity tests
may, thus, be insufficient to properly predict and protect lake
communities from the effects of anthropogenic salinization.

Relative to effects on taxonomic structure, salinization
weakly affected crustacean functional structure (H1–H2). This
result is consistent with our a priori hypothesis, whereby
functional diversity may be buffered from salinity effects

Fig. 3. Variation in crustacean (a) trait assemblages and (b, c) functional diversity in response to chloride additions across lake experiments. (a) For each
lake, fourth corner coefficients show the strength of association between traits and chloride concentrations, from positive (blue) to negative (red). See
Table S5 for parameter estimates. (b, c) Each colored line distinctly represents one of the source lakes (individual lake linear regression model; colors as in
Fig. 1), while thicker black lines represent the general trend across lakes (LMMs, slope coefficients provided). For among-lake LMMs, both marginal and
conditional R2 are provided (Rm

2 and Rc
2, respectively). See Tables S3 and S4 for parameter estimates.

Hébert et al. Salinization effects on lake zooplankton

7



owing to functional redundancy among taxa. Losses of func-
tional diversity were overall minor in our experiments, espe-
cially when compared to effects reported in studies using
similar size- and feeding-related traits (Gutierrez et al. 2018;
Setubal et al. 2020). Divergence in initial trait composition
could be a possible explanation for this discrepancy between
studies; although generally, salinity is a weak driver of zoo-
plankton size structure (Brucet et al. 2010). For a deeper
understanding of the mechanisms underlying functional
responses to salinization, future studies could incorporate
direct measurements of traits more closely related to stress
coping strategies.

Local water chemistry, algal availability, and (taxon and
trait) diversity could not explain among-site variation in com-
munity responses (H3–H4). History of exposure to chloride had
no detectable effect, likely owing to the narrow range of ambi-
ent chloride concentrations across source lakes (≤ 18 mg Cl�

L�1). Our sites covered relatively wider ranges of calcium (2.5–
77 mg L�1) and Chl a concentrations (up to 14.7 and
22.6 μg L�1 across source lakes and control mesocosms, respec-
tively); yet, we found no indication that neither calcium nor
algal availability mitigated chloride toxicity, unlike previous
studies (Soucek et al. 2011; Brown and Yan 2015). Perhaps
more surprising was that neither the taxonomic nor the func-
tional diversity of communities influenced responses to salini-
zation, despite our diverse arrays of species and traits. Other
unmeasured factors could have mediated chloride toxicity in
our experiments, such as the dietary quality of algae (Isanta-
Navarro et al. 2021). Overall, our inability to predict

community responses using drivers of known relevance high-
lights the need to further investigate how abiotic and biotic fac-
tors may operate at large scales to modulate salinization effects.

Each of our 16 experiments includes limitations that are
generally associated with mesocosm-based studies. For exam-
ple, the diversity of species in the mesocosms was likely lower
than that of natural lakes, and we did not allow dispersal from
the regional species pool or allot sufficient time for adapta-
tion, reducing natural pathways by which salt-tolerant species
or genotypes may buffer communities over longer timescales.
Furthermore, our set of experiments also includes site-to-site
variation that must be considered. Notably, mesocosm vol-
ume varied among experimental sites and plankton dynamics
may differ based on mesocosm volume; however, volume dif-
ferences were rarely associated with the strength of commu-
nity responses to Cl� (Appendix Section III). Nevertheless,
despite variation in mesocosm volume and local site charac-
teristics, our among-site comparisons revealed similar effects
of Cl� on some community properties, highlighting a general
response to salinization.

The salinization of inland waters threatens water quality
and biota globally. Yet current management practices rely on
benchmarks that may be too permissive to protect the struc-
ture of freshwater communities. Our study shows that aggre-
gate properties of crustacean communities can be adversely
affected at chloride concentrations relevant to salt contamina-
tion (Dugan et al. 2017a), even below common water quality
guidelines. Although we estimated that the 50% decline in
many crustacean community metrics occurs at ca. 500 mg

Fig. 4. Comparisons of chloride sensitivity among (a–c) crustacean and (d–f) rotifer community-level measures (abundance and diversity metrics) and
across source lakes. (a, d) Chloride concentrations correspond to 50% reductions in community-level measures (analogous to half maximal effective con-
centration EC50), and (b, c, e, f) specific proportions (%) of reduction are shown at Canadian (120 mg Cl� L�1, middle column) and U.S. (230 mg Cl�

L�1, right column) water quality guidelines. Each colored point distinctly represents one of the source lakes (individual lake linear model; colors as in
Figs. 1 and 3); large transparent circles illustrate the overall value across lakes (among-lake LMMs). Only values from significant models are shown.
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Cl� L�1, a 50% loss of abundance or species have serious
implications for ecosystems and declines of smaller magnitude
at lower chloride concentrations can already have far-reaching
ecological consequences (e.g., cascading effects on lake food
webs). Given the global trends in anthropogenic freshwater
salinization, we believe that national water quality criteria
should be revised downwards whenever a “one-size-fits-all”
approach is adopted.

REFERENCES
Arnott, S. E., M. P. Celis-Salgado, R. E. Valleau, A. M. DeSellas,

A. M. Paterson, N. D. Yan, J. P. Smol, and J. A. Rusak. 2020.
Road salt impacts freshwater zooplankton at concentra-
tions below current water quality guidelines. Environ. Sci.
Technol. 54: 9398–9407. doi:10.1021/acs.est.0c02396

Arnott, S. E., and others. 2021. Global Salt Experiment. Dat-
averse, data sets and protocols. doi:10.5683/SP3/BIDMCI

Barnett, A. J., K. Finlay, and B. E. Beisner. 2007. Functional
diversity of crustacean zooplankton communities: Towards
a trait-based classification. Freshw. Biol. 52: 796–813. doi:
10.1111/j.1365-2427.2007.01733.x

Brown, A. H., and N. D. Yan. 2015. Food quantity affects the
sensitivity of Daphnia to road salt. Environ. Sci. Technol.
49: 4673–4680. doi:10.1021/es5061534

Brown, A. M., D. I. Warton, N. R. Andrew, M. Binns, G.
Cassis, and H. Gibb. 2014. The fourth-corner solution –

using predictive models to understand how species traits
interact with the environment. Methods Ecol. Evol. 5:
344–352. doi:10.1111/2041-210X.12163

Brucet, S., and others. 2010. Factors influencing zooplankton
size structure at contrasting temperatures in coastal shallow
lakes: Implications for effects of climate change. Limnol.
Oceanogr. 55: 1697–1711. doi:10.4319/lo.2010.55.4.1697

Canadian Council of Ministers of the Environment (CCME).
2011, Canadian water quality guidelines for the protection of
aquatic life: Chloride. Environment Canada.

Cañedo-Argüelles, M. 2020. A review of recent advances and
future challenges in freshwater salinization. Limnetica 39:
185–211. doi:10.23818/limn.39.13

Coldsnow, K. D., B. M. Mattes, W. D. Hintz, and R. A. Relyea.
2017. Rapid evolution of tolerance to road salt in zooplank-
ton. Environ. Pollut. 222: 367–373. doi:10.1016/j.envpol.
2016.12.024

Dugan, H. A., and others. 2017a. Salting our freshwater lakes.
Proc. Natl. Acad. Sci. 114: 4453–4458. doi:10.1073/pnas.
1620211114

Dugan, H. A., and others. 2020. Lakes at risk of chloride con-
tamination. Environ. Sci. Technol. 54: 6639–6650. doi:10.
1021/acs.est.9b07718

Dugan, H. A., and others. 2017b. Long-term chloride concen-
trations in North American and European freshwater lakes.
Sci. Data 4: 1–11. doi:10.1038/sdata.2017.101

Elphick, J. R., M. Davies, G. Gilron, E. C. Canaria, B. Lo, and
H. C. Bailey. 2011. An aquatic toxicological evaluation of
sulfate: The case for considering hardness as a modifying
factor in setting water quality guidelines. Environ. Toxicol.
Chem. 30: 247–253. doi:10.1002/etc.363

Golubkov, S. M., N. V. Shadrin, M. S. Golubkov, E. V.
Balushkina, and L. F. Litvinchuk. 2018. Food chains and
their dynamics in ecosystems of shallow lakes with differ-
ent water salinities. Russ. J. Ecol. 49: 442–448.

Gonçalves, A. M. M., B. B. Castro, M. A. Pardal, and F. Gonçalves.
2007. Salinity effects on survival and life history of two freshwa-
ter cladocerans (Daphnia magna and Daphnia longispina). Ann.
Limnol. - Int. J. Lim.43: 13–20. doi:10.1051/limn/2007022

Griffith, M. B. 2017. Toxicological perspective on the osmo-
regulation and ionoregulation physiology of major ions by
freshwater animals: Teleost fish, Crustacea, aquatic insects,
and Mollusca. Environ. Toxicol. Chem. 36: 576–600. doi:
10.1002/etc.3676

Gutierrez, M. F., and others. 2018. Salinity shapes zooplank-
ton communities and functional diversity and has complex
effects on size structure in lakes. Hydrobiologia 813: 237–
255. doi:10.1007/s10750-018-3529-8

Hébert, M.-P., and B. E. Beisner. 2020. Functional trait
approaches for the study of metazooplankton ecology, p.
3–27. In M. A. Teod�osio and A. B. Barbosa [eds.], Zooplank-
ton Ecology. CRC Press, Taylor & Francis Group. doi:10.
1201/9781351021821-2

Hébert, M., B. E. Beisner, and R. Maranger. 2016a. A compila-
tion of quantitative functional traits for marine and fresh-
water crustacean zooplankton. Ecology 97: 1081–1081.
doi:10.1890/15-1275.1

Hébert, M., B. E. Beisner, and R. Maranger. 2016b. A meta-
analysis of zooplankton functional traits influencing ecosys-
tem function. Ecology 97: 1069–1080. doi:10.1890/15-1084.1

Hébert, M.-P., C. C. Symons, M. Cañedo-Argüelles, and B. E.
Beisner. 2021. Trait data for “Lake salinization drives con-
sistent losses of zooplankton abundance and diversity
across coordinated mesocosm experiments”. Figshare, Data
Set. doi:10.6084/m9.figshare.17109143

Hintz, W. D., and others. In press. Current water quality
guidelines across North America and Europe do not protect
lakes from salinization. Proc. Natl. Acad. Sci. doi:10.1073/
pnas.2115033119

Hintz, W. D., B. M. Mattes, M. S. Schuler, D. K. Jones, A. B.
Stoler, L. Lind, and R. A. Relyea. 2017. Salinization triggers
a trophic cascade in experimental freshwater communities
with varying food-chain length. Ecol. Appl. 27: 833–844.
doi:10.1002/eap.1487

Hintz, W. D., and R. A. Relyea. 2019. A review of the species,
community, and ecosystem impacts of road salt sal-
inisation in fresh waters. Freshw. Biol. 64: 1081–1097. doi:
10.1111/fwb.13286

Isanta-Navarro, J., S. E. Arnott, T. Klauschies, and D. Martin-
Creuzburg. 2021. Dietary lipid quality mediates salt

Hébert et al. Salinization effects on lake zooplankton

9

https://doi.org/10.1021/acs.est.0c02396
https://doi.org/10.5683/SP3/BIDMCI
https://doi.org/10.1111/j.1365-2427.2007.01733.x
https://doi.org/10.1021/es5061534
https://doi.org/10.1111/2041-210X.12163
https://doi.org/10.4319/lo.2010.55.4.1697
https://doi.org/10.23818/limn.39.13
https://doi.org/10.1016/j.envpol.2016.12.024
https://doi.org/10.1016/j.envpol.2016.12.024
https://doi.org/10.1073/pnas.1620211114
https://doi.org/10.1073/pnas.1620211114
https://doi.org/10.1021/acs.est.9b07718
https://doi.org/10.1021/acs.est.9b07718
https://doi.org/10.1038/sdata.2017.101
https://doi.org/10.1002/etc.363
https://doi.org/10.1051/limn/2007022
https://doi.org/10.1002/etc.3676
https://doi.org/10.1007/s10750-018-3529-8
https://doi.org/10.1201/9781351021821-2
https://doi.org/10.1201/9781351021821-2
https://doi.org/10.1890/15-1275.1
https://doi.org/10.1890/15-1084.1
https://doi.org/10.6084/m9.figshare.17109143
https://doi.org/10.1073/pnas.2115033119
https://doi.org/10.1073/pnas.2115033119
https://doi.org/10.1002/eap.1487
https://doi.org/10.1111/fwb.13286


tolerance of a freshwater keystone herbivore. Sci. Total
Environ. 769: 144657. doi:10.1016/j.scitotenv.2020.
144657

Jensen, E., S. Brucet, M. Meerhoff, L. Nathansen, and E.
Jeppesen. 2010. Community structure and diel migration
of zooplankton in shallow brackish lakes: Role of salinity
and predators. Hydrobiologia 646: 215–229. doi:10.1007/
s10750-010-0172-4

Jeppesen, E., and others. 2015. Ecological impacts of global
warming and water abstraction on lakes and reservoirs due
to changes in water level and related changes in salinity.
Hydrobiologia 750: 201–227. doi:10.1007/s10750-014-
2169-x

Jeppesen, E., M. Søndergard, A. R. Pedersen, K. Jürgens, A.
Strzelczak, T. L. Lauridsen, and L. S. Johansson. 2007. Salin-
ity induced regime shift in shallow brackish lagoons. Eco-
systems 10: 47–57. doi:10.1007/s10021-006-9007-6

Kaushal, S. S., G. E. Likens, M. L. Pace, R. M. Utz, S. Haq, J.
Gorman, and M. Grese. 2018. Freshwater salinization syn-
drome on a continental scale. Proc. Natl. Acad. Sci. 115:
E574–E583. doi:10.1073/pnas.1711234115

Kefford, B. J., and others. 2012. Global scale variation in the
salinity sensitivity of riverine macroinvertebrates: Eastern
Australia, France, Israel and South Africa. PLoS One 7:
e35224. doi:10.1371/journal.pone.0035224

Korosi, J. B., S. M. Burke, J. R. Thienpont, and J. P. Smol. 2012.
Anomalous rise in algal production linked to lakewater cal-
cium decline through food web interactions. Proc. R. Soc. B
Biol. Sci. 279: 1210–1217. doi:10.1098/rspb.2011.1411

Laliberté, E., and P. Legendre. 2010. A distance-based frame-
work for measuring functional diversity from multiple
traits. Ecology 91: 299–305. doi:10.1890/08-2244.1

Laliberté, E., P. Legendre, and B. Shipley. 2014. FD: Measuring
functional diversity from multiple traits, and other tools
for functional ecology. R package version 1.0-12.

Lin, Q., L. Xu, J. Hou, Z. Liu, E. Jeppesen, and B.-P. Han. 2017.
Responses of trophic structure and zooplankton commu-
nity to salinity and temperature in Tibetan lakes: Implica-
tion for the effect of climate warming. Water Res. 124:
618–629. doi:10.1016/j.watres.2017.07.078

Loureiro, C., A. P. Cuco, M. T. Claro, J. I. Santos, M. A.
Pedrosa, F. Gonçalves, and B. B. Castro. 2015. Progressive
acclimation alters interaction between salinity and temper-
ature in experimental Daphnia populations. Chemosphere
139: 126–132. doi:10.1016/j.chemosphere.2015.05.081

McCauley, E. 1984. The estimation of the abundance and bio-
mass of zooplankton in samples, p. 228–265. In J. A. Dow-
ing and F. H. Rigler [eds.], A manual on methods for the
assessment of secondary productivity in fresh waters. Blackwell
Scientific Publications.

Moffett, E. R., H. K. Baker, C. C. Bonadonna, J. B. Shurin, and
C. C. Symons. 2020. Cascading effects of freshwater salini-
zation on plankton communities in the Sierra Nevada.
Limnol. Oceanogr. Lett. doi:10.1002/lol2.10177

Nielsen, D. L., M. A. Brock, K. Crossle, K. Harris, M. Healey,
and I. Jarosinski. 2003a. The effects of salinity on aquatic
plant germination and zooplankton hatching from two
wetlands sediments. Freshw. Biol. 48: 2214–2223. doi:10.
1046/j.1365-2427.2003.01146.x

Nielsen, D. L., M. A. Brock, G. N. Rees, and D. S. Baldwin.
2003b. Effects of increasing salinity on freshwater ecosys-
tems in Australia. Aust. J. Bot. 51: 655–665. doi:10.1071/
BT02115

R Core Team. 2020. R: A language and environment for statis-
tical computing.

Schallenberg, M., C. J. Hall, and C. W. Burns. 2003. Conse-
quences of climate-induced salinity increases on zooplank-
ton abundance and diversity in coastal lakes. Mar. Ecol.
Prog. Ser. 251: 181–189. doi:10.3354/meps251181

Setubal, R. B., E. O. de Sodré, T. Martins, and R. L. Bozelli.
2020. Effects of functional diversity and salinization on
zooplankton productivity: An experimental approach.
Hydrobiologia 847: 2845–2862. doi:10.1007/s10750-020-
04276-0

Soucek, D. J., T. K. Linton, C. D. Tarr, A. Dickinson, N.
Wickramanayake, C. G. Delos, and L. A. Cruz. 2011. Influ-
ence of water hardness and sulfate on the acute toxicity of
chloride to sensitive freshwater invertebrates. Environ.
Toxicol. Chem. 30: 930–938. doi:10.1002/etc.454

United States Environmental Protection Agency (US-EPA).
1988. Ambient water quality criteria for chloride.

Van Meter, R. J., and C. M. Swan. 2014. Road salts as environ-
mental constraints in urban pond food webs. PLoS One 9:
e90168. doi:10.1371/journal.pone.0090168

Van Meter, R. J., C. M. Swan, J. Leips, and J. W. Snodgrass.
2011. Road salt stress induces novel food web structure and
interactions. Wetlands 31: 843–851. doi:10.1007/s13157-
011-0199-y

Villéger, S., N. W. H. Mason, and D. Mouillot. 2008. New
multidimensional functional diversity indices for a multi-
faceted framework in functional ecology. Ecology 89:
2290–2301. doi:10.1890/07-1206.1

Wang, Y., U. Naumann, S. T. Wright, and D. I. Warton. 2012.
mvabund – an R package for model-based analysis of multi-
variate abundance data. Methods Ecol. Evol. 3: 471–474.
doi:10.1111/j.2041-210X.2012.00190.x

Williams, W. D. 2001. Anthropogenic salinisation of inland
waters. Hydrobiologia 466: 329–337. doi:10.1023/
a:1014598509028

Acknowledgments
This study is part of the Global Salt Initiative, a working group formed
during the Global Lake Ecological Observatory Network (GLEON) meeting
held in 2017. Our working group acknowledges funding from the
Canadian Institute of Ecology and Evolution (CIEE) awarded to SEA and
WDH, and the Québec Interuniversity Research Group in Limnology
(Groupe de recherche interuniversitaire en limnologie; GRIL) awarded to
AMD and BEB. We thank Kathryn L. Cottingham for her assistance with the
Dartmouth site experiment. MPH was supported by the Natural Sciences

Hébert et al. Salinization effects on lake zooplankton

10

https://doi.org/10.1016/j.scitotenv.2020.144657
https://doi.org/10.1016/j.scitotenv.2020.144657
https://doi.org/10.1007/s10750-010-0172-4
https://doi.org/10.1007/s10750-010-0172-4
https://doi.org/10.1007/s10750-014-2169-x
https://doi.org/10.1007/s10750-014-2169-x
https://doi.org/10.1007/s10021-006-9007-6
https://doi.org/10.1073/pnas.1711234115
https://doi.org/10.1371/journal.pone.0035224
https://doi.org/10.1098/rspb.2011.1411
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1016/j.watres.2017.07.078
https://doi.org/10.1016/j.chemosphere.2015.05.081
https://doi.org/10.1002/lol2.10177
https://doi.org/10.1046/j.1365-2427.2003.01146.x
https://doi.org/10.1046/j.1365-2427.2003.01146.x
https://doi.org/10.1071/BT02115
https://doi.org/10.1071/BT02115
https://doi.org/10.3354/meps251181
https://doi.org/10.1007/s10750-020-04276-0
https://doi.org/10.1007/s10750-020-04276-0
https://doi.org/10.1002/etc.454
https://doi.org/10.1371/journal.pone.0090168
https://doi.org/10.1007/s13157-011-0199-y
https://doi.org/10.1007/s13157-011-0199-y
https://doi.org/10.1890/07-1206.1
https://doi.org/10.1111/j.2041-210X.2012.00190.x
https://doi.org/10.1023/a:1014598509028
https://doi.org/10.1023/a:1014598509028


and Engineering Research Council (NSERC) and the Fonds de Recherche
du Québec Nature-Technologies (FRQNT); MCA was supported by the
Serra Húnter Programme. LP was supported by the Programme Beatriu de
Pin�os (Secretary of Universities and Research, Government of Catalonia)
and the Horizon Programme of Research and Innovation of the European
Union under the Marie Skłodowska-Curie Grant Agreement No. 801370.
We acknowledge contributions from individual research grants awarded
by the NSERC Discovery Grant program (AMD, BEB, DG, SEA, SM, and
Gregor F. Fussmann) and the National Science Foundation (CFS). We are
also grateful for various forms of support from the Ontario Ministry of
Environment, Conservation, and Parks (Best-in-Science; SEA), Queen’s
University Biological Station (SEA), Dorset Environmental Science Centre
(SEA, JR), Ohio Wesleyan Summer Science Research Program (AD),
Jefferson Project at Lake George (WDH, RAR, MSS; a collaboration of the
Rensselaer Polytechnic Institute, IBM Research, and The FUND for Lake

George), the University of Toledo (WDH) the European Commission LIFE
program via the LIFE DEMINE project (LP), the Swedish Research Council
(GAW, HL, PU), Linnaeus University (SH), Umeå University (LL), and
Uppsala University (SL). We also acknowledge the Swedish Infrastructure
for Ecosystem Science (SITES) for provisioning of the SITES AquaNet
mesocosm facility at three sites (Asa, Erken and Svartberget; grant
2017-00635 funded by the Swedish Research Council).

Submitted 10 June 2021

Revised 13 December 2021

Accepted 22 January 2022

Hébert et al. Salinization effects on lake zooplankton

11


	 Lake salinization drives consistent losses of zooplankton abundance and diversity across coordinated mesocosm experiments
	Methods
	Coordinated experiments
	Dataset, functional traits, and diversity metrics
	Statistical analyses

	Results
	Discussion
	REFERENCES
	Acknowledgments




