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One contribution of 23 to a theme issue ‘Salt
in freshwaters: causes, ecological consequences Widespread changes in water temperatures, salinity, alkalinity and pH have
been documented in inland waters in North America, which influence ion
exchange, weathering rates, chemical solubility and contaminant toxicity.
Increasing major ion concentrations from pollution, human-accelerated weath-

and future prospects’.

Subject Areas: ering and saltwater intrusion contribute to multiple ecological stressors such
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resulting in the freshwater salinization syndrome (FSS). Here, we explore
novel combinations of elements, which are transported together as chemical
mixtures containing salts, nutrients and metals as a consequence of FSS.
First, we show that base cation concentrations have increased in regions
inland waters, water quality primarily in North America and Europe over 100 years. Second, we show
interactions between specific conductance, pH, nitrate and metals using data
from greater than 20 streams located in different regions of the USA. Finally,
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salinization experiments and routine monitoring demonstrate mobilization
of chemical mixtures of cations, metals and nutrients in 10 streams draining
the Washington, DC—Baltimore, MD metropolitan regions. Freshwater
salinization mobilizes diverse chemical mixtures influencing drinking water
quality, infrastructure corrosion, freshwater CO, concentrations and biodiver-
sity. Most regulations currently target individual contaminants, but FSS
requires managing mobilization of multiple chemical mixtures and interacting
ecological stressors as consequences of freshwater salinization.

This article is part of the theme issue ‘Salt in freshwaters: causes, ecologi-
cal consequences and future prospects’.

1. Introduction

The chemistry of fresh water is rapidly changing in some regions because of human
activities resulting in major changes in land use, climate, atmospheric deposition
and natural resource extraction [1-3]. These regional changes are evident in the
widespread increases in temperature, salinity, hardness, alkalinity and pH docu-
mented in fresh waters draining North America (e.g. [4-7]). These synchronous
trends in freshwater quality are also recognized as emerging environmental

Electronic supplementary material is available issues in some other regions of the world [8-10]. Changes in concentrations and
online at https://dx.doi.org/10.6084/m9. relative compositions of major ions trigger cascading ecosystem impacts on
figshare.c.4285769. solute ionic strengths, acid—base properties and contaminant mobilization. We
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previously proposed these collective impacts of salinization on
water quality as the freshwater salinization syndrome (FSS)
[7]. A consequence of FSS is novel and variable combinations
of elements and compounds, which are anthropogenically
enhanced and transported together. These elements and com-
pounds can be characterized as ‘chemical cocktails” or
chemical mixtures [11,12]. Throughout this article, we will
refer to them as chemical mixtures, but we recognize these mix-
tures are novel because of their elevated concentrations relative
to natural baseline conditions and anthropogenically enhanced
transport, formation and transformation in the environment
[11]. Environmental impacts of chemical mixtures associated
with FSS should be considered within existing frameworks
such as those for multiple stressors [13,14].

Concentrations and compositions of chemical mixtures of
major ions vary across gradients of atmospheric deposition,
geology, land use and water management. For example,
Na" and CI~ from road salts can mobilize nutrients (NH,
NO; and PO}"), cations (Ca*", Mg?*, K") and metals (Cu,
Cd, Zn, etc.) [15-18]. Chemical mixtures can become
enriched in different proportions of: (i) Ca®*, Mg*", SO;”
and HCOj from human-accelerated weathering of sedimen-
tary and metamorphic rocks and/or impervious surfaces in
urban watersheds [6,19,20]; (ii) K™ and HCO; from potash
and lime in agricultural watersheds [7,21,22]; (iii) Na*, CI°,
SOif and other marine salts from saltwater intrusion [23];
and (iv) multiple major ions owing to increased evaporation
from global warming and freshwater losses owing to diver-
sions and damming [24-26]. Ultimately, concentrations and
compositions of different chemical mixtures of major ions
impact solubility, bioavailability and toxicity of inorganic
and organic contaminants and the release of CO, and other
greenhouse gases from inland waters to the atmosphere [11].

While environmental causes and consequences of FSS are
diverse (e.g. [3,27-29]), we focus primarily on the effects of
chemical mixtures resulting from nonpoint sources and in
situ modes of formation in the environment. Our analysis,
interpretations and implications in this paper have a strong
geographical bias toward North America and Europe,
where nonpoint sources are important. There can be many
patterns of FSS that appear in other freshwater ecosystems
experiencing ion enrichment, and many can be traced back
to the type of ion enrichment occurring (e.g. road salting
versus increased mineral weathering versus increased eva-
porative loss) and the underlying biogeochemistry of the
system (i.e. FSS is a polymorphic syndrome). For example,
work in Australia has focused on salinity with the ionic pro-
portions found in seawater, as these proportions are common
in salinization as a result of dryland salinity [30]. While field
studies that associate biota to total salinity (expressed as elec-
trical conductivity) do encompass the interactive effects of
complex mixtures, the chemical concentrations, compositions
and consequences of mixtures are not always characterized or
understood (but see [30,31]). In North America and Europe,
road salt, acid rain, mine drainage, rising temperatures and
widespread exploitation of mineral resources (gravel, lime-
stone, halite, gypsum, potash, etc.) can enhance weathering
rates and ion exchange. As a consequence, concentrations
and compositions of different ion mixtures in fresh waters
are altered such as Ca®*, Mg?", K, SO, acetate and
HCO; (sensu [4,7,18,20,32-36]).

Interactions between FSS and eutrophication, acid—base
status, organic contaminants and metals toxicity are poorly

understood and represent a research frontier in ecosystem
science. Sodium mobilizes hydrogen ions and induces tempor-
ary episodic acidification or long-term alkalinization as
hydrogen ions are depleted from exchange sites [37]. In
addition, there can be either net alkalinization or acidification
of fresh waters based on the substrates available for chemical
weathering and potential for neutralization reactions along
hydrologic flowpaths [6,20,22,35,38]. Changes in pH based
on ionic compositions influence the solubility of dissolved
organic carbon, organic contaminants and metals (e.g. Cu,
Pb, Cd, Zn) [13,39]. Metal solubility can be enhanced owing
to increased complexation with dissolved CI~, SOif, OH™
and/or CO;~ (e.g. [16]). Organic matter solubility is altered
based on molecular size and polarity and proteins ’salt in’
(become more soluble in water) based on base cation concen-
trations in the following order: Ca*" > Mg*" > K" > Na"
and anions in the following order: CI~ >S0O;” > CO;
[39,40]. Alkaline conditions favour the release of phosphorus
from oxyhydroxides in sediments and soils which contribute
to freshwater eutrophication [17,18]. Microbial nitrification
and denitrification are both stimulated at slightly alkaline pH
in soils and sediments affected by road salts, which contributes
to either nitrogen transformations and/or coastal eutrophica-
tion (e.g. [40]). Alkalinity also results from microbial
reduction reactions (e.g. in anaerobic sediments) and shifts
source versus sink dynamics of CO, and solubility of green-
house gases [41]. Clearly, diagnosing water quality symptoms
of FSS requires moving beyond focusing on single contami-
nants, while considering mobilization of toxic metals, shifts in
quantity and quality of organic matter, liberation of CO, and
other gases and release of N and P buried in sediments.

In this paper, we show how distinct chemical mixtures
can form and vary in response to FSS across varying spatial
and temporal scales. First, we document increases in for-
mation, concentration and variable composition of base
cation mixtures in fresh waters primarily in North America
and Europe over timeframes as long as 100 years. Second,
we investigate how major ion mixtures represented by
specific conductance are linked to freshwater alkalinization
and nutrient mobilization over shorter timescales using
high-frequency sensor data from streams located in different
regions of the USA. Finally, we show how episodic saliniza-
tion is linked to the mobilization of chemical mixtures of
different cations, nutrients and metals in streams across the
Washington, DC and Baltimore, MD metropolitan regions
using a combination of monitoring and salinization exper-
iments in the laboratory and field. Salinization leads to a
set of interactive environmental effects that significantly
alter chemical mixtures in fresh waters and are tied together
as a complex syndrome (FSS). Further, we expand the FSS to
include additional chemical interactions and multiple stres-
sors, which have been less considered. In some cases, we
acknowledge that the causes and consequences of FSS are
inseparable. We also acknowledge that our interpretations
and implications may be geographically biased towards
regions in North America and Europe, where we have con-
ducted most of our research, and there can be variations in
causes and consequences in FSS across other regions in Aus-
tralia and Africa [42]. Ultimately, we suggest that freshwater
salinization needs to be seen as a more complex process than
only increases in concentrations of primary geochemical ions,
however, which is critical for managing non-point source
pollution of inland waters.
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2. Material and methods

(a) Trends in major ions in fresh waters

We used data from previous literature studies to illustrate trends in
the formation of chemical mixtures of multiple ions potentially as a
consequence of FSS in well-studied freshwater systems (which
were located primarily in North America and Europe with a few
sites from Russia, China and elsewhere). We acknowledge that
there are some significant regions of the world which are not rep-
resented at all in our illustration (e.g. the Southern Hemisphere,
Africa and the tropics) or are poorly represented (e.g. Asia). We
chose these examples from the literature because the patterns, pro-
cesses and methods have been discussed extensively (electronic
supplementary material, table S1). Although there are currently
not enough examples from the literature across all the continents
to make generalizations regarding FSS globally, our illustration
attempts to stimulate questions regarding the spatial and temporal
extent of FSS and regional variability in causes and consequences.
We focus primarily on North America and Europe, which share a
broadly similar climate and level of industrial /economic develop-
ment in the Northern Hemisphere, but these regions may not be
representative of other parts of the world. Our illustration of
some well-studied trends includes the Laurentian Great Lakes in
the USA, which contain approximately 20% of the world’s fresh
water supply. Major rivers examined from the USA include
the Potomac River, which is the drinking water supply for
Washington, DC. Our illustration also includes lakes and rivers
across different regions in Europe and a few examples from
China, Russia and Iran. Select examples include Lago Maggiore
and Lago Como in Italy, which have experienced land use
change, industrial pollution and ecosystem recovery over time
[43]. Another notable example is the Vantaanjoki River [44],
which primarily drains forests and fields and has been a drinking
water source to Helsinki, Finland. Trends in base cation con-
centrations were estimated at all sites after digitizing and
interpolating published datasets. Further details on methods,
sites, data quality assurance, sample size, etc. can be found in
the electronic supplementary material, table S1.

(b) High-frequency relationships between specific

conductance, pH and nitrate

We analysed high-frequency sensor data from the United States
(US) Geological Survey (USGS) stations in the midwestern USA
and eastern USA. High-frequency sensors measure water quality
variables continuously at finer temporal scales (e.g. every
15 min). USGS sites have sensors for estimating continuous
nitrate, specific conductance, pH, turbidity and discharge. We
performed regression analyses of all parameters with specific
conductance at more than 20 sites (electronic supplementary
material, table S2). These relationships between specific conduc-
tance and other parameters are not intended to represent global
relationships and interpretations are restricted only to the sites
and regions of the data analyses in the USA. Further details on
methods, sites, data quality assurance and study periods can
be found in the electronic supplementary material.

(c) Effects of freshwater salinization syndrome on
mixtures of metals: monitoring, laboratory and

ecosystem experiments
We addressed the following questions: (i) what is the potential
release of base cations and/or metals during winter months
when road salts are applied and in response to experimental sal-
inization experiments? (ii) do the relationships between specific
conductance and metals change during winter months? and

(iii) how far downstream does a salt pulse travel before being
attenuated? Road salt obtained from the Maryland Department
of State Highways was used in stream salinization experiments.
Road salt may have contained trace metals, and we compared
results from manipulations in streams using road salt to exper-
iments in the laboratory using 100% pure NaCl to isolate the
effects of salt on the mobilization of metals and nutrients
(detailed methods in [18]). We also monitored metals con-
centrations in streams during snow storms in the Baltimore,
MD-Washington, DC metropolitan region and analysed metals
concentrations at USGS sites. Descriptions of monitoring
frequency, experimental manipulations and analytical methods
can be found in the electronic supplementary material.

3. Results

(a) Trends in base cation mixtures in fresh waters
Many well-studied inland waters, primarily in North America
and Europe, have shown increasing trends in dissolved salts
(particularly Na™) over the past 100 years (figure 1). Statistical
analyses of these trends can be found in previous literature
studies pertaining to these sites (electronic supplementary
material, table S1). In general, concentrations of base cations
in fresh waters followed the sequence Na' > Ca®' >
Mg** > K*, which is similar to the relative mobility for these
ions in terms of dissolution [45]. The exception is K*, which
is a limiting nutrient and in biological demand in terrestrial
and aquatic ecosystems (e.g. [38,46]). Ionic enrichment from a
variety of mineral sources has affected a significant fraction
of the Great Lakes [47]. Also, other large water bodies such
as Lago Maggiore and Lago Como have been affected by mul-
tiple salts [43]. It is important to note that we are reporting on
inland waters where long-term changes and mechanisms have
been discussed extensively in the literature (electronic sup-
plementary material, table S1), but there are others that do
not show a trend or show decreasing trends, such as those
documented in our previous work [6,7].

For example, while we highlight the many cases that are
increasing, we also note that some are not. While our illus-
tration showed increasing trends in Na™ concentrations, there
have been decreasing trends in Ca®>" and Mg®" in some cases
(e.g. [47]). This change can be owing to a variety of factors
such as increased calcite precipitation and decreased human-
accelerated weathering of sedimentary rocks and ion exchange
in response to recovery from acid rain [6,25,47]. However, these
explanations may not be applicable everywhere because it is
important to note that other regions have not experienced
significant levels of acid rain. Similarly, our previous work
and other work has shown declining trends in total dissolved
solids and major ions in the southwestern USA compared to
increasing trends in the eastern USA [7,24]. These differences
are probably related to water diversions, damming, irrigation,
wastewater treatment, urban wastewater return flows and
increasing pH and mineral precipitation in rivers and
reservoirs in the southwestern USA [7,24]. Ultimately, our illus-
tration of long-term patterns is intended to provide context for
FSS in well-studied freshwater ecosystems in North America
and Europe and stimulate further discussion and research.
For example, results suggest further research is needed on fac-
tors that might cause some sites and regions to have increased
concentrations, while other sites show decreased or not signifi-
cantly changed concentrations, and/or what might explain
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Figure 1. Trends in mean annual concentrations of base cations in rivers and lakes. Examples include rivers/lakes from USA, Canada, Europe, Russia and Iran.

Citations of data sources are in the electronic supplementary material.

some of the variability in the rates of increase across different
sites and regions.

(b) High-frequency relationships between specific
conductance, pH and nutrients

We analysed sensor data to investigate associated changes in
chemical properties over short timescales. In general, there
were positive relationships between specific conductance and
pH and negative relationships between specific conductance
and turbidity across more than 20 sites (electronic supplemen-
tary material, table S2). There were examples of significant
positive relationships between nitrate concentrations and
specific conductance in the eastern and midwestern USA
(figure 2), but there were also examples of other more complex
relationships (electronic supplementary material, figures S2-5).
Concentrations of nitrate were sometimes inversely related to
specific conductance in the agricultural midwestern USA
(probably owing to the relative effects of different ions on
specific conductance) (electronic supplementary material,
table S2). In an urban stream in the Baltimore, MD—-Washing-
ton, DC metropolitan area and also the nearby Potomac River
(during winter months of January—March, when specific con-
ductance is at its highest levels), there were cyclical patterns
between nitrate concentrations and specific conductance
during snowstorms, which suggested concurrent flushing of
road salts and nitrate and/or ion exchange (figure 2 and elec-
tronic supplementary material, figure S5).

(c) Freshwater salinization syndrome mobilizes mixtures
of metals: monitoring, laboratory and ecosystem
experiments

There were sharp increases in concentrations of base cations and
Cu, Mn, Zn and Cd in streams during winter months in the

Baltimore, MD-Washington, DC metropolitan area
(figure 3a,b). The immediate runoff from the melting of snow
associated with road salt applications led to these sharp peaks
in concentrations. Concentrations of Cu, Mn, Na, Ca and Mg
decayed slowly towards lower baseline values but rates of
return varied element-by-element (figure 3a). Concentrations
of Na remained elevated for weeks following just one isolated
snowstorm and didn’t return to pre-storm concentrations for
months (figure 3a). Watershed exports of Cu, Cd and Zn
(mass fluxes transported in streams per unit area of watershed)
decreased as specific conductance increased until reaching a
threshold value in winter, when there were the highest levels
of specific conductance and an abrupt increase in watershed
Cu, Cd and Zn exports (figure 3b and electronic supplementary
material, figure S6). However, it may be important to note that
the exports of Cd, Cu and Zn do not ever surpass the range of
exports at lower conductivities and more data is needed during
winter months. There were also pulses in metal concentrations
in streams during experimental road salt additions (figure 3c,d).
Pulses in Na and Cu concentrations coincided simultaneously
as road salt migrated downstream over the span of a few min-
utes. There were also significant increases in the mobilization of
metals that were measured (Cu, Mn, Zn, Sr) from stream sedi-
ments across 10 sites from the Baltimore, MD—Washington,
DC metropolitan area in controlled laboratory experiments
with 100% pure NaCl (figure 4).

4. Discussion

A growing body of work demonstrates that the chemistry of
fresh waters has been rapidly changing in the Anthropocene
with a wide geographical scope and novel interactions between
solutes forming novel chemical mixtures [11]. Interactions
between major ions in salts and other chemical cycles in ecosys-
tems are important but are sometimes poorly recognized. For
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Figure 2. High-frequency daily sensor data illustrating examples of signifi-
cant relationships over months and years between (a) specific conductance
and pH for rivers in the midwestern and eastern USA (Potomac, Mississippi,
Kaskaskia, Big Muddy rivers are plotted on the left axis, while Missouri River
and Difficult Run are plotted on the right axis), and (b) significant positive
relationships between specific conductance and nitrate for some rivers,
while other rivers had more complex patterns (electronic supplementary
material, figures S2—S54). In Rock Creek, Maryland (c), there was a cyclical
relationship between nitrate concentrations and specific conductance
(measured every 15 min) over 14 days directly before, during and after a
winter snow event.

example, concentrations and compositions of salts influence pH,
conductivity, solubility, mobility and chemical and biological
reactivity of metals, nutrients, organics and greenhouse gases
in fresh waters [16,18,41,48]. Managing freshwater salinization
requires considering chemical mixtures and potential interactive
effects as a syndrome of multiple stressors instead of single con-
taminants. Managing multiple stressors simultaneously instead
of managing single contaminants is a critical frontier for dealing
with FSS in the future. Below, we discuss some factors influen-
cing formation, concentrations and variations in chemical

mixtures across varying spatial and temporal scales and
environmental implications.

(a) Freshwater salinization syndrome mobilizes mixtures
of major ions in fresh waters

Our analysis illustrates increasing trends in salt ions in diverse
freshwater ecosystems such as rivers and lakes primarily in
North America and Europe, which varied in size and land
use of the drainage basin (figure 1). Our analysis consistently
showed Na™ concentrations increasing for many sites includ-
ing the Great Lakes [47]. Increasing Na™ concentrations are
caused by the combination of road salts, water softeners, irriga-
tion waters, fracking brines and sewage inputs (e.g. [27,32,34]).
Many countries outside of North America and certain regions
of Europe have little snow and do not rely on road salts. Studies
on the effects of road salts may not be applicable to these fresh
waters. However, chemical mixtures enriched in Na* may be a
surrogate for other anthropogenic activities related to sewage
inputs, water softeners or irrigation (e.g. [27,34]). Tracing and
quantifying relative contributions of Na* ions from different
non-point sources in watersheds warrants further study.

Although K" concentrations are under stronger biotic
demand, they can increase in runoff draining agricultural
land and mines [7,49]. We also observed significantly increas-
ing trends in mean Ca®" and Mg”>" concentrations across
many sites, but there were some cases where there were
decreasing trends [47]. Increasing or decreasing trends in
Ca*" and Mg>" are strongly dependent on chemical weather-
ing and the underlying geology of watersheds, historical
changes in acidic deposition and mineral precipitation influ-
enced by ion concentrations, pH, direct anthropogenic inputs
and warming temperatures [24,25]. Ca®" and Mg*" concen-
trations have decreased in atmospheric deposition owing to
clean air regulations, which contributes to decreasing concen-
trations in watersheds underlain by crystalline lithology,
where Ca®" and Mg®" pools have been depleted for decades
by acid rain in some regions (but not other regions less affected
by acid rain) [35,38]. In watersheds draining sedimentary or
metamorphic lithology, increased erosion rates and human-
accelerated weathering of rocks and soils (which contain
ample Ca®" and Mg”") can contribute to increasing trends
[6]. Anthropogenic inputs of Ca*" and Mg*" from pollution
sources can also influence concentrations in fresh waters.
Urban and agricultural watersheds experience human-
accelerated weathering of the built environment and sewage
and fertilizer inputs, which contribute to increasing trends in
concentrations of Na*, Ca*", Mg*" and K™ ions [20,48]. Thus,
differences in trends across sites may be explained by variations
in underlying geology, atmospheric deposition, land use,
anthropogenic inputs and geochemical transformations in
fresh waters.

Many sites in the illustration we show are primarily
in North America and Europe and many of these sites
experienced glaciation during the last ice age and have predo-
minately young soils (less than 15000 years) and recently
exposed unweathered rock [50]. In other regions (such as
most of Australia and Africa and significant regions of South
America and Asia), soils have been developing and rocks
have weathered over longer geological timescales such as
millions of years. Older soils have had greater time for pools
of major ions to accumulate in the subsurface and ground
water [9]. These subsurface stores of major ions can then be
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Figure 3. Increases in: (@) major and trace metals concentrations before, during, after snowmelt (spanning two months) in urban watersheds of the eastern USA
demonstrated by routine monitoring of ambient concentrations in stream water, and (b) peaks in ambient Cu, Cd and Zn watershed exports (mass flux in stream per
unit area of watershed) in Rock Creek in Washington, DC highlighted in yellow during winter months in response to road salting (examples from other nearby
streams can be found in the electronic supplementary material, figure S6). (c) Experimental salinization of an urban stream with real road salt caused an exper-
imental salt pulse to migrate quickly downstream; during the experiment, Na™ concentrations were elevated above baseline pre-disturbance conditions. (d) During
the experiment, Cu concentrations peaked with Na™* concentrations as the experimental road salt pulse migrated downstream.

mobilized following the clearing of native vegetation and
certain agricultural practices in Australia, Africa and the
Middle East (e.g. [42]). The age of exposed rock may be rel-
evant in explaining some potential differences in mechanisms
of FSS, as greater exposure leads to greater weathering and dis-
solution of ions from minerals; however, more work is
necessary to investigate and compare different patterns and
processes related to FSS across regions (B. Kefford 2018, per-
sonal communication). Interestingly, our previous work has
shown increasing trends in concentrations of base cations,
specific conductance and alkalinity in areas of the mid-Atlantic
and southern USA, which did not experience glaciation during
the last ice age [6,7,20]. Nonetheless, the causes and conse-
quences of FSS in North America and Europe can be quite
different when compared to other regions. Thus, we emphasize
that FSS is actually quite polymorphic because of the under-
lying causes, and biogeochemical relationships operating in
different watersheds. Based on complicated interactions of
the FSS, there is not a single uniform response to salinization,
but that there can be a suite of interactions, which affect chemi-
cal mixtures, water quality and/or multiple stressors such as
changing pH, alkalinity and mobilization of organics, nutrients
and metals.

Differing concentrations and compositions of mixtures of
major ions have differing environmental consequences across
watersheds. For example, Na " -rich mixtures weaken soil aggre-
gate structure, increase soil erosion, decrease water infiltration
capacity, decrease plant root penetration and can mobilize con-
taminants bound to solid soil particles and colloids [8,9].
Because Na*t has a weaker charge and smaller radius than
Ca”" and Mg*" ions, which stabilize soil aggregates, it allows

negatively charged soil particles to repel each other [51,52]. In
addition, Na™ has a larger hydration shell, which can physically
force clay particles away from one another [53]. Previous work
has shown that salinization from NaCl alters the density of
water in lakes and bays, which intensifies stratification and
influences mixing dynamics [54]. The K* and HCOj mixtures
formed in agricultural regions have the potential to fertilize
freshwater and marine ecosystems and increase primary pro-
ductivity [55]. We hypothesize that salinization of lakes with
alkaline ion mixtures may also influence internal loading of
phosphorus owing to ion exchange with sediments or deso-
rption of phosphorus bound to sesquioxides in response to
elevated pH, decreased oxygen and reducing conditions in
the hypolimnion of thermally stratified lakes. More research is
needed to investigate the effects of salinization and alkaliniza-
tion on internal loading of phosphorus in smaller lakes where
salt concentration increases can be greater.

(b) Freshwater salinization syndrome mobilizes
mixtures of alkaline salts and nutrients: evidence
from high-frequency sensors

High-frequency sensor data showed a positive relationship
between specific conductance and pH at 26 out of the 26 sites
with available data (electronic supplementary material, table
S2) and between nitrate and specific conductance at some
select sites. The positive relationship between specific conduc-
tance and pH suggests that the pH change is embodied by
an increase in alkaline salts. This relationship may result
from mobile anions, such as chloride and nitrate, transported
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Figure 4. Increases in concentrations of metals and nutrients in stream sediments exposed to varying levels of NaCl. There are negative dissolved metal concen-
trations reported in a few cases because we are comparing the values to incubations without salinization treatments as a control. Streams from 10 watersheds were
located across the Baltimore, MD and Washington, DC metropolitan region [15] (electronic supplementary material, table S3). ISC denotes impervious surface cover in

the watershed.

together as chemical mixtures and ion exchange reactions in
soils [17,18]. There was a cyclical relationship between nitrate
concentrations and specific conductance during a discrete
snowstorm demonstrating a flushing effect in an urban stream
and the nearby Potomac River (electronic supplementary
material, figure S5). Winter flushing of urban contaminants indi-
cates potential water quality impacts from snowstorms which
have been less studied than urban rainstorms [17,18]. Inverse
and more complex relationships between specific conductance
and nitrate at other sites were probably related to shifts in nitrate
and other ion sources across streamflow and season (e.g. differ-
ences in groundwater versus surface sources or deicer versus
fertilizer sources). Alternatively, these relationships may have
been owing to high density road salting in the east and intensive
agriculture in the midwest and not be significantly influenced
by the relative contributions of different ions to conductivity
(but mostly attributed to different land use practices).

(c) Freshwater salinization syndrome mobilizes chemical
mixtures of metals: monitoring and laboratory and
ecosystem experiments

Our results from routine monitoring and field and laboratory
salinization experiments demonstrated elevated concen-
trations of metals in solution, particularly for Cu, following

episodic salinization. High concentrations of solutes such as
Na* mobilize metals into solution in soils and waters, although
higher valance cations such as Ca>" and Mg”" can compete
even more effectively for soil cation exchange sites. For
example, Ca®" competes more effectively than Pb, Zn and
Cd for soil exchange sites, promoting dissolution of these
metals. The Mg2+ competes more effectively than Cu and
brings it into solution perhaps owing to the nearly identical
ionic radius and charge of the two cations and also the typically
higher relative concentrations of MgZJr than Cu [56]. The Cu
concentrations are highest near the soil surface but also show
notable migration throughout the soil profile [57]. Cd, a
highly mobile heavy metal, is readily brought into solution
by higher ionic strength solutions associated with salinization,
whereas Pb and Zn are also mobilized but at a much lower rate.
Different metals and anions also have different affinities for one
another. For example, C1~ plays a major role in the solubility of
Cd and Pb whereas SO?~ plays a major role in Cu and Zn solu-
bility [56,58]. Some metals preferentially come into solution
with NaCl through chloro-complexation such as Cd and Pb.
The affinity for Cl™ increases bioavailability and toxicity of
Cd and other metals [59].

Our salinization experiments in the laboratory showed
potential increases in Cu concentrations in stream water that
were higher than concentrations contributing to acute and
chronic toxicity for four species of Daphnia in a previous
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study [60]; this previous study showed changes in survival and
instantaneous population growth at concentrations greater
than 0.040-0.060 mg 17! [60]. However, many other factors
influence the toxicity of Cu and other metals such as water
hardness and relative concentrations and compositions of dis-
solved organic matter [61]. In fresh waters, there is competition
between toxic metal ions and other metal cations in solution
(such as Ca*"), and there is also competition between biotic
ligands and organic matter for metal ions [61]. Both mixtures
of major ions and concentrations and compositions of organic
matter can change as a consequence of FSS [17,18], which can
make evaluating toxicity more complex under environmental
conditions in streams. However, it is important to note that
there are tools like the Biotic Ligand Model for Cu that can pro-
vide a means of quantifying relative toxicity based on different
or changing concentrations of major ions, pH, organic matter,
etc. [61]. Environmental and health impacts of mixtures of
metals and ecotoxicological effects of mixtures of major ions
warrant further investigation (sensu [30,62,63]).

(d) Freshwater salinization syndrome: implications for
ecosystems, infrastructure and management

Currently, most water quality regulations are driven by indi-
vidual elements or compounds. Yet, nature consists of
different chemical mixtures. Major ions in freshwater ecosys-
tems and drinking water are typically not regulated by most
water-related legislation [10,64]. The FSS raises a need to con-
sider regulating chemical mixtures because they produce
broader environmental effects than individual elements or
compounds on aquatic life, safe drinking water and infrastruc-
ture [10,64,65]. A growing body of work demonstrates that
toxicity of ion mixtures to aquatic life is greater than individual
ions or pairs [29,66,67], but there needs to be bioavailability
measurements and toxicity testing in the case of metals. How-
ever, more research is necessary to determine which ions have
synergistic or antagonistic effects on toxicity based on their
relative concentrations in chemical mixtures and which ions
have neutral or subtractive effects on toxicity chemistry [31].
Some work has shown toxicity of major ions depends on the
influence of background water chemistry and additive toxicity
of major ions to species like Ceriodaphnia dubia [31]. However,
other field studies have concluded that the effect of salinity
and other stressors on freshwater biota is not interactive
[68,69]. While the interaction between the multiple stressors
in these studies may not always be relevant to the FSS, it is
important to note that the combined effects of multiple stres-
sors and salinity can be complex in general [13,70,71].

From an infrastructure and drinking water perspective,
non-point source ion inputs from human-accelerated weather-
ing need to be further considered. Initially, just NaCl was
thought to be reaching levels of concern in major drinking
water supplies in the USA [4,64], but we now know that mul-
tiple ions such as Na™, C1~, Ca®", Mg*", K™, HCO3, etc., have
been increasing in concentration over the past century
[6,7,10,20] (figure 1). Factors such as conductivity, total dis-
solved solids, pH and chloride affect corrosion potential and
mobilization of metals from pipes to drinking water [64,65].
In industrial settings, damage to pipes by chemical mixtures
rich in Ca®", Mg®" and carbonates can make energy pro-
duction more expensive. Coal, nuclear, oil and natural gas
power plants rely on fresh water for generation of steam.
Salts concentrate during evaporation of steam and deposit on

pipes as ‘scales’ depending upon Ca**, Mg**, pH, hardness,
alkalinity and conductivity [72]. Scaling from 'hard water’
chemical mixtures increases corrosion and diminishes effi-
ciency in power generation. Controlling scaling is complex,
costly and detrimental to the environment owing to the release
of wastewaters high in salt [72]. As another example, desalina-
tion plants, which are common in many warm and dry regions
typically generate a hypersaline discharge, which is greater
than the salinity of seawater and may have impacts when
released into marine waters. Overall, broader impacts of
different chemical mixtures on safe drinking water and
infrastructure scaling and/or corrosion warrants further
consideration in research and management.

Another emerging question is related to effects of chemical
mixtures resulting from FSS on aquatic foodwebs and
eutrophication. Changes in chemical concentrations and com-
positions associated with FSS have the capacity to cause
losses of sensitive species to different chemical mixtures and
enhancement of relatively tolerant species. These species
shifts may or may not lead to changes in ecosystems similar
to the types observed owing to nutrient enrichment or cascad-
ing impacts from fairly subtle shifts in species compositions?
For example, increased salinization may sometimes trigger
trophic cascades by stimulating phytoplankton growth and
toxicity to grazers [73], although trophic cascades have not
been detected in other studies [74]. Further, HCO; and Na™
have been shown to stimulate algal growth [8]. In addition,
FSS alters solubility and distribution of organic matter as dis-
solved versus particulate fractions [37,39], which may have
implications for energy and contaminant flow through aquatic
foodwebs. Strongly hydrated cations (e.g. Mg>", Ca®* and H')
and weakly hydrated anions (e.g. NOj; and C1™) denature pro-
teins and increase hydrophobic solubility, which may increase
the bioavailability of protein-rich organic matter and dissolved
organic nitrogen to heterotrophic microbes. Conversely, non-
polar or weakly polar organic compounds such as polycyclic
aromatic hydrocarbons may ’salt out” (become less soluble in
water) and sorb onto particulate matter, which increases their
potential for sedimentation or ingestion by higher trophic
levels and transfers up the food chain [75]. Mixtures of major
ions can also increase decomposition rates of organic com-
pounds, ammonification and nitrification [40]. The FSS may
influence trophic cascades, eutrophication and regime shifts
in some cases and not others [23,73,74], but these types of
effects need to be further evaluated and compared across
diverse environments and regions (sensu [76]).

Overall, our analysis shows that baseline concentrations of
major ions are increasing in well-studied freshwater ecosys-
tems located primarily in North America and Europe, and
that episodic salinization pulses have significant effects on
water quality. Previous bio-assessments in Maryland, USA,
where most of our urban research was conducted, has linked
elevated baseline ion concentrations with degrading biological
conditions in stream surveys [77], but more work is necessary
across other regions. These results stimulate an overall question
regarding what is the full suite of chemical, biological and
physical changes that can happen in response to episodic
versus gradual increases in baseline concentrations over
time? This study also raises other questions regarding the
long-term effects of FSS on shifting ecosystem resistance and
resilience to episodic salinization. High-frequency sensors are
now being increasingly deployed and data obtained from
them will be critical in investigating if/how fresh waters
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exceed secondary contaminant levels (unregulated levels that
are recommended by the US Environmental Protection
Agency) and how much stream length is impaired. Ecosystem
scale experiments in streams and lakes (similar to those
described in this paper and elsewhere) are useful for studying
how effects of chemical mixtures persist in streams and what
biological effects these mixtures of major ions and metals
have close to non-point sources or further downstream. There
are also questions regarding consequences of varying salt mix-
tures on the mobilization of chemical mixtures across pollutant
levels, underlying geology, temperature and land use.

In conclusion, we found that many drainage waters show
a temporal trend toward increasing ion concentrations over
time. The biogeochemical consequences of ion enrichment
go well beyond the effects of ions adding to ‘salinity” and
extend to nutrients, metals and hydrogen ions (pH). The
relationships among biogeochemical variables were not con-
sistent across systems and can vary according to the type of
ion enrichment and the underlying geochemistry. We also
suggest that the ecological consequences of the multiple bio-
geochemical changes that can accompany ion enrichment
require further study. Management of ion enrichment as an
environmental stressor should incorporate all of the points
above and insure that the management focus is not inappro-
priately narrow. Current approaches used in watershed

management, particularly in North America and Europe, [ 9 |

can be applied to managing FSS. For example, non-point
source pollution strategies target reducing inputs of nutrients
and metals and there are also strategies for enhancing ripar-
ian buffers and wetlands in agricultural and urban
watersheds, which can attenuate major ions, nutrients and
metals. Avoiding or minimizing the use of road salts in the
environment and minimizing sewer overflows and high
nutrient loads can also reduce the interactive effects of FSS
on water quality. Our results show that there are direct
environmental impacts of chemical mixtures of major ions
themselves, and these mixtures enhance the mobilization of
other contaminants. Therefore, recognition of the interactive
effects of chemical mixtures and multiple stressors associated
with freshwater salinization on enhancing contaminant
mobilization suggests we need to be even more aggressive
with addressing our current non-point source pollution issues.
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