PNAS PLUS

Freshwater salinization syndrome on a
continental scale
Sujay S. Kaushala,1, Gene E. Likensb,c,1, Michael L. Paced, Ryan M. Utze, Shahan Haqa, Julia Gormana, and Melissa Gresea
a
Department of Geology and Earth System Science Interdisciplinary Center, University of Maryland, College Park, MD 20740; bCary Institute of Ecosystem
Studies, Millbrook, NY 12545; cDepartment of Ecology and Evolutionary Biology, University of Connecticut, Storrs, CT 06269; dDepartment of Environmental
Sciences, University of Virginia, Charlottesville, VA 22904; and eFalk School of Sustainability, Chatham University, Gibsonia, PA 15044

emerging contaminants
carbon cycle

base cations (i.e., sodium, calcium, magnesium, and potassium).
There are at least three primary categories of salt sources driving
the freshwater salinization syndrome: (i) anthropogenic salt inputs
(e.g., road salts, sewage, brines, sodic/saline irrigation runoff);
(ii) accelerated weathering of natural geologic materials by
strong acids (e.g., acid rain, fertilizers, and acid mine drainage);
and (iii) human uses of easily weathered resource materials (e.g.,
concrete, lime), which cause increases in salts with strong bases
and carbonates (6, 9–13). Although previous work has focused
primarily on sodium chloride as a dominant form of salt pollution,
increases in different mixtures of salt ions such as sodium, bicarbonate, magnesium, sulfate, etc., as part of the freshwater salinization syndrome produce differential toxicity to aquatic life
(14, 15), and further supports the need for studying the dynamics
of dissolved salts holistically. Although environmental impacts of
the freshwater salinization syndrome are still poorly understood,
symptoms can include: changes in biodiversity due to osmotic stress
and desiccation, corrosion of infrastructure, increased contaminant
mobilization, enhanced river carbonate transport, and impacts on
coastal ocean acidification caused by increasingly alkaline river inputs.
Over geologic time, salinization and alkalinization of water
have naturally influenced the distribution and abundance of
Earth’s life (16). However, rates of salinization and alkalinization
in the Anthropocene are strongly influenced by three primary
Significance
Salinization and alkalinization impact water quality, but these
processes have been studied separately, except in arid regions.
Globally, salinization has been largely attributed to agriculture,
resource extraction, and land clearing. Alkalinization has been
attributed to recovery from acidification, with less recognition
as an environmental issue. We show that salinization and alkalinization are linked, and trends in these processes impact
most of the drainage area of the United States. Increases in
salinity and alkalinity are caused by inputs of salts containing
strong bases and carbonates that originate from anthropogenic sources and accelerated weathering. We develop a conceptual model unifying our understanding of salinization and
alkalinization and its drivers and impacts on fresh water in
North America over the past century.
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he abundance, integrity, and distribution of Earth’s fresh
water are critical for human welfare. Only 2.5% of Earth’s
water is fresh, and dissolved salts within this water determine the
degree to which it can be used for drinking, industry, agriculture,
and energy production (1, 2). The primary causes of freshwater
salinization around the world are agriculture, resource extraction,
and land clearing (3, 4). Relatively recently, human salt inputs are
increasingly becoming recognized as important over large geographic scales (5, 6). Alkalinization has received relatively less
recognition as a related environmental issue, but increases in alkalinity are also generated by salt pollution, accelerated weathering, and microbial processes that influence water chemistry (7).
Salinization and alkalinization of fresh water can be interconnected processes that deteriorate water quality over a range of
climates, but it is typically assumed that these processes are related
only in arid regions (6–9). In particular, increasing concentrations of
dissolved salts with strong bases and carbonates can increase the pH
of fresh water over time, linking salinization to alkalinization.
We propose a concept, the freshwater salinization syndrome,
which links salinization and alkalinization processes along hydrologic flow paths from small watersheds to coastal waters. The
freshwater salinization syndrome manifests to varying degrees as
concurrent trends in specific conductance, pH, alkalinity, and
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Salt pollution and human-accelerated weathering are shifting the
chemical composition of major ions in fresh water and increasing
salinization and alkalinization across North America. We propose a
concept, the freshwater salinization syndrome, which links salinization and alkalinization processes. This syndrome manifests as concurrent trends in specific conductance, pH, alkalinity, and base
cations. Although individual trends can vary in strength, changes
in salinization and alkalinization have affected 37% and 90%, respectively, of the drainage area of the contiguous United States over
the past century. Across 232 United States Geological Survey (USGS)
monitoring sites, 66% of stream and river sites showed a statistical
increase in pH, which often began decades before acid rain regulations. The syndrome is most prominent in the densely populated
eastern and midwestern United States, where salinity and alkalinity
have increased most rapidly. The syndrome is caused by salt pollution
(e.g., road deicers, irrigation runoff, sewage, potash), accelerated
weathering and soil cation exchange, mining and resource extraction,
and the presence of easily weathered minerals used in agriculture
(lime) and urbanization (concrete). Increasing salts with strong bases
and carbonates elevate acid neutralizing capacity and pH, and increasing sodium from salt pollution eventually displaces base cations on
soil exchange sites, which further increases pH and alkalinization.
Symptoms of the syndrome can include: infrastructure corrosion, contaminant mobilization, and variations in coastal ocean acidification
caused by increasingly alkaline river inputs. Unless regulated and
managed, the freshwater salinization syndrome can have significant
impacts on ecosystem services such as safe drinking water, contaminant retention, and biodiversity.
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factors: atmospheric deposition, geology, and land use (7). Atmospheric acid deposition accelerates chemical weathering over large
geographic scales due to chemical dissolution and ion exchange in
rocks and soils (7, 12, 17). Accelerated weathering of geological
substrates can contribute to increased concentrations of major ions
in water including bicarbonate, calcium, magnesium, and potassium
(7, 12, 18–21). Finally, land-use activities enhance the anthropogenic inputs of easily weathered materials, including agricultural
lime and impervious surfaces made of concrete, which can impact
chemistry of drainage waters (13, 22, 23). Road salt and brines from
fracking fluids further contribute to ion exchange in soils and
sediments, and can increase salinity and alkalinity via changes in
base cations and bicarbonate concentrations (11). Mining and resource extraction contribute to accelerated weathering of rocks and
soils and the release of major ions and salts (21, 24–26). Finally,
wastewater, water reuse, and irrigation practices associated with
urban and agricultural land use can increase salinity and alkalinity
in fresh water (7, 10, 27). All of these factors synergistically contribute to the freshwater salinization syndrome. The directionality
and severity of trends for different salt ions, alkalinity, and pH are
influenced on a regional scale by dilution capacity of rivers due to
water demand, changes in river runoff due to climate variability,
and sea level rise and saltwater intrusion into freshwater sections
of rivers and estuaries (6, 28, 29). A holistic understanding of
concurrent patterns in salinization and alkalinization on a continental scale is important for identifying and prioritizing regional
management needs, given that interactions between different
salts, specific conductance, and pH can influence aquatic life,
ecosystem functioning, and services (14, 15, 19, 30).
In this study, we (i) quantify concurrent trends in salinization
rates, alkalinization rates, and base cation concentrations in
fresh water on a continental scale and (ii) present a conceptual
framework, called the freshwater salinization syndrome, which
illustrates and explains how coupled salinization and alkalinization can occur. We quantified long-term trends in specific conductance, base cations, alkalinity, and pH in 232 stream and river
sites sampled by the USGS throughout North America. Although these sites include both streams and rivers, we will mainly
refer to them as rivers throughout. Watersheds drained areas
primarily in the United States, but also extended into Canada,
and spanned diverse regions and climates. Watersheds also
sometimes drained major reservoirs. Surprisingly, we found that
increasing trends in the pH of rivers occurred decades before US
Clean Air Act Amendments in 1990, which specifically targeted
reductions in acid rain (17). After 1990, a decrease in acidic
precipitation and acid mine drainage may be expected to contribute to an increase in alkalinity and pH in the latter part of the
twentieth century, but such reductions in acidification would not
adequately explain earlier concurrent increases in specific conductance, base cations, alkalinity, and pH beginning in the early
and middle twentieth century (31). The freshwater salinization
syndrome illustrates how anthropogenic salts and humanaccelerated weathering of natural and anthropogenic substrates synergistically drive salinization and alkalinization due
to a plethora of salts containing strong bases and carbonates
with potential for acid neutralization. In addition, increased
sodium from salt pollution displaces other base cations on soil
exchange sites, which further increases pH and contributes to
alkalinization. From a biological perspective, in-stream microbial processes such as denitrification, sulfate reduction, etc.,
can further increase pH due to biochemical reactions that
generate alkalinity. Finally, photosynthesis and gross primary
production in eutrophic fresh waters in the Anthropocene can
raise pH through depletion of total dissolved carbonate relative
to equilibrium with CO2. The freshwater salinization syndrome
can impact ecosystem services related to drinking water quality
(6, 7, 9), economic costs related to switching water treatment
and sources (9, 10), impacts on aquatic biodiversity (8), pipe
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corrosion and leaching of metals (7, 9), and shifting rates of
coastal ocean acidification (32, 33).
Results
A large proportion of the streams and rivers in the contiguous
United States have increasing trends in pH and specific conductance impacting most of the stream flow draining humid regions, such as the eastern United States (Figs. 1–3; Supporting
Information). We estimate that alkalinization (significantly increased pH over time) and salinization (significantly increased
specific conductance over time) have impacted 90% and 37% of
the drainage area of the contiguous United States, respectively.
Increasing trends in specific conductance were typically highest
in the northeastern United States (Figs. 1 and 2), and trends
tended to be negative in the arid western United States (Figs. 1
and 4), which receives significantly less precipitation (Supporting
Information). Statistically increasing trends in pH were typical
throughout all regions of the contiguous United States (Figs. 1
and 3). At some sites, the pH of river water actually declined
following the Clean Air Act Amendments in 1990, which specifically targeted acid rain; this may have been due to a reduction
in weathering rates in some watersheds (discussed further below). Of 232 sites, statistically increasing trends were observed at
66% of sites for pH, 39% of sites for specific conductance, 34%
of sites for sodium, 29% for calcium, 33% for magnesium, and
36% for potassium concentrations. In contrast, there was a
geographic cluster of decreasing trends in specific conductance

Fig. 1. Maps showing locations of increasing, decreasing, and/or no trends
in specific conductance and pH in stream water throughout the continental
United States. Streamlines represent all conterminous US rivers with mean
annual discharge exceeding 20 m3/s (47).
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Across all 232 sites, there were interrelationships between
trends in pH, specific conductance, and base cations. There were
concurrently increasing or decreasing trends in base cations at
some sites (Fig. 5 shows examples of increasing trends, but there
were also decreasing trends primarily in the arid western United
States as indicated by Figs. 1 and 4). Although the increase in
sodium concentrations may be expected, it was surprising that
increases in magnesium concentrations could exceed increases in
calcium concentrations at some sites (Fig. 5). Magnesium concentrations were considerably lower than calcium concentrations
in rivers, and therefore may have been more sensitive to anthropogenic disturbances over time at some sites (Fig. 5). Across
all sites, variability in the rate of change of pH (whether increasing or decreasing) declined as the initial specific conductance of stream and river water increased (Fig. 6). The most
rapid changes in long-term pH trends occurred in rivers with the
lowest specific conductance (<250 μs/cm at 25 °C), whereas those

Fig. 3. Examples of increasing trends in pH in stream
water throughout the continental United States. The
pH decreased at some sites following US Clean Air Act
Amendments in 1990, which targeted reductions in
acidic deposition. Please note that vertical axes differ.
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and major cations in the arid western United States (Figs. 1 and
4). Thus, the fastest rates of increase for most dissolved salts
occurred from west to east on a regional scale with the eastern
United States showing the fastest rates. For example, the fastest
median rates of increase in specific conductance and sodium
were in the northeastern and southeastern United States, respectively (Fig. 4). There were exceptions for some salts. For
example, the fastest increase in median potassium concentrations was in the midwestern United States likely due to potash
from fertilizers (Fig. 4). Interestingly, there were decreasing
median trends for specific conductance, and sodium and potassium concentrations in the Pacific Northwest, Southwest, and
Pacific regions (Fig. 4). Decreasing trends were observed for 9%
of sites for pH, 18% of sites for specific conductance, 18% of
sites for sodium, 25% for calcium, 17% for magnesium, and 21%
for potassium concentrations primarily in the arid western
United States (e.g., west of the 100th meridian).

ECOLOGY

Fig. 2. Examples of increasing trends in conductance
in stream water throughout the continental United
States, which are characteristic of ranges in their respective regions. Please note that vertical axes differ.

(µS/cm) yr-1

Specific Conductance

(mg /L) yr-1
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(mg /L) yr-1
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Fig. 4. Differences in trends in specific conductance and sodium and potassium
concentrations in stream and river sites across different regions of the United
States. The center vertical lines of the box and whisker plots indicate the median
of the sample. The length of each whisker shows the range within which the
central 50% of the values fall. Box edges indicate the first and third quartiles.
Outliers were excluded and were primarily in the southwestern US region.

with the highest salinity and buffering capacity had relatively
minor or insignificant rates of change in pH (Fig. 6). Thresholds
in the initial specific conductance of rivers and buffering influenced whether there were significant long-term increasing or
decreasing pH trends. Rates of change in both specific conductance and alkalinity were positively and linearly related to rates
of change in sodium concentrations across all sites (Fig. 6).
Discussion
Based on long-term river chemistry data, positive trends in salinization and alkalinization of fresh water were observed across
large geographic areas of North America, which include watersheds draining the United States and Canada. Such trends were
common in humid regions of the eastern United States, where
acidic precipitation and human population density are the
greatest (6, 7, 17). Our analysis demonstrates that salinization
and alkalinization of inland waters are not restricted to arid regions as once assumed, and it suggests that these processes are
coupled throughout many humid regions in the United States.
Human activities have increased salt inputs and accelerated
chemical weathering and cation exchange in watersheds, which
contribute to dissolved salts containing strong bases and alkali
metals and alkaline earth metals (Na+, Ca2+, Mg2+, K+) and
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carbonates (7, 13, 23). Geochemical and biogeochemical relationships between these salts and acid-neutralizing capacity lead
to interrelated increases in specific conductance, alkalinity, base
cations, and pH (6, 7, 34, 35). Our results suggest that these
coupled changes in specific conductance, major ions, and pH related to the freshwater salinization syndrome have influenced the
water quality of most of the stream flow in the eastern United
States (Fig. 1; Supporting Information). The causes and consequences of this freshwater salinization syndrome have implications
for ecosystem services of water including availability of highquality drinking water, scaling and corrosion of pipes, toxicity of
metals and ammonia, and buffering of coastal ocean acidification.
Variations in the Freshwater Salinization Syndrome Across a Continental
Scale. As mentioned earlier, regional patterns in the freshwater

salinization syndrome are influenced by geographic variations in
atmospheric deposition, geology, and land use (35–38). It is well
known that there are regional differences in sodic and saline waters
based on pH, electrical conductivity, and sodium absorption ratio
throughout North America. Typically, these regional patterns represent: (i) fresh water with low salinity/alkalinity in humid regions
draining bedrock resistant to weathering; (ii) fresh water with
moderate salinity/alkalinity in humid regions draining bedrock
prone to weathering; and (iii) fresh water with high salinity/alkalinity in arid regions prone to high evaporation rates. However,
regional differences in salinization and alkalinization rates and
changes in major ions over time on a continental scale are less
known, and we discuss patterns and processes of the freshwater
salinization syndrome below.
In the northeastern United States, watersheds draining humid,
developed land cover with low to moderate salinity/alkalinity typically had the fastest increasing trends in salinization and alkalinization (Fig. 1). These watersheds also had the fastest median rates
of increasing sodium concentrations. In general, this region represented the fastest increases in specific conductance, major cations, and pH due to anthropogenic salts and human-accelerated
weathering (6, 7). Regional recovery from acid rain and acid mine
drainage can contribute to increases in pH in the latter part of the
record for some rivers, but do not adequately explain concurrent
and widespread increases in specific conductance and base cations
during the early and middle twentieth century before the Clean Air
Act (31). Road salt is a dominant source of salinization of fresh
water in colder, humid regions of the northeastern United States,
and has contributed to long-term, increasing trends in sodium and
chloride in surface water and ground water (5, 6, 34, 39). Although
less considered, road salts can also influence pH and long-term
alkalinization of fresh water, and this is discussed further below in
a subsequent section regarding fast weathering (23).
Despite no or minimal use of road salts in the region, the freshwater salinization syndrome also impacts the southeastern United
States, which suggests additional mechanisms. The freshwater salinization syndrome is also strongly influenced by the chemical
weathering of soils, bedrock, and easily weathered anthropogenic
substrates (e.g., agricultural lime, urban impervious surfaces) across
all regions (13, 18, 22, 23). It is well known that alkalinity, base
cations, and pH in rivers of humid regions are related to underlying
lithology, land cover/land use, and weathering rates (7, 37). The
southeastern United States has elevated rates of acid deposition and
urban impervious surfaces similar to the northeastern United States
(17, 38), which further contribute to the freshwater salinization
syndrome along with salt pollution and accelerated weathering.
Agricultural activities further contribute to the freshwater salinization syndrome in the midwestern United States. The fastest
median rates of increasing potassium concentrations were observed in midwestern rivers. This increase was likely due to
potassium in potash in agricultural fertilizers, and the variability
in rates was likely due to K limitation in response to excess
nitrogen and phosphorus from fertilizers (40). Agricultural liming
Kaushal et al.
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Fig. 5. Examples of increasing trends in base cations (sodium, calcium, and magnesium) in stream water throughout the continental United States. Time
series were smoothed as moving averages over every three data points/observations. Please note that vertical axes differ.

to improve crop yields can also contribute to long-term alkalinization and increased dissolved salts in rivers of the midwestern United States (13). Finally, fertilizer-enhanced nitrification
can also synergistically accelerate chemical weathering of cations
from bedrock and soils via leaching and enhanced ion exchange
Kaushal et al.
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reactions (17, 38, 41, 42). Thus, agricultural activities in combination with high levels of road salt pollution from impervious
surfaces and human-accelerated weathering can further contribute to the freshwater salinization syndrome in the midwestern United States.
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Interestingly, specific conductance and base cation concentrations have decreased in some streams and rivers throughout the
Northwest, Pacific, and Southwest (particularly in arid regions
with high baseline salinity and alkalinity in surface waters). Despite decreasing trends in specific conductance, there were still
long-term increasing trends in pH in fresh water throughout the
western United States. Previous work has also documented decreasing trends in total dissolved solids and increasing trends in
pH in the southwestern United States (35, 43). Concentrations of
alkalinity and major ions have decreased throughout the western
United States due to a combination of dilution and retention of
weathering products behind dams in reservoirs (e.g., calcite precipitation) (31). For example, decreasing trends in total dissolved
solids have been attributable to complex water diversions (mostly
for agriculture) and decreased irrigation return flows of salts to
river systems (35). Efficiency of agricultural and irrigation practices has also increased over time, which could also decrease salt
accumulation rates in some drainages (44, 45).
Furthermore, return flow from urban wastewater has increased
while return flow from irrigation has decreased in some areas
throughout the western United States (46, 47). Although urban
wastewater contains dissolved salts, its salinity can be significantly
lower than irrigation return flow and contribute to dilution over
time (46). Wastewater discharges represent a significant fraction
of stream flow and nutrients in some rivers of the western United
States (47, 48). Regional wastewater treatment has improved with
reductions in organic carbon and oxygen deficit, which has contributed to long-term increases in pH in western rivers (46, 47).
Nutrients in wastewater can increase pH of stream water further
by stimulating primary production in the receiving streams (48,
49). Long-term effects of dilution and retention of weathering
products due to combined effects of hydrologic modifications,
land-use change, and urban wastewater treatment on decreasing
symptoms of the freshwater salinization syndrome warrant further
investigation throughout the western United States.
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Fig. 6. Rates of change in acidity of stream water (Theil–Sen slopes) are
related to initial specific conductance of stream water (y intercept of slopes)
throughout the continental United States. Rates of change in sodium concentrations (Theil–Sen slopes) over time are also strongly related to rates of
changes in specific conductance (Theil–Sen slopes) over time. Rates
of change in sodium concentrations (Theil–Sen slopes) are related to rates of
change in alkalinity concentrations (Theil–Sen slopes) except for 6 out
of 232 sites with the most extreme rates of change in sodium concentrations
(open circles).
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torical legacy of acid deposition still exerts a major influence on
the acid/alkaline chemistry of fresh water throughout much of the
United States, despite regulations reducing acid deposition (7, 17,
38). Long-term monitoring shows that acid rain accelerates
chemical weathering via ion exchange and leaching processes such
as displacement of base cations by hydrogen ions and forms of
nitrogen (17, 20, 38). Increased base cations transported from
watersheds can eventually contribute to increased acid buffering
capacity and long-term increases in pH of fresh water (50). Acid
deposition has decreased during recent decades in some regions
due to regulations, and atmospheric inputs of acidity can be
neutralized; both factors contribute to increasing acid neutralizing
capacity and elevated pH in some rivers (38, 51). However, declining acid deposition can also decrease weathering rates, and
this decrease can actually lead to decreases in pH at other sites.
For example, we observed a decline in pH at some sites following
Clean Air Act Amendments in 1990, which may have been due to
decreased weathering rates and a corresponding decrease in bicarbonate alkalinity from weathering of rocks and soils (7). Longterm effects of acid deposition may be particularly evident in
larger watersheds with longer hydrologic residence times due to
potential storage and release of weathering products in soils and
ground water (7). Accelerated cation exchange from acid rain may
be particularly important in soils that already have high base
cation saturation (50). Furthermore, acid rain may interact with
other anthropogenic salts (e.g., road salt) to accelerate chemical
weathering and base cation exchange in watersheds (46).
Similar to acid deposition, road salts can significantly mobilize
transport of base cations from soil exchange sites to streams via
ion exchange (41, 52, 53). For example, road salts increase
Kaushal et al.
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for the tidal Hudson River. Please note that vertical axes differ in scale.

ferent mixtures of salts due to urbanization, agriculture, mining,
and resource extraction (6, 8) (Fig. 8). Densities of urban and
agricultural land within a watershed can be strong predictors of
base cations and pH in streams and rivers (22, 23, 54, 59). In
residential and urban areas with colder climates, road deicers
including sodium chloride, calcium chloride, and magnesium
chloride are an important source of salinization in the United
States and globally (6, 34). Fertilizers can stimulate aquatic
primary production, which increases pH and alkalinity (49, 50,
54). Anaerobic metabolism and decomposition can further increase dissolved inorganic carbon production, alkalinity, and pH
in urbanized and agricultural watersheds (22, 23, 50). Agriculture
can contribute significant bicarbonate and base cations, including
calcium, magnesium, and potassium, from liming, potash, and
fertilizer applications (in addition to those ions generated from
agriculturally enhanced weathering) (13, 60). Fertilizers can
stimulate nitrification and accelerated weathering of agricultural
soils, leading to further increases in concentrations of base cations
in water (20, 42). Mine drainage can produce strong acids from
sulfide oxidation, which contributes to accelerated weathering and
increased concentrations of base cations downstream (13, 25).
Brines from energy extraction activities, including hydrofracking,
may also further contribute to salinization and alkalinization of
fresh water (11). Overall, anthropogenic salt inputs can interact
with and accelerate chemical weathering processes throughout the
entire drainage network (Fig. 8). The net result of accelerated
weathering and cation exchange and salt pollution is to produce
the freshwater salinization syndrome on a continental scale with
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The Freshwater Salinization Syndrome: A Conceptual Model. The
freshwater salinization syndrome can be influenced by cumulative weathering reactions across hydrologic flow paths extending
from soils, ground water, and headwater streams to larger rivers.
Although the freshwater salinization syndrome originates in
headwaters, the terminus along rivers and receiving waters is still
poorly understood, but may actually extend into tidal waters (Fig.
7) (55–57). For example, there have been long-term increases in
alkalinity in some tidal waters of tributaries in the Chesapeake
Bay and more recent increases in dissolved inorganic carbon
(primarily bicarbonate) in the tidal Hudson River estuary (Fig.
7). Changes in weathering and cation exchange may explain alkalinization in some tidal waters of the Chesapeake Bay (7, 24),
whereas increasing dissolved inorganic carbon in the Hudson
River estuary may be due to a combination of changes in primary
production, land development, changes in salt pollution, and/or
responses to changes in acid rain. In fact, a wide array of potential mechanisms has been proposed to explain recent observations of increased river alkalinization (7, 13, 31). However,
there are currently no conceptual models linking salinization and
alkalinization directly from headwaters to receiving waters and
explicitly recognizing the synergistic importance of atmospheric
inputs, geochemical processes, and anthropogenic salt pollution.
Such conceptual models are needed to drive our understanding,
research, and management of these complicated interactions.
The freshwater salinization syndrome recognizes that acid
deposition, anthropogenic salts, and fertilizers have differential
impacts on weathering of watersheds draining different lithologies (51, 54, 58) (Fig. 8). Along drainage networks, weathering
products accumulate in ground and surface waters across hydrologic flow paths due to acid neutralization and ion exchange
reactions (18, 51, 58) (Fig. 8). Buffering capacity increases as
base cation concentrations increase (23). Calcium, magnesium,
potassium, and sodium are highly soluble and increase in concentrations downstream relative to other less soluble elements
that may be adsorbed onto soils and sediments (18, 58) (Fig. 8).
The pH in streams increases along hydrologic flow paths due to
the accumulation of weathering products and increased buffering
capacity (51, 54, 58) (Fig. 8). Thus, differences in lithology and
surface and subsurface groundwater flow paths along the
drainage network influence the potential for acidification vs.
alkalinization of fresh water (38). For example, headwaters are
prone to acidification depending on underlying lithology (sedimentary vs. crystalline) (50, 51). Larger rivers are prone to alkalinization downstream due to cumulative effects of weathering
reactions and biological processes, which can also increase alkalinity and pH along flow paths (e.g., primary production and
anaerobic metabolism) (23, 49, 50) (Fig. 8).
In addition to human-accelerated weathering, anthropogenic
salts and fertilizers have greatly contributed to salinization and
alkalinization, and their relative importance can accumulate
along increasing stream order (Fig. 8). There are inputs of dif-
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leaching of calcium and magnesium from soil cation exchange
sites (53), which are primarily responsible for maintaining soil
aggregate structure. Cation exchange driven by sodium in road
salt can release up to 40% to 80% of calcium and magnesium
from soil exchange sites to ground water and streams (52, 53).
Other related work has documented regionally increasing trends
in base cations in lakes affected by road salt applications (41).
Similarly, there can be long-term increases in pH in lakes due to
increased acid neutralizing capacity and base cation inputs (50,
54). Road salts accumulate in soils and ground water contributing to enhanced cation exchange and mobilization of major
ions over time (6, 23). Therefore, acid rain, road salt, and other
forms of salt pollution (such as sodic/saline irrigation runoff) can
synergistically contribute to the freshwater salinization syndrome
over decades by enhancing fast weathering and ion exchange.
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Fig. 8. A conceptual model of the freshwater salinization syndrome, illustrating potential drivers and changes in increased salinization and alkalinization of
fresh water. At least three sets of process contribute to the freshwater salinization syndrome, and they are listed in a hypothetical order from upstream to
downstream including: (i) accelerated weathering in headwaters and throughout the drainage network; (ii) human salt inputs from developed landscapes;
and (iii) increased biological alkalinization in larger-order streams with increased light and nutrient availability. Crystalline and sedimentary lithology results
in different starting points in headwaters based on the potential for chemical weathering. Weathering process such as dissolution and cation exchange in soils
and sediments generate alkalinity, bicarbonate, and base cations along drainage networks (accelerated weathering is represented by the dashed line
extending throughout the drainage network). The relative importance of accelerated weathering may change with increasing disturbances along stream
order, as salt and nutrient pollution increases further downstream and/or in response to hydrologic modifications. The terminus of the freshwater salinization
syndrome varies based on climate, land use and management, saltwater intrusion, and underlying geology but can potentially extend into tidal waters.
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The freshwater salinization syndrome currently poses direct and
indirect concerns for ecosystem services and may influence rates of
coastal ocean acidification. Elevated pH can contribute to ammonia toxicity and mortality for aquatic organisms (49, 60). Different
salts influence toxicity to aquatic organisms leading to recent calls
for regulating salt composition and concentrations in fresh water by
government agencies (8). Elevated pH and base cations, such as
calcium and magnesium, may reduce the bioavailability and toxicity
of trace metals (60), but salinization may also enhance ion exchange and mobilization of trace metals from soils to streams (61).
Increased sodium concentrations decrease soil aggregate stability
and soil fertility through leaching of calcium and magnesium (62).
Salinization from road salts can increase leaching and mobilization
of carbon, nitrogen, and phosphorus from soils and sediments to
streams (63). However, detailed work has also shown that alkalinization or rather sodium absorption ratio or exchangeable sodium percentage is responsible for increasing dissolved organic
carbon and not salinization (64). Salinization also may directly influence the quality of different fractions of organic matter released
from soils to streams (65). Elevated alkalinity can also stimulate
production of nitrate by microbial nitrification, and salinization can
alter the urban evolution of ecosystems and aquatic communities
(22). Increased temperatures in rivers throughout the United States
(66) may further influence weathering and other geochemical reactions, and interact with impacts of freshwater salinization.
Furthermore, increased pH, alkalinity, and salinity influence the
amount and quality of inorganic and organic carbon transported
by rivers, which can influence aquatic species and rates of coastal
ocean acidification (32, 33, 56, 57). Changes in the pH and alkalinization of rivers also influence rates of CO2 evasion, which
are important for global carbon budgets (67). From a coastal
perspective, increased alkalinity can contribute to increased shell
thickness of calcareous organisms such as found in zebra mussels
in the Hudson River estuary (57), where there has been an increase in alkalinity over the past decade (Fig. 8). Estuarine waters
of the Chesapeake Bay also have long-term positive trends in pH
and alkalinity near tributaries (Fig. 8) (56). Overall, the effects of
the freshwater salinization syndrome on the riverine carbon cycle
and variations in coastal ocean acidification due to riverine inputs
warrant further investigation (12, 32, 33).
The freshwater salinization syndrome can increase risks to the
safety of drinking water and infrastructure. Elevated salt levels in
drinking water can contribute to hypertension in people on
sodium-restricted diets and is of concern to people requiring
kidney dialysis (9). Salinization and alkalinization influence the
corrosivity of water, and this can affect leaching of metals from
pipes carrying drinking water (9, 68). Salinization increases corrosion of transportation infrastructure with United States economic costs estimated in the billions of dollars (69). Given
increasing impacts on ecosystems and human welfare, increased
salinization and alkalinization of fresh water is now a pervasive
water quality issue, which may require aggressive management in
both arid and humid climates across latitudes.
Long-term time series of specific conductance, pH, alkalinity, and base cation
concentrations (calcium, magnesium, potassium, and sodium) were analyzed from
232 different stream and river sites located throughout the continental United
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States (7). Some rivers were sampled at multiple locations. All records were
compiled from water quality measurements made by the USGS. Time series included in our analyses were based on at least 25 y of data and more than
156 observations for at least one parameter. We retained all series for pH, alkalinity, and specific conductance with less than six consecutive years of missing data
and a period of monitoring until at least the year 2000. Some datasets had longer
temporal discontinuities for base cations (e.g., Fig. 4). Time series for all parameters included in our analysis ranged from 25 to almost 80 y in length. Further
information on related methods for analyses can be found elsewhere (7) and in
Supporting Information. All data are publicly available through the USGS website.
Theil–Sen slopes were estimated to characterize average rates of change in
specific conductance, pH, and base cation concentrations per year at each site.
The Theil–Sen regression estimates the slope of change in a parameter across
time by calculating the median slope of all pairwise points in a series (70),
providing robust slope estimates despite missing data, nonnormal distributions,
and occasional outliers (7). We considered slopes to be statistically significant if
P values, estimated via nonparametric Wilcoxon tests as applied to the Theil–
Sen slope (71), were <0.05. Because of the large number of sites that had
irregular sampling periods, seasonal average values were used to detect longterm trends. Seasonal averages were defined as winter (December January,
February), spring (March, April, May), summer (June, July, August), and fall
(September, October, November). A bootstrap resampling procedure was used
to generate confidence intervals and estimate P values. Theil–Sen slopes were
calculated using R package mblm (R 3.2.1, mblm version 0.12). One limitation to
the approach used here is that concentration data were not flow normalized.
Flow normalization describes the changing state of the system over time by
removing the influence of variations in concentration caused by variations in
discharge. Discharge can vary considerably over time at the study sites and can
influence trends. One way to deal with this would be to test for trends in
discharge. Higher discharge would cause dilution reducing salinity and alkalinity. For example, the Hudson River showed an increase in dissolved inorganic
carbon concentrations, which could be due to lower discharge, but the opposite was actually the case—discharge has increased. Therefore, our analysis
presents estimates of what was actually observed at the sites over time (and the
interrelationships between those trends). This approach can make teasing apart
land use and lithology more complicated for some individual sites.
We applied an interpolation and precipitation-weighting procedure to determine the total drainage area and amount of surface water subjected to either
decreasing or increasing slopes at the continental scale (Supporting Information). The estimated slope of all areas within the continental United
States was determined using ordinary kriging (72) to interpolate within the
232 analyzed sites to generate a raster of Theil–Sen slope estimates for the
entire continental United States. Kriging was achieved using a spherical semivariogram model with a 12-point, variable distance search radius and an output
cell resolution of 10 km2. The kriging approach represents an oversimplification
of watershed processes in that broad, 2D interpolation will neglect entities that
affect water quality such as point sources. However, our goal was to broadly
illustrate and estimate trends occurring at the continental scale, thus our interpolated estimates are meant to reflect patterns associated with large-scale
geologic attributes, land-cover patterns, and climatic variables but should not
be used as precise estimates for a specific waterway. We also determined the
volume of water for every 1 km2 pixel in the same area by subtracting the
estimated total mean annual evapotranspiration (73) from mean annual precipitation (74) (Supporting Information). The two rasters were merged to a
common spatial scale (10 km2), which allowed for subsequent calculation of the
total amount of water that becomes groundwater and surface runoff subjected
to increasing or decreasing alkalization (Supporting Information).
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