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H I G H L I G H T S

• Application of road salt in cold regions

leads to watershed chloride retention.

• Drivers of spatial variability in chloride

retention are poorly understood.

• Chloride retention was estimated for 11

watersheds using a mass balance ap-

proach.

• Urbanizing watersheds retained ~25%

more chloride than heavily urban wa-

tersheds.

• A detailed conceptual model outlines

processes likely to drive chloride

retention.
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In some cold regions up to 97% of the chloride (Cl−) entering rivers and lakes is derived from road salts that are

applied to impervious surfaces to maintain safe winter travel conditions. While a portion of the Cl− applied as

road salt is quickly flushed into streams during melt events via overland flow and flow through storm sewer

pipes, the remainder enters the subsurface. Previous studies of individual watersheds have shown that between

28 and 77% of the applied Cl− is retained on an annual basis, however a systematic evaluation of the spatial var-

iability in Cl− retention and potential driving factors has not been carried out. Here we used a mass balance ap-

proach to estimate annual Cl− retention in 11 watersheds located in southern Ontario, Canada, which span a

gradient of urbanization.We evaluated the influence ofmultiple landscape variables on themagnitude of Cl− re-

tention as well as the long-term rate of change in stream Cl−concentration for the same systems. We found that

mean annual Cl− retention ranged from 40 to 90% and was higher for less urbanized watersheds and for water-

shedswith urban areas located farther from the streamoutlet. This result suggests that less urbanizedwatersheds

and ones with longer flow pathways have more Cl− partitioned into storage and hence the potential for legacy

Cl− effects on aquatic organisms. While we did measure statistically significant increasing trends in stream Cl−

concentration in some watersheds, there was no consistent relationship between the long-term rate of change

in stream Cl− concentrations and patterns of urbanization and the magnitude of Cl− retention. Based on our

results we present a detailed conceptual model of watershed Cl− dynamics that can be used to guide future

research into the mechanisms of Cl− retention and release within a watershed.
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1. Introduction

In seasonally frozen environments such as Southern Canada, the

Northern United States, and Central and Northern Europe, chloride

salts are widely used as de-icers to maintain safe driving conditions.

While the beneficial role of road salts for public safety is unequivocal,

their movement from paved surfaces to surface waters can result in

negative impacts to aquatic organisms (CCME, 2011; Marsalek, 2003;

Wallace and Biastoch, 2016). Along with negative toxicological effects

on aquatic biota (e.g., reproductive and/or developmental impairment)

(Elphick et al., 2011; Gillis, 2011; Kaushal et al., 2005), elevated chloride

(Cl−) concentrations can result in the spread of halophilic organisms

and a change in the density gradient of lakes resulting in oxygen deple-

tion (Evans and Frick, 2001). In the terrestrial environment, road salt

has been shown to increase the leaching of soil cation nutrients

(Schweiger et al., 2015). The inorganic salts commonly used in road

salt (NaCl, CaCl2, MgCl2, KCl) are all highly soluble in water and hence

are present in runoff in the dissociated form as monovalent or divalent

cations with Cl− being the principal contributing anion to elevated sa-

linity in freshwater systems (Mayer et al., 1999). Natural sources of

these salts include weathering materials, atmospheric precipitation

and groundwater; however, in developed areas it is estimated that the

majority of the Cl− entering rivers and lakes is derived from anthropo-

genic sources including road salts, sewage, industrial effluent, and agri-

cultural fertilizers (Chapra et al., 2009; Mayer et al., 1999; Sonzogni

et al., 1983). In the Great Lakes basin, industrial load reductions in the

mid-1970s resulted in an approximately 40% reduction of Cl− loading

in Lakes Erie and Ontario (Chapra et al., 2009). However, since the

mid-1980s increasing Cl− trends in the lower Great Lakes (Chapra

et al., 2009) and other cold region lakes (Dugan et al., 2017; Mueller

and Gaechter, 2012; Novotny et al., 2008; Sibert et al., 2015; Winter

et al., 2011, 2012) and streams (Daley et al., 2009; Gardner and Royer,

2010; Jackson and Jobbágy, 2005; Kaushal et al., 2005; Kelly et al.,

2008; Löfgren, 2001; Mayer et al., 1999; Meriano et al., 2009; Perera

et al., 2009; Price and Szymanski, 2013; Thunqvist, 2004; Winter et al.,

2011) have been linked to the growth in urban development and the as-

sociated use of road salts for de-icing.

In watersheds with a relatively high proportion of urban land cover

(i.e., both pervious and impervious built-up areas), stream Cl− concen-

trations often exceed environmental protection guidelines set out by

the Canadian Council of Ministers of the Environment (chronic:

120 mgL−1; acute: 640 mgL−1) (CCME, 2011) during winter high

flows and the spring freshet (Wallace and Biastoch, 2016; Winter

et al., 2011). These winter and spring Cl− concentration peaks result

when meltwater containing road salt runs off impervious surfaces and

travels through stormwater pipes directly to streams (Meriano et al.,

2009; Ramakrishna and Viraraghavan, 2005). In some watersheds, ele-

vated Cl− concentrations persist into the summer and autumn months

(Perera et al., 2013; Robinson and Hasenmueller, 2017), which suggest

that some portion of the Cl− containingmeltwater is not taking a direct

(i.e., piped) route to the stream, but rather is transported along slower

subsurface flow pathways (Howard and Haynes, 1993; Robinson and

Hasenmueller, 2017). The persistence of elevated Cl− concentrations

into the growing season presents a serious problem for aquatic biota

that are sensitive to the toxic effects of Cl− (CCME, 2011). Previous

studies have suggested that these pathways might include infiltration

of surface runoff from roads into roadside ditches, interflow through

the unsaturated zone, groundwater flow through shallow unconfined

aquifers and/or through deeper confined aquifers, flow through the

stream hyporheic zone, and flow within the urban karst (Bester et al.,

2006; Betts et al., 2015; Daley et al., 2009; Gabor et al., 2017; Howard

and Haynes, 1993; Kincaid and Findlay, 2009; Ledford et al., 2016;

Meriano et al., 2009; Mullaney et al., 2009; Perera et al., 2013; Pilon

and Howard, 1987; Thunqvist, 2004). Untangling the role of different

hydrological processes on stream Cl− dynamics is a complex endeav-

our; however, a first step in that direction is quantifying the spatio-

temporal variability in annual watershed-scale Cl− retention and ex-

ploring the relationship between watershed characteristics and the

magnitude of retention.

The annual rate of Cl− retention can be reliably estimated using a

mass balance approach, where the amount of Cl− stored or retained in

the watershed over one year is calculated as the difference between

the mass of Cl− leaving the watershed in stream water and the mass

of Cl applied to the watershed (mainly onto impervious surfaces, such

as roads and parking lots). Previous studies have reported net retention

of Cl− for individual watersheds on an annual basis ranging from 28 to

77% using this type of approach (Howard and Haynes, 1993; Kelly et al.,

2008;Meriano et al., 2009; Novotny et al., 2009; Perera et al., 2010). The

large range in Cl− retention reported in the literature suggests that the

rate of, and processes controlling, Cl− transport from surface to stream

vary both temporally and spatially. To more systematically evaluate

the factors controlling variability in watershed-scale Cl− retention, the

present study focuses on answering three questions: (1) How spatially

and temporally variable is annual, watershed-scale Cl− retention

among watersheds spanning a gradient of urbanization? (2) Do water-

shed structural and/or land cover characteristics explain the spatial

variability in annual, watershed-scale Cl− retention? (3) Is there a rela-

tionship between the magnitude of watershed-scale Cl− retention and

the persistence of chronic stream Cl− concentrations into the growing

season? To address these questions, we estimated annual, watershed-

scale Cl− retention for multiple watersheds located in the rapidly ur-

banizing region of Southern Ontario. We specifically chose watersheds

that span a gradient of urbanization (3.6 to 86.5% urban land cover) so

that we could test our hypothesis that the magnitude of annual,

watershed-scale Cl− retention increases as the proportion of urban

land cover in thewatershed increases. To relate our findings back to po-

tential impacts on streamecosystems,we evaluated long-term trends in

seasonal stream Cl− concentrations to identify which, if any, of the high

Cl− retention watersheds showed increasing Cl− concentrations into

the summer and autumn months.

2. Methodology

2.1. Study watersheds

Elevenwatersheds located within the Greater Golden Horseshoe re-

gion of southern Ontario were selected for this study (Fig. 1a). Selection

of watersheds was based on the availability of road salt application data

and co-located continuous conductivity and streamflow data. Special

attention was paid to selecting watersheds that spanned a gradient of

urbanization from dominantly agricultural (e.g., Grindstone Creek), to

urbanizing (e.g., East Holland River), to heavily urbanized (e.g., Don

River) (Fig. 1b; Table 1). The study watersheds are grouped into

three different regions: (i) sub-watersheds of Lake Simcoe, (ii) sub-

watersheds of Lake Ontario located within the Greater Toronto Area

(GTA), and (iii) sub-watersheds of HamiltonHarbour. All 11watersheds

are on glacial till, have very deep bedrock and long hydrologic

flowpaths, while some (Pefferlaw Bk., Black R., East Holland R., and

Don R.) are linked to the Oak Ridges Moraine. Except for three water-

sheds (Black R., Pefferlaw Bk., and Grindstone Ck.) permeability of the

surficial geology across the study watersheds is low or low-medium

(see Table S1 for more information). Mean annual temperature varies

across these sub-regions from a low of 6.5 °C in the most northern

watershed, Hawkestone Ck., to 8.6 °C in Black Ck. (Table 2). Average

annual precipitation varies between 812 and 985mm across the water-

sheds, but there is no systematic gradient across the three regions

(Table 2). Snowfall typically occurs fromNovember to April and average

annual snowfall varies between 108 and 265 cm across the study

watersheds. Mean annual flow increases with watershed area and the

mean annual runoff ratio (a dimensionless value relating the amount

of runoff to the amount of precipitation received) varies between 31

and 39% (Table 2).
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2.2. Watershed chloride mass balance analysis

2.2.1. Chloride inputs

Long-term trends in Cl− inputs are influenced by both industrial

activity and population dynamics. In the study region, industrial

Cl− pollution declined in the 1970s; however, population growth

and concomitant growth in urban land cover has resulted in

increasing Cl−.

usage for winter road maintenance. Between 2006 and 2011 alone,

there was an average change in population of 4.6% across our 11 study

watersheds (Table S2). In this study, road salt (sodium chloride; NaCl)

is assumed to be the dominant source of Cl− entering all 11 study

watersheds (CCME, 2011; Chapra et al., 2012; Winter et al., 2011).

Most of the 11 study watersheds are crossed by 400 series highways

(8–12 lanes wide) and/or arterial roads (2–4 lanes wide). These major

roadways, as well as smaller roads, are regularly salted throughout the

winter season by companies contracted by the Ontario Ministry of

Transportation (MTO), and upper- and lower-tier municipalities. The

MTO and most municipalities that apply N500 t of road salts per year

have implemented Canada's Code of Practice for the Environmental

Management of Road Salts, which among other things includes best

management practices for the application of salt and guidelines for

reporting the total quantity of road salts used per year (Environment

Canada, 2004). Although the MTO and municipalities across the study

region adhere to approved salt management plans, road salt application

rates vary among the study watersheds depending on climatic condi-

tions, operator decisions, and the proportion of total impervious areas

that are privately managed.

Chloride concentrations in precipitation have not changed

significantly since the late 1980s and are very low (e.g., 2008–2012

Fig. 1. (a) Location and boundaries of study watersheds (note that watershed boundaries are delineated based on surface topography with the location of water quality measurements

representing the pour point) and (b) proportion of watershed area made up of different land cover types (note that watersheds are ordered left to right from the lowest to highest

proportion of urban land cover). The legend in panel (a) also applies to panel (b).
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average ± standard error Cl− concentration of 0.26 ± 0.02 mg L−1 at

Environment and Climate Change Canada's Egbert, ON monitoring

station) relative to stream concentrations. Other sources of Cl− to

our study watersheds could include water softeners that Cl− are

transported to streams via leaky septic systems and sanitary sewers

and/or through engineered connections (e.g., combined sewer over-

flows), and chloride-containing fertilizers (e.g., KCl) applied to agricul-

tural land in some of the watersheds. Water softener usage occurs in

some of the smaller communities in the L. Simcoe region where munic-

ipal water is supplied dominantly from groundwater; however, the

strong seasonality (highest stream Cl− concentrations in winter and

early spring) in streamCl−dynamics in these areas suggests that the ap-

plication of road salt is the primary source of Cl− in surface waters

(Winter et al., 2011). Likewise, the rate and frequency with which KCl

is added to agricultural fields is deemed insignificant relative to road

salt and hence is not quantified in this study.

A geospatial protocol was developed to distil a large quantity of pro-

vincial and municipal road salt application data to the watershed scale.

Topographicwatershed boundarieswere derived using the 30-mdigital

elevation model in the Ontario Flow Assessment Tool (available online

at https://www.ontario.ca/page/watershed-flow-assessment-tool).

Geospatial road elements in the Ontario Road Network Element layer

were then clipped to each watershed and the road length and number

of lanes fields were multiplied to get the total lane-length (basic unit

of road salt distribution) and the lane-length density (km of lane-

length per km2 watershed area) for each watershed. The Ontario Road

Network Element layer specifies which road segments are under the

jurisdiction of the province, upper-level municipalities (i.e., regions),

lower-level municipalities (i.e., cities, towns and townships), and uni-

tary municipalities (e.g., City of Toronto, City of Hamilton). This

information was used along with provincial and municipal road salt

application data to designate specific road salt application rates to

specific road or lane-length segments. For segments where jurisdiction

information was missing or unclear, we overlaid municipal boundaries

to determine which salt application rates to apply.

At the provincial level, the MTO supplied daily data on road salt

(including solid, liquid and sand applications) for each road salt patrol

yard (location where road salt is stored and where road salting trucks

are deployed from) that fell within our study watersheds. They also

provided geospatial data on the patrol area corresponding to each

yard that we were able to overlay with the road network to determine

which provincial roads corresponded to which yard. At the municipal

level, we relied on Environment and Climate Change Canada's voluntary

annual (September to May is considered one road salting season) road

salt application database (L. Trudell, Environment and Climate Change

Canada, pers. comm., November 7, 2014). The Environment and Climate

Change Canada database contains information on the type of salt (NaCl,

MgCl2 or CaCl2), state (solid or liquid), and type of application (straight,

mixed with abrasives, or non-chloride). Across the municipalities we

considered in this study, the usage of other salts besides NaCl was neg-

ligible and hence they were not considered. Liquid salt applications

were also excluded from all calculations due to inconsistencies in how

the data were coded; however, we estimate that liquids contribute

b0.1% of the Cl− applied to roadways. At all jurisdictional levels, a total

annual mass of chloride-containing road salts was calculated and was

then converted to a total annual mass of Cl− based on proportion of

Table 1

Structural and land cover characteristics of the 11 study watersheds. Urban SI = urban land use skewness index.

Watershed Region Structural Land cover

Area

(km2)

Mean Slope

(%)

Urban

(%)

Resource extraction

(%)

Agriculture

(%)

Open water

(%)

Wetland

(%)

Forest

(%)

Lane-length density

(km km−2)

Urban SI

Beaver R. L. Simcoe 329.5 2.773 3.6 0.9 68.2 0.2 18.1 9.0 1.63 0.89

Black R. 319.0 2.804 5.5 0.6 49.8 0.2 24.7 19.3 2.18 1.08

East Holland R. 174.7 4.309 39.5 0.6 35.0 0.4 5.6 18.8 8.96 0.84

Hawkestone Ck. 40.5 3.532 4.1 2.2 44.3 0.1 21.6 27.7 1.28 0.62

Lovers Ck. 59.4 3.268 27.3 0.2 43.8 0.0 15.4 13.3 4.94 0.75

Pefferlaw Bk. 406.0 3.656 5.4 1.5 53.8 0.2 18.5 20.6 2.62 1.12

Grindstone Ck. Hamilton

Harbour,

L. Ontario

44.3 4.670 13.2 1.3 55.9 0.5 18.3 10.8 3.18 0.81

Redhill Ck. 81.2 2.397 63.9 0.1 25.9 0.1 1.7 8.3 17.3 1.00

Black Ck. (Humber R.) L. Ontario 50.6 3.011 86.5 0.0 8.5 0.0 0.8 4.2 20.16 0.95

Don R. 63.9 3.155 80.1 0.0 10.6 0.1 1.6 7.5 20.36 0.96

Etobicoke Ck. 314.6 3.505 61.4 0.0 32.6 0.2 2.5 3.4 14.35 0.72

Table 2

Meteorological and hydrological characteristics of the 11 study watersheds.a

Watershed Receiving water body Mean annual temperature

(°C)

Mean annual precipitation

(mm)

Average annual snowfall

(cm)

Mean annual runoff

(mm)

Runoff ratio

Beaver R. L. Simcoe 6.7 892 157.6 326 0.37

Black R. 7.0 850 157.6 285 0.33

East Holland R. 7.2 833 122.2 254 0.31

Hawkestone Ck. 6.5 985 264.7 319 0.32

Lovers Ck. 6.8 844 264.7 303 0.36

Pefferlaw Bk. 6.9 872 157.6 324 0.37

Grindstone Ck. Hamilton Harbour,

L. Ontario

7.2 818 118.1 342 0.38

Redhill Ck. 7.8 905 118.1 336 0.37

Black Ck. (Humber R.) L. Ontario 8.6 914 121.5 301 0.37

Don R. 8.0 814 131.2 317 0.39

Etobicoke Ck. 8.3 812 108.5 290 0.36

a Mean annual temperature, average annual precipitation andmean annual runoff were computed using the Ontario FlowAssessment Tool (available online at https://www.ontario.ca/

page/watershed-flow-assessment-tool). The tool estimates mean annual temperature and average annual precipitation for a particular watershed by interpolating between nearby

Environment and Climate Change Canada (ECCC)weather stations that are part of the historic normal data from 1981 to 2010.Mean annual flow is estimated using historicWater Survey

of Canada streamflow data for each watershed from January 1970 onwards and converted to runoff. Average annual snowfall (1981–2010) was obtained from the closest ECCC weather

station to the respective watershed outlet (in some cases, the same ECCC station is used for multiple watersheds).
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the salt's atomic weight that is made up of Cl−. This mass was then di-

vided by the total lane-length for the respective municipality to

determine a Cl− application rate (mass per unit lane-length). In some

cases where data for a municipality were missing, a rate from an adja-

cent municipality was used. For each watershed, jurisdiction-based

Cl− application rates were multiplied by the proportion of the total

lane-length made up by each jurisdiction and the resulting Cl−masses

were summed.

Road salt application rates by private sector contractors onto

commercial, industrial, institutional and residential parking lots are

not well documented despite being identified as an important source

of Cl− to watersheds (Perera et al., 2009). For this study, we used the

relationship between lane-length density and mean % parking area

derived for 7 of the Lake Simcoe sub-watersheds (Thompson, 2015) to

estimate the total parking area in each of the study watersheds

that would receive road salt applications. We then applied a ‘light’

per event road salt application rate of 58.1 g m−2, which is likely a

conservative estimate (Lembcke et al., 2017), to the annual number

of events for each study watershed to arrive at an estimate of private

sector Cl− inputs.

2.2.2. Watershed chloride outputs

In-stream Cl− loads were calculated using empirical relationships

between stream Cl− concentration and discharge. Samples of water

were taken monthly or bi-weekly by the Ontario Ministry of the Envi-

ronment, Conservation, and Parks, and analyzed for Cl− concentrations.

Samples were taken from years 2002–2010 for all stations, resulting in

an average of 118 samples per watershed. Sample numbers per water-

shed ranged from 42 to 228. Discharge data were supplied for these lo-

cations from theWater Survey of Canada. The annual cycle was divided

into winter (December through April) and non-winter (May through

November) seasons (Long et al., 2015). Separate Cl− concentration -

discharge relationships were specified for each season according to

the equations below (Cohn et al., 1992):

ln Cl½  ð Þ ¼ a ln Qð Þ þ bþ ε during December−April ð1Þ

ln Cl½  ð Þ ¼ c ln Qð Þ þ dþ δ during May−November ð2Þ

where [Cl] refers to the daily (sampled) stream Cl− concentration, Q

refers to the daily discharge, ln refers to the natural logarithm, a, b, c,

and d are parameters to be calibrated, and ε and δ refer to normally

distributed, independent errors with a mean of zero. Note that the

variance of the error distribution in the winter and non-winter terms

was not assumed to be the same. Once calibrated, the parameters

(Table S3) allow us to estimate the log-transformed concentrations for

the entire period of record. The retransformation bias was addressed

through an accepted Monte-Carlo method (Stow et al., 2006).

Eqs. (1) and (2) were fit to all the data available between 2002

and 2010, generating daily estimates of Cl− concentration. A draw

from the residual distributions was added to the daily log transformed

predictions of concentration, which was multiplied by the daily

flow. Daily loads were then summed to the salting seasons described

in Section 2.2.3. This Monte-Carlo approach to calculating annual Cl−

loads was iterated 1000 times. The best estimate of the actual

loads was taken as the mean of the 1000 Monte-Carlo iterations

(Table S4).

We validated the estimates of Cl− load generated using Eqs. (1) and

(2) with data taken from a continuous, in-situ sensor. The East Holland

River site is outfitted with a probe (YSI EXO multiparameter sonde

with wiped conductivity/temperature sensor) that measures con-

ductivity continuously. A regression relationship between measured

Cl− concentrations and conductivity (Cl− concentration = 0.28 ×

conductivity−93; r2 = 0.91; p b 0.05) was used to transform the con-

tinuous conductivity measurements into continuous Cl− concentration

measurements (Fig. S1). Multiplying by flow gave estimates of loading,

which were aggregated to salting years. The probe-estimated annual

Cl− loads compared reasonably well with those estimated from the

concentration-discharge relationships (r2 of 0.5, slope of 1.05, n = 4)

(Fig. S2).

2.2.3. Watershed-scale chloride retention

A Cl−mass balance analysis was carried out for all 11watersheds for

four years (2007, 2008, 2009, 2010). Given the focus of this study, a year

in our mass balance analysis begins in October and ends the following

September (e.g., study year 2007 begins in October 2007 and ends in

September 2008). To compute the mass of Cl− retained in a watershed

for these years, the annual mass of Cl− outputs was subtracted from the

annual mass of Cl− inputs. To calculate an average retention for each

watershed, the average mass of retained Cl− for the 4-year period was

divided by the corresponding average mass of Cl− input and expressed

as a percentage.

2.3. Watershed characterization

The potential of both watershed structural and land cover variables

to explain inter-watershed differences in mean annual Cl− retention

was explored. Watershed structural variables of interest included wa-

tershed area, shape factor, mean slope, length of main channel, mean

channel slope which were computed using the Ontario Flow Assess-

ment Tool. The proportion of different land cover types (e.g., urban, ag-

ricultural, forest, wetland) in each watershed were also summarized

using the Ontario Flow Assessment Tool which makes use of the 15-m

Southern Ontario Land Resource Information System land cover data-

base. Road, or lane-length, density for each watershed was computed

as described in Section 2.2.1.

We also quantified the distribution of urban land cover within each

watershed in terms of skewness toward or away from the watershed

outlet along surface water flow paths by calculating an urban skewness

index (Mineau et al., 2015). Calculation of the index was carried out

using ArcHydro tools in ArcGIS (ESRI ArcGIS Desktop release 10.3.1).

Urban skewness index values N1 represent urban areas that are located

relatively far from the watershed's pour point (e.g., in headwater re-

gions) and values b1 represent urban areas located relatively close to

the watershed outlet.

2.4. Statistical analysis

All statistical analyses were completed using the R language and

environment for statistical computing (R Core Team, 2017). The effects

of watershed structural variables, land cover (including road density)

and Cl− inputs on Cl− retention were determined individually using a

regression analysis. To assess long-term Cl− concentration trends,

Mann Kendall trend (MKT) tests were performed on Ontario Provincial

Water Quality Monitoring Network (PWQMN) data from 1993 to 2013

for nine of the eleven study watersheds. Two watersheds (Grindstone

Ck. and Redhill Ck.) had limited long term data sets and hence were

excluded from the trend analyses. Mann Kendall trend tests use

non-parametric statistics to evaluate whether there are monotonic

increasing or decreasing trends in a data time series (Libiseller and

Grimvall, 2002) and have been widely used in water quality studies

around the world (Oni et al., 2013; Worrall et al., 2004; Yenilmez

et al., 2011). The MKT test is a particularly useful tool in this study

due to its non-sensitivity to missing values and outliers, which are

frequently found in the Ontario PWQMN datasets, and its non-

sensitivity to autocorrelation in water quality data series. The MKT

test was initially conducted on an annual scale and was then applied

on a seasonal (salt: Oct-Apr; no-salt: May-Sep) scale usingmean values

of Cl− concentration. Statistical significance was evaluated at p b 0.05

for all analyses.
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3. Results and discussion

3.1. Inter-annual variability in watershed-scale chloride inputs, outputs

and retention

Inputs and outputs of Cl− varied inter-annually for all 11 study wa-

tersheds. Annual inputs of Cl− were consistently lowest in 2007 and

highest in 2008 (Fig. 2a). Annual outputs of Cl− were not consistently

ranked in the sameorder as Cl− inputs, for example, only 6 of the 11wa-

tersheds displayed the highest Cl− output in 2008 and 7 showed the

lowest Cl− output in 2007 (Fig. 2b). However, on an annual basis

there were clear correlations between Cl− inputs and outputs for all

years with Spearman's rho values ranging 0.855–0.927 (p b 0.05).

Across all watersheds and all years, annual Cl− retention (Cl− input –

Cl− output; expressed as a % of inputs) ranged from 33% to 94%

(Fig. 2c). The variance in annual Cl− retention values between years

within each watershed was between 9 and 27%; however, like the Cl−

outputs, the year with the highest Cl− retention was not consistent

across all watersheds (Fig. 2c). With only a maximum of 4 data points

per watershed, the relative range (range divided by mean) was used

to compare the inter-annual variability in Cl− inputs, outputs and reten-

tion (Fig. 2c). The mean relative range decreased from 1.02 for Cl− in-

puts to 0.56 for Cl− outputs to 0.23 for Cl− retention, suggesting a

dampening effect as Cl−moves through all the watersheds.

3.2. Drivers of watershed-scale chloride inputs

As expected given the approach for estimating watershed-scale Cl−

inputs, themean annualmass of Cl− applied to eachwatershed (Fig. 2a)

is highly dependent on the density of roadways in the watershed

(Fig. 3a). Once differences in application rates are accounted for, inter-

watershed differences in mean annual Cl− input reflect regional differ-

ences in meteorological conditions. In general, Cl− inputs are higher for

colder areas that receive more snowfall (Fig. 3b, c); however, it should

be noted that these relationships are only applicable to watersheds in

southern and south-central Ontario where straight rock salt and/or

brine is used for road de-icing. The relationships cannot be extrapolated

to watersheds farther north where temperatures are too cold for road

salt to be effective (and hence not applied).

It should also be noted that while we are very confident in our esti-

mates of Cl− inputs onto major highways managed by the MTO, we are

less confident with our estimates of Cl− inputs onto regional and

municipal roads because we did not have access to application rates

for individual salting events like we did from the MTO. In addition, our

estimates of Cl− inputs to private areas (e.g., parking lots) are based

on an empirical relationship between road density and parking lot

areas for only a subset of the watersheds we studied. Related research

has shown that this relationship is not consistent across regions with

different land uses (Lichtblau and Oswald, in review). Out of concern

Fig. 2. Annual (2007–2010) values of watershed-scale (a) Cl− inputs, (b) Cl− outputs and (c) Cl− retention. Note that Cl− inputs and outputs are normalized to the total lane-length (in

km) for each watershed. ‘+’ denote mean annual values.
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that wewould overestimate private salt inputs to our study watersheds

because of this variability, we applied a relatively ‘light’ salting rate;

however, based on what we know anecdotally about private salting be-

haviour in our study region, it is highly likely that our private Cl− inputs

are underestimated. It is critical that future research quantify the

variability in private salting rates and frequency to obtainmore accurate

estimates of watershed-scale road salt inputs.

3.3. Drivers of watershed-scale chloride retention

Previous studies focused on individual watersheds have shown that

between 28 and 77% of the Cl− applied as road salt is retained on an

annual basis (Howard and Haynes, 1993; Kelly et al., 2008; Meriano

et al., 2009; Novotny et al., 2009; Perera et al., 2010). The large range

in Cl− retention across watersheds could be due to several reasons:

(i) differences in how Cl− inputs are estimated in different studies

(e.g., inclusion, or not, of private road salt inputs), (ii) inter-annual var-

iability in meteorological and hydrological conditions that drive Cl− in-

puts and outputs, respectively, and (iii) differences in watershed

structure, land cover characteristics, and aquifer capacity and perme-

ability that influence the transit time of water and the timing and mag-

nitude of Cl− transport to the stream. In this study, we systematically

estimated annual watershed-scale Cl− inputs, outputs and retention

for a 4-year period for 11 watersheds spanning a gradient of urban

land cover and land use in a region where road salt is regularly applied

in wintertime to maintain safe driving conditions. Our approach is

unique in that we can examine the relationships between watershed

characteristics and Cl− retentionwithout the confounding effects of dif-

ferent Cl− input approaches and inter-annual variability inmeteorolog-

ical and hydrological conditions.

Across the 11 watersheds, we estimated mean annual Cl− retention

for the study period ranging from 40 to 90% (median value of 75%). Dif-

ferences in Cl− inputs (normalized for total lane-length in each water-

shed), due to varying meteorological conditions and management

decisions, only explain approximately 27% of the spatial variability in

watershed-scale Cl− retention with a 0.6% increase in Cl− retention

for every 1 t increase in Cl− input (Fig. 4a). This result suggests that dif-

ferences in Cl− retention across watersheds are not highly dependent

on the rate of road salt application in a watershed, but rather on under-

lying hydrological, geological, and/or biogeochemical processes that

control its movement from surface to stream. One limitation of this

study is that we are using overly simplistic representations of the flow

processes that move Cl− through watersheds, for example we do not

currently have information on themean transit times of ourwatersheds

that we could use as a predictor variable in our analysis. So, in the ab-

sence of explicit information on the transport processes occurring

across our study watersheds we examined the relationships between

various watershed structural variables (e.g., mean slope of watershed,

mean channel slope) and mean annual Cl− retention, but found that

none of the relationships were statistically significant. Interestingly,

the three watersheds with dominantly high permeability surficial geol-

ogy (see Table S1) were all at the high end of our mean annual Cl− re-

tention estimates. The low and low-medium permeability watersheds

were spread across our Cl− retention gradient. If surficial geology

were the sole driver of watershed Cl− retention, then it stands to reason

that permeability and watershed Cl− retention would be positively re-

lated, however, this is not what our data suggest. We then focused on

land cover characteristics as potential controls on Cl− retention and

found that lane-length density (r2 = 0.55; Fig. 4b) was a strong predic-

tor of the variation in Cl− retention across watersheds. Unexpectedly

though, road density and Cl− retention were negatively correlated.

We suggest twopossible explanations for this relationship: (1)more ur-

banized watersheds (i.e., ones with higher lane-length density) are

more likely to have their impervious surfaces directly connected to

the stream via storm sewers, thereby minimizing opportunities for

saline surface water to infiltrate into the ground and percolate to

groundwater and (2) more urbanized watersheds are more likely to

be approaching a steady-state in terms of Cl−movement through the

subsurface. Currently we do not have access to spatially explicit storm

sewer data for all 11 study watersheds to test the first hypothesis listed

above; however,we believe this line of inquiry is critical for understand-

ing the dominant transport processes that move Cl− from impervious

surfaces to the stream. With respect to the second hypothesis, we

strongly advocate for consistent monitoring of groundwater Cl− con-

centrations, especially in urbanizing watersheds, that could be used to

explore long-term trends.

Althoughmeanannual Cl− retentionwas strongly related to thepro-

portion of urban land cover in each watershed and overall lane-length

density, there was still considerable unexplained variability in Cl− re-

tention especially in the less urbanized watersheds. In the absence of

Fig. 3. Relationship across the eleven study watersheds between (a) mean annual Cl−

input (normalized to watershed area) and lane-length density; (b) mean annual Cl−

application rate and mean daily air temperature for the salting season, and (c) mean

annual Cl− application rate and mean annual snowfall. Mean air temperatures and

snowfall are calculated for the 4 year study period. Grey shading indicates the standard

error around the best fit regression line.
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mean transit time and storm sewer networkdata for eachwatershedwe

decided to examine the effect of urban land cover position on mean an-

nual Cl− retention.We expected that watersheds with urban land cover

distributed farther away from the stream outlet would result in

chloride-laden urban runoff travelling over a longer distance with

more potential for losses to groundwater via exchange in the stream

hyporheic zone. On its own we found that the relationship between

the skewness index of urban land cover andmean annual Cl− retention

was not statistically significant (Fig. 4c). However, when the urban land

cover skewness index was included in a multiple linear regression with

lane-length density, we were able to explain approximately 72% of the

variability in mean annual Cl− retention (Mean Annual Cl− Retention

(in %)=−1.51 Lane-LengthDensity (in kmkm−2)+39.6Urban Skew-

ness Index (unitless) +51.5; r2= 0.72; p b 0.05). The importance of the

urban skewness index in this relationship suggests that the transit time

of water from points of surface road salt application to the stream is an

important determinant of overall watershed-scale Cl− retention.

It is important to note that the Etobicoke Creek watershed is a con-

sistent outlier in all the above relationships. This may be a result of

not including the application of de-icing agents at the Pearson Interna-

tional Airport (we estimate that approximately 16 km2 of the airport

property overlaps with the Etobicoke Creek watershed, which repre-

sents 7.4% of the total watershed area) in our Cl− input estimates for

this watershed.

3.4. Long-term chloride concentration trends

Only 9 of the 11 study watersheds had sufficiently long stream Cl−

concentration datasets that could be used formean annual and seasonal

Cl− concentration trend analysis. Mann-Kendal trend tests indicated

significant increasing trends in mean annual stream Cl− concentrations

in 5 of the 9 streams (Pefferlaw Bk., Black R., Lovers Ck., East Holland R.,

and Don R.; Table 3). Two seasons (May – Sep: no road salt; Oct – Apr:

road salt) were used for a seasonal Mann Kendall test. During the road

salting season, 4 of the 9 streams had significant increasing trends in

Cl− concentrations (Pefferlaw Bk., Black R., Lovers Ck., and East Holland

R.; Table 3). During the non- road salt season 5 of the 9 watersheds had

increasing Cl− concentration trends (Pefferlaw Bk, Black R., Lovers Ck.,

East Holland R., and Don R.; Table 3). It is important to note that the

lack of an increasing trend in Cl− concentration should not be

interpreted as evidence that Cl− loading has not been elevated due to

de-icing activities. No trend in streamCl− concentrations could indicate

that Cl− inputs have remained stable over time due to no new urban

growth (e.g., in the highly urbanized Etobicoke Creek and Black Creek

watersheds) or a reduction in Cl inputs in response to urban growth

and growing awareness of the environmental impacts of road salt.

A recent study reported that long-term changes in stream Cl− con-

centration were significantly higher for more urbanized watersheds

(Stets et al., 2018); however, in this study correlations between current

lane-length density and the long-term rate of change in streamCl− con-

centrationwere negative, but not statistically significant, for salting sea-

son (Spearman's ρ=−0.200, p= 0.606) and there was no relationship

for the non-salting season. Exploration of the relationship between the

long-term rate of change in stream Cl− concentrations and the rate

of change in lane-length density (or urban land cover) over the same

period was beyond the scope of this study; however, we believe it is a

critical line of inquiry for future research. Our trend analysis may have

been limited by the relatively short PWQMN Cl− datasets available for

Hawkestone Ck. and Etobicoke Ck., which were the only two water-

sheds that showed decreasing trends across seasons.We also examined

the relationship between mean annual Cl− retention and the rate ofFig. 4. Relationship across the eleven study watersheds between mean annual Cl−

retention and (a) mean annual Cl− input (normalized to total lane-length per

watershed); (b) watershed lane-length density, and (c) the urban land cover skewness

index. Grey shading indicates the standard error around the best fit regression line

(when significant). Table 3

Summary statistics for the seasonalMann-Kendall trend analysis of stream Cl− concentra-

tions including rate of change in Cl− concentrations (mg L-1 y−1) and p-value.a

Watershed Period

Seasonal Trends

Annual TrendRoad Salt
(Oct–Apr)

No Road Salt
(May–Sept)

Beaver R. 1994–2013 1.4, p=0.34 1.0, p=0.14 1.4, p=0.17

Black R. 1993–2013 3.9, p<0.05 5.0, p<0.05 4.6, p<0.05

East Holland R. 1993–2013 2.8, p<0.05 3.3, p<0.05 3.5, p<0.05

Hawkestone Ck. 2005–2013 –0.62, p=0.53 –1.5, p=0.14 –1.7, p=0.09

Lovers Ck. 1993–2013 4.9, p<0.05 4.4, p<0.05 4.9, p<0.05

Pefferlaw Bk. 1993–2013 4.3, p<0.05 4.9, p<0.05 4.6, p<0.05

Grindstone Ck. Limited long–term data.

Redhill Ck. Limited long–term data.

Black Ck. 1993–2013 1.1, 0.25 1.0, p=0.30 1.3, p=0.20

Don R. 1993–2013 1.0, p=0.31 3.0, p<0.05 2.3, p<0.05

Etobicoke Ck. 2002–2013 –1.4, p=0.17 –0.69, p=0.49 –1.2, p=0.23

a Note that trend analysiswas only performed on 9 of the 11watersheds due to a lack of

long-term data for Grindstone Ck. and Redhill Ck. Shaded cells indicate that no significant

trend was found.
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change in stream Cl− concentrations. Given the negative relationship

noted above, we expected a positive relationship between Cl− retention

and changes in stream Cl−; however, in both seasons, the relationship

was positive, but not statistically significant (salting season: Spearman's

ρ= 0.583, p = 0.099; non-salting season: Spearman's ρ= 0.452, p =

0.222). Based on these results, the influence of land cover and the cur-

rent magnitude of watershed Cl− retention on stream Cl− trends is

still not clear.

3.5. Conceptual model of watershed chloride transport

Previous studies have shown a positive relationship between the ex-

tent of urban land cover in awatershed and average streamCl− concen-

trations (e.g., Betts et al., 2014; Corsi et al., 2015; Winter et al., 2011);

however, the results of our study show that this relationship does not

extend to the magnitude of Cl− retention in the watershed. Rather, an-

nual Cl− retention is higher for less urbanized watersheds. In many of

the rural and urbanizing watersheds we studied, extensive storm

sewer networks are not present and hence the directly connected im-

pervious area in the watershed is a relatively small proportion of the

total impervious area. Assuming that the movement of Cl− along sub-

surface pathways is a dominant factor contributing to long-term Cl− re-

tention, the extent to which meltwater and precipitation running off

impervious surfaces is able to infiltrate adjacent pervious surfaces (as

opposed to being piped directly to the stream) may be important to

consider in future studies.

Our study utilized a simple annual mass balance approach (Fig. 5a)

similar to previous studies (Godwin et al., 2003; Kelly et al., 2008) to ex-

plore the spatial variability in watershed-scale Cl−.

retention; however, the fractions of annual Cl− inputs that follow

slow subsurface pathways versus faster surface, or piped, pathways to

the stream are not specified. Hence, our approach to estimating Cl− in-

puts does not reflect empirical data on the proportion of total impervi-

ous area in a catchment that is directly connected to the stream. Also,

our study only considers Cl− inputs from road salt, but we realize that

this approach may not be appropriate for other regions where, for ex-

ample, road salt is not as ubiquitous and/or water softener usage is

more extensive. The expanded conceptual model in Fig. 5b still reflects

the need to consider all Cl− sources, but also includes representation of

the ‘flowpath division’ (i.e., slow subsurface pathways verses faster sur-

face pathways) that occurs at the surface depending on the extent of

storm sewer infrastructure. Previous studies focused on assessing the

vulnerability of municipal supply wells have explicitly considered

these pathways (Betts et al., 2015; Salek et al., 2018), however, mass

balance studies focused on untangling legacy Cl− effects from stream

Cl− dynamics have not. Our expanded conceptual model also goes be-

yond only considering subsurface storage of Cl− in groundwater to

also consider Cl− retention in soil water (Kincaid and Findlay, 2009),

the hyporheic zone and stormwater control features (Casey et al.,

2013; Snodgrass et al., 2017). New research that quantifies the magni-

tude and timing of Cl− retention and release from all these hydrologic

compartments is needed to develop a process-based understanding of

the spatial variability in watershed-scale Cl− retention and to predict

legacy Cl− effects on future stream Cl− export. This research should in-

clude analyses of the transit timeofwater through individual hydrologic

compartments and entire watersheds to better understand the range in

legacy Cl− effects across regions that receive road salt inputs.

4. Conclusions

The application of road salt tomaintain safewinter travel conditions

leads to the accumulation of Cl− in aquifers and elevated Cl−

Fig. 5. (a) Example of simple conceptual model of watershed Cl− sources, stores and pathways; (b) Expanded conceptual model of watershed Cl− sources, stores and pathways, which

differentiates road salt inputs to impervious areas that are not directly connected to the stream and hence move to the stream along subsurface flow pathways. The expanded model

also includes multiple potential compartments for Cl− retention. Dashed lines represent Cl− transport into and out of the subsurface through cracked pavement, leaky storm sewer

pipes and stormwater control measures (e.g., stormwater management ponds).
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concentrations in stream, rivers and lakes. Stream Cl− concentrations

typically correlate positively with indices of urbanization (e.g., road

density); however, it was previously unclear how landscape character-

istics influenced watershed Cl− retention. Accordingly, this study

sought to answer three inter-related research questions: (1) How spa-

tially and temporally variable is annual, watershed-scale Cl− retention

among watersheds spanning a gradient of urbanization? (2) Do water-

shed structural and/or land cover characteristics explain the spatial

variability in annual, watershed-scale Cl− retention? (3) Is there a rela-

tionship between the magnitude of watershed-scale Cl− retention and

the persistence of chronic stream Cl− concentrations into the growing

season? This research shows that spatial variability in annualwatershed

Cl− retention among watersheds is larger than inter-annual variability

for any individualwatershed.While thewatershed structural character-

istics that we examined did not significantly affect mean annual Cl− re-

tention, we found that the spatial distribution and extent of urban land

cover did. Interestingly, mean annual Cl− retention is largest for rural

watersheds and decreases steadily with an increase in urban land

cover and more Cl− is retained in watersheds with urban land cover

located more distant from the watershed outlet. While some of the

watersheds we studied showed long-term increasing Cl− trends in

both the salting and non-salting seasons, therewas no clear relationship

to urban land cover or Cl− retention. The results of this research suggest

that the hydrologic processes that transport Cl− from paved surfaces

to streams vary depending of the level and spatial distribution of

urbanization, and we hypothesize, the extent of impervious areas that

are directly connected to streams via storm sewer infrastructure.

While there is no doubt that the transit time of water through a water-

shed will influence the timing and magnitude of Cl− retention and

release, the locations where Cl− is applied, the manner in which these

locations are hydrologically connected to waterways and water bodies

(e.g., directly connected via storm sewer pipes, connected via ground-

water flow), and the timing of Cl− retention in different hydrologic

compartments (e.g., stormwatermanagement ponds) are critical pieces

of information to ascertain. Our conceptual model detailing these pro-

cesses and flow pathways, along with other potential stores of legacy

Cl−, provides a foundation for improving our understanding of, and

ability to model, watershed Cl− dynamics.
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