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Abstract Roads and highways play an important func-
tion in the human-dominated Earth landscape and
strongly affect the environment. Roadside ecosystems
receive a number of pollutants, including deicing salt
and inorganic nitrogen (N) from automobiles. We inves-
tigated how soil carbon (C) and N cycling were impact-
ed by the application of salt (NaCl) and nitrate (NO5 ) to
experimental plots in a field that is adjacent to Interstate
81, in Binghamton, NY. Experimental plots were con-
structed on two parallel transects; one was adjacent to
the highway (0-m) and the other 50 m away from the
highway (50-m). We hypothesized that the 0-m transect
was exposed to roadway-derived pollutants over a long-
term period of time, while the 50-m transect was ex-
posed to fewer pollutants due to its distance from the
road. Soils were collected in July and November 2011
and June and October 2012. Salt significantly decreased
the rates of soil C mineralization and in situ soil respi-
ration in both 0- and 50-m transects (p < 0.001), though
it did not discernibly affect the rates of N mineralization
or nitrification. Applications of NO3  had no significant
impact on soil C or N mineralization. The effects of
roadway pollutants were reflected in higher soil conduc-
tivities and pH at the 0-m transect. Under experimental
salt treatment, C mineralization was reduced by 75% in
the 50-m transect, compared to 20% reduction in the 0-
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m transect. We conclude that microbial communities
near roads might have evolved to better withstand the
impacts of roadway pollutants. Nevertheless, roads and
vehicle traffic have strong impacts on the environment,
and the application of road salt has important environ-
mental consequences.
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1 Introduction

Biogeochemical cycles in urbanized areas are impacted
in part by alterations to land cover, such as roads, and
changes to atmospheric chemistry, including chemicals
released from motor vehicles and roadways (Kaye et al.
2006). Roadways and vehicles can impact the ecosys-
tems adjacent to the roads. The impact of roadways and
vehicles on biogeochemical cycling has been of partic-
ular interest, since roadway expansion has accompanied
the growth of urban areas worldwide; in the USA alone,
there are over four million kilometers of roads (United
States Department of Transportation, 2013). Deicing
salt, inorganic nitrogen (N) from vehicle fuel combus-
tion, and metals released from vehicles and roads are
common chemicals that may enter ecosystems adjacent
to roadways (Bettez et al. 2013; Councell et al. 2004;
Findlay and Kelly 2011; Johansson et al. 2009). Over
time they accumulate in soils and can leach to water
resources, becoming detrimental to ecosystem function
and human health (Hjortenkrans et al. 2008). The impact
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of metals on roadside and urban soils has been well
documented, but research on the effects of deicing salt
and inorganic N on ecosystem processes is limited (Fay
and Shi 2012; Green and Cresser 2008; Pouyat et al.
2010).

Deicing road salt is a common traffic-related pollut-
ant in temperate climates, where it is critical to maintain
road safety during winter months (Fay and Shi 2012).
Commonly used deicing salt is sodium chloride (NaCl)
because of its relatively low cost, and road salt use has
increased dramatically since 1950 (Fay and Shi 2012).
Salt is highly soluble and usually enters ecosystems in
runoff (Davidson et al. 2009). Roadside soils have been
found to have salt concentrations that correlate positive-
ly with the rate of salt application (Fay and Shi 2012;
Findlay and Kelly 2011). In soils, high salt concentra-
tions can impact microbial communities that mediate
carbon (C) and N cycling, thus altering biogeochemical
cycling in areas adjacent to roadways (Fay and Shi
2012; Green and Cresser 2008; McCormick and Wolfe
1980). Salt deposition can also affect plant growth, plant
community structure, and animal habitat (Bryson and
Barker 2002; Fay and Shi 2012; Green and Cresser
2008; Heintzman et al. 2015). Deicing road salt was
widely thought to be quickly “flushed-out” of soils and
groundwater, but this view has been challenged by a
number of recent studies that suggest a large proportion
of it is retained in watersheds (Cunningham et al. 2008;
Kelly et al. 2008; Kincaid and Findlay 2009). For ex-
ample, Kelly et al. (2008) showed a doubling in con-
centration of salt in a rural watershed in the Dutchess
County, NY. This increase was not accompanied by an
increase in salt loads, road density or population density,
indicating salt had been retained within the watershed,
in soils, groundwater or both (Kelly et al. 2008).
Kaushal et al. (2005) found that impervious surface
cover in Baltimore, MD, was strongly correlated to the
chloride (Cl ) increases in urban and suburban streams.
Elevated urban and suburban stream CI™ concentrations
were observed in winter months, and persisted in the
spring, summer and fall (Kaushal et al. 2005). Year-
round elevation of CI” suggested that salt contamination
had spread to groundwater (Kaushal et al. 2005, Craig
and Zhu unpublished data). Because road networks are
widespread and road salt applications are yearly events,
roadside ecosystems could be critically altered by
deicing salt.

In addition to road salt, inorganic N is a major traffic-
related pollutant. Fossil fuel combustion in motor

@ Springer

vehicles releases inorganic N in the form of nitrogen
oxides (NO,) and ammonia (NH3), where it enters pre-
cipitation and runs off to roadsides and streams. The
high temperatures generated by combustion cause atmo-
spheric N, and O, to split; N and O then react to form
NO and NO, (NOy) (Abdel-Rahman 1998). Three-way
catalytic converters remove NO, by reduction to No—
however “over-reduction” also occurs, resulting in the
release of NH; (Heeb et al. 2006). These processes
result in higher automobile-sourced fluxes of NO, and
NHj; near roadways, which are highly reactive forms of
N (Cape et al. 2004; Redling et al. 2013). Atmospheric
NOy is converted to nitrate (NO5z ), and combustion-
derived atmospheric NO, concentrations have been
found to correlate with higher NO;  concentrations in
precipitation (Butler et al. 2003). Atmospheric NHj; is
converted to ammonium (NH4"), which becomes an
important component of wet deposition (Asman et al.
1998; Lovett et al. 2000). Consequently, roadsides have
elevated NH;* and NO; ™ inputs, making these areas
“hot spots” of N deposition (Bettez et al. 2013;
Padgett et al. 1999).

Greater N deposition could increase N availability in
soils, which can then affect the structure and function of
plant and microbial communities (Compton et al. 2004;
Magill etal. 1997). Nitrogen deposition is a contributing
factor to higher rates of N mineralization and nitrifica-
tion in urban soils (Pouyat and Turechek 2001; Zhu and
Carreiro 2004). Magill et al. (1997) found greater rates
of nitrification and N mineralization, along with greater
fluxes of N,O, a potent greenhouse gas, in plots with
experimental N deposition. Elevated inputs of inorganic
N can also stimulate plant growth, and may change plant
community structure (Angold, 1997; Bignal etal. 2007).
Besides biological uptake and loss via denitrification,
NO;  is highly soluble and is readily leached from soil,
especially during storm events.

Metals released from roadway activities have been
recognized as a major threat to ecosystem health, and
much of the research on roadside biogeochemistry has
been focused on metal contamination (Pouyat et al.
2010; Yesilonis et al. 2008). Less is known about the
effects of road salt and N on roadside ecosystem pro-
cesses. Since roadways are inescapable fixtures of urban
and suburban landscapes, understanding the impacts of
these pollutants is crucial to mitigate their potential
problems. This study investigates the effects of common
roadside pollutants in an ecosystem adjacent to a major
highway. Salt and N were experimentally applied to
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plots during the growing seasons from 2010 to 2012 to
determine whether they affected net N mineralization,
nitrification, C mineralization, and soil respiration in
roadside soils. We established two transects and com-
pared soils adjacent to the highway (0-m) that had been
exposed to road pollutants for decades with soils away
from the road (50-m) that had received less exposure.
We hypothesized that (1) soils receiving experimental
salt input would have lower rates of nitrification, N
mineralization, and C mineralization; and (2) soils re-
ceiving experimental N input would have higher rates of
nitrification and N mineralization. Further, we predicted
that (3) long-term exposure to pollutants at the transect
adjacent to the road (0-m) would cause soils to have
lower rates of nitrification, N mineralization and C
mineralization compared to those away from the road
(50-m); and (4) soils from the 0-m transect and 50-m
transect would respond differently to the experimental
salt and N inputs. Preliminary data from 2010 (after a 5-
month manipulative experiment) have been reported in
Scott et al. (2011). The 2011 and 2012 results (years 2
and 3 of this 3-year study) are presented here.

2 Material and Methods
2.1 Study Site

The study was conducted in Binghamton, NY (42.1' N,
75.92' W) at a field site alongside Interstate Highway 81

Fig. 1 Field site adjacent to
Interstate 81, Binghamton, NY,
showing experimental setup.
Plots received experimental
treatments randomly at both 0-
and 50-m transects. See “Material
and Methods” for details

(I-81). Interstate-81 stretches from Tennessee to the
Canadian border, passing through Binghamton, NY, a
metropolitan area with a population of about 260,000.
This portion of the interstate was built in the 1960°s and
has an average daily traffic flow of approximately
70,000 automobiles (New York State Department of
Transportation, 2010). The study site is an open field
located southeast of the northbound lane of I-81 that is
dominated by Solidago canadensis and Lythrum
salicaria. The area has a temperate climate, receiving a
yearly average rainfall of about 100 cm. The experiment
was initiated in June, 2010 and continued through Oc-
tober 2012. In 2011, the average temperature was
8.83 °C, and the precipitation was 172.85 cm. Precipi-
tation in 2011 was much higher than the average, partly
due to the Tropical Storm Lee passing over Binghamton
in September. In 2012, the average temperature was
9.67 °C and the precipitation was 99.92 c¢cm, which is
typical for the area.

2.2 Experimental Design

Experimental plots were constructed in a blocked
factorial design on two 90-m-long transects that were
parallel to I-81 (Fig. 1). One transect was at the base
of the highway bank (0-m transect), and the other was
50 m away from the highway (50-m transect). Six
positions were randomly selected every 15 m on each
transect with distance between any two positions no
less than 5 m; at each position, we made three
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adjacent 1 m> sub-plots. Treatments of NaCl, NaNOs,
and a water control were chosen randomly and ap-
plied to the sub-plots (Fig. 1). The 0-m transect has
been exposed to roadside pollutants over a long peri-
od of time, while the 50-m transect is likely exposed
to fewer pollutants. Thus, the experiment design al-
lows us to test both the long-term effects of exposure
to roadside pollutants and short-term effects of exper-
imental salt and N inputs. The plots were treated on a
bi-weekly (every other week) basis for 5 months of
the growing season in 2010 (June—October) and
6 months in 2011 and 2012 (May—October). In 2011
and 2012, salt-treated plots received 337.2 gm % Na*
and 520.0 gm 2 Cl~ for the year, while N-treated plots
received 5.18 gm > N and 8.5 g m > Na* for the year.
The Na* contained in the N treatment was a by-
product unlikely to affect the N and C mineralization
(it was just 2.5% of that in the salt treatment). Nitro-
gen deposition in the Northeast USA is approximately
lg m 2 year ! (Aber et al. 2003). The N concentra-
tions for this study were therefore experimentally
elevated over background N deposition levels, reflec-
tive of deposition in larger metropolitan areas and
near roadways. The salt concentrations were similar
to amounts reported in previous research on deicing
salt deposition studies (Blomqvist and Johansson
1999; Lundmark and Olofsson 2007).

Soils were collected on July 26 and November 8§,
2011, and June 21 and October 25, 2012. There was a
highway expansion project for [-81 starting in July 2012
which destroyed the 0-m transect, so subsequent data
from October 2012 sampling were for 50-m transect
only. Soil cores 5 cm in diameter and 15 cm in length
were collected and immediately transported to the lab in
a cooler. They were stored in a 4 °C cold room until
processing, which occurred within 24-72 h of collec-
tion. Cores were separated into depths of 0-5 and 5—
15 cm and were sieved through 4 mm sieves, removing
roots and large debris.

2.3 Soil Chemistry, Net N Mineralization, Nitrification,
and Carbon Mineralization

Soils were prepared for determining initial NH," and
NO;  concentrations by extracting 15 g freshly sieved
soil with 50 mL 1 M KCl solution. This was followed by
analyses on a Lachat Analyzer. Soil extracts were fil-
tered through Whatman 40 filter papers, acidified with
6 N HCI and stored in cold room (4 °C) until analysis.
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Concentrations of NH;* and NO;~ were quantified
using a Lachat QuickChem 8000 Flow Injection Ana-
lyzer (Lachat Instruments, Milwaukee, WI). To deter-
mine percent soil moisture, soil samples were dried at
60 °C for 72 h. Percent organic matter was calculated
using the loss-on-ignition method where samples were
combusted in a muffle furnace at 550 °C for 2 h. Soil
slurries (10 g air-dried soil mixed with 20 mL Nanopure
water) were used to measure pH (Orion PerpHecT Log
R Meter, Model 350) and conductivity (Omega Model
CDH-42 Conductance/TDS Meter).

Rates of net N mineralization and net nitrification
were measured using 28-day lab incubations. For the
incubations, 15 g of freshly sieved soil were weighed
into 125-mL glass Wheaton bottles. They were kept at
constant room temperature (22 °C), and water was
added weekly to maintain constant soil moisture. After
the incubation, soils were extracted with 50 mL 1 M
KCI solution. Soil concentrations of NH,* and NO5~
were also quantified before the incubation (see above)
and the differences before and after the incubation were
used to calculate the rates of net N mineralization and
net nitrification.

Rates of carbon dioxide (CO,) flux from sieved 0—
5 c¢m soils were measured in the lab in 2011. Soils were
incubated in 125 mL glass Wheaton bottles. Using
syringes with three-way stoppers, a 20 mL gas sample
was collected from each bottle at time 0. After incuba-
tion for 4 h, another 20 mL gas sample was taken from
the bottle. The difference of CO, concentrations was
used to calculate the rates of C mineralization. A
Shimadzu Gas Chromatograph (GC 14-A) equipped
with a thermal conductivity detector (TCD) was used
for the CO, measurement. Gas samples were analyzed
within 10 h of collection. A pilot study determined that
the syringes retained the gas samples for this period of
time.

2.4 In Situ Soil Respiration

In 2012, we measured in situ rate of soil respiration.
Collars of white PVC pipe were permanently installed in
each of the sub-plots. Initial gas samples were taken
immediately after the caps were secured and were
followed with another sampling after 60 min to yield a
1-h incubation. Twenty milliliters of gas sample was
taken using syringes with a three-way stopper. Gas
samples were immediately transported back to the lab
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and analyzed using the Shimadzu GC as described
above.

2.5 2.6 Data Analysis

The results of the experimental treatments at each of the
transect (0- and 50-m) were analyzed using a blocked
ANOVA looking at treatments (Control, N- and salt
treatments). We also used a two-way ANOVA (not-
blocked) to examine the (long-term) transect difference
and the potential interactions with the (short-term) ex-
perimental treatments. Data normality and homoscedas-
ticity were examined following each ANOVA analysis.
Where there were differences between treatments,
Tukey’s HSD (honest significant difference) test was
used for posteriori analysis. Statistical analyses were
computed using the R Statistical program (R Core
Team 2016). Statistically significant results were report-
ed when p <0.05. Data means are presented + one
standard error (SE).

3 Results

3.1 Rates of Net N Mineralization, Nitrification, and C
Mineralization

Experimental treatment with salt and NO3™ did not
discernably impact the rates of net N mineralization
and nitrification in Year 2011 and 2012, at either 0- or
50-m transect. Net N mineralization and nitrification
rates also did not differ significantly between the two
transects in July or Nov 2011 (Table 1). In June 2012,
the N rates were significantly elevated at the 0-m transect
(p=0.002); for the 0—5 cm soils, net N mineralization
rates were about four times higher and nitrification rates
were about three times higher compared to the soils from
50-m transect, although no difference was found in the
5-15 cm soils (Table 1). At the 0-m transect, nitrification
and N mineralization rates were significantly lower in 5—
15 cm soils compared to 0—5 cm soils in July 2011(p =
0.02) and June 2012 (p<0.001). In November 2011,
nitrification rates were significantly higher (p =0.03) in

Table 1 Soil net N mineralization rates and net nitrification rates (mg N kg~ ' soil day ', lab incubation) at the 0- and 50-m transect:

(a) 0-5 cm soils, (b) 5-15 cm soils

(a) 0-m 50-m

Net mineralization Control N Salt Control N Salt

July 2011 049+0.25 0.28+0.13 0.56+0.23 0.49+0.20 0.51+0.17 0.87+0.12
November 2011 0.194£0.20 0.31+0.19 0.35+£0.21 0.21+0.16 0.34+0.14 0.40+0.18
June 2012 1.194+0.16 1.40+0.32 1.24+0.47 0.05+0.41 -0.02+0.31 0.86+0.29
October 2012 n/a n/a n/a —0.14+0.05 —0.19+0.03 —0.07+0.03
Nitrification Control N Salt Control N Salt

July 2011 0.51+£0.25 0.30+0.13 0.59+0.23 0.50+0.20 0.54+0.18 0.66+0.19
November 2011 0.28+0.15 0.40+0.19 0.51+0.21 0.34+0.19 0.48+0.17 0.53+0.18
June 2012 1.34+0.16 1.56+0.32 1.37+0.47 0.16+0.42 0.10+0.31 1.07+0.35
October 2012 n/a n/a n/a -0.02+0.05 —0.06+0.03 —0.03+0.02
(b) 0-m 50-m

Net mineralization Control N Salt Control N Salt

July 2011 0.12+0.02 0.17+0.07 0.10+0.08 0.15+0.04 0.11£0.03 0.22+0.06
November 2011 0.18+0.05 0.16+0.03 0.10+0.04 0.24+0.07 0.26+0.09 0.20+0.04
June 2012 0.24+0.04 0.16+0.08 0.09+0.09 0.32+0.04 0.24+0.03 0.23+0.05
October 2012 n/a n/a n/a —0.05+0.00 -0.01+0.03 —0.04+0.01
Nitrification Control N Salt Control N Salt

July 2011 0.154+0.02 0.22+0.09 0.16+0.06 0.20+0.04 0.16+0.35 0.21+0.07
November 2011 021+0.04 0.21+0.04 0.16+0.04 0.32+0.08 0.36+0.10 0.24+0.04
June 2012 0.33+£0.05 0.23+0.07 0.17+0.09 0.34+0.04 0.26+0.03 0.23+0.04
October 2012 n/a n/a n/a —0.001+£0.01 0.04 +0.04 0.01+0.01
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0-5 cm soils but mineralization rates did not differ
between layers (p > 0.05) (Table 1). At the 50-m transect,
rates of nitrification and N mineralization differed be-
tween two depths only in July 2011 (p < 0.001).

Potential C mineralization was quantified in July and
November 2011 by incubating 0-5 c¢m soils in the lab.
The salt-treated soils had significantly lower C minerali-
zation rates (p < 0.001, Fig. 2), while NO;™ treatment had
no effect. Furthermore, the salt-treatment effect on C
mineralization was more drastic in soils collected from
the 50-m transect than from the 0-m transect. In July 2011,
rates of C mineralization under salt treatment were 1.34 +
0.08 g CO,-C g ' h™! of the 0-m transect soil and 0.83 +
0.08 g CO»-C g ' h'! of the 50-m transect soil. In the
control plots, they were 1.54+0.08 and 1.58 £0.08 g
CO,-C g ' h™" of the 0- and 50-m transect soils, respec-
tively, and in N-treated plots, 1.55+0.10 and 1.52+
0.08 pg CO,-C g ' h™', respectively. Salt-treated soils
from Nov 2011 had rates of C mineralization that were
1.72£0.06 ug CO»-C g ' h'! at the 0-m transect, and
1.38+£0.07 pg CO,-C g ' h™! at the 50-m transect. Rates
of C mineralization in control soils were 2.15+0.15 and
1.93+0.08 p1g CO,-C g ' h™" at the 0-m transect and 50-
m transect, respectively, and 1.92+0.14 and 1.99+
0.10 ug CO,-C g ' h™" in N-treated soils. Compared to
the controls, C mineralization rates in salt-treated soils
were approximately 13% lower at the 0-m transect and
48% lower at the 50-m transect in July 2011, and were
about 20% lower at the 0-m transect and 28% lower at the
50-m transect in Nov 2011 (Fig. 2).

2.5

2.0
Aa Aa Aa Aa

Bb

pg CO,-C g'h'
=

0.5

3.2 Soil Chemistry

Neither soil NH;* nor NO5~ concentrations were im-
pacted by salt and NO;  experimental treatments, with
the exception of NO3 which was significantly higher in
salt-treated plots compared to the controls in July 2011
(p=0.02). There were also no differences in NH4* or
NO;  between the two transects in July and Nov 2011.
In 2011, soil inorganic N was dominated by NH4". In
0—5 cm soils, inorganic N were 4.12+0.63 mg kg’
for NH4* and 1.92+0.25 mg kg™’ for NO; ™ in Ju-
ly 2011, and 7.48+0.45 mg kg ' NH,*and 2.05+
0.30 mg kg ' NO;~ in Nov 2011 (Fig. 3a). In
June 2012, concentrations of NO3~ were considerably
higher than NH,*, and higher than in other sampling
times. In June 2012, soil NO3  concentrations in 0—
5 cm soils were significantly higher at the 0-m (35.66
£2.20 mg kg~ ') than at the 50-m (29.40 =
3.47 mg kg ") transect (p = 0.04), whereas NH,* con-
centrations did not differ between the transects (0-m,
6.04+0.524 mg kg '; 50-m, 4.56+1.02 mg kg ';
p>0.05). The 5-15-cm layer had significantly lower
NH,* concentrations than in 0—5 cm soils in all four
sampling dates (p < 0.001 except June 2012 when p =
0.003), while NO3 concentrations were significantly
lower only in June 2012 (p =0.005, Fig. 3b).

The electrical conductivities of soils were elevated
under experimental salt treatment in both transects in
July 2011 (p <0.001), November 2011 (p <0.001), and
June 2012 (p=0.004), and the only exception was in

Aa Aa
1 Aa Aa
Ab

I 1 I

Bb

0.0

Control N Salt Control N Salt

0-meter 50-meter

July 2011

Fig. 2 Carbon mineralization rates from soils collected in July
and November 2011, based on the lab incubation. Different capital
letters indicate significant differences between the transects, while
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Fig. 3 Extractable soil NH," and NO;~ concentrations at 0- and
50-m transects in July and November 2011, and June and October
2012: a 0-5 cm layer, b 5-15 cm layer. Different capital letters

October 2012 (p = 0.66) when just the 50-m transect was
sampled (Table 2). Between the transects, in sub-plots not
receiving experimental salt input (control and N plots),
conductivities were significantly higher at the 0-m than at
50-m transect in July 2011 and June 2012 (p = 0.003
and p =0.001, respectively) for both 0—5 ¢cm and 5—
15 cm soils, and in November 2011 higher for 5—
15 cm soils only (p <0.001). Salt treatment also in-
creased soil conductivities significantly more in the
0-5-cm layer than 5—15-cm layer at all sampling dates
(» <0.001), at both 0- and 50-m transects.

Soil pH was significantly lower in salt-treated soils
compared to controls in July 2011 (p=0.02) and
June 2012 (p =0.02), but not in Nov 2011 or Oct 2012
(p>0.05). Soil pH was not measurably impacted by
treatment with NO;™ (p > 0.05) (Table 2). Soil pH was
generally higher at the 0-m transect (Table 2). There was
a significant transect difference in 05 cm soils from
June 2012 (p < 0.001), and 5-15 cm soils from July 2011
(p<0.001), and June 2012 (p <0.001). Soil pH was

indicate significant differences between the transects, while non-
capital letters indicate differences among the treatments (Control,
N, and Salt)

somewhat higher in 5-15 cm soils than 0—5 cm soils,
and the difference was significant in June 2012 at both
the 0-m (p <0.001) and 50-m (p = 0.003) transects.

Soil moisture was not affected by NO;3  treatment
(p>0.05) but was significantly higher under experimen-
tal salt treatment compared to N and control sub-plots in
July 2011, at the 0-m (p<0.001) and 50-m transects
(p<0.001) (Table 2). In the 0-5-cm layer, soil was
wetter at the 0-m transect than at the 50-m transect in
July 2011 (p=0.001), November 2011 (p=0.02), and
June 2012 (p=0.001). In the 5-15-cm layer, soil mois-
ture did not differ between the transects.

Soil organic matter content was not affected by the
experimental treatments with salt and NOs~ (Table 2).
However, organic matter of 0—5 cm soils was significantly
higher at the 0-m transect than at the 50-m transect in
July 2011 (p=0.001), November 2011 (p=0.01), and
June 2012 (p <0.001). Soil organic matter content aver-
aged 9.04+£0.20 and 8.10+£0.14% at the 0- and 50-m
transects, respectively, in July 2011, 9.56+0.31 and 8.65
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Table 2 Conductivity (1S cm "), pH, percent soil moisture, and organic matter of (a) 0-5 cm soils and (b) 5—15 cm soils collected in 2011

and 2012

(a) 0-m 50-m

Conductivity Control N Salt Control N Salt

July 2011 391 +87 331+91 3034+122 146 +£20 143 +£20 2688 + 154
November 2011 251+44 308 +84 695+89 384+129 275+104 744 + 64
June 2012 427 +27 632+ 84 1349 +289 235+21 221+24 863 +159
October 2012 n/a n/a n/a 313+60 328+45 386 +69
pH Control N Salt Control N Salt

July 2011 7.76 £0.09 7.33+£0.32 7.00+0.09 6.44+0.33 6.35+0.11 5.92+0.05
November 2011 7.58+0.70 7.10+£0.33 721+0.14 7.17+0.25 6.95+0.37 6.98+0.23
June 2012 7.16+0.09 7.00+0.19 6.76+£0.16 6.11+0.21 6.07+0.10 5.87+0.08
October 2012 n/a n/a n/a 6.00+0.21 596+0.13 6.32+0.16
Moisture Control N Salt Control N Salt

July 2011 27.68+£0.49 30.14£2.03 3528+2.45 23.51+1.64 24.01+£1.04 28.83+2.08
November 2011 61.18+£7.32 52.40+2.69 61.06+4.30 50.65+2.41 49.03£3.56 48.58£2.89
June 2012 50.14+1.87 53.52+0.93 52.41+2.32 42.61+3.20 39.88 +4.60 4543 +2.88
October 2012 n/a n/a n/a 56.53+4.57 52.28+5.27 56.67+5.13
Organic matter Control N Salt Control N Salt

July 2011 9.08+0.54 8.61+0.23 9.42+0.30 8.20+0.24 8.02+0.30 8.07+0.20
November 2011 9.99+0.58 8.74+0.41 9.95+0.53 8.77+0.22 8.72+0.33 8A7+0.16
June 2012 8.72+0.14 9.80+0.09 9.85+0.59 7.91+0.31 7.88+£0.37 8.52+0.42
October 2012 n/a n/a n/a 8.49+£0.37 7.84+0.26 7.89+0.29
(b) 0-m 50-m

Conductivity Control N Conductivity Control N Conductivity
July 2011 325+96 425+138 810+163 98+9 95+11 880+132
November 2011 201 +£22 195 +47 336+29 113+£15 104+12 410+ 109
June 2012 218 £2C 244 £45 308 +49 133+ 14 138+ 12 218 +40
October 2012 n/a n/a n/a 254+31 230+£25 410£81

pH Control N Salt Control N Salt
July2011 7.57+0.21 7.40+0.24 7.34+0.15 6.59+0.12 6.53+0.10 7.33+0.15
November 2011 7.82+0.12 7.46+0.25 7.53+0.18 6.64+0.15 6.47+0.15 6.37+0.10
June 2012 7.46+0.14 7.34+0.17 7.19+£0.21 6.37+0.20 6.20+0.13 6.23+£0.40
October 2012 n/a n/a n/a 6.18+£0.15 6.12+0.12 6.30+0.06
Moisture Control N Salt Control N Salt

July 2011 16.45+1.24 17.82+1.84 23.52£1.70 18.12+1.86 13.55+1.10 20.97+1.21
November 2011 32.43+£2.30 30.43+£1.17 31.83+£1.20 34.63+£1.95 30.73+£1.72 31.66+1.44
June 2012 29.26+0.85 30.11+£1.89 29.84+1.84 32.07+2.05 30.12£2.62 32.59+1.00
October 2012 n/a n/a n/a 39.95+2.47 37.63+2.54 36.98£2.08
Organic matter Control N Salt Control N Salt

July 2011 4.94+0.35 5.31+0.35 527+0.19 7.51+2.01 5.19+0.26 5.17+0.19
November 2011 5.47+0.20 5.33+0.30 5.53+£0.28 5.95+0.21 532+0.16 5.33+0.17
June 2012 5.08+0.22 5.34+0.45 535+0.37 5.54+0.15 5.54+0.24 541+0.11
October 2012 n/a n/a n/a 5.4140.30 5.44+0.30 5.87+0.30
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+0.14% in November 2011, and 9.46+0.23 and 8.10+
0.21% in June 2012. It was 8.07 =0.18% in October 2012
(at 50-m transect only). In the 5-15-cm layer, soil organic
matter did not differ between two transects (p > 0.05),
averaged 5.57+0.39, 549+0.10, and 5.35+0.11% in
July 2011, November 2011, and June 2012, respectively.
It was 5.24 £0.18% in October 2012 (at the 50-m transect
only).

3.3 Soil Respiration

In situ soil respiration was measured from June through
October 2012. The soil respiration data, which included
both heterotrophic microbial respiration and plant root
respiration, were from the 50-m transect only because
the 0-m transect was lost due to highway expansion (see
“Material and Methods”). Experimental salt input sig-
nificantly lowed soil respiration (p < 0.001, Fig. 4). Soil
respiration from salt-treated plots was 160+25 mg
CO,-C m 2 day ', while it averaged 243 +39 mg
CO,-C m ? day ' in N-treated plots, and 234 + 38 mg
CO,-C m % day ' from the control. Soil respiration was
generally higher when temperatures were warmer in the
summer (June, July, and August, except the July 2 sam-
pling) and lower in the fall (Fig. 4).

4 Discussion

We measured rates of C and N cycling, and common
chemistry characteristics of soils from a roadside eco-
system. In this study, plots were experimentally treated
with roadside pollutants of salt and NO; ™ to quantify the
impacts of treatment exposure. Plots were treated on two
transects: the 0-m transect immediately adjacent to the
highway and the 50-m transect 50 m away from the
highway, to explore the long-term road impacts. We did
not find evidences of experimental nitrate treatment or
long-term exposure to roadside pollutants on rates of N
cycling, or extractable soil NH," or NO3™; however,
there were measurable impacts of salt treatments on C
mineralization, soil respiration and conductivities on
soils in this roadside ecosystem.

4.1 Negative Impacts of Road Salt on Soil Carbon
Mineralization, Soil Chemistry, and Soil Respiration

Road salt application can have major impact on roadside
ecosystems. We found that rates of C mineralization were

significantly lower in salt-treated experimental plots at
both transects, which supported our hypothesis that salt
inputs would negatively impact the soil microbial com-
munities. However, in controls and N-treated plots, C
mineralization rates did not differ between the 0-m and
50-m transects. We further found the reduction in C
mineralization was more evident at the 50-m transect
compared to the 0-m transect. Salt-treated soils had 38%
less C mineralization at the 50-m transect than the 0-m
transect in July 2011, while there was 19% less C miner-
alization at the 50-m transect in November 2011. This
different impact could be due to different soil moisture and
organic matter conditions between the two transects,
which have been shown to affect soil microbial respiration
(Bowden et al. 1998; Fierer et al. 2003). Or likely, soil
microbial communities near the road may have evolved to
be more resilient to the impacts of road salt, and other
pollutants including inorganic N and metals.

In temperate climates where the use of deicing salt is
common, it can accumulate in soils alongside roads
(Bryson and Barker 2002; Cunningham et al. 2008;
Findlay and Kelly 2011; Kincaid and Findlay 2009).
Exposure to deicing salt alters the trajectories of road-
side ecosystems by affecting soil processes and plant
growth (Green and Cresser 2008; Green et al. 2008;
Heintzman et al. 2015). Deicing salt has been shown
to inhibit rates of nitrification and N mineralization. For
example, McCormick and Wolfe (1980) showed that
treatment of soils with salt inhibited rates of lab-
measured nitrification and N mineralization. They also
reported reduced CO, emission from salt-treated soils,
similar to what we reported in this paper. Contrarily,
Green and Cresser (2008) found that salt-impacted road-
sides had higher rates of nitrification and N mineraliza-
tion. The soils from the Green and Cresser’s study also
had higher pH measurements, possibly due to displace-
ment of ions with Na*, and the higher pH might have
stimulated rates of nitrification and N mineralization. In
our study, we used both experimental salt treatment and
compared transect difference related to the long-term
road exposure, but we did not find any difference in
nitrification or N mineralization rates (Table 1). Besides
microbial communities, salt accumulation in soils neg-
atively affects plant communities; another experiment at
this site linked reduced plant growth in soils collected
from the 0-m transect to plant tissue Na* concentrations
and soil Cl concentrations, indicating impacts of
deicing salt (Heintzman et al. 2015). Both soil microbial
community and plant community can develop resistance
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Fig. 4 In situ soil respiration rates (CO,-C mg m? day_l) and soil temperature (°C) from June to October 2012, in the 50-m transect

experimental plots only

to road pollutants; Brady et al. (2017) recently reviewed
the evidence and called for more studies on the evolu-
tion of organism tolerance to the changing chemical
environment.

The conductivities of salt-treated soils were all sig-
nificantly elevated above control and N -treated soils,
and were higher at the 0-m transect. Previous research
on the fate of deicing salt has suggested that the majority
of'it ends up within 10 m of the roadside (Lundmark and
Olofsson 2007). Conductivities were also significantly
higher in 0-5 cm soils compared to 5-15 cm soils,
suggesting retention of road salt in the upper layer of
soil even after precipitation and leaching. Conductivities
of salt-treated soils were generally higher in July 2011
and June 2012 compared to November 2011 and Octo-
ber 2012, which may have been due to less precipitation
and infiltration of salt prior to the soil collections in
summer months.

Soil pH did not significantly differ between treat-
ments, and soil pH was found to be generally higher at
the 0-m transect compared to the 50-m transect. Green
and Cresser (2008) provide evidence that salt in road-
side soil can raise pH due to Na® occupying more
exchange sites in the soil. Although in our study, we
did not find higher pH in salt-treated soils, the long-term
impacts of repeated road-salting could have caused Na*
to displace other cations in the soil, increasing pH.
However, we do not currently have experimental data
to support that notion.

We found significant experimental evidence that salt
treatment negatively impacted soil in situ CO, fluxes
measured in 2012, a result in line with the lab-measured
soil C mineralization in 2011. At the 50-m transect,
emissions of CO,-C were 33% lower than emissions

@ Springer

from N-treated and control soils. Only 2 days (June 22
and July 2) of gas sampling were completed before the
0-m transect was lost to demolition for expansion of
[-81. From the 2 days of data we obtained, CO,-C
emissions were 22% lower from salt-treated soils than
from N-treated and control soils at the 0-m transect, a
lesser reduction compared to the 50-m transect. Addi-
tionally, CO,-C fluxes were generally higher during
summer months when ambient temperatures were
higher; this was expected since microbial activity tends
to be elevated by warmer temperatures (Bowden et al.
1998; Fierer et al. 2003; Mo et al. 2007).

4.2 Limited Impacts of Nitrate Addition on Soil Net
Nitrification and N Mineralization Rates

We hypothesized that N treatments would increase rates
of nitrification and N mineralization because it is typi-
cally a limiting nutrient in terrestrial ecosystems. We
found no treatment effect in this study. Nitrogen appli-
cations have been reported as stimulating to soil micro-
bial communities, increasing their rates of nitrification
and N mineralization, and elevating available soil N
(Magill et al. 2000; Phoenix et al. 2012; Pouyat and
Turechek 2001). For example, in the Harvard Forest,
MA, Magill et al. (2000) found that N additions of low
(5 gm ? year ') and high (15 g m ? year ') contents
increased rates of N mineralization, and high N input
(15 g m % year ') increased rates of nitrification of soils
in pine and hardwood stands. Pouyat and Turechek
(2001) compared rates of nitrification and N minerali-
zation in urban, suburban and rural soils. They showed
that with more mineralizable N in the top 10 cm of
suburban and urban soils, rates of both nitrification
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and N mineralization were higher than in reference rural
sites (Pouyat and Turechek 2001). However, in our
experiment, we did not observe changes in rates of
nitrification or N mineralization in N-treated plots, and
our experimental treatments of N may have been too
low (or for too short a time) to have a discernable
impact.

Heavily trafficked roads have been reported to have
high fluxes of N from automobiles (Bettez et al. 2013;
Padgett et al. 1999). We assumed the plots at the 0-m
transect to have exposure to more N inputs than at the
50-m transect, which could enhance nitrification and N
mineralization. There were no transect differences in
nitrification and N mineralization in July and November
2011, but rates of net nitrification and N mineralization
were significantly elevated at the 0-m transect above the
50-m transect in June 2012. The warmer June tempera-
ture and significantly higher soil moisture at 0-m tran-
sect (Table 2) combined with less plant nutrient uptake
(before the peak growing season) might have caused
higher rates of nitrification and N mineralization here.
There was also a significantly higher level of soil NO;~
found in June 2012 (Fig. 3). Higher soil NO3 and
nitrification rates in spring and early summer, before
peak plant growth, were also reported in forests along
an urban-to-rural gradient (Zhu and Carreiro 2004).

Extractable soil inorganic N concentrations were not
impacted by the experimental treatments of N or salt
(Fig. 3a, b). While the 0-m transect was likely exposed
to more inorganic N due to atmospheric deposition
derived from vehicles, we did not find differences in
extractable N between the 0-m and 50-m transects ex-
cept in June 2012 (Fig. 3a, b). During this study,
June 2012 had the highest NO;~ concentrations; extract-
able soil inorganic N was dominated by NO;3 , with
concentrations that were 10-15x higher than concentra-
tions that were measured in other three sampling times.
The drastic increase in extractable NO5;  in June 2012 is
probably a result of the time of the soil collection. The
June 2012 sampling was earlier in the growing season
than planned (we did that in compliance with unexpect-
ed road construction at the site, see “Material and
Methods”). Vegetation was scant at this point. At the
time of the June 2012 soil sampling, the vegetative
cover of plots ranged from 0 to 5%. This would have
resulted in less plant uptake of N, which along with the
high rates of nitrification and N mineralization, explain
the high concentrations of soil NO;~ (Fig. 3a). In mid-
summer, vegetation cover grown to 50—100%, which is

probably why we measured lower inorganic N concen-
trations in soils from July 2011. Additionally, the
June 2012 soil collection was the only time that NO;
was significantly higher in the 0—5 cm soils than the 5—
15 cm soils. The June 2012 NH,* concentrations were
similar to the other three sampling times.

5 Conclusions

We did not find impacts of experimental treatments or
long-term exposure to road pollutants on rates of N
cycling, or extractable N. However, there were seasonal
differences in rates of nitrification and N mineralization.
Salt treatments induced measurable impacts on C min-
eralization, respiration and conductivities on soils in this
roadside ecosystem. Salt treatments negatively impacted
C mineralization and in situ soil respiration. This effect
was less acute in soils from the 0-m transect, indicating
that soil microbial communities near roads might have
evolved to withstand the impacts of deicing salt. Road
salt accumulation in soils was evident at the 0-m transect
when compared to the 50-m transect, which could affect
the long-term trajectory of the plant community and soil
processes. The impacts of road salt have also been
shown to extend beyond roadside ecosystems, including
elevating the salt concentrations of freshwater resources
(Kaushal et al. 2005). Best management practices
(BMPs) are needed for the attenuation of the impacts
of deicing salt on roadside environments, and should be
implemented to maintain the health of roadside and
other urban ecosystems (Fay and Shi 2012).
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