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Despite large reductions in the emission rates of individual vehicles, mobile 

source NOx emissions, which have increased by 33% since the Clean Air Act 

amendments of 1970, are the single largest source of nitrogen (N) emissions in the US. 

It is likely that a portion of these emissions are deposited adjacent to roads and thus 

not measured by traditional monitoring networks, which were designed to measure 

long-term and regional trends in precipitation chemistry and dry deposition. With this 

research, I address whether there is increased deposition near roadways. If so, is it due 

to near-source deposition of mobile source emissions or is it due to an edge effect? 

How much additional N is deposited, and how long is the gradient away from the 

roadway? What is the impact of this chronic N deposition on forest ecosystem 

processes such as decomposition and N retention, and what is the potential flux to 

downstream aquatic ecosystems? Near-source deposition of mobile source emissions 

results in the formation of deposition gradients away from roadways. These gradients 

are short, less than 150 meters, and steep, with most of the elevated deposition 

occurring within the first 10-50 meters. Deposition near the road (10 meters) is 1.5-2 x 

that of areas farther away (150 meters) from the road. This increased deposition was 

not due to an edge effect and is due to near-source deposition of mobile source 

emissions. This deposition has likely been occurring for decades, causing changes in 



decomposition (-15%), leaching (~2x), forest floor C:N (-5.3 units), and pH (-0.41 

units) in sites near the road compared with sites farther away. 
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CHAPTER 1: 

THE ROLE OF MOBILE SOURCES EMISSIONS ON N BUDGETS: WHAT 

ECOLOGISTS NEED TO KNOW? 

Anthropogenic activities are transforming the global nitrogen (N) cycle more 

rapidly than that of any other element (Vitousek et al. 1997). Although fertilizer use is 

the dominant driver of this change globally, in the United States, N emissions from 

fossil fuel combustion are significant drivers as well (Howarth et al. 2002a). In 2002, 

8.5 Tg N were emitted from fossil fuel combustion in the US (US EPA 2005) 

compared to 11.0 Tg N applied as inorganic fertilizer (IFA 2008). However, while the 

majority of fertilizer application occurs in farms in the Mississippi drainage across the 

mid-west, the N emitted from the fossil fuel combustion is added to the landscape via 

dry and wet deposition (collectively “N deposition”) throughout the US especially in 

the northeastern US and other heavily populated areas where it is the largest source of 

N (Howarth et al. 2002a, Howarth et al. 2002b).  

While the excess N due to overuse of fertilizer has been shown to be a 

significant cause of coastal eutrophication especially in the Gulf of Mexico (Howarth 

et al. 2000), the N emissions that are the result of from fossil fuel combustion in 

addition to having an impact air quality have serious environmental consequences 

when deposited onto the landscape. These emissions have been shown to contribute to 

the declining health of forests and lakes because of acid rain (Driscoll et al. 2003) and 

the eutrophication of coastal rivers and estuaries because of increased N loading 

(Howarth et al. 2000).  

Although N (NOx and NH3) is emitted during all types of combustion, from 

electrical generation to forest fires, this paper focuses on emissions from mobile 

sources such as highway vehicles (cars and trucks) and off-highway vehicles 
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(construction equipment, planes, boats, etc.). Mobile sources are the single largest 

source of N emissions in the US, accounting for 46% of the total emissions of NH3 

and NOx (Figure 1.1) (US EPA 2005). Over the last three decades, mobile sources 

have played an increasingly important component of the N emission inventories of the 

US with their percentage of total NOx emissions increasing from 45-60%. This switch 

in the dominant source of NOx emissions, from fuel combustion (Electrical, Industrial, 

other) to mobile sources over the last 30 years is due to emissions from mobile sources 

having increased by ~ 33%, while those from stationary sources have decreased by 

~29% (Figure 1.2) (US EPA 2008a). This is clearly seen in the eastern US where 

although there have been relatively small overall changes in total NOx emissions 

between 1991 and 2000, decreases in NOx emissions from the non-vehicle sectors 

were offset by increases from the vehicle sector (Butler et al. 2003). This increase in 

mobile source emissions, which has occurred despite a decline in the emission rates of 

individual vehicles since the enactment of the Clean Air Act (CAA) amendments of 

1970, is due to the number of miles driven each year having more than doubled in the 

last 30 years to more than 3 trillion miles driven annually (Figure 1.3) (FHWA 2008).   

Efforts to monitor N deposition were initiated in the 1970’s when emissions 

from stationary sources such as electric utilities and industry were the dominant source 

of atmospheric N and monitoring stations were established to capture regional trends 

in deposition from these stationary sources. However, with the increasing importance 

of mobile sources, especially in urban areas, the current monitoring network may miss 

a portion of the N deposition both because of where the sites are located and what they 

measure. Therefore, it is increasingly important to understand the significance of 

mobile source emissions when designing monitoring networks to measure N inputs 

and when attempting to implement effective policy in order to control the impact of 

increased N loading on terrestrial and aquatic systems. This paper summarizes how  
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Figure 1.1. 2002 US N emissions (US EPA 2005). In 2002 mobile sources such as 
highway vehicles (trucks, cars) and off-highway vehicles (construction 
equipment, planes and boats) are the single largest source of nitrogen (NOx –N 
and NH3 –N) emissions in the US followed by fuel combustion 25.8%, 
emissions from livestock (13.3%), and fertilizer application (7.2%) (US EPA 
2008).  
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Figure 1.2. US emissions of NOx –N from 1940 – 2000 from stationary sources (fuel 
combustion for electric utilities, industrial, and other) and mobile sources 
(highway vehicles and off highway vehicles) and miscellaneous remainder 
(other industrial procedures, petroleum and related industries, miscellaneous 
industries) (US EPA 2008). 
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Figure 1.3. US Vehicle miles traveled (VMT) 1950- 2008 (FHWA 2008). 
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mobile source N emissions are formed and how changes in the way they have been 

controlled may have implications both for how these emissions are monitored and 

their environmental impact.   

How Emissions Are Formed 

Knowledge of the different forms of biologically reactive N that are formed 

and emitted by mobile sources is crucial to understanding their local and regional 

deposition trends. Mobile source emissions are the result of processes that occur 

during combustion as well as those that occur during the emission control process. 

During combustion in air (~78% N2 and ~20% O2), the carbon atoms within the 

hydrocarbon (HC) fuels are oxidized in the presence of oxygen to produce energy, 

CO2, and H2O (Figure 1.4, Eq 1). However, under the high temperature and pressure 

found in internal combustion engines, the N2, which is normally an un-reactive form 

of N, is also oxidized, thus producing a reactive form of N (nitric oxide, NO) which is 

quickly oxidized to form nitrogen dioxide (NO2). The two are collectively known as 

NOx (Figure 1.4, Eq 2). Although pollutants such as CO, HC, and NOx are only a 

small percentage (~1%) of the total emissions produced by automobiles, all three have 

serious impacts on human health and the environment and therefore have been the 

target of emission control efforts for several decades during which time standards have 

become progressively more stringent.  

Mobile source emission standards for HC and CO were first established by the 

federal government in 1968, with an amendment to the CAA, titled the Motor Vehicle 

Pollution Control Act of 1965. Further reductions along with emission standards for 

NOx were then mandated with successive amendments to the CAA in 1970, 1977, and 

1990 (Table 1.1). The principal method for controlling emissions has been the 

catalytic converter, primarily the three-way catalytic converter which was introduced 
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in 1981 and has been mandatory for every vehicle sold in the US since 1983.Three-

way converters use noble metals such as platinum, palladium, rhodium, and iridium to 

catalyze the oxidation of HC, and CO, to CO2 and H2O and reduction of NOx to N2. 

The simultaneous removal of all three pollutants is only possible on modern vehicles 

because oxygen sensors and electronic fuel injection systems allow the air to fuel 

mixture to be continually adjusted, enabling engines to be operated under 

stochiometrically ideal operating conditions of ~14.6:1 meaning that ~14.6 liters of air 

are used to combust 1 liter of fuel (Bhattacharyya and Das 1999). When vehicles are 

operated outside of this range, emissions of all three pollutants increase. Although 

vehicles sometimes operate outside of their stochiometrically correct range due to 

mechanical problems (i.e., oxygen sensor feedback loop not working properly, engine 

timing problems), properly operating vehicles often operate outside of this range under 

everyday driving conditions such as stop-and-go traffic. For example, when vehicles 

are starting, accelerating, or decelerating there are intermittent changes in the air:fuel 

ratio. During deceleration, which causes lean air:fuel mixtures (i.e., more air in 

relation to fuel) more NOx is output, because it is more difficult to reduce NO to N2 in 

the presence of O2 (Baum et al. 2000). Conversely, under fuel-rich conditions, which 

occur during acceleration and during start up, emissions of HC and CO increase 

because of incomplete combustion and because it is more difficult for oxidation to 

occur under the reducing conditions caused by fuel-rich mixtures. In addition to 

increases of HC and CO when vehicles are operated under rich air:fuel ratios, a 

secondary pollutant NH3, is formed in the catalytic converter due to NO reacting with 

excess H2 (which is the result of either a water gas shift reaction of CO and H2O or 

from steam reforming of hydrocarbons and H2O (Baum et al. 2000, Heeb et al. 2006).   
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Ideal - Eq (1) 2C8H18 + 25O2 + 100N2   18H2O + 16CO2 + 100N2 

 

Actual - Eq (2) 2C8H18 + 25O2 + 100 N2   17H2O + 13CO2 + 99N2 + 2HC + 2NO + 1CO + 
2O2 + 2H2 

 
 
 
Emission Control 
 
   CO + ½ O2    CO2 
     Oxidized  HC + O2    H2O + CO2 
   H2 + ½ O2    H2O 
 
 

HC + NO    ½ N2 + H2O + CO2 

Reduced   NO + CO    ½ N2 + CO2 
NO + H2    ½ N2 + H2O 

 

Water gas shift   CO + H2O    CO2 + H2 
NH3 Formation Steam reforming HC + H2O    CO + CO2 + H2 

 2 NO + 5H2    2 NH3 + 2 H2O 

 

Figure 1.4. During combustion and subsequent emission control several forms of 
reactive N (NO and NH3) are formed as a result of oxidation during the 
combustion process and over reduction in the catalytic converter.  
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Table 1.1. The CAA amendments of 1970 required that by 1976 manufacturers reduce 
the 1971 NOx emissions from light duty vehicles (LDV), mainly passenger cars, and 
light duty trucks (LDT) pickup trucks and SUVs by 90%.  The CAA amendments of 
1977 subsequently extended the deadline until 1982 and decreased the reduction to 
75% (i.e., emission standards were increased from 0.4 to 1.0 g/mi). In 1990, the Clean 
Air Act was again amended, with the goal of reducing NOx emissions by 95 - 99% by 
2004 compared with emissions of 1967 model-year vehicles for LDV and LDT 
respectively. Mandated emission reductions or Tiers were phased in over time with 
Tier 1 beginning in 1994 and Tier 2 beginning in 2004. Under Tier 2, instead of basing 
emissions on the weight of individual vehicles as it was previously done, standards 
were divided into “bins,” and manufacturers were allowed choose (with some weight 
limitations) among bins, as long as the average of all the vehicles sold each model 
year was below 0.07 g mi-1 (Bin 5). 

      NOx (g mile-1) NOx N (mg km-1) 

Legislation Category  Model Year LDV LDT LDV LDT 
CAA of 1970   1973 – 1974 3 3 870 870 

    1975 – 1976 3.1 3.1 899 899 
    1977 – 1978 2 3.1 580 899 
    1979 – 1980 2 2.3 580 667 

CAA of 1977   1981 – 1987 1 2.3 290 667 
  Tier 0  1988 – 1993 1 1.2 290 348 

CAA of 1990 Tier 1 1994-2003 0.6 0.6 174 174 
  Tier 2 - Bin 1 2004 - 0 0 
  Tier 2 - Bin 2 2004 - 0.02 5.8 
  Tier 2 - Bin 3 2004 - 0.03 8.7 
  Tier 2 - Bin 4 2004 - 0.04 11.6 
  Tier 2 - Bin 5 2004 - 0.07 20.3 
  Tier 2 - Bin 6 2004 - 0.01 2.9 
  Tier 2 - Bin 7 2004 - 0.15 43.5 
  Tier 2 - Bin 8 2004 - 0.2 58.0 

 

Overall, catalytic converters have been very effective. Compared with 

emissions of 1967 model-year vehicles, catalytic converters have decreased the per-

mile-exhaust of regulated emissions of 2004 model-year vehicles by 95-99% (NRC 

2004). However, these reduction estimates do not include NH3 which, although not 

regulated, has been found in very high levels in the exhaust of gasoline-powered cars, 

especially in urban areas such as California’s southern coastal basin where mobile 

sources have been estimated to be adding twice as much ammonia to the air as 
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livestock (Baum et al. 2001). The few studies that have measured the amount of N 

being emitted as NH3 find that, although emissions can vary depending on the type of 

vehicle and type of driving, the average emission factors range from 22-28 mg NH3 – 

N km-1 (Durbin et al. 2002, Emmenegger et al. 2004, Heeb et al. 2006, Heeb et al. 

2008), which is equivalent to the current fleet average Tier 2 NOx emissions (see 

Table 1.1 Bin 5). Although emissions have gone down considerably, a significant 

portion (~50%) of the current emissions are now occurring as NH3. Ammonia differs 

considerably from NOx in its effect on the atmosphere and the environment once it is 

deposited.  

Implications of Emissions 

Emissions of NOx and NH3 have implications for both ecosystem and human 

health. When N is emitted as NOx, it can be deposited as dry deposition, it can 

dissolve in water to form nitric acid (HNO3, a component of acid rain which is one of 

the main pollutants responsible for acidification and pollution in terrestrial and aquatic 

ecosystems), or in the presence of sunlight it can combine with volatile organic 

compounds (VOCs) to produce an array of photochemical products, including ozone 

which has human health effects. If the N is emitted as NH3, it can be deposited as dry 

deposition, or it can stimulate the formation of secondary particulate matter in the 

atmosphere which occurs when NH3 reacts with nitric, sulfuric, or phosphoric acid to 

produce fine particle ammonium nitrate, ammonium sulfate, or ammonium phosphate, 

which are submicrometer airborne particles that are responsible for a smoglike haze 

and can have both environmental effects due to light scattering and cloud formation as 

well as health problems (Manahan 1993). In the atmosphere, NH3 is a base and 

neutralizes the acidity of other aerosols. Once it is deposited, it ionizes to NH4
+ and is 

either taken up by plants or nitrified (oxidized) by bacteria, both of which cause 
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acidification with detrimental effects on terrestrial and aquatic systems (Galloway et 

al. 1995). Although the different forms of N have different effects in the atmosphere 

depending on their reactant, they are eventually deposited (within hours to days) on 

the landscape either as wet deposition (NO3
- and NH4

+) or dry deposition (gaseous 

NH3 and HNO3, and particulate NO3
- and NH4

+). The amount of dry deposition is a 

function of several factors including meteorological conditions (temperature, relative 

humidity), concentration, type of surface, atmospheric turbulence (Wesely and Hicks 

2000) as well as the species of N which affects the deposition velocity (the rate of 

deposition) with HNO3 > NH3 = NO2 > NO (Hanson and Lindberg 1991). NO2 can be 

absorbed in water droplets or oxidized in the gas phase by hydroxyl radicals to form 

nitrous acid (HONO) as well as nitric acid (HNO3), which readily sticks to surfaces. 

This process occurs very rapidly and generally has a lifespan of less than 1 day in the 

atmosphere. NO2 can also react with volatile organic carbon (VOC) to form 

Peroxyacyl nitrate (PAN), which dissociate slowly resulting in long range transport 

(Manahan 1993). 

In the United States, N deposition is measured using several networks of sites: 

the Clean Air Status Trends Network (CAST/Net) which measures dry deposition at 

91 sites (US EPA 2008b); the National Atmospheric Deposition Program National 

Trends Network (NADP/NTN) which measures wet deposition at 251 sites; and a 

subset of NADP, the Atmospheric Integrated Research Monitoring Network 

(NADP/AIRMoN) which measures both wet and dry deposition daily at 12 sites 

(NAPD 2009). These networks were designed to capture regional, not local deposition 

patterns. While most of the emissions are carried into the larger atmosphere and 

deposited broadly across the landscape and thus captured in these regional estimates, 

some emissions are deposited nearby “near-source deposition” and thus are 

unaccounted for in the current deposition estimates. This undercounting of deposition 



 

12 

has been documented in several continental scale input/output budgets in which 

emissions exceed deposition by 20-40% (e.g., Howarth et al. 2002a, Holland et al. 

2005). One possible explanation for this mismatch is that none of these networks 

currently measure gaseous NH3. The NADP measures wet NO3
- and NH4

+ and 

CASTNet measures HNO3, and particulate NO3
- and NH4

+. Although nearly all forms 

of NHx deposition (NH3 gas, and particulate NH4
+) are due to NH3 emissions, the 

species (gaseous or particulate) collected is related to the proximity of the collectors to 

the emission source; NH3 has a high deposition velocity and is usually deposited as 

dry deposition near the source, while wet and particulate NH4
+ are deposited farther 

away (Asman et al. 1998). These networks, which were set up to monitor long-term 

regional trends in precipitation chemistry and dry deposition, were specifically located 

in areas uninfluenced by local pollution sources (Bigelow et al. 2001) and thus are 

likely missing deposition that is deposited near its emission source (Howarth 2008b, 

Howarth 2008a).  

Recently, the impact of near-source deposition on local N budgets has begun to 

receive more attention, with numerous studies finding gradients in N deposition away 

from urban areas (Lovett et al. 2000, Luo et al. 2003). In a study that measured 

throughfall along an urban to rural gradient, Lovett et al. (2000) found N deposition to 

be twice as high in New York City than in areas 150 km away from the urban center. 

Luo et al. (2003) compared deposition measurements from rural and urban sites and 

found that the land use characteristics surrounding the monitoring sites had profound 

effects, with significantly higher N concentration and dry deposition flux in urban 

areas compared to rural areas. Others have highlighted the role of near source 

deposition of mobile sources in particular. Chiwa et al. (2003) measured higher dry 

deposition fluxes of N on the urban-facing side of a mountain compared to its non-

urban side, which they attributed to mobile sources. On a much finer scale, several 
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studies have found higher runoff of N from parking lots and roadways, with deposition 

onto roadways twice as high as deposition measured at nearby NADP sites (Davidson 

et al. Submitted). A number of studies have investigated gradients in of NO2, NO, and 

NH3 concentrations away from roadways (Roorda-Knape et al. 1998, Gilbert et al. 

2003, Cape et al. 2004, Beckerman et al. 2008). These studies have found that the 

gradients are due to mobile source emissions and that they are relatively short (i.e., 

Roorda-Knape (1998) found NO2 decreased to background levels between 100 and 

150 meters from a major expressway; Beckerman et al. (2008) measured gradients of 

100-500 meters; and although Gilbert et al. (2003) measured gradients up to 1300 

meters in length, the majority of the decay occurred within the first 200 meters). Other 

studies have investigated the effect of these increased gas concentrations and 

measured gradients in 15N in leaves and tree rings due to uptake of NO from car 

exhausts (Ammann et al. 1999, Saurer et al. 2004) while others have measured 

deposition gradients away from roadways that are the result of these mobile source 

emissions. For example, along heavily traveled freeways in Germany, Kirchner et al. 

(2005) measured short gradients away from roadways with up to 3x higher NH3 and 

NO2 concentrations and 2x higher N deposition at sites near the highway than at sites 

500 meters away. Similar patterns were also found away from even moderately 

traveled (~10,200 vehicles day-1) roads on Cape Cod. Marino et al. (In Prep) found 

that 10-25% of the NH3 and 1% of the NOx emissions from mobile sources were 

deposited within 50 m of a roadway, and Bettez et al. (Chapter 3) found that the 

deposition at forest edges alongside roads was elevated over that in the forest interior 

as well as deposition along non-roadside edges. These gradients were short, less than 

150 meters, with most of the deposition occurring within the first 10-50 meters. This 

increased deposition (~ 2 x higher along roadside edges than in their interiors) resulted 

in changes to N cycling with areas that had been receiving higher deposition for 



 

14 

decades having lower forest floor C:N ratios, decreased litter decomposition, and 

increased N leaching. 

There are more than 6.3 million km of roads within the conterminous US. This 

road network is so extensive that 20% of the land area is within 127 meters of a road 

(Watts et al. 2007) and it is difficult to be more than 35 km from a road (Riitters and 

Wickham 2003). While the effects of these roads are on wildlife, due to disruption of 

migration and noise (Forman 2003) and their influence on nearby terrestrial and 

aquatic systems, due to increased deposition and runoff of contaminants such as heavy 

metals and salt (Trombulak and Frissell 2000), are well documented, the impact of 

near source deposition from mobile sources has received less attention. Mobile 

sources, despite declines in emissions from individual vehicles, are contributing an 

increasing amount of N to the environment. Furthermore, as a result of changes in 

emission control technology (i.e., three way catalytic converters) there have been 

increases in NH3 emissions which are not regulated and are more likely to be 

deposited nearby compared to NO emissions. These changes have implications not 

only for how emissions are regulated but for how I measure deposition and the impact 

of transportation and development.  
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CHAPTER 2: 

NEAR-SOURCE DEPOSITION OF MOBILE SOURCE EMISSIONS: ROADS 

AS N DEPOSITION HOTSPOTS. 

Introduction 

Mobile source emissions are now the dominant source of oxidized forms of N 

(NOx) in the US as a whole (Bradley & Jones 2002), and of ammonia (NH3) in urban 

areas (Baum et al. 2001). The high temperature and pressure in internal combustion 

engines causes N2 and O2 to split into their atomic constituents resulting in the 

formation of nitric oxide (NO) (Abdel-Rahman 1998) while subsequent attempts to 

control these emissions result in the formation of  NH3 due to the over-reduction of 

NO by the catalytic converter (Heeb et al. 2006).  

These gaseous emissions have several fates. They can affect ambient air 

quality: NO and NH3 play roles in ozone formation and haze generation respectively. 

They can be deposited on the landscape both as dry deposition (gaseous NH3, NO, 

NO2, HONO, and HNO3, and particulate NO3
-, and NH4

+), or dissolved in 

precipitation and deposited as wet deposition in the form of NO3
-, and NH4

+. These 

emissions and their subsequent deposition can significantly contribute to watershed 

nitrogen (N) inputs and subsequent N loading to coastal systems. On average for the 

entire US approximately 30% of coastal nitrogen pollution is estimated to come from 

N emissions from fossil fuel combustion (Howarth 2008a), while in the in the 

northeastern US deposition is the single largest source of nitrogen (N) to coastal 

waters (Howarth et al. 1996, Boyer et al. 2002). Excess N is a serious water-quality 

problem in most of the estuaries in the US, especially those downstream of developed 

coastal basins (Bricker et al. 1999, National Research Council 2000). This excess N is 

particularly harmful to estuarine ecosystems because it limits primary production, and 
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N surpluses result in harmful or toxic algal blooms, loss of sea grass beds, and in 

extreme cases, toxic effects on humans (Howarth 2000, Howarth et al. 2002a, 

Howarth et al. 2002b, Howarth 2008a, Howarth 2008b).  

Accurate estimates of N deposition that include both wet and dry deposition 

are critical for a comprehensive understanding of the impacts of N deposition. In the 

US, N deposition estimates are made using “wet deposition” (i.e., nitrogen in rainfall 

and snow) data collected by the National Atmospheric Deposition Program National 

Trends Network (NADP/NTN) which consists of 251 sites, and “dry deposition” (i.e., 

gas and particle concentrations in the air) data collected by the Clean Air Status 

Trends Network (CAST/Net) that as of 2008 consists of 91 sites.  

These networks were set up to monitor temporally integrated long-term trends 

and broad-scale regional patterns in precipitation chemistry and dry deposition, and so 

sampling sites were specifically located in areas uninfluenced by local pollution 

sources. The networks purposefully avoided urban areas (e.g., “sites should be located 

>10 km away from suburban/urban areas with a population of 10,000”) (Bigelow et al. 

2001). As a result, the current monitoring networks miss a key component of the total 

deposition: that which is emitted and deposited in close proximity to urban areas. 

Indeed, undercounting of N inputs from deposition has been documented in several 

continental scale input/output budgets (e.g., Howarth et al. 2002a and Holland et al. 

2005) in which a portion of the emissions are not accounted for in deposition 

measurements. While this undercounting could be due to errors in estimation of 

emissions or export outside the US by advection prior to deposition (Howarth et al. 

2002a), it could also be due to a portion of the emissions being deposited in close 

proximity to where they were produced, and thus not measured by the current 

monitoring network. For example, Elliot et al. (2007) used 15N to track the 

contribution of different NOx sources to deposition collected at NADP sites, and found 
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that despite mobile sources (mostly vehicle emissions) being the dominant NOx 

source, the δ15N values of the wet nitrate deposition were instead more strongly 

correlated with surrounding stationary source NOx emissions.  

Areas that are likely to receive higher deposition include forest edges. Much 

work has shown that forest edges act as nutrient concentrators, so that N in throughfall 

along forest edges is elevated over that found in their interiors (Weathers et al. 2001). 

This “edge effect” is the result of factors that occur along forest edges such as 

increased precipitation (Lovett and Reiners 1986), higher wind speed (Beier and 

Gundersen 1989), turbulence (De Ridder et al. 2004), and greater vegetation density 

(Weathers et al. 2001). Numerous other studies have found elevated N deposition at 

forest edges due to either an edge effect alone (Weathers et al. 2001) or as a 

consequence of nearby emission sources: agriculture (Draaijers et al. 1988, Pocewicz 

et al. 2007), industrial animal husbandry (Spangenberg and Kolling 2004), or industry 

(Lilleskov et al. 2001). Several of these studies have compared how differences in 

adjacent land use influences N dynamics along forest edges. They have found that 

regardless of adjacent land use type, edges show indications of increased N deposition 

compared to their interiors and that these edge effects typically extend 50-150 meters 

into the forest, but that the length of the gradient and type of changes seen in N 

cycling are related to the type of land use. For example, in a study that investigated 

throughfall fluxes away from two forest edges, one bordering a heath land and another 

adjacent to an agricultural area with large NH3 emissions, Draaijers et al. (1988) found 

that the relative percent increase in throughfall N flux at the forest edge near an 

agricultural area was higher than it was at the forest edge adjacent to a heath land. 

While investigating the effects of current and historical land use, Pocewicz et al. 

(2007) found that while foliage and soil 15N were higher and soil C:N were lower 

along forest edges adjacent to both currently and formerly fertilized areas they were 
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more strongly altered in areas adjacent to currently fertilized areas. Similarly, in a 

study of forest edges adjacent to both agricultural fields and animal agriculture 

operations, Spangenberg et al. (2004) found that while all sites showed increased N 

deposition, higher ammonia air concentrations, decreased C:N ratio, and increased soil 

solution nitrate concentrations, the effects from animal husbandry operations were 

larger than those of the agricultural fields. Finally, in a study investigating the effects 

of increased deposition downwind of an ammonia production facility in Alaska, 

Lilleskov et al. (2001) found increased foliar N and soil N availability, declines in 

species richness and reductions ectomycorrhizal fungi in zones of elevated N 

deposition.  

In the same way that adjacent agriculture or industry can influence nearby N 

deposition; roads can also have an impact due to near-source deposition of emissions 

from cars and trucks. Recently, several studies have investigated the impact of motor 

vehicle emissions near roadways and found gradients of a few hundred meters or less 

with effects on 15N in leaves (Ammann et al. 1999), 15N  in tree rings (Saurer et al. 

2004) and N deposition (Kirchner et al. 2005, Marino et al. In Prep). These gradients, 

although short, can be significant with much higher concentration and deposition near 

the road than farther away. Kirchner et al. (2005), in a study along a transect away 

from a major highway in Germany, found up to 3x higher NH3 and NO2 

concentrations and 2x higher N deposition at  sites near the highway than at sites 500 

meters away. Marino et al. (In Prep) found that 10-25% of the NH3 and 1% of the NOx 

emissions from mobile sources were deposited within 50 m of a roadway. 

In this study, in order to determine if roads act as hot spots of N deposition in 

the landscape or if the increased deposition measured nearby was merely the result of 

an edge effect, I measured N deposition along transects away from 2 road side edges 

and 1 non-roadside edge. I also compared various nitrogen pools (foliar and forest 
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floor N) and fluxes (throughfall and nitrate leaching) along transects perpendicular to 

both sides of 3 road and 3 non-roadside forest edges. Then, in order to estimate the 

impact of near source deposition of vehicle emissions on the N budget of an N limited 

estuary, which has been the focus of N loading research for several decades, I scaled 

our results to the entire Waquoit Bay watershed. 

Methods 

My study sites were in Falmouth, Massachusetts, on Cape Cod at the Woods 

Hole Research Center (WHRC) (41°32'55"N, 70°38'35.00"W), the Waquoit Bay 

National Estuarine Research Reserve (WBNERR) (41°35'50.00"N, 70°30'5.00"W), 

and in several nearby forests (composed of similar species) along road and non-

roadside edges. Soils consist of glacial outwash from the Wisconsinian glaciation and 

are generally classified as silty loam to coarse sand with low (<27%) clay and high (up 

to 90%) sand content (Fletcher 1993). The forests are ~ 100 year old aggrading 

secondary forests composed predominantly of Quercus rubra and Quercus alba (red 

and white oak) mixed with some mature Pinus resinosa (red pine) (Seely et al. 1998). 

Forest floors were ~12 cm thick. In 2006, the average annual precipitation, 

temperature, and wind speed, measured at the Waquoit Bay National Estuarine 

Research Reserve site, were 115 cm, 9.8 °C, and 0.76 m sec-1 respectively. The wind 

direction from July 2006-July 2007 was predominantly from the south-south west to 

the north-west (NOAA 2008) (Figure 2.1).  

Bulk and throughfall N inputs were monitored on an event basis during the 

summer months from 2003-2006 at two sites (WHRC and WBNERR) and for an 

entire year in 2006 at the WBNERR site using collectors placed along transects 

perpendicular to two roadways. Bulk precipitation and throughfall collectors were 

placed 1 meter off the ground and consisted of a 2-l amber HDPE bottle attached to a 
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20 cm diameter polyethylene funnel with a polyester fiber filter plug (to keep out 

coarse debris). Bulk collectors were placed at 10, 50, and 100 meters from the 

roadways in open fields. Throughfall collectors, which were identical in design but 

were used under the tree canopy rather than in open fields were placed at intervals 

along 10-300 meter transects away from the roadways in forests (Table 2.1). The 

WHRC site was along Woods Hole Road, which had annual daily traffic (ADT) 

volume estimated as 10,200 vehicles day-1, and the WBNERR site was along Waquoit 

Highway/ Falmouth Road (Route 28), which had an estimated annual daily traffic 

volume of 18,800 vehicles day-1 (MHD 2008) (Figure 2.1). Both throughfall transects 

ran in an ESE to WNW direction.  

In 2004, 2005, and 2006, I also collected bulk and throughfall at a non-road 

edge site (Waquoit Edge) adjacent to a power line right of way ~1 km from the 

Waquoit Highway/Falmouth Road (Route 28) road site. I took bulk samples in the 

center of a clearing and throughfall measurements were taken at 10, 50, and 100 

meters from the edge of the clearing along a north-south transect in a red oak forest.  

Following each precipitation event in the sampling period, I brought back the 

bottles to the laboratory where I measured the volume collected in and filtered sub 

samples using an ashed Whatman® GFF (nominal pore size of 0.7µm) glass fiber 

filter. I stored nutrient samples at -20°C until analysis for total dissolved N, NO3
-, and 

NH4
+ on a Lachat quick chem. auto analyzer (Hach Company Loveland, CO, USA). I 

calculated nitrogen (TDN, NO3
-, NH4

+) fluxes in precipitation and throughfall by 

averaging the mean daily flux of either the bulk or throughfall measurements of all the 

collectors at each distance. I calculated this by: 1) converting the concentration of each 

sample to mass per unit area [mg m-2 = (bottle volume (liters) * concentration (mg 

liter-1) / Funnel area (m2)]; 2) summing the mass for all the events over the period of  
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Figure 2.1. Wind rose plot depicting the distribution of the wind direction by compass 
direction for Waquoit Bay from July 2006-July 2007. The length of the rose 
petal is directly proportional to the frequency of time that the wind blows from 
a particular direction with each increment equal to 2%. For example in the 
figure above the wind was blowing from the east 4 % of the time.  

Table 2.1. Bulk and throughfall N inputs (mg TDN - N m-2 day-1) (±SE) along 
roadside gradients at WHRC and WBNERR for 2003-2006.  One-Way ANOVA and 
Tukey’s HSD Post Hoc Test: ***P < 0.001, **P < 0.01, *P < 0.05.  

Site year Bulk 10 m 50 m 100 m 150 m 300 m 

2003 1.35 (.12) 3.84 (.54)   3.07 (.29)     
2004 1.45 (.11) 3.13 (.18) 3.44 (.17) 2.14 (.18)*   
2005 1.13 (.25) 2.25 (.05)  1.50 (.21)   

WHRC 

2006 1.69 (.07) 2.35 (.12) 1.99 (.05)* 2.14 (.05)     
2003 1.53 (.05) 3.03 (.29)  2.58 (.40)   
2004 1.54 (.04) 2.83 (.10) 2.07 (.25)** 2.00 (.07)** 2.22 (.28)  
2005 0.77 (.06) 2.29 (.10) 1.35 (.03)*** 1.12 (.09)*** 1.36 (.01)*** 1.37 (.05)** 

WBNERR 

2006 1.28 (.17) 2.34 (.12) 1.99 (.06) 1.75 (.04)** 1.84 (.09)* 1.57 (.12)*** 
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interest; 3) dividing by the length of time in order to get mg m2 day-1 for each 

collector; 4) averaging the collectors at each distance. 

In 2007, I conducted a study comparing road and non-road edges in order to 

test if the increased N in throughfall near roadways was due merely to an edge effect. 

The study consisted of three road and three non-road sites within a 3 mile radius, in 

similarly vegetated forests (Figure 2.2). The three roads were: Waquoit Highway/ 

Falmouth Road (Route 28) (the previously mentioned WBNERR site), State Road 28 

(Route 28), with an ADT of 13,300 vehicles day-1, and Gifford Street, with an ADT of 

10,300 vehicles day-1 (MHD 2008). Non-road sites were located 400 to 700 m away 

from roads and were in the Crooked Pond Reservation (town of Falmouth Land Trust), 

and the Frances A. Crane Wildlife Management Area, northern section (MA 

Department fisheries and Wildlife) along either power line right-of-ways or a fire 

access road that is closed to vehicle traffic. Along each road and non-road edge, I 

established two transects (1 to the east and 1 to the west). Along each transect at 10, 

25, 50, and 100 m distances from the edges I set up 3 plots beneath red oak trees. In 

each plot I collected leaf and forest floor samples and assessed nitrate leaching using 

ion exchange resins. I collected leaf samples from 3 different areas of the mid canopy 

in a single red oak tree using a 6m long pole pruner. I then dried the leaves @ 70°C 

and ground them using a Cyclone mill (UDY Corporation, Fort Collins, CO, USA). 

Beneath each tree, after clearing away the Oi horizon (the litter that is still largely 

intact and recognizable as litter) I collected 3 forest floor (Oe + Oa) samples within 0.5 

m2 using a 5.7 cm diameter bulb corer. I composited the three samples, passed them 

through a 4.75 mm sieve, dried them @ 70°C, and ground them using an 8000D 

MIXER/MILL (SPEX CertiPrep., Metuchen, NJ). I then analyzed the leaf and forest 

floor samples for C, N, δ15N, δ13C at the UC Davis Stable Isotope facility. The δ15N 

values are expressed as parts per thousand differences from a standard: Where Rsample 
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and Rstandard are the 
15N/14N ratios of the samples and the standards respectively 

(Peterson and Fry 1987). 

δ15N = (Rsample/ Rstandard -1) *1000) [‰] 

 

Figure 2.2. Road and non-road study sites in Falmouth on Cape Cod, Massachusetts. 

Near each set of forest floor samples, as relative indicators of NO3
- leaching, I 

deployed a set of ion exchange resin (IER) bags which consisted of 5 individual bags 

joined with mason’s line. The resin bags were similar to those used by Lovett et al. 

(2004) and were prepared by: placing ~10g of Sybron IONAC ASB-1P (Sybron 

Chemicals, Birmingham, NJ) in a nylon stocking; cleaning the resins by soaking in 

10% HCL for 1 hour; rinsing with Deionized (DI) water; and charging by soaking in 

0.5 NaOH overnight. I buried the bags in the mineral soil just beneath the forest floor 

(~ 12 – 15 cm) using a pry bar to make a slit in the soil, inserting the resin bag, and 

closing the slit with gentle pressure. I deployed the resin bags for 21 days, then 
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retrieved, rinsed with DI to remove soil, and extracted twice using 10 mls of 2 M KCl. 

I analyzed the extracts for NO3
- on a Lachat auto-analyzer using the cadmium 

reduction method. 

Scaling 

I estimated the impact of mobile source emissions on deposition and leaching 

to a local watershed N budget by extrapolating deposition and leaching measurements 

made along our transect to the entire Waquoit Bay watershed. In order to estimate the 

area of the watershed that was impacted by near source deposition, I calculated the 

area within the watershed that was within 10, 20, and 50 meters of a roadway by 

euclidian allocation using a GIS created with data from the Massachusetts office of 

Geographic and Environmental Information (Mass GIS) and road centerline data from 

the US Census Bureau (T. Stone, personal Communication). Because the GIS data is 

based on road centerlines while our transects are from road edge, I used an average 

lane width of 2.75 meters to correct road buffer distances (i.e., distances used to 

calculate distances away from roads were 12.75, 22.75, and 52.75. This is the 

minimum recommended lane width for local roads (AASHTO 2001) and thus a 

conservative estimate, because larger busier roads are wider and would thus increase 

the percent area affected.  

In order to assess whether leaching was occurring along roads throughout the 

watershed I deployed 550 resins bags along transects perpendicular to 17 different 

roads in the watershed. I deployed resin bags in groups of 5 with 2-3 groups per plot at 

10, 25, 50, and 100 meter intervals along transects away from roads throughout the 

watershed. I deployed resin bags for 81 days from 11-Sept-07 until 1-Dec-07. At the 

end of the deployment I collected and processed resins as previously mentioned. 
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I used StatPlus Professional (Analystsoft, Vancouver, BC Canada) for 

statistical analysis. In the roadside deposition studies, I used a One-Way ANOVA and 

Tukey’s HSD Post Hoc Test for pair-wise comparisons between distances. In the road 

and non-road study a 3-Way ANOVA testing the effects of sampling site type (road or 

non-road), transect direction (east or west), and distance (10, 25, 50, and 100 m) was 

performed on foliage %N, C:N, δ15N; forest floor C:N ratios and δ15N, and ion 

exchange nitrate concentrations.  

Results 

N deposition along roads 

There were no significant differences in inputs of TDN bulk collectors with 

distance from roadways for either site (WHRC, WBNERR) in any of the years 

measured (2003 - 2006). Therefore, I averaged the estimates of TDN inputs via 

precipitation made using the bulk collectors at each site during each collection period 

(Table 2.1). Throughfall inputs of TDN were elevated near the roadway (10 meters) 

and decreased with increasing distance from the road for both sites (Table 2.1). Pair-

wise comparisons of N inputs between sites near the road (10 meters) and farther away 

(> 10 meters) indicate that at the WHRC site, inputs at 10 meters are significantly 

elevated over sites farther away in 1 out of 4 years while at the WBNERR site the 10 

meters sites  are significantly elevated over all distances in 3 out of 4 years. At the 

Waquoit bay site in 2006, the year with the highest number of rainfall events, TDN at 

the 10 meter site was significantly elevated over all other distances (Figure 2.3)  

However, while the results were not always significant in both sites in all years 

the TDN deposition in throughfall was consistently higher at 10 meters than at 100 

meters at both sites (WBNERR and WHRC) and in all years (2003 - 2006). Although 

the amount of TDN in throughfall was significantly higher at 10 meters than at 100 
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meters from the road in only half of our estimates, 3/4 of the non-significant results 

were from the WHRC site which has a lower average daily traffic count than the 

WBNERR site. It is possible because of the small number of collectors (2-4) at each 

distance and events (5-9) during each collection period that the results are not always 

significantly different. On average, for both sites and all years, the deposition near the 

roadside edge (10 meters) was ~ 1.4 x higher than it was 100 meters away in the forest 

interior.  
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Figure 2.3. Throughfall across transect away from Road at Waquoit Bay site for TDN. 
Graphs are average mean daily flux of 9 events from 12 July 2006 - 6 
September 2006 (± S.E., n=4). One-Way ANOVA and Tukey’s HSD Post Hoc 
Test: ***P < 0.001, **P < 0.01, *P < 0.05. P = .007, .008, .0071, .001 for 50, 
100, 150, and 300 meters respectively.  
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I found no significant differences in inputs of total dissolved nitrogen (DIN) 

via precipitation among bulk collectors with distance from roadways for either site 

(WHRC, WBNERR) in any of the years measured (2003 - 2006). Therefore, I 

averaged the estimates of DIN inputs via precipitation made using the bulk collectors 

at each site during each collection period (Table 2.2).The amount of DIN collected at 

our sites is comparable to other measurements made at our site, as well as those made 

by the nearby by the NADP. For the period of Jul 2006 – Jul 2007, our estimate of 

bulk DIN (NO3
- and NH4

+) deposition was 3.77 (SE ± 0.14) kg N ha-1 yr-1 (Chapter 3) 

this is similar to deposition estimates made at the nearest NADP site for 2006 (3.02 kg 

N ha-1 yr-1) (NADP 2009) as well as those of Lajtha et al. (1995) (4.2 kg N ha-1 yr-1) 

and Seeley et al. (1998) (2.8 kg N ha-1 yr-1). 

Table 2.2. Bulk and throughfall N inputs (mg DIN - N m-2 day-1) (±SE) for along 
roadside gradients at WHRC and WBNERR for 2003-2006. One-Way ANOVA and 
Tukey’s HSD Post Hoc Test: ***P < 0.001, **P < 0.01, *P < 0.05. 

Site year Bulk 10 m 50 m 100 m 150 m 300 m 
2003 .96 (.02) 1.90 (.34)   1.07 (.11)

 
     

2004 1.15 (.09) 1.70 (.20) 1.01 (0.04) .91 (.1)*     
2005 .59 (.02) .96 (.05)   .55 (0.04)*     

WHRC 

2006 1.41 (.06) 1.60 (.14) 1.17 (.05)* 1.21 (.06)*     
2003 1.10 (.04) 1.24 (.17)   .79 (.11)

 
     

2004 1.17 (.03) 1.56 (.10) 1.05 (.06)* .83 (.05)** .61 (.05)**   
2005 .57 (.06) 1.18 (.14) .50 (.02)** .41 (.02)** .52 (.02)** .55 (.05)** 

WBNERR 

2006 1.14 (.15) 1.45 (.08) 1.34 (.07) 1.16 (.06)* 1.04 (.04)** .64 (.04)*** 

 

Distance from the roadway had a significant effect on throughfall DIN inputs. 

Throughfall inputs of DIN were highest near the roadway (10 meters) and 

significantly decreased with increasing distance from the road for both sites in all 

years (Table 2.2). At the Waquoit bay site in 2006, the year with the highest number of 

rainfall events, DIN at the 10 meter site was significantly elevated over all other 

distances (Figure 2.4). On average, for both sites and all years, the deposition near the 
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edge (10 meters) was ~ 1.9 x higher than it was 100 meters away from the road in the 

forest interior.  
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Figure 2.4. Throughfall across transect away from Road at Waquoit Bay site for DIN. 
Graphs are average mean daily flux of 9 events from 12 July 2006 - 6 
September 2006 (± S.E., n=4). One-Way ANOVA and Tukey’s HSD Post Hoc 
Test: ***P < 0.001, **P < 0.01, *P < 0.05. P = .007, .008, .0071, .001 for 50, 
100, 150, and 300 meters respectively.  

An important aspect of quantifying the contribution of motor vehicle emissions 

of NOx (NO and NO2) and NH3 to nearby deposition is measuring the amount of dry 

deposition. While measuring wet deposition is straightforward, because of low and 

uncertain deposition velocities measuring dry deposition is more difficult leading 

investigators to test different methods. Dry deposition can be inferred based on 

nitrogen content of atmospheric gases and particulates, along with their computed 
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deposition rates. It can be measured using either proxy collectors such as Petri plates 

(Lindberg and Lovett 1985); wash-off from either artificial trees (Dambrine et al. 

1998, Stachurski and Zimka 2000), or live tree canopies (i.e., throughfall). This last 

method of using live trees has been used by several researchers (Lovett and Lindberg 

1993, Butler and Likens 1995) who have found measurements of throughfall + 

stemflow to correlate well with estimates of total (wet + dry) deposition which are 

based on measurements of wet deposition and inferred estimates of dry deposition.  

One problem with using throughfall as an estimate of dry deposition, however, 

is that it is not just a measure of the amount of dry deposition that is washed off the 

leaf, but the result of several different processes such as foliar uptake and leaching. In 

a review of  how canopy interactions such as foliar leaching and uptake influence 

throughfall (Parker 1983) notes that nitrogen is tightly conserved in the canopy and 

most studies showed foliar uptake of NH4
+ and NO3

-. Canopy uptake or retention is 

the result of either cation exchange of ions on leaf surfaces (Lovett et al. 1985) or 

diffusion through the leaf cuticle and stomata (Sparks 2009), with the different forms 

of N entering through different pathways. For instance, nitric acid vapor, ammonium, 

and nitrate ions that accumulate on leaf surfaces from gaseous and particulate 

deposition (i.e., dry deposition) are transported into the leaf through cuticular diffusion 

(i.e., leaf surface uptake) while gaseous NH3, NO and NO2 are taken up via the 

stomata (Draaijers et al. 1996). Although the gaseous forms (NH3, NO and NO2) have 

different intermediate steps (i.e nitrous (HONO, HNO2) and nitric acid (HNO3) must 

be reduced by nitrate reductase and nitrite reductase) all are eventually incorporated 

into plant proteins via glutamine synthetase. (Sparks 2009).  

While several different methods have been used to measure the amount of 

canopy N uptake (i.e., by difference Lindberg et al. 1986, Lovett and Lindberg 1993), 

or tracing the fate of 15N-labeled NH4
+ (Garten and Hanson 1990) and 15N-labeled 



34 

HNO3 (Padgett et al. 2009)) the different methods have yielded comparable estimates. 

Using above and below canopy fluxes, Lindberg et al. (1986) found that canopy 

uptake decreased the flux of atmospheric NO3
-, and NH4

+ by 50-70 % and Lovett et al. 

(1993) found that canopies retained 10-90%, with a mean of ~50%. Similarly Padgett 

et al. (2009) using 15N-labeled HNO3 estimated that as much as 60% of deposited 

nitrogen may be retained in the canopy and Garten and Hanson (1990) found that 58-

84% of 15N-labled NH4
+ was retained in the canopy.  

In addition to removing DIN, canopies also leach DON. Several studies such 

as Carlisle et al. (1966) and Stadler et al. (2001) have investigated the source of this 

DON and suggested it is either the result of epiphytic microorganisms utilizing DIN 

that is adsorbed to the leaf surfaces or of DON leaching out of leaves. In their study, 

Lovett and Lindberg (1993) did not find any correlation between canopy uptake of 

inorganic N and canopy leaching of organic N across their sites as would be expected 

if microbial transformations were responsible. Conversely, in a study designed to 

assess the fate of 15N-labeled NO3
- and NH4

+ applied as a mist to the forest canopy, 

Gaige et al. (2007) measured rapid incorporation of the labeled N into DON which 

they attributed to microbial N cycling rather than assimilation and re-release by trees. 

In their study investigating canopy interactions in forests in North America and 

Europe, Lovett and Lindberg (1993) found that although organic N was always 

released from the canopy, the amount released was, in all sites but one, exceeded by 

the amount of inorganic N that was consumed. Several studies have investigated 

canopy leaching in addition to foliar uptake and attempted to quantify both the 

amounts as well as the forms of N involved in each process by measuring the different 

N species above and below the canopy. A uniform result among all the studies was a 

net increase in organic N in throughfall samples compared to precipitation samples 

(Currie et al. 1996, Lovett and Lindberg 1993, Baker and Attiwill 1987, Friedland et 
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al. 1991, Goller et al. 2006, Jones et al. 2008, Schwendenmann and Veldkamp 2005).  

Whereas, a difference among the studies was in the percent of TDN due to DON 

which decreased with increasing N inputs. For example in a study by Goller et al. 

(2006) designed to investigate if organic N species contribute more to element cycles 

in areas without anthropogenic inputs, DON accounted for 45-60% of the TDN (in 

rainfall and throughfall), while in areas that receive higher N inputs such as subalpine 

spruce-fir forest in the Adirondacks it is 31% (Friedland et al. 1991), and in  the N 

addition plots at the Harvard Forest in Massachusetts it is 32-39% (Currie et al. 1996), 

and in an N saturated pine plantation in northern Wales it accounted for only ~11% 

(Jones et al. 2008).   

Thus, using N in net throughfall (throughfall – bulk deposition) to estimate dry 

deposition of motor vehicle emissions may be a conservative estimate because it is 

likely to miss any of the NH3, and NOx that  is retained in the canopy (Lovett and 

Lindberg 1984) and any N that is volatilized prior to being washed off (Raivonen et al. 

2006).  In order to overcome these losses a number of studies have chosen to use TDN 

which includes DON as well as DIN in their deposition estimates (Valiela et al. 1997, 

Lajtha et al. 1995). For example Valiela et al. (1997), Lajtha et al. (1995), and Butler 

and Likens (1995) included organic N in their estimates of deposition to compensate 

for foliar uptake of DIN and Neirynck et al. (2008) used canopy flux of DON in order 

to explain the mismatch between throughfall flux of DIN and total deposition 

measurements.  However, this may cause an overestimate of N deposition because 

some portion of the DON in throughfall is likely leached from the canopy as opposed 

to conversion of atmospherically deposited DIN. In this study in order to get a range 

of estimates for deposition I calculated deposition using both DIN, which is an 

underestimate and TDN, which may be either and underestimate or an overestimate 

depending on the relative balance of DON leaching vs. DIN uptake by the canopy. To 
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calculate deposition I measured inputs of DIN and TDN in throughfall for all 

precipitation events from Jul 06 - Jul 07 in plots at 10, 50, 100, and 150 meters from 

the roadway at our Waquoit Bay site. I corrected the DIN inputs to account for canopy 

uptake using the net-throughfall (throughfall - bulk) measurements of DIN made at 

our non-road site (Figure 2.5). The average canopy uptake across the transect was 0.16 

mg DIN m-2 day-1 (± S.E 0.05). Assuming this canopy uptake occurs from May-Nov 

when foliage is present, the throughfall inputs along the transect need to be adjusted 

upward by 8%. The TDN inputs were corrected for canopy uptake by 16% based on 

the Integrated Forest Study (IFS) regression of net canopy uptake and throughfall total 

N (Lovett and Lindberg 1993). In order to estimate deposition for areas along the 

deposition gradient (i.e from one plot to the next along the gradient) a simple model 

was developed by fitting a curve to the corrected  deposition estimates using the least 

squares method along with the Solver function in Microsoft Excel (John 1998) (Figure 

2.6). The resulting equations were then used to calculate deposition over the desired 

distance (i.e., 0-10, 0-50, and > 50 meters) (Table 2.3). Using these two methods gives 

a range of estimates for deposition across the gradient (Table 2.3) with the largest 

differences between the two occurring in the areas closest to the road. Across the 

gradient, the deposition near the road (0-10 meters) is 1.6 – 1.9 x the deposition for 

distances > 50 meters from the road using the DIN and TDN estimates respectively. 

Comparing the two estimates, the deposition estimates made using the DIN are 53-

63% of those made using TDN (with the lower values near the road).   

I then used these TDN deposition estimates along with outputs measured with 

lysimeters (which are discussed at length in Bettez et al. (Chapter 3) to calculate forest 

retention rates in plots along the 150 meter Waquoit Road transect. In order to 

calculate average retention along the entire transect, a curve was fit (similarly to the 

deposition estimates) to the retention estimates made in the plots along the 150 meter  
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Figure 2.5. Net through-fall (TF-Bulk) for DIN at Waquoit Bay Road and non-road 
side sites.  Net canopy flux of DIN decreases with distance from road with 
sites >100 meters showing net canopy uptake compared to all sites along non-
road site showing net canopy uptake (± S.E., n= 4). One-Way ANOVA and 
Tukey’s HSD Post Hoc Test: ***P < 0.001, **P < 0.01, *P < 0.05. P = .NS, 
.029, .0016, NS, .039, NS for 50, 100, and 150 meters respectively along road 
and non-road transects.  
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Figure 2.6. Modeled TDN and DIN deposition within 150 meters of roadways 
estimated by fitting a curve to deposition measurements made at the WBNERR 
roadside site. 
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Table 2.3. Average N deposition and forest retention rates with distance from roadside 
edge. 

Distance  Deposition  DIN kg  
ha-1 yr-1 

Deposition  TDN kg 
ha-1 yr-1 Retention Rate 

0 - 10 meters 6.4 12.2 36 % 
0 - 50 meters 4.7 7.9 62 % 
> 50 meters 4.0 6.4 71 % 
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Figure 2.7. Modeled N retention within 150 meters of roadways estimated by fitting a 
curve to deposition measurements made at the WBNERR roadside site. 
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transect (Figure 2.7) and the resulting equation was used to calculate retention over the 

desired distance (Table 2.3). 

Road and non-road edges 

Throughfall deposition along roadside transects differed significantly from 

non-roadside transects, there were significant differences. While there were no 

significant differences in bulk TDN or DIN inputs among the different sites (WHRC, 

WBNERR, WBNERR Edge) in any year (2004 - 2006), when sites at closest to the 

edge of either road or non-road edges were compared road sites always had 

significantly higher throughfall deposition than non-road sites for both TDN and DIN. 

In fact, the furthest points on either road transect (100-300 meters) all had higher 

deposition that the closest non-road edge site. When net-throughfall (throughfall-bulk) 

for DIN was compared between the WBNERR road and non-road sites, there were 

significant differences between the two in net-throughfall along the transect, with net 

canopy flux (the amount of N washed off the canopy minus any canopy uptake) of 

DIN decreasing with increasing distance from the roadway and eventually becoming 

negative (i.e., canopy uptake) between 100 and 125 meters (Figure 2.5). Along the 

roadside transect, the net canopy flux of 0.32 mg DIN m2 day-1 at 10 meters is 

significantly higher than at 100 and 150 meters. At the non-roadside site there is net 

canopy uptake along the entire transect with an average net uptake of 0.16 mg m2 day-

1 and while the 50 m site is significantly different from the 10 meter site the 100 meter 

site is not.  

When data for parameters of N deposition (foliar and forest floor C:N and 

δ15N, IER leaching) along other road and non-road sites were compared, no significant 

differences were found between east and west transects at individual sites or among 

the 3 sites within each road and non-road edge type. Therefore, data from the east and 
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west transects for each of the 3 sites in each type were combined (Table 2.4). 

Although foliar C:N and δ15N values along road sites usually tended to be lower than 

non-road sites (Figure 2.8 A, C), the difference between types were not significant 

(Table 2.4). There were significant differences between transect types for forest floor 

δ15N and C:N (Table 2.5) with significantly lower C:N and δ15N values for transects 

near roads than non-roads (Figure 2.8 B, D). No significant differences with distance 

from the forest edge for either road or non-road transect type were found for C:N and 

δ15N ratios in either foliar and forest floor samples (Table 2.4).  

Table 2.4. Average deposition indices for three road and non-road transects (± S.E., 
n=6). 

Site  Distance Foliar C:N Foliar 15N 
Forest Floor 

C:N 
Forest Floor 

δ15N 
Enrichment  

factor 
IER NO3

- mg liter  
day-1 

10 24.72 (.61) -2.42 (.32) 25.36 (1.7) 0.88 (.25) -3.30 (.38) 0.24 (.05) 
25 23.84 (.60) -3.08 (.45) 24.02 (1.1) 0.49 (.09) -3.57 (.52) 0.07 (.007) 
50 25.00 (1.0) -2.86 (.33) 25.83 (2.15) 0.70 (.32) -3.56 (.62) 0.07 (.01) 

Road 

100 24.19 (1.0) -3.24 (.42) 27.12 (2.15) 0.51 (.34) -3.75 (.64) 0.068 (.008) 
10 24.31 (.98) -2.88 (.32) 28.87 (1.3) 0.88 (.15) -3.76 (.19) 0.066 (.007) 
25 24.87 (.72) -3.04 (.18) 28.76 (.93) 1.38 (.29) -4.43 (.30) 0.099 (.02) 
50 25.94 (1.2) -2.71 (.30) 28.14 (1.2) 1.36 (.13) -4.07 (.28) 0.065 (.005) 

Non-road  

100 25.03 (.43) -3.00 (.22) 27.12 (.79) 1.01 (.26) -4.02 (.28) 0.0817 (.012) 

 

More nitrate (~1.4x) was collected on ion exchange resins deployed along 

roads than along non-roads with the most nitrate collected at the site closest to the 

roadway (Figure 2.8 E). These differences were significant between the types of 

transects (Table 2.4), with more nitrate collected along roadside than non-roadside 

transects. Also more nitrate was collected on resins at 10 meters than at other sites (25, 

50, and 100 meters) along the transects (Table 2.4).  

In order to test if increased leaching was occurring along roads throughout the 

watershed, resin bags were buried beneath the forest floor along transects adjacent to 

roads throughout the watershed. While resin bags do not provide a quantitative  
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Figure 2.8. Graph of foliar C:N ratio (A), foliar δ15N (C), forest floor organic layer C:N (B), forest floor 15N (D), Nitrate extracted 
from ion exchange resins (E), and enrichment factor (δ 15Nfoliage - δ 15Nforest floor) (F) along transects away from road (closed 
circles) and non-road (open circles (± S.E., n= 6). 
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measurement of N leaching, they are commonly used evaluate relative N loss (Binkley 

and Matson 1983). There were no significant differences in the amount of nitrate 

collected on the ion exchange resins with soil type (coarse, sandy), or average daily 

traffic when tested with an ANOVA. There were statistically significant differences 

between differences between resins at 10 meters and those at 50 meters determined 

using an ANOVA with the amount of nitrate collected on resins at 10 meters 

significantly greater than that collected on resins at 50 meters (P = .0425) and at 100 

meters (P = .0436) determined using Tukey Kramer multiple comparison test (Figure 

2.9). These results indicate that higher N leaching is likely occurring in areas within 

10 meters of roads throughout the watershed.  

Table 2.5. Results of 3-Way ANOVA on data type (road or non-road), direction (east 
or west), and distance (10, 25, 50, and 100 m). 

  Foliage Forest Floor Enrichment Resin 

  15N C:N 15N C:N Factor NO3
- 

Direction 0.3300 0.2203 0.4626 0.5330 0.2443 0.1184 
Type 0.9366 0.4007 0.0068*** 0.0360* 0.104† 0.0173 
Distance 0.4941 0.6301 0.7153 0.9888 0.7227 0.0001 
Direction x Type 0.8967 0.6078 0.1842 0.7135 0.4861 0.1567 
Direction x Distance 0.9653 0.6817 0.4178 0.9213 0.9118 0.1037 
Type x Distance            0.7606 0.8413 0.3423 0.5305 0.9531 0.0002 
Direction x Type x Distance 0.9471 0.5503 0.3574 0.9809 0.6374 0.0006 

Discussion 

I measured elevated N inputs along roadside edges compared to non-road 

edges and found that N inputs decreased with distance from the roadside edge. I did 

not find any significant differences either with orientation at individual sites, or among 

sites within transect type, leading us to believe that these depositional gradients 

consistently form along roads. This increased deposition was reflected in several 

indices of increased N loading such as lower forest floor C:N values, higher forest 

floor δ15N, and increased nitrate leaching.  
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Foliar and forest floor δ15N abundance and forest floor C:N ratios can be 

indicative of N enrichment in both whole ecosystem N addition experiments (Emmett 

et al. 1998b, Gundersen et al. 1998) and across regional gradients of N deposition  

(McNulty et al. 1991, Dise et al. 1998b, Pardo et al. 2006). In our study, I found 

significant differences between road and non-road edges for some (forest floor C:N, 

forest floor δ15N, and nitrate leaching) but not all (foliar δ15N) indices of N deposition. 

While foliar δ15N abundance values were highest at the 10 meter road site, I did not find 

a significant difference between road and non-road sites for foliar δ15N abundance. 

One possible reason for the lack of significance in foliar δ15N values could be the 

result of differences in soil and plant δ15N values due to land use history (Emmett et 

al. 1998b). In order to overcome these issues and make comparisons among road and 

non-road transects, I used a δ15N enrichment factor which is the difference between 

δ15N abundance in forest floor and δ15N abundance in foliage (Emmett et al. 1998b). 

Emmett et al. (1998b) used the enrichment factor to identify the degree to which N 

deposition influenced different sites along a nitrogen deposition gradient from 10 kg N 

ha-1 yr-1 in southern Sweden to 60 kg Nha-1 yr-1 in the Netherlands. As deposition 

increases, the difference between the foliage and forest floor δ15N values decreases 

either because the foliage becomes enriched or the forest floor becomes depleted, 

resulting in a decrease in the enrichment factor. These changes are the result of the 

lighter isotope (14N) being favored during various transformations associated with N 

enrichment and loss (Nadelhoffer et al. 1995). For example, during nitrification, 

lighter NH4
+ is preferentially nitrified leaving behind heavier NH4

+ which is taken up 

by vegetation thus making it heavier, while during denitrification there is a greater loss 

of lighter N as N2 leaving behind heavy NO3
-. When the enrichment factor is 

calculated for our sites, the difference between road and non-road sites is statistically 

significant (Table 2.4) with the roadside sites having a higher enrichment factor than 
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the non-road sites (Figure 2.8 F). While the difference in enrichment factors between 

the road and non-road sites in our study was much smaller at 0.45 than the difference 

in enrichment factor of 6 found by Emmett et al. (1998b), the estimated difference in 

deposition between our road and non-road sites was also much smaller than the 50 kg 

ha-1 yr-1 difference between their high and low sites. Furthermore, although neither 

transect type had statistically significant differences with distance from their edges, 

possibly because of small sample size or small differences in deposition across their 

gradients, both showed patterns consistent with what would be predicted, with higher 

enrichment factors near their edges. 
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Figure 2.9. Average nitrate leaching away from roadways in the Waquoit Bay 
Watershed measured with ion exchange resins roadway (+ SE, n = 12). 
ANOVA with Tukey Kramer multiple comparison test: ***P < 0.001, **P < 
0.01, *P < 0.05, †P < 0.10. 
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The difference between road and non-road sites for forest floor C:N ratios is 

small but ecologically significant. Gundersen et al. (1998) identified a negative 

relationship between C:N ratio and nitrate leaching in whole-ecosystem N addition 

experiments, with the increased leaching resulting from the onset of nitrification at 

forest floor C:N ratios around 24:1 to 27:1. Therefore it is possible to use the forest 

floor C:N ratio as an indicator of the likelihood of NO3
- leaching with the risk of 

leaching increasing from low to moderate to high as the C:N drops from >30:1 to 

between 30:1 - 25:1 and to < 25:1 (Gundersen et al. 1998). The forest floor C:N ratio 

for the 10 m roadside sites is 25:1 compared to 28.8:1 for the 10 m non-road sites, 

indicating an increased likelihood of nitrate leaching. This was also confirmed by our 

resin bag data, with 2.4x more nitrate collected on ion exchange resins at the 10 m 

roadside site compared to the 10 meter non-roadside site.  

Scaling 

Valiela et al. (2002, 1997) have constructed a detailed model that estimates the 

N inputs to the Waquoit Bay watershed from atmospheric deposition, sewage, and 

fertilizer, and then calculates N loading to the estuary from each of these sources. 

According to their model the 2 primary sources of N to the watershed are atmospheric 

deposition (56%) and sewage (27%). However, because they assume that 89% of the 

N from atmospheric deposition is retained in the watershed (which is somewhat higher 

than the 50% estimated by Lajtha et al. (1995)), atmospheric deposition only 

contributes 30% to estuarine overall loading while wastewater contributes 48% 

according to their model estimates (Valiela et al. 1997). Here, I use NLOAD (Valiela 

2009), a web-based modeling tool based on Valiela et al. (1997), to investigate how 

including the additional N from mobile source emissions influences the relative 

contribution of each of these sources to watershed and estuarine N inputs.  
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Data for model parameters were obtained from 2001 aerial photos by Valiela 

and Bowen (2002). I used the same data for model input parameters (number of 

buildings; watershed area; area of wetlands; area of cranberry bogs; area of other 

agriculture; area of golf courses; area of parks and athletic fields; impervious surfaces; 

area of freshwater ponds, and buildings within 200 m of shore) as Valiela and Bowen 

(2002). With the exception of deposition and forest N retention, the remaining model 

defaults were left unchanged. Similar to Valiela et al. (1997) and Valiela and Bowen 

(2002), I use TDN for N deposition estimates. The average values of N deposition and 

forest N retention were calculated for areas within 0-10 meters, 0-20 meters, 0-50 

meters, and > 50 meters from the roadside edge (Table 2.3) were calculated using 

modeled estimates (Figure 2.6, 2.7).   

In order to estimate how increases in deposition and leaching would affect 

watershed and estuarine N inputs, the model was run twice, once using deposition and 

retention estimates for areas uninfluenced by roads in which values from areas > 50 

meters away from the road were used and once using area weighted deposition and 

retention rates that reflected the influence of increased deposition and decreased 

leaching found near roads. The area weighted deposition and leaching rates were 

calculated using the percent of the watershed that is within 10, 20, and 50 meters of its 

307 km of roads which were 13.5 %, 22.5 %, and 44.3 %  respectively of the total 

watershed area (T. Stone, personal Communication) (Figure 2.10). For example the 

average deposition of the 10 meters closest to the road is 1.9 x the average deposition 

beyond 50 meters from the roadway. Similarly, the deposition over the first 20 and 50 

meters was 1.55 x and 1.24 x the average deposition of 50-150 meters from the 

roadway. Using these ratios along with the percentage of the watershed that is within 

10, 20, and 50 meters of a roadway, it is possible to calculate the amount of additional 

N deposition near roads that is added to a watershed (e.g., if 10 % of the watershed 
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receives 2 x the deposition and 90% receives the normal amount of deposition, the 

total deposition to the watershed increases by 10%). When calculated using area 

corrected deposition and leaching numbers, I estimate that the N inputs from 

atmospheric deposition increase by 12.3%, 12.5%, or 10.5% and N leaching increases 

by 6.7%, 6.8%, and 5.7% depending on if the 10, 20, or 50 meter buffers are used. 

Because the largest changes in deposition and retention occurred within the first 10-20 

meters of the roadway and changes in area weighted deposition and leaching were 

similar irrespective of buffer area, the model was run using 0-10 meter values.  

Using the model I estimate the N load to the watershed and estuary from 

atmospheric deposition to be much lower than that of Valiela (Table 2.6). This is 

likely because our estimate of deposition is much lower (6.4 kg ha-1 yr-1) than 

Valiela’s (~ 15 kg ha-1 yr-1) (Valiela et al. 1997, Valiela and Bowen 2002) who 

estimated deposition using data from Lajtha et al. (1995). Lajtha et al. (1995) 

estimated deposition to be 13.1 kg N ha-1 yr-1 for their watershed N budget by 

adjusting throughfall TN measurements (11.3 kg ha-1 yr-1) by 16% to account for 

canopy uptake. For my estimate of deposition, in order to be conservative, I use 

modeled deposition for areas > 50 meters from the roadway. The difference between 

our estimates is mainly due to differences in the DON because our estimates of DIN 

deposition are quite similar: 3.7 kg N ha-1 yr-1 in Lajtha et al. (1995) compared to my 

estimate of 4.0 kg N ha-1 yr-1.  

Despite increased deposition and leaching near roads, when these results are 

scaled to an entire watershed they only result in ~2.6% increase in N inputs to the 

watershed and N loading to the estuary (Table 2.6). Under both scenarios of the 

NLOAD model, deposition, wastewater and septic, and fertilizer each contribute 

roughly equivalent amounts of N to the watershed with wastewater and septic 

contributing slightly more than the other two. However, the contribution of 
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atmospheric N and the impact of mobile sources would likely increase as road density 

and traffic increase or as N retention decreases with time.  

 

Figure 2.10. Waquoit Bay Watershed with area within 10m in black and 50 m in 
orange.  
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Table 2.6. Watershed and estuarine N loading from Valiela et al. 1997, and calculated 
using my data with and without near source deposition of mobile source emissions 
taken in account. 

  
 

Valiela et al. 1997 Without Mobile sources With mobile sources 

  
N load to 

watershed 
N load to 
Estuary 

N load to 
watershed 

N load to 
Estuary 

N load to 
watershed 

N load to 
Estuary 

Deposition 56% 30% 31% 15% 34% 18% 

Wastewater and septic 27% 48% 37% 59% 36% 57% 

Fertilizer 14% 15% 32% 26% 31% 25% 

Total 100% 100% 100% 100% 100% 100% 

Conclusions 

This study compared deposition, foliar and forest floor C:N and δ15N, and 

nitrate leaching measurements along transects perpendicular to road and non-road 

forest edges. Along roads, plots near the forest edge showed higher deposition than 

those in the interior, while along non-roadside edges plots near the edge did not show 

enhanced deposition over those in the forest interior. There were significant 

differences between the road and non-road transects for multiple other indices of N 

deposition such as δ15N enrichment factor, forest floor C:N ratio, and nitrate leaching. 

Plots within 10 meters of roads had a higher enrichment factor compared to plots 

along the non-roadside transect indicating increased N loading along roads. This is 

reflected in lower forest floor C:N ratios in plots near roads (C:N @ 10 m = 25 + 1.7 ) 

compared plots near non-road edges (C:N @ 10 m = 28.8 + 1.3) and increased NO3
- 

leaching (~2.4x) as measured with ion exchange resins. However, beyond 10 meters 

there were no significant differences with distance along either the road or the non-

road transects indicating that if there is an edge effect, because deposition is relatively 

low even with the increased deposition from vehicle emissions, compared to other 

areas where edge effects have been studied, it was not large enough to be seen in our 

study.  
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Near source deposition of mobile source emissions resulted in a 10-12% 

increase in atmospheric inputs to the Waquoit Bay watershed which resulted in a 

~2.6% increase in the contribution of atmospheric N inputs to total watershed and 

estuarine inputs (Table 2.6). Although this increase is small, with continued chronic N 

inputs, decreases in retention will increases causing the contribution of atmospheric 

inputs to increase.  

Roads are overlooked as hotspots of N deposition in the landscape. A portion 

of mobile source emissions are deposited nearby and have an impact on various pools 

and fluxes of N. Our data suggest that most of the near source deposition from traffic 

occurs within the first 100-150 meters. Forested areas immediately adjacent (within 

10-50 m) of roadways see 1.5 - 2 times more deposition (due primarily to dry 

deposition) than sites more than 150 m from roadways, which see deposition rates 

similar to regional estimates. Deposition is likely even higher in pine strands which 

have been shown to have a higher edge effect (Wuyts et al. 2008). However, while 

these gradients are short they should not be disregarded. The roads in our study 

averaged less than 20,000 vehicles a day compared to highways which can have 5-10 

times as many vehicles. When our results are extrapolated to the entire watershed, I 

estimate that deposition estimates could be underestimated by 10-12% and leaching by 

~5.7-6.8%. Although this research was done in coastal area where development is 

high, road density throughout the remainder of the US is high as well. In the US, there 

are 6.3 million km of roads (Watts et al. 2007) which fill the landscape so fully that 

~20% of the land area in the conterminous US is within 127 meters of a road (Riitters 

and Wickham 2003). While most of the emissions from mobile sources are deposited 

regionally and captured with the current monitoring networks, more work is needed on 

their local contribution. This is especially important when constructing ecosystem N 

budgets or policy designed to control N loading in coastal areas that are N limited.  
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CHAPTER 3: 

FOREST RESPONSE TO CHRONIC LOW LEVEL N DEPOSITION ALONG 

A ROADSIDE DEPOSITION GRADIENT.  

Introduction 

Nitrogen (N) has been shown to limit primary production in both forested and 

coastal ecosystems (Vitousek and Howarth 1991). Under low N deposition, forest 

growth tends to be limited by N availability, and N is retained in biomass, forest floor 

organic layer, and the mineral soil. As N deposition increases, the availability of NH4
+ 

and NO3
- can occur in excess of plant and microbial demand and forests can show 

decreased N retention efficiency or N saturation (Aber et al. 1989, Aber et al. 2003). 

Negative consequences of this excess N have been documented across a broad range 

of ecosystems, including declining health of forests and lakes because of long-term 

(chronic) N deposition associated with acid rain (Aber et al. 1982, Schindler et al. 

1985, Driscoll et al. 2003), and degradation of coastal rivers and estuaries are also by 

chronic N loading from multiple sources (Bricker et al. 1999, Howarth et al. 2000, 

National Research Council 2000, Howarth 2008a).  

While the sources of this N vary by site and region, they are primarily 

wastewater, fertilizer, agricultural sources, and wet and dry atmospheric deposition 

(Howarth 2000, Howarth et al. 2002b). Unlike the rest of the world where N emissions 

from fossil fuel combustion are only one quarter the amount applied as fertilizer 

(Howarth et al. 2002a), N emissions in the U.S. are equal to three quarters of the 

amount of N applied as fertilizer (US EPA 2008a, IFA 2008). In the US between 1940 

and 1998, N emissions have more than tripled. These increases are largely due to 

increases in emissions from mobile sources (i.e., motor vehicles and construction 

equipment) which have increased 5 fold and since 1940 and have replaced stationary 
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sources such as power plants as the largest source of N emissions in the US (US EPA 

2008a).  

Recently, mobile sources (i.e., vehicle traffic) have been recognized as a 

potentially important source of N to local N budgets, especially in areas near roads 

(Kirchner et al. 2005, Howarth 2008a, Bettez Chapter 2, Marino et al. In Prep). This N 

comes from mobile source emissions of NOx (NO and NO2) created during 

combustion and NH3, a secondary pollutant made from the over reduction of NOx by 

catalytic converters (Heeb et al. 2006). While most of these emissions are carried into 

the larger atmosphere and deposited broadly across the landscape, a portion of them 

are deposited close to roads (near-source deposition). In a study along a transect away 

from a major highway in Germany, Kirchner et al. (2005) found up to 3x higher NH3 

and NO2 concentrations and 2x higher N deposition at sites near the highway than at 

sites just 500 meters away. Similar patterns in gas concentration and deposition have 

also been found along transects adjacent to moderately sized roadways (~15,000 

vehicles day-1) on Cape Cod (MHD  2008). Marino et al. (In Prep) estimate that 10-

25% of the NH3 and 1% of the NOx is deposited within 50 m of a roadway, and Bettez 

et al. (Chapter 2) finds deposition along roadside edges to be elevated over both forest 

interiors and non-roadside edges. This gradient in ambient chronic N deposition 

adjacent to roads creates an ideal natural experiment in which to evaluate the impacts 

of long-term deposition on adjacent forest environments while removing variability in 

forest-type, climate, and land-use history that have confounded earlier studies. 

Over the last two decades, understanding how forest ecosystems respond to 

chronic N deposition has been the focus of a great deal of work in both the US and 

Europe. This research has included regional transects across the northeastern US, 

Michigan, and northern Europe that capture long-term landscape scale deposition 

gradients (Dise and Wright 1995, Aber et al. 2003, McNulty et al. 1991) and whole 
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forest ecosystem experiments in which N deposition is manipulated (Tietema et al. 

1998, Jefts et al. 2004, Magill et al. 2004, McNulty et al. 2005, Pregitzer et al. 2004). 

The whole ecosystem manipulations have included: the chronic N experiments at the 

Harvard Forest Long-Term Ecological Research site in which N has been added for 15 

years to pine and hardwood forests in Massachusetts (Magill et al. 2004), the northern 

hardwood gradient experiment in which N has been added ~ 3x the ambient N 

deposition (30 kg ha-1 yr-1) since 1994 to four different northern hardwood forests 

located along a 500 km geographic gradient, and the NITRogen saturation 

EXperiments (NITREX) in Europe in which N was either added to throughfall at sites 

with low or moderate N deposition or removed from throughfall at sites with high N 

deposition for four to six years (Wright and van Breemen 1995, Tietema et al. 1998).  

Changes in N cycling have been observed in both the gradient studies and the 

whole ecosystem N manipulations. For example along the deposition gradients 

positive relationships between N deposition and N cycling variables such as net 

nitrification, mineralization, and forest floor N have been measured in multiple studies 

(Lovett and Rueth 1999, McNulty et al. 1991, Dise et al. 1998a). While in the whole-

ecosystem manipulations changes in N leaching (Pregitzer et al. 2004, McDowell et al. 

2004), leaves (Zak et al. 2004), and forest floor N (McNulty et al. 2005) were found.   

However, both types of studies have their drawbacks. The whole ecosystem N 

additions are often at very high levels (3-10 x ambient loading), and the gradients span 

long distances 10-100’s of kilometers). There are several drawbacks to comparing 

distant sites along deposition gradient. One is that they often have different land use 

histories or other varying conditions (Emmett et al. 1998a). Another is that some 

variables such as foliar N and deposition can co-vary with climate and elevation (Aber 

et al. 2003).  
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In this study I use the short (<150 meters) deposition gradient adjacent to a 

roadway that results from near-source deposition of mobile source emissions in order 

to address how chronic, low-level N deposition affects forest N cycling and retention. 

As part of this study, I measured N pools (foliage, forest floor), inputs (N deposition), 

and N outputs (leaching) from July 2006 until July 2007 in plots at 10, 50, 100, and 

150 meters away from a moderately traveled roadway. I evaluated 6 metrics 

commonly used to calculate N budgets and evaluate N cycling in forests: N deposition 

(bulk and throughfall), leaf C:N, leaf decomposition rates, forest floor C:N and pH, 

and N leaching. I expected that areas closer to the roadway would have higher N 

deposition, and would be more likely to show signs of chronic N loading such as 

changes in forest floor C:N, decreased decomposition, and increased leaching of N.  

Methods 

This study was conducted in the Waquoit Bay Estuarine Research Reserve 

(N41 35.834 W70 30.090) on Cape Cod in Massachusetts (Figure 3.1). In 2006, the 

average wind direction was predominantly from the south-south west to the north-west 

and average annual wind speed, precipitation, and temperature were 0.76 m sec-1, 121 

cm, and 10.5 °C respectively (NOAA 2008). Soils are a Carver loamy coarse sand 

(CcA) from parent material deposited in the Sandwich Moraine outwash during the 

Wisconsinian glaciation (Fletcher 1993). The research was conducted in a mid 

successional stage aggrading red oak (Quercus rubra) and red pine (Pinus resinosa) 

forest (Seely and Lajtha 1997). Research plots were located at 10, 50, 100, and 150 

meters along a transect perpendicular to Route 28, a class 3 road (rural minor arterial 

and urban extensions) which contained an integral curb that diverted road runoff to 

drywells and had an average daily traffic volume of 13,300 vehicles day-1 (MHD 

2008). Above-ground forest biomass was determined using diameter at breast height 
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measurements and allometric equations from (Jenkins et al. 2003). Leaf-area-index 

(LAI) estimates were made by applying a leaf area: leaf weight ratio to the amount of 

leaves collected in each plot during litter fall. The ratio was made by collecting leaves 

from 3 trees in each plot, measuring their area using a LI-COR LI-3100 area meter 

(LI-COR Lincoln, NE, USA) followed by drying and weighing each set of samples. 

This ratio was then applied to the litter fall estimates in each plot to obtain leaf area 

index (Table 3.1).  

 

Figure 3.1. Study site at the Waquoit Bay Road and non-road study sites were located 
within the Waquoit Bay Watershed on Cape Cod in Falmouth, Massachusetts. 

Deposition was estimated using measurements made with both bulk deposition 

and throughfall collectors placed along transects perpendicular to the roadway. Bulk 

collectors were located in an open field at 10, 50, and 100 m from the road and 

throughfall collectors were located in forest plots at 10, 50, 100, and 150 m from the 

roadway. Collectors, which were suspended ~ 1m off the ground, consisted of a 20-cm 
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diameter polyethylene funnel with a polyester fiber filter plug (to keep out coarse 

debris) attached to a 2-l amber HDPE bottle. Following each precipitation event from 

Jul 2006 – Jul 2007, collectors were brought back to the laboratory where the volume 

in each was measured and sub-samples were taken for nutrient analysis (total 

dissolved nitrogen, NO3
-, and NH4

+). Sub-samples were filtered using an ashed 

Whatman® GF/F (nominal pore size of 0.7µm) glass fiber filter and stored at -20°C 

until analysis on a Lachat quick chem. auto analyzer (Hach Company Loveland, CO, 

USA). Mean annual N deposition for each distance was calculated by averaging the 

mean annual N flux for each distance. The N flux for each collector was calculated by 

converting the concentration to mass [(bottle volume (L) * concentration (mg L-1) / 

funnel area (m2) = mg m-2], summing these for all the events over the period of 

interest, and dividing by the length of time in order to get either mg m-2 day-1 or kg ha-

1  yr-1 for each collector.  

Table 3.1. Site characteristics for plots along roadside gradients at WBNERR (± S.E.).  
One-Way ANOVA and Tukey’s HSD pair wise comparison: ***P < 0.001, **P < 
0.01, *P < 0.05. 

Distance 
(meters) 

Above ground biomass 
(Mg ha-1) 

Mean DBH  
(cm) 

Basal Area (m2 

ha-1)) 
LAI           (m2 

m-2) 
10 215 (.85) 17 (1.0) 34 (.11) 3.6 (.18) 
50 82 (.67) 16 (1.0) 14 (.10) 3.8 (.12) 
100 151 (1.4) 18 (1.6) 27 (.24) 3.4 (.31) 
150 162 (1.7) 19 (1.7) 30 (.91) 2.6 (.23) 

 

Foliage samples were collected during the growing season in 2006 from the 

mid canopy of red oak trees in each plot using a 6-m long pole pruner. Three samples 

were collected from each plot, with each sample consisting of leaves from 3 areas of 

the mid canopy of an individual tree, which were combined, dried @ 70°C, ground 

using a Cyclone mill (UDY Corporation, Fort Collins, CO, USA), and analyzed for C 
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and N using a LECO C, N, H, S analyzer (LECO Corporation, St. Joseph, Michigan 

USA).  

Litter bags were used to determine litter mass loss across the deposition 

gradient. In 2004 litter was collected throughout each plot using six 0.212-m2 baskets 

per plot, allowed to air dry, separated by species, and sub-sampled for lignin, C, and N 

analysis. Sub-samples were ground and analyzed for the following carbon fractions: 

cell solubles; hemicellulose and bound protein; cellulose; and lignin and other 

recalcitrants, which were determined on an ash-free dry mass basis using an ANKOM 

Fiber Analyzer (Ankom Technology, Macedon, NY, USA) (Van Soest 1994). I also 

analyzed samples for C and N on a PerkinElmer 2400 analyzer (PerkinElmer 

Corporation, Waltham, Massachusetts, USA). Four litter bags for each distance along 

the transect were made by filling a 20-cm2 bag constructed from 1 mm nylon mesh 

with ~10g of red oak litter from that site. Litter bags were deployed for two years from 

21 Nov-04 - 21 Nov-06, retrieved, dried for 1 week @ 70°C, and reweighed to 

calculate mass loss. 

Litter fall was collected each week throughout the fall of 2006 using 8 baskets 

spread throughout each plot. Each week litter was collected from the baskets and dried 

for 48 h @ 70°C; once leaf fall was complete; all litter from each distance was 

combined, separated by species, weighed to obtain a seasonal litter mass, and sub-

sampled. Sub-samples were ground using a Cyclone mill and analyzed for C and N 

using a LECO elemental (C, N, H, S) analyzer.  

To measure changes in the forest floor across the deposition gradient, samples 

were collected from three different areas within the plot each month from July-

December and in May and June. Each sample consisted of a composite of 3 cores 

taken within 20-30 cm of one another. Cores were taken by clearing away the Oi or L 

horizon (the litter that is still largely intact and recognizable as litter) and inserting a 



 

66 

sharpened 5 x 30 cm PVC tube to a depth of 20 cm. The depth of the organic horizon 

was calculated by difference using the distance from the top of the core to the 

surrounding forest floor and the distance from the bottom of the core to top of the 

mineral soil. Upon removing the core, it was separated into organic and mineral 

horizons which were then combined with the other two cores that comprised the 

sample. Samples were then stored on ice and transported back to the laboratory where 

they were passed through a 4.75mm sieve, thoroughly mixed, weighed, and sub-

sampled for moisture content, pH, and N and C content. Samples for N and C were 

dried @65 °C, ground using an 8000D Dual Mixer/Mill (SPEX), and analyzed using a 

LECO C, N, H, S analyzer. Samples for pH were analyzed according to Robertson et 

al. (1999). Briefly, 30 mls of deionized water were added to 15g of un-dried sieved 

soil. The mixture was stirred and allowed to stand for 30 minutes to equilibrate with 

atmospheric CO2, stirred again, and the pH was then read to nearest 0.1 pH unit on an 

Orion Research digital pH/millivolt meter model 611.  

Nitrogen leaching was measured along the N deposition gradient using ion 

exchange resin (IER) bags and zero-tension lysimeters. Although resin bags only 

provide relative indicators of NO3
- leaching, their ease of use and low cost enables 

larger numbers to be deployed compared to lysimeters, which are difficult to install. 

By combining use of resin bags with lysimeters, I was able to capture larger spatial 

patterns and provide rigorous quantification of N leaching. The resin bags were similar 

to those used by Lovett et al. (2004), although deployment times were shortened as 

suggested by Giblin et al. (1994). Resin bags were prepared by placing ~10g of 

Sybron IONAC ASB-1P in nylon stocking. The resin bags were then cleaned and 

charged by soaking in 10% HCl for 1 hour, rinsing with Deionized (DI) water, and 

soaking in 0.5 NaOH overnight. Three groups of resins bags were placed in each plot, 

with each group consisting of 5 individual bags joined with 2 m of mason’s twine. 
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Bags were buried in the mineral soil just beneath the forest floor (~ 12-15 cm) using a 

pry bar to make a slit in the soil, inserting the resin bag, and closing the slit with gentle 

pressure. Resin bags were deployed each month from July - December, December - 

May, and May - June. At the end of each deployment, bags were retrieved, rinsed with 

DI to remove soil, and extracted twice using 10 ml of 2 M KCl. The extracts were 

analyzed for NO3
- using a Lachat auto-analyzer and cadmium reduction.  

To calculate N flux and retention along the deposition gradient, 10 lysimeters 

were installed in each plot with 6 below the forest floor at ~10-12 cm and 4 below the 

rooting zone at ~ 50 cm. Each lysimeter consisted of a pair of 25 cm long, half-round 

pieces of 10.2 cm PVC with one end that was cut at 45 degrees to form a point and the 

other that was capped with a PVC end cap drilled and tapped to receive 0.6 cm 

diameter tubing that drained by gravity to a 1-l HDPE bottle. Following each 

precipitation event, lysimeter samples were collected and brought back to the 

laboratory where they were processed similarly to the precipitation samples. Mean 

annual flux was calculated for each collector similarly to the precipitation collectors. 

Because lysimeters capture only a portion of the actual water flux in soils (Lajtha et al. 

1999), the fluxes of N below the rooting zone were calculated using the annual 

volume-weighted average concentration in the lysimeter samples and the water flux 

estimates from a Thornthwaite-type monthly water-balance model (Dingman 1994), 

using precipitation and temperature data for the corresponding time period from the 

Waquoit Bay meteorological station (NOAA 2008). Annual N retention efficiency was 

calculated as 1- (N inputs-N outputs)/ N inputs (Lajtha et al. 1995). Similarly to Lajtha 

et al. (1995), retention was calculated using Total (DIN + DON) dissolved N in 

throughfall corrected for canopy uptake and zero-tension lysimeters from below 

maximum rooting depth (50 cm).  
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Data analysis was performed using StatPlus Professional (Analystsoft, 

Vancouver, BC Canada). Differences in fluxes N in precipitation and through-fall 

away from roads were tested by one-way analysis of variance (ANOVA) and Tukey’s 

HSD multiple comparison test for pair-wise comparisons between distances. Single 

pair comparisons were performed between measurement means from sites 10 meters 

from the road and those from farther away using paired two tailed Students t-Test. 

Differences were considered statistically significant at p<0.05 unless otherwise noted. 

Results 

In this study I used an N deposition gradient that resulted from near source 

deposition of motor vehicle emissions away from a roadway to investigate the effects 

of increased N loading on forest N cycling. The deposition gradient was measured 

using bulk and throughfall collectors positioned along transects perpendicular to the 

roadway. There were no significant differences in N inputs via bulk deposition among 

collectors along the transect away from the road in the open field. Therefore, 

measurements of N inputs from the collectors at 10, 50, and 100 meters were averaged 

to give a bulk precipitation estimate of 4.76 (SE ± 0.17) kg TDN N ha -1 yr-1. The 

throughfall collectors were placed in forest plots along a transect in which there were 

no significant differences in characteristics such as DBH, biomass, or LAI (One-Way 

ANOVA and Tukey’s HSD multiple comparison test (Table 3.1). There were 

significant differences in throughfall measurements between sites along the gradient, 

with throughfall N deposition near the road 37% to 48% higher than at sites farther 

away for TDN and DIN respectively (Table 3.2).  

There were significant differences between the sites near the road and those 

farther away in several forest floor properties such as, thickness and  mass (Table 3.3) 

and C:N ratio (Figure. 3.2). The forest floor at the 10 meter site was 2.9 cm thicker 
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and 4.9 kg m2 greater in mass than the average of the sites farther away (Table 3.3). 

The forest floor at 10 meters had a C:N ratio of 34 (+ 0.7) (Figure 3.2) and pH values 

of 4.02 (+ 0.1) (Figure 3.3) compared to the forest floor at 150 meters which had a 

C:N of  39.5 (+ 0.5) and a pH  of 4.43 (+ 0.15). These differences do not appear to be 

driven by differences in the amount of litter because there was no difference in the 

litter fall flux of either N or C across the gradient (Table 3.4). However, in litter 

collected in 2004 and used for a decomposition experiment there were significant 

differences in the percent N and C:N ratios, but not in carbon quality indicators such 

as lignin:N ratios or lignocellulose index (LCI) (Table 3.5) between sites near the road 

and those farther away.   

Table 3.2. N flux for bulk and throughfall along roadside gradients at WBNERR (± 
S.E., n=4). One-Way ANOVA and Tukey’s HSD pair wise comparison: ***P < 0.001, 
**P < 0.01, *P < 0.05. 

Distance 
(meters) 

NH4
+ - N         

kg ha-1 yr-1 
NO3

- - N       
kg ha-1 yr-1 

TDN - N       
kg ha-1 yr-1 

DON - N    
kg ha-1 yr-1 

DIN - N         
kg ha-1 yr-1 

Bulk 1.70 (.08) 2.07 (.07) 4.76 (.17) .99 (.07) 3.77 (.14) 
10 2.07 (.15) 3.05 (.22) 7.51 (.35) 2.39 (.20) 5.12 (.31) 
50 1.25 (.06) ** 2.25 (.08)* 5.33(.19) ** 1.83 (.16) † 3.50 (.05) ** 
100 1.13 (.03) *** 2.12 (.05) ** 5.35 (.09) *** 2.10 (.09) 3.25 (.04) ** 
150 1.13 (.03) *** 2.50 (.25) 5.85 (.40) * 2.22 (.14) 3.63 (.28) * 

Table 3.3. Forest floor characteristics along roadside gradients at WBNERR (± S.E., 
n=8).  Students T-Test comparing 10 meters to 50, 100, and 150 meters: ***P < 0.001, 
**P < 0.01, *P < 0.05, †P < 0.10. 

Distance 
(meters) 

Forest Floor 
mass (kg m-2) 

Forest floor 
thickness (cm) 

Forest floor 
turnover (yrs) 

Forest floor 
(pH) 

10 21 (1.9)** 12.8 (.34)* 12.7 (1.16) 4.02 (.10)* 
50 17 (1.6) 9.9 (.22) 10.1 (.96) 4.26 (.11) 
100 16 (1.3) 9.5 (.19) 9.5 (.79) 4.37 (.15) 
150 16 (1.6) 10.2 (.26) 10.9 (1.1) 4.43 (.15) 
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Figure 3.2. Forest floor C:N ratio at 10, 50, 100, and 150 meters from roadway (+ SE, 
n = 8).  One-Way ANOVA and Tukey’s HSD pair wise comparison: ***P < 
0.001, **P < 0.01, *P < 0.05. 
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Figure 3.3. Average pH of forest floor organic matter collected at 10, 50, 100, and 150 
meters (+ SE, n = 8) at all sites.  For students T-Test comparing pH at 10 
meters to each distance: ***P < 0.001, **P < 0.01, *P < 0.05, †P < 0.10. 

 

 

 

Table 3.4. Leaf flux (concentration*mass) in plots along roadside gradients at 
WBNERR (± S.E., n=6).  One-Way ANOVA and Tukey’s HSD pair wise 
comparison: ***P < 0.001, **P < 0.01, *P < 0.05. 

Distance (meters) Leaf flux C ( g m-2 yr-1) Leaf flux N  (g m-2 yr-1) 
10 164.8  (10.5) 2.3 (0.1) 
50 168.1 (3.2) 2.0 (0.5) 
100 165.0 (11.1) 2.4 (0.1) 
150 143.4 (11.3) 2.8 (0.3) 
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Table 3.5. Litter characteristics along roadside gradients at WBNERR (± S.E., n=3).  
One-Way ANOVA and Tukey’s HSD pair wise comparison: ****P < 0.0001, ***P < 
0.001, **P < 0.01, *P < 0.05. 

Distance 
(meters) Percentage N C:N Lignin:N LCI  

10 0.90 (.01) 55.2 (.77) 18.4 (.12) 0.53 (.01) 
50 0.84 (.01)**** 60.1 (.94)**** 18.9 (.71) 0.51 (.03) 
100 0.77 (.01)*** 66 (.60)**** 21.4 (.50) 0.49 (.01) 
150 0.70 (.01)** 71.3 (.68)** 21.8 (4.23) 0.45 (.05) 
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Figure 3.4. Nitrate collected on ion exchange resins at 10, 50, 100, and 150 meters (+ 
SE, n = 8).  For students T-Test comparing nitrate collected at 10 meters to 
each distance: ***P < 0.001, **P < 0.01, *P < 0.05, †P < 0.10. 
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Table 3.6. Leaching along roadside gradients at WBNERR measured with ion 
exchange resins and zero tension lysimeters placed beneath the forest floor at 15 cm 
and below the maximum rooting depth at 50 cm (± S.E., n=8).  One-Way ANOVA 
and Tukey’s HSD pair wise comparison: ***P < 0.001, **P < 0.01, *P < 0.05. 

  Beneath forest floor Beneath rooting zone 
Distance 
(meters) 

DON - N   kg 
ha-1 yr-1 

DIN - N     kg 
ha-1 yr-1 

DON - N     kg ha-

1 yr-1 
DIN - N     kg 

ha-1 yr-1 
10 5.7 (0.6)** 1.5 (.02) 3.0 (1.1) 0.7 (0.2) 
50 3.9 (0.2)   1.3 (0.2) 0.9 (0.2)* 0.7 (0.1) 

100 4.2 (0.2)   1.0 (0.3) 1.4 (0.3) * 0.5 (0.1) 
150 4.5 (0.6)   1.3 (0.1) 1.4 (0.5)*  0.4 (0.1) 

 

There were significant differences along the deposition gradient in N leaching 

beneath both the forest floor and the rooting zone. Leaching beneath the forest floor 

near the road was elevated regardless of how it was measured, either with ion 

exchange resins (Figure 3.4) or with zero-tension lysimeters (Table 3.6). However, 

although there were generally decreasing amounts of NO3
- collected on ion exchange 

resins and smaller fluxes of all species of N in lysimeters along the transect, only 

differences between 10 m and the other sites were significant, while differences 

among the 50, 100, and 150 meter sites were not significant. There were no significant 

differences between 10 meters and the sites further away in DIN flux either beneath 

the forest floor or the rooting zone. 

Discussion 

Collectively, my results indicate that there is a significant gradient in N 

deposition that results in differences in N cycling between sites near the road (i.e., 10 

meters away) and those farther away (50, 100, and 150 meters). The differences along 

the deposition gradient are primarily in the throughfall, forest floor organic layer and 

result in decreased C:N ratio and increased N leaching in areas near the road that 

experience higher deposition.  
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In order to estimate N deposition, total inputs of both wet and dry N need to be 

to be accounted for. While measuring wet inputs of N via precipitation are 

straightforward, measuring inputs of gaseous and particulate N is more difficult. There 

are several different methods of estimating dry N input. It can be inferred based on 

nitrogen content of atmospheric gases and particulates, along with their computed 

deposition rates. In the U.S., two networks are using this approach: NOAA’s 

Atmospheric Integrated Research monitoring Network (AIRMoN-dry) and the EPA 

sponsored Clean Air Status and Trends Network (CASTNet). Some researchers have 

used either proxy collectors such as artificial trees (Dambrine et al. 1998, Stachurski 

and Zimka 2000), and Petri plates (Lindberg and Lovett 1985), or a ratio of wet:dry 

deposition (Lovett and Lindberg 1993, Valiela et al. 1997). Others have capitalized on 

the fact that tree canopies, because of their large surface area, are excellent collectors 

and have used wash-off from canopies (i.e., throughfall) to estimate dry deposition 

(Lovett and Lindberg 1984, Lajtha et al. 1995). Throughfall is likely an underestimate 

of total deposition for several reasons. The first is that the different forms of N enter 

the leaf through different pathways with nitric acid vapor, ammonium, and nitrate ions 

that accumulate on leaf surfaces from gaseous and particulate deposition (i.e., dry 

deposition) being transported into the leaf through cuticular diffusion (i.e., leaf surface 

uptake) while gaseous NH3, NO and NO2 are taken up via the stomata (Draaijers et al. 

1996). Thus, any of the NH3, and NOx that is taken by the canopy and not washed off 

the leaf surface results in throughfall underestimating dry deposition. Therefore in 

order to estimate total deposition using this method it is necessary to account for net 

canopy exchange which is the amount of N either taken up or leached by the canopy 

(Lovett and Lindberg 1984).   

Our estimate of wet N input by way of bulk precipitation (which measures 

mostly wet as well as some dry) is comparable to other measurements made at our 
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site, as well as those made 60 km away by the NADP. For the period of Jul 2006 – Jul 

2007, our estimate of bulk DIN (NO3
- and NH4

+) deposition was 3.77 (SE ± 0.14) kg 

N ha-1 yr-1 (Table 3.2) which is similar to deposition estimates made at the nearest 

NADP site for 2006 (3.02 kg N ha-1 yr-1) (NADP 2009) as well as those of Lajtha et al. 

(1995) (4.2 kg N ha-1 yr-1) and Seeley et al. (1998) (2.8 kg N ha-1 yr-1).  

In this study in order to get a range of estimates for deposition I calculated 

deposition using both DIN, which is an underestimate because of canopy uptake and 

conversion of DIN to DON and TDN, which may overestimate N deposition if some 

of the organic N is leached from canopy surfaces as opposed to resulting from 

conversion of deposited DIN. In order to account for canopy uptake I corrected the 

DIN inputs (Table 3.2) which were similar to those of Lajtha et al. (1995) (3.7 kg ha-1 

yr-1) using the net-throughfall (throughfall-bulk) measurements of DIN made at our 

non-road site (Bettez chapter 2). The average canopy uptake across the transect was 

0.16 mg DIN m-2 day-1 (± S.E 0.05). Assuming this canopy uptake occurs from May-

Nov when foliage is present, the throughfall inputs along the transect need to be 

adjusted upward by 8%. When applied to our throughfall measurements, total DIN 

inputs along our roadside transect range from 5.42 (SE ± 0.35) kg N ha-1 yr-1 at 10 m, 

to 3.93 (SE ± 0.32) kg N ha-1 yr-1 at 150 m.  

I have chosen, similarly to Lajtha et al. (1995), Valiela et al. (1997), and 

Bowen et al. (2001), to use TDN (DIN + DON) as an estimate of N inputs in our study 

because TDN captures any conversions to DON by microorganisms on canopy 

surfaces. While there are fewer reported results for TDN in the literature, our estimate 

of TDN inputs in bulk deposition (4.76 (SE ± 0.17) kg N ha-1 yr-1) (Table 2) are 

similar to those of Seeley et al. (1998) (5.1 kg ha-1 yr-1).  

Our estimates of TDN inputs in throughfall (Table 3.2) are lower than those of 

Lajtha et al. (1995) (11.3 kg ha-1 yr-1) and Seeley et al. (1998) (9.5 kg ha-1 yr-1) which 
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is reasonable considering that throughfall measurements can be variable from year to 

year (Parker 1983). In a study investigating retention and leaching losses of 

atmospherically derived N in the Waquoit Bay watershed, Lajtha et al. (1995) 

estimated total N inputs to be 13.1 kg N ha-1 yr-1 by adjusting the measured total N 

inputs in throughfall (3.7 kg ha-1 yr-1 DIN and 7.6 kg ha-1 yr-1 DON) by 16% (~1.8 kg 

N ha-1 yr-1) to account for canopy uptake. Canopy uptake was calculated using an 

Integrated Forest Study (IFS) regression of net canopy uptake vs. throughfall total N 

(Lovett and Lindberg 1993). If similar estimates of canopy uptake are applied to our 

throughfall measurements, total N inputs along our roadside transect range from 8.71 

(SE ± 0.40) kg N ha-1 yr-1 at 10 m, to 6.78 (SE ± 0.47) kg N ha-1 yr-1 at 150 m. While 

our deposition estimates are lower than those of Lajtha et al. (1995) it is the  gradient 

in N deposition away from the road that examined here.  

The N saturation hypothesis provides a framework to describe the response of 

forests to chronic N deposition. In general, in response to increases in N availability, 

forest soils and plants are expected to progress through several stages, from N 

limitation where there is high N retention, to N saturation where N limitation is 

alleviated and nitrate mobility (leaching) in soil is elevated (Aber et al. 1998). I have 

included DON in our N retention efficiency calculations because the majority of N 

losses (78% (± 1.5)) in our system are in the form of DON (which is similar to the 

76% found by Lajtha et al. (1995)). Our N retention efficiencies range from 58-73% 

across the gradient (with the lowest retention rate occurring near the road) (Table 3.7). 

These retention rates, although higher than the 40-62% retention rates calculated by 

Lajtha et al. (1995) are comparable to the 65% forest N retention rates of Valiela et al. 

(1997).  
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Table 3.7. N retention estimates in forest plots along roadside gradients at WBNERR 
calculated as 1-(annual N export below the rooting zone/estimated annual N inputs in 
throughfall collectors corrected for canopy uptake using IFS regression of net canopy 
uptake and throughfall total N) 

Distance (meters) Percent N Retention  
10 58 
50 73 
100 69 
150 73 

 

The decreases in forest floor C:N ratios and increases in N leaching associated 

with areas of greater N deposition (closer to roads) are similar to results from several 

studies in the US and Europe that investigated the impact of increased N on forests 

using either regional deposition gradients (Dise et al. 1998b, Aber et al. 2003) or 

whole ecosystem N manipulations (Gundersen et al. 1998, Magill et al. 2004). 

However unlike in these other studies, which required considerable effort either in 

data collection to compare between sites across large transects (100 km or more) or in 

continued non-natural N additions, with ongoing deposition along the roadside, the 

issues of loading rates and of site differences that affect other studies are overcome. 

Our deposition spatial gradient is short, leading to far greater homogeneity in forest 

conditions and the road-side sites in this study have likely been experiencing increased 

deposition for many decades since emissions were many times higher in the past. Even 

though emission rates from individual vehicles have decreased by 99% since the Clean 

Air Act was enacted in 1970 (NRC 2006), emissions of NOx from highway vehicles 

have increased by ~6% (US EPA 2000) due to the number of miles driven having 

more than doubled (~2.5 x) over the same time period (FHWA 2008). Based on our 

current deposition estimates for TDN (0.75 mg m2 yr-1) and our observed forest floor 

mass, it would it over take ~38 years to shift the forest floor C:N ratio the 5.3 units 

seen between our 10 and 150 meter sites along the deposition gradient.  
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Studies investigating the effects of chronic N additions find different responses 

in the fluxes and pools of N in forests depending on the type of study. These different 

responses are the result of the lag time between when parameter is manipulated and 

when a response is observed. This is related to the size of the N pool being impacted 

with small pools responding quickly and large pools responding more slowly. These 

response times have been characterized as fast (within the first year) (i.e., dissolved N 

in soil), intermediate (2-4) years (i.e., foliar N), or slow (>5) years (i.e., forest floor 

N). For example, after manipulating N inputs by either adding or removing N, 

corresponding increases (McDowell et al. 2004) or decreases (Gundersen et al. 1998) 

were measured in fluxes of N in soil solutions within a few years. Studies that use the 

deposition gradients that have been occurring for decades (i.e., those across the 

Northeastern US and Northern Europe) find increases in N leaching as well as 

decreases in forest floor C:N (Dise and Wright 1995, Aber et al. 2003). However, 

while these transect studies document changes in slow turnover pools because of 

differences between sites in climate and land use history they have difficulties 

comparing differences within the fast turnover pools.  

In contrast to N manipulation studies which tend to document changes in short-

term turn-over but not long-term turn-over pools, and transect studies which have 

difficulties comparing differences in short term pools between sites, I document 

significant changes along a 150 meter gradient in both smaller faster turnover pools 

such as fluxes of N, and larger slower turnover pools such as the forest floor C:N and 

pH.  

With regard to changes in the intermediate turnover pools such as foliar N, our 

results were variable. While I did find difference in foliage and litter samples from 

2004, with samples taken near the road having higher % N, I did not find any 

significant difference in samples taken in 2006. This is possibly due to recent 
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outbreaks of an introduced pest, Operophtera brumata (L.) (winter moth) which has 

appeared in increasing numbers in our study sites throughout the experiment. In early 

spring of 2006, much of the canopy was defoliated resulting in a flush of secondary 

leaves which as litter have been shown to have lower nitrogen content (May and 

Killingbeck 1995). These results highlight the multiple variables that affect N cycling 

and N pools in forests, and illustrates the how year to year variability can, at times, 

overwhelm, the effect of N deposition. Multiple year and multiple metric assessments 

are clearly required to assess and quantify impacts of chronic N deposition. 

While insect defoliations are known to impact foliar chemistry their impact on 

soil solution N and N retention appears to not be as significant. In a study that 

investigated the effects of aphids and leaf-feeding lepidopterous larvae Stadler et al. 

(2001) found little difference between the chemistry of soil solutions collected from 

the forest floor beneath infested and uninfested trees. Lovett et al. (2002) used 15N 

labeled oak litter to investigate the fate of the foliar N that is consumed by insects and 

deposited to the forest floor as frass, greenfall, and insect biomass. They found that 

very little N is leached from the system and that most of the N that is deposited on 

forest floor as frass is immobilized by microbes and retained in the soil organic matter. 

Similar retention was also reported at Hubbard Brook following an insect defoliation 

event which appeared to have no effect on watershed N export (Bormann and Likens 

1979) although other studies have shown more significant effects (Swank et al. 1981, 

Webb et al. 1995). 

I also found no difference in litter fall flux of C across the gradient, thus the 

increased mass and thickness of the forest floor near the road is likely due to 

difference in the decomposition rate. Along our gradient there are differences in forest 

floor turnover time, a commonly used index of decomposition rate. The forest floor 

turnover time, which is estimated as the forest floor mass divided by the C deposited 
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annually in litter fall (Chapin and Chapin 2006), is 25% longer at 10 meters than it is 

farther away (P<0.05). A longer turnover time means less decomposition and greater 

potential for litter accumulation on the forest floor. Using this method the turnover 

time of litter 10 meters from the road was 12.7 (SE +1.2) years compared to average 

of 10.1 (SE +.40) years for the other sites (Table 3.3). Similar results of longer turn 

over times near the road were also found with the litter decomposition experiment 

carried out from 2004-2006.  

Litter near the road had a mass loss ~ 15% lower over the two year experiment 

than litter from farther away (Figure 3.5). Litter decay patterns have been attributed to 

differences in substrate quality (C and N) and the amount of externally supplied N. A 

simple assessment of substrate quality that takes both C and N into account is its C:N 

ratio. The quality of either C or N can also be assessed individually using the 

lignocellulose index (LCI), which is the ratio of the lignin mass to the ratio of either 

the combined lignin plus cellulose mass for carbon, or lignin:N ratio for N. In studies 

that have compared decomposition with litter quality, litter from different species 

spanning a large range in either C:N, LCI or ligin:N ratio have been used, often with 

oak representing the lowest quality litter (Carreiro et al. 2000, Hobbie 2005). In 

general, higher quality litter with either a lower LCI or lower lignin:N ratio, 

decomposes faster.  

The different indices of litter quality in our study gave contradictory results, 

with the litter from the site near the road having lower C:N and lignin:N ratios, which 

would be indicative of more degradable litter, but also having a higher LCI, which 

would be indicative of a more slowly degrading litter. However, these differences in 

lignin:N and LCI across the deposition gradient were small and not significant, 

especially when compared to difference in other studies in which different types of 

litter were used (Carreiro et al. 2000, Hobbie 2005).  
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Figure 3.5. Mass loss of oak litter collected and incubated at 10, 50, 100, and 150 
meters for twenty four months (+ SE, n = 4) at all sites.  One-Way ANOVA 
and Tukey’s HSD pair wise comparison: ***P < 0.001, **P < 0.01, *P < 0.05. 

Another possible explanation for the decreased decomposition rate near the 

road is that with increased deposition the low quality litter used in this study 

decomposed more slowly. While additional N has been shown to increase (Hobbie 

2000) decrease (Magill and Aber 1998) or have no effect (Fog 1988) on 

decomposition, both the amount of added N and the type of litter have been shown to 

have an effect on decomposition. In a meta-analysis of the effects of N addition on 

litter decomposition Knorr et al. (2005) found that at low fertilization rates (2-20 times 

the anthropogenic N deposition level) litter decomposition was inhibited (Knorr et al. 

2005). While Fog (1988) found inconsistent results when adding fertilizer, the author 

noted that decomposition rates in the litters with the highest lignin content were often 

depressed with increased N. This increased N is thought to suppress microbial 
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production of the ligninolytic enzymes which are much more important for 

decomposing “low quality” lignin rich litter such as oak (Magill and Aber 1998). In a 

study that investigated the effects of increased N deposition on decomposition of 

different quality litters Carreiro et al. (Carreiro et al. 2000) found that in high lignin 

oak litter similar to ours, the activity of the lignin-degrading phenol oxidase declined 

substantially with increased N. This decrease in enzyme activity found by others is a 

possible explanation for the decreased decomposition and increased forest floor mass 

found in our site closest to the road.  

Along the deposition gradient there was a significant change in the percent of 

TDN due to DIN, which decreased from 68% at 10 m to 62% at 150 m due mainly to 

changes in NH4
+ (Figure 3.6). This higher NH4

+ near the road is likely due to 

deposition of motor vehicle emissions of NH3 which is later ionized into NH4
+ in the 

canopy. NH3 has a high deposition velocity and I estimate that approximately 10% to 

25% of ammonia emissions from vehicles at our site are deposited within 50 m of the 

road (Marino et al. In Prep). Unlike NOx (NO & NO2) emissions which are formed 

during combustion, NH3 is a secondary pollutant in motor vehicle emissions that 

results from the over-reduction of NO by three-way catalytic converters. While NH3 is 

not regulated or widely monitored, the US EPA currently uses an estimate of ~70 mg 

NH3-N km-1 per vehicle for their emission models compared to ~116 mg NO – N km-1 

per vehicle (US EPA 2001), although others have found higher levels (~118 mg N-

NH3 km-1) under urban driving conditions resulting in vehicles, at least in urban areas, 

being an important source of NH3 (Heeb et al. 2008). Furthermore, this over reduction 

to NH3 has been increasing and NH3’s percentage of overall emissions is now thought 

to account for up to 40-80% of total motor vehicle emissions (Heeb et al. 2008). 

Based on other research  at our site comparing road and non-road edges, the 

deposition gradient away from the roadway documented here is the result of near 
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source deposition of car and truck emissions (Marino et al. in prep), not simply an 

edge effect (Bettez Chapter 2). Marino et al. (In Prep) have found that 10-25% of the 

NH3 and 1 % of the NOx is deposited within 50 m of a roadway. In a study comparing 

road and non-road edges Bettez et al. (Chapter 2) found that compared to non-road 

edges deposition along road side edges was elevated. Results from this study indicate 

that the deposition gradient extends ~ 150 meters from the roadway with the plots near 

the road receiving ~ 1.25-1.5x the normal deposition, or an additional 1.4 kg ha-1 year-

1 of N. As a result of this increased deposition there were significant differences 

between samples from 10 meters and those from farther away for decomposition, 

forest floor mass, forest floor C:N, and resin leaching. 
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Figure 3.6. Percent of TDN in throughfall that is NH4
+ at 10, 50, 100, and 150 meters 

from roadway for 38 events from 12 July 2006 – 12 July 2007 (+ SE, n = 4).  
One-Way ANOVA and Tukey’s HSD pair wise comparison: ***P < 0.001, 
**P < 0.01, *P < 0.05. 
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One criticism of the applicability of this work to the larger question of how 

chronic N deposition affects forest ecosystems is how other roadside pollutants from 

vehicle exhaust such as salt, ozone and heavy metals, may also affect the forests along 

this gradient. While numerous studies investigating these elements have found higher 

concentrations of many of these near roads (Lytle et al. 1995, Zechmeister et al. 2005, 

Sabin et al. 2006, Hooda et al. 2007, Zereini et al. 2007), these pollutants have an 

exponential-like decrease with distance from the road, usually reaching background 

levels within 5 - 10 m from the edge of the road (Zehetner et al. 2009). Furthermore, 

the few studies that have examined the impacts of these pollutants on ecosystem 

processes such as decomposition (Post and Beeby 1996) or mineralization (Kalbitz et 

al. 2008) have not found any. While there is the possibility that these other elements 

may also play a role in the patterns seen along our gradient, multiple lines of evidence 

such as changes in decomposition, forest floor C:N, pH, and leaching indicate that the 

changes are driven by the N deposition gradient.  

The results from this study indicate that areas near the road that have most 

likely been experiencing increased deposition for decades are showing signs of N 

saturation with higher fluxes of N and lower forest floor C:N ratios. Understanding the 

impacts mobile source emissions near roadways is important. Indeed, road impacted 

areas are fast becoming the rule and not the exception, it is estimated that about 20% 

of the US is affected by roads in one way or another such as altered drainage, noise, 

and introduction of invasive species, (Forman 2000). With more than 6.3 million km 

of roads in the conterminous US (Forman 2003) roads are so ubiquitous that it is 

difficult to get more than 35 km away from a road (Watts et al. 2007), and 20% of the 

land area is within 127 meters of one (Riitters and Wickham 2003). The results from 

this study highlight that N deposition is elevated near roadways and that estimates of 

N deposition based on collectors in rural areas are probably underestimates. These 
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deposition gradients away from roadways have been occurring for decades and are 

useful for investigating the effects of chronic low-level N deposition on forest N 

cycling.  
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