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Abstract 

Disturbances, such as invasive insects and atmospheric deposition, have the 

potential to significantly alter nitrogen cycling in forested watersheds. Excess nitrogen in 

forested watersheds can trigger nitrogen saturation, stream acidification, and it can 

threaten native biodiversity. This study explored two aspects of nitrogen dynamics in 

forested watersheds. 

The first study explored the effect of the emerald ash borer in Shenandoah 

National Park. Stream nitrate data from 1988 to the present, at 12 watersheds, was 

compared to the amount of ash cover within each watershed. Seasonally sampled 

watersheds displayed significant results between presumed ash coverage and enhanced 

stream nitrate concentrations (p = 0.04). Based on the observed results, emerald ash borer 

activity can be detectable in heightened stream nitrate concentrations. 

The second study quantified the sources and sinks of nitrogen in Shenandoah 

National Park. A nitrogen budget was presented for five watersheds in Shenandoah 

National Park. It was determined that the carbon-to-nitrogen ratio found in forest soils is 

an excellent indicator of how much nitrogen is stored and exported in streams each year. 

Additionally, it was determined that two watersheds in Shenandoah National Park are 

exhibiting early signs of nitrogen saturation due to heightened atmospheric deposition 

levels, elevated stream nitrate export, and low soil C:N ratios. 
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Chapter 1: Introduction 

Nitrogen is one of the most abundant elements in nature, and it is essential to life. 

It is arguably the most important nutrient in regulating primary productivity and species 

diversity in terrestrial and aquatic organisms, as it is found in all organisms’ amino and 

nucleic acids (Vitousek et al., 2002). On Earth, the atmosphere is 78% dinitrogen gas 

(N2), which is a largely nonreactive and inaccessible molecule for biota. The 

nonreactivity of N2 to organisms makes nitrogen a very scarce resource and a limited 

nutrient in ecosystems. Nitrogen only becomes available to organisms when it is 

converted from N2 to a bio-reactive form (e.g., NH3). 

In addition to N2 and NH3, many forms of nitrogen exist in the environment, 

including organic forms, such as amino and nucleic acids, and inorganic forms like 

ammonium and nitrate. The nitrogen cycle utilizes a series of biogeochemical reactions to 

transform inert atmospheric N2 into useful molecular forms. The primary processes of the 

nitrogen cycle are fixation, assimilation, ammonification, nitrification, and 

denitrification. Each of these processes are discussed in further detail in Chapters 2 and 3. 

Since the industrial revolution, and as a result of increased fossil fuel combustion, 

urban waste, agriculture, and livestock operations, global use of nitrogen has risen. All 

areas of the world, from dense cities to remote forests, have been touched by the 

consequences of nitrogen pollution (Vitousek et al., 2002). To date, many studies have 

focused on disturbances to the nitrogen cycle as a result of human activities. With respect 

to mountain watersheds, research has focused on the effect of heightened atmospheric 
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deposition levels on stream nitrate concentrations (Lawrence et al., 2000; Fakhraei et al., 

2016; Porter Blett et al., 2005; Sullivan et al., 2004; Veseý et al., 2002; Wright et al., 

2001), nitrogen saturation (Aber et al., 1991; Aber et al.,1998; Aber et al., 1989; Corre et 

al., 2003; Lovett & Goodale, 2011; Peterjohn et al., 1996), and watershed nitrogen 

cycling (Bonito et al., 2003; Gilliam et al., 2018; Running & Gower, 1991; Yanai et al., 

2013). Additionally, studies have explored the effect of destructive, invasive insect 

infestations on the nitrogen cycle and forest ecosystems (Bormann et al., 1977; Dukes et 

al., 2009; Eshleman et al., 1998; Kosola et al., 2004; Liebhold et al., 1992; Lovett et al., 

2002; Poland & McCullough, 2006; Scanlon et al., 2010; Williamson, 1996). 

This thesis explores two aspects of the nitrogen cycle in Virginia’s remote 

Shenandoah National Park (SHEN). SHEN has a long history of elevated atmospheric N 

deposition levels and invasive insects, which have affected forest growth, retention, and 

export of nitrogen (Eshleman et al., 1995; Ryan et al., 1989; Sullivan et al., 2007; Webb 

et al., 1995). 

Thesis Organization 

This thesis is organized into four chapters, each exploring nitrogen cycling in 

select watersheds of SHEN. Chapter 2 examines the effect of the recent invasion of the 

emerald ash borer on nitrogen cycling and if its presence can be detected in stream nitrate 

concentrations. Through a combination of spatial analyses and stream nitrate analysis, it 

may be possible to detect if the emerald ash borer has invaded a watershed through 

stream nitrate peaks.  

Chapter 3 quantifies the nitrogen budget of SHEN. Through this information, it 

was determined what components of the nitrogen budget drive the spatial variability seen 
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in stream nitrogen export. It was determined that the carbon-to-nitrogen (C:N) ratio found 

in forest soils is an excellent indicator of how much nitrogen is stored and exported into 

streams each year and that several watersheds in SHEN are exhibiting signs of nitrogen 

saturation.  

Chapter 4 summarizes the work presented in each chapter of this thesis. Future 

research ideas based on the conclusions of this study are discussed.  
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Chapter 2: Emerald Ash Borer Invasion and Elevated Stream Nitrate Levels 

Shenandoah National Park, Virginia  

Introduction 

The effect of invasive species on native biodiversity is well known (Williamson, 

1996), and the introduction of invasive species can have cascading effects on the physical 

landscape. There are more than 400 alien insect species in North American forests, and 

almost every eastern North American woody plant has an associated invasive species 

(Mattson et al., 1994; Mattson et al., 2007). In the eastern United States, several well-

known and particularly devastating invasive insects include the gypsy moth (Lymantria 

dispar) (Liebhold et al., 1992), the hemlock woolly adelgid (Adelges piceae) (Orwig & 

Foster, 1998), and the emerald ash borer (Agrilus planipennis) (Poland & McCullough, 

2006). Given the lack of native predators, each of these species have spread rapidly and 

unchecked throughout the eastern United States, and have caused widespread defoliations 

and mortality of select tree species. The purpose of this paper is to investigate the link 

between disturbances from the invasive emerald ash borer and its effect on forested 

watersheds within SHEN, specifically, its effect on stream nitrate concentrations.  

SHEN has a long history of disturbances by invasive insects. Most recently, the 

gypsy moth invaded SHEN in 1984, and by 1992, had defoliated upwards of 80% of 

some watersheds (Eshleman et al., 1998). After the defoliations, large spikes in SHEN 

stream nitrate concentrations could be directly linked to the gypsy moth (Eshleman et al., 

1998). Weekly samplings of stream nitrate by the Shenandoah Watershed Study (SWAS) 
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captured the surge of nitrate from 1992 to 2008 in the Paine Run, Piney River, and 

Staunton River watersheds (Figure 1). 

 

 
  

 

Figure 1. Weekly collected stream nitrate concentrations (ueq/L) at Piney River 

(Panel A), Staunton River (Panel B), and Paine Run (Panel C) watersheds. Samples were 

collected at each watershed outlet. 

 

Eshleman et al. (1998) and Riscassi and Scanlon (2009)  noted that these 

increases in nitrate occurred primarily during storm events. After the gypsy moth 

invasion, additional nitrate in stream water was a direct result of more insect feces, dead 
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insects, unconsumed foliage, and leaching from damaged foliage (Lovett et al., 2006). 

Gypsy moth defoliations can also reduce forest productivity and transpiration and 

increase water runoff and drainage (Kosola et al., 2004; Lovett et al., 2002; McManus & 

Doane,1981). 

The hemlock woolly adelgid has also had severe impacts on SHEN, and it has 

remained a serious pest in the park since its arrival in 1951. Surveys of hemlock stands in 

SHEN have revealed upwards of 95% hemlock mortality in the park (Bair, 2002). 

Hemlocks are a late successional species with dense, shade-providing canopies. Their 

large canopies create a cool, dark environment that reduces the number of understory 

plants. Removal of hemlocks opens the canopy, allowing more light penetration and 

subsequent increases in forest floor temperature and moisture. Similar to the effect of the 

gypsy moth, sudden, wide-scale hemlock deaths increase nitrogen mineralization, 

nitrification, and leaching of nitrate to surface waters (Jenkins et al., 1999; Yorks et al., 

2003). 

Most recently in 2013, the emerald ash borer (EAB) was detected in the northern 

portions of SHEN. By 2017, the EAB was found in all regions of SHEN. Since the 

EAB’s discovery in Michigan in 2002, it has been responsible for millions of ash tree 

deaths (Aukema et al., 2011). The EAB has become one of the costliest insects to invade 

the United States (Aukema et al., 2011). Projected costs of treating ash trees in urban 

areas of the United States is upwards of ten billion dollars (Kovacs et al., 2010). It has 

been hypothesized that the EAB arrived into the United States in wood packing material 

shipped from Asia. In North America, the EAB preys on white, green, and black ash trees 

(Jendek, 1994). The blue ash is also susceptible to EAB invasion, but it is the most 
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resistant to infestation (Anulewicz et al., 2007; Tanis & McCullough, 2012). The average 

life cycle of the EAB spans from 1 to 2 years (Cappaert et al., 2005) with adults living 

between 3-6 weeks (Wang et al., 2010). It is the development and feeding of the EAB 

larvae that result in ash tree mortality. After hatching, EAB larvae bore through the outer 

bark and feed in the phloem and cambium. The feeding process disrupts the tree’s ability 

to take up nutrients and water, eventually resulting in tree branch die off (Herms & 

McCullough, 2010). Total tree mortality typically occurs within 5 years of initial 

infestation. After ash mortality, ash seedlings are the most common woody seedling but 

remain a continued host for EAB. EAB-induced gap formations will likely facilitate the 

spread of invasive plants such as the amur honeysuckle (Lonicera maackii) and garlic 

mustard (Alliaria petiolate) (Herms et al., 2008). In North America, distribution of EAB 

is more likely controlled by ash presence than by climate (Sobek-Swant et al., 2012).  

The ability to detect the EAB is a key component of pest management and 

control. To date, no detection procedure exists that can identify EAB presence before 

multiple generations have dispersed (Mercader et al., 2011). Poor initial identification of 

the EAB is likely due to the insect first colonizing the upper portions of the canopy 

before migrating to the main trunk (Cappaert et al., 2005; Duan et al., 2010).  

This chapter investigates if stream nitrate concentrations in relatively undisturbed 

watersheds within SHEN can be used as an early indicator of EAB invasion. Since 2013, 

SWAS weekly monitoring in the Piney River watershed has seen a 30% increase in 

stream nitrate concentrations. The timing of these increases corresponds to the EAB’s 

invasion just 1 year earlier. Because the EAB reduces an ash tree’s ability to absorb 

nitrate, this study hypothesizes that the EAB is responsible for the noticeable uptick in 
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nitrate concentrations. Specifically, of the watersheds studied, Piney River has been the 

most affected by the EAB invasions. This hypothesis is further fueled by the fact that 

nitrate in the SHEN watersheds is typically tightly cycled, so any increase is indicative of 

a disturbance. Thus, the objective of this study is to determine if increases in stream 

nitrate concentrations in SHEN watersheds is an early indication of an EAB invasion. 

Methods 

Study area. This study focuses on the watersheds in SHEN. Located in the Blue 

Ridge Mountains of western Virginia, SHEN is 777 km2, and it is primarily forested with 

a mix of deciduous and coniferous trees. SHEN has a mean annual average temperature 

of 9ºC in the higher elevations and 12ºC in the lower elevations (National Park Service, 

2017). At the park’s primary monitoring site, Big Meadows, the annual average 

precipitation is 132 cm. The lower areas of the park typically experience warm, humid 

summers and mild winters (National Park Service, 2017). The soils in SHEN are highly 

weathered where clay is the primary constituent in all watersheds (Rice et al., 2014). The 

park is underlain by three primary geologic classes: basaltic, granitic, and siliciclastic, 

with each class representing approximately one-third of the area in the park (Jastram et 

al., 2013). Figure 2 shows the 12 watersheds within SHEN that are the focus of this 

study. 
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Figure 2. Twelve watersheds within SHEN. Boundaries of the study watersheds are 

outlined in bold. The light grey line represents the park boundaries of SHEN. Watersheds 

with multiple sampling locations (synoptically sampled sites) are filled in with dark grey. 

Presumed ash coverage in SHEN is in light grey. Further detail found in Methods: 

Vegetation Data. 

 

Stream chemistry data. Nitrate and discharge data were provided by the 

University of Virginia’s SWAS. SWAS was established in 1979 to assess the effects of 
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acid deposition on mountain streams and their watersheds (Shaffer and Galloway, 1982). 

The SWAS program sampled the 12 watersheds within SHEN, quarterly (i.e., 

seasonally), for major ions including sulfate, nitrate, chloride, calcium, magnesium, 

potassium, sodium, and silica. Quarterly sampling sites include Brokenback Run, Deep 

Run, Hazel River, Jeremy’s Run, Madison River, Paine Run, Piney River, North Fork of 

Thorton River, Rose River, Staunton River, Two Mile Run, and White Oak Canyon Run 

(Figure 2; Table 1). 

Table 1 

Period of Record, Stream Nitrate Sampling Frequency, and Discharge Sampling 

Information for Quarterly and Weekly Sampled SWAS Watersheds and Synoptically 

Sampled Staunton River and Piney River Watersheds 

 
Sampling 

Start Date 

Sampling 

End Date 

NO3 Sampling 

Frequency 
Discharge 

Quarterly SWAS Watersheds   
Seasonally 

(Apr, Jul, Oct) 
None 

Brokenback Run (VT58) 1/31/1988 Present 
  

Deep Run (DR01) 1/30/1988 Present 
  

Hazel River (VT62) 1/31/1988 Present 
  

Jeremy’s Run (VT51) 1/31/1988 Present 
  

Madison River (MAD2) 1/30/1988 Present 
  

Paine Run (PAIN) 1/31/1988 Present 
  

Piney River (PINE) 1/28/1993 Present 
  

North Fork of Thorton River (VT61) 1/31/1988 Present 
  

Rose River 1/31/1998 Present   

Staunton River (STAN) 1/31/1988 Present 
  

Two Mile Run (VT53) 1/31/1988 Present 
  

White Oak Canyon Run (VT75) 1/30/1991 Present 
  

Weekly SWAS Watersheds   Weekly Daily 

Paine Run (PAIN) 9/1/1992 Present 
  

Piney River (PINE) 9/1/1992 Present 
  

Staunton River (STAN) 9/1/1992 Present 
  

Synoptic Watersheds 

  
Annually 

(Mar/Apr) 

 

Piney River 1/19/2006 3/30/2017 
 

None 

Staunton River  1/20/2006 4/2/2017 
Annually 

(Mar/Apr) 

None 
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In addition to the quarterly sites, SWAS collects weekly samples at the outlets of 

Paine Run, Piney River, and Staunton River (Figure 1). Samples are chemically analyzed 

for all major ions including nitrate. In addition to stream chemistry sampling, daily 

discharge is recorded at Paine Run, Piney River, Staunton River (Table 1). Within the 

Piney River and Staunton River watersheds, there are 29 and 18 established synoptic 

sampling sites, respectively (Figures 3 and 4; Table 1). Synoptic sampling sites are also 

established in  

 
 

Figure 3. Piney River synoptic sampling sites and corresponding subwatersheds. 

Presumed ash coverage displayed in light grey. 
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Paine Run; however, these watersheds were not included in the analysis because the 

vegetation map showed no vegetation communities with ash in the watershed. Each 

synoptic stream site has been sampled for nitrate at least annually from 2006 until 2017. 

Sampling of the synoptic sites was done by Dr. Keith Eshleman at the University of 

Maryland Appalachian Lab. 

 
 

Figure 4. Staunton River synoptic sites and corresponding subwatersheds. Presumed ash 

coverage displayed in light grey. 

 

All weekly and quarterly SWAS water samples were collected with grab samples. 

Prior to 2005, nitrate samples were processed using an atomic adsorption 
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spectrophotometer using EPA-based methods. After 2005, nitrate was processed using 

ion chromatography (ASTM Method D 6919-03, ASTM 2003). Changes in processing 

methods created statistically significant analyte measurements, which were corrected 

through the use of a  . Additional collection and analysis methods can be found in 

Robinson et al. (2013). During analysis of the SWAS data, a handful of values were 

identified as below the detection limit. Any value marked below the detection limit were 

given a value of half the detection limit. 

Based on analyses of the SWAS weekly time series, peak seasonal nitrate 

concentrations from 2012 to 2017 were observed in late Febraury and early March. 

Because peak nitrate was observed in the spring, the only quarterly data used were from 

the spring (April) quarter. Also, only using spring quarterly data allowed for a direct 

comparision to the synoptically sampled data, which were also collected in the spring. 

Vegetation data. Spatial vegetation data for the study watersheds were obtained 

from a vegetation map produced by the USGS Leetown Science Center (USGS-LCS), the 

Virginia National Heritage Program (VANHP), and SHEN (Young et al., 2009). SHEN 

vegetation communities were mapped using a combination of remote sensing, spatial 

modeling, field data collection, and vegetation community ordination. 10-m digital 

elevation models were used to map ecological gradients as a precursor to vegetation 

sampling and creation of vegetation community types. Vegetation community types were 

verified with hundreds of 400 square meter plots throughout the park (Young et al., 

2009). The map has a spatial resolution of 0.5 ha with a user’s accuracy of 62.3% and a 

producer’s accuracy of 76.9%. Producer’s accuracy describes how often real features on 

the ground are correctly shown on the classified map, whereas user’s accuracy shows 
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how often the class on the map will actually be present on the ground. User’s accuracy 

can also be referred to as map reliability. The Shenandoah Vegetation Map is divided into 

35 natural community types, three modified/successional community types, and two 

disturbed/modified vegetation classes. 

Of the 40 community types in the vegetation map, nine community types 

containing Fraxinus Americana (white ash) were included in the spatial analysis 

(Table 2). Using the Esri ArcGIS mapping analytics platform, Fraxinus Americana-

containing community types were overlain onto the study watersheds, and a presumed 

ash coverage (%) for each watershed was computed.  

Table 2  

Shenandoah Vegetation Map Ash (Fraxinus Americana) Containing Community Types 

Utilized in Spatial Analysis of Study of Watersheds. Community Species are Listed in 

Order from Highest to Lowest Species Abundance in a Specific Community 

Ash Abundance Community Type Community Species 

Primary Central Appalachian Basic Woodland Fraxinus Americana – Carya glabra / Muhlenbergia 

sobolifera – Helianthus divaricatus – Solidago ulmifolia 

Woodland 

Primary Central Appalachian Mafic Barren Fraxinus Americana / Physocarpus opulifolius / Carex 

pensylvanica – Allium cernuum – (Phacelia dubia) 

Secondary Central Appalachian Rich Cove Forest Acer saccharum – Fraxinus Americana – Tilia Americana 

– Liriodendron tulipifera / Actaea American Forest 

Secondary Central Appalachian Basic Boulderfield 

Forest 

Tilia Americana – Fraxinus Americana / Acer 

pensylvanicum – Ostrya virginiana / Parthenocissus 

quinquefolia – Impatiens pallida Woodland 

Secondary Central Appalachian Circumneutral 

Barren 

Juniperus virginiana – Fraxinus Americana / Carex 

pensylvanica – Cheilanthes lanosa 

Secondary Central Appalachian Basic Seepage 

Swamp 

Acer rubrum – Fraxinus Americana – Fraxinus nigra – 

Betula alleghaniensis / Veratrum viride – Carex bromoides 

Forest 

Tertiary Southern Appalachian Cove Forest Liriodendron tulipifera – Aesculus flava – (Fraxinus 

Americana, Tilia Americana) / Actaea American – 

Laportea canadensis Forest 

Tertiary Central Appalachian Montane Oak-

Hickory Forest 

Quercus rubra – Quercus alba – Fraxinus Americana – 

Carya (ovata, ovalis) / Actaea American Forest 

Tertiary Northeastern Modified Successional 

Forest 

Prunus American – Liriodendron tulipifera – Acer rubrum 

– Fraxinus Americana – (Robinia pseudoacacia) Forest 
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Data analysis. It is hypothesized that watersheds with a greater amount of 

presumed ash coverage will also have larger increases in stream nitrate with time. Nitrate 

samples collected at watershed tributaries and outlets were directly compared to the 

presumed ash coverage within the corresponding watershed. However, because some of 

the Piney River and Staunton River synoptic sites were located along the stream 

network’s main stem, the nitrate input from the stream sites’ corresponding catchment 

areas or stream segments were required. The following mass-balance equation (1) was 

first used to calculate the nitrate concentration within each stream segment: 

Cseg =
(CoutQout−CinQin)

Qout−Qin
 (1) 

 

where Cseg was the nitrate concentration inside segment, Cout  and Cin, were the NO3 

concentrations leaving and entering the segment, and Qout and Qin represented the total 

discharge leaving and entering the segment. Discharge for each segment was calculated 

using an area-weighted approach, based on the discharge at the main outlet of Paine Run 

and Piney River, which assumed that the discharge was linearly related to the 

subwatershed area. 

After determining the nitrate concentration within each segment, in-stream 

denitrification processes occurring along the main stem needed to be taken into account. 

Using an adapted version of Scanlon et al. (2010) and the above mass-balance equation 

(1), in-stream denitrification at each site along the main stem at Piney and Staunton 

Rivers were recalculated using the equation (2): 

Cseg =
(

 
 
CoutQout−CinQin+

Lseg
LTotal

∗Pmax

100
∗exp(−β∗mean(CinQin,CoutQout))∗mean(CinQin,CoutQout)

)

 
 

Qout−Qin
 (2) 
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Where Lseg was the length of the stream within the segment, and Ltotal was the total 

length of the stream in the watershed. Β and Pmax are nitrate removal terms based on 

work done in Scanlon et al. (2010), who showed that denitrification and biotic uptake of 

nitrogen can remove up to 91.9% of the nitrate in the stream network. Pmax (91.9%) is the 

maximum percentage of removal of nitrogen, which is due to in-stream denitrification, 

and β (0.34) is a constant that is specific to the watershed that was presented in Scanlon 

et al. (2010). 

To test the hypothesis, the stream nitrate data were split into two periods of 

record: 2009-2012 and 2013-2017. The 2009-2012 period represents a pre-EAB time 

frame, while 2013-2017 represents the period when the EABs were present. All nitrate 

data before 2009 were omitted to reduce the influence of the gypsy moth invasion (early 

1990s). In all study watersheds, a ratio of mean stream nitrate concentrations was 

computed as seen in the equation (3): 

 
Post

Pre
NO3 Ratio =

mean NO3(2013 to 2017)

mean NO3(2009 to 2012)
 (3) 

 

The use of a ratio accounted for the natural spatial variability of nitrate along the 

stream. The ratio of the 2009-2012 to the 2013-2017 period was then compared to the 

percentage of presumed ash tree assemblages within each corresponding watershed. 

Relationships were tested using the MATLAB multiple linear regression tool. A 

statistically significant finding is defined when p < 0.05.  
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Results 

Spatially, presumed ash coverage with the quarterly watersheds greatly varies 

from more than 50% to 0% coverage (Figure 2). There is a tendency for the more 

northern watersheds to have greater presumed ash coverage than the more southern 

watersheds. The watersheds in the lower third of the park have very little or no presumed 

ash coverage; 42% of Piney River watershed is potentially covered in ash (Figure 3). Ash 

is not evenly distributed throughout the watershed, with more ash being found in the high 

elevation subwatersheds. The Staunton River watershed has a presumed ash coverage of 

26% with ash being more evenly distributed throughout the watershed (Figure 4). Unlike 

the Piney River watershed, presumed ash coverage in Staunton River watershed is more 

commonly found near riparian areas. 

It was found that the relationship between presumed ash coverage and increased 

stream nitrate concentrations was most significant in the quarterly watersheds (r2 = 0.29, 

p = 0.04) (Figure 5). Although the greatest increase in stream nitrate was observed in the 

Piney River watershed, there was no observable relationship between presumed ash 

coverage and stream nitrate based on the synoptic sampling (r2 = 0.03, p = 0.51). 

Synoptic sampling from the Staunton River watershed also revealed a statistically 

insignificant relationship (r2 = 0.02, p = 0.64). 
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Figure 5. Ratio of post-EAB invasion (2013-2017) to pre-EAB invasion (2009-2012) 

mean nitrate to watershed presumed ash coverage at the VTSSS quarterly sites (Panel A), 

Staunton River synoptic sites (Panel B), and the Piney River synoptic sites (Panel C). 

POST/PRE nitrate values greater than 1 indicate an increase in nitrate with time. Black 

circles represent tributary sites in Staunton River and Piney River. 

 

Sites with ratios greater than 1 indicate an increase of stream nitrate with time. All 

quarterly watersheds, except Madison River watershed, showed increases in nitrate with a 

mean increase of 3.91. The Paine Run, Deep Run, and Two Mile Run watersheds all 

increased in nitrate despite having no presumed ash coverage. Of the 16 sites in Staunton, 

10 sites were greater than 1, with the SR08 site having the highest ratio of 2.51. The 

Piney River watershed site, PI25, was omitted from analysis because of an extremely 

high ratio that was driven by the denominator’s closeness to 0. Only nine of the 19 sites 

at Piney River increased in nitrogen, with a mean ratio increase of 1.67. The application 

C 
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of the denitrification equation resulted in negative values at the PI05 and SR06 sites. A 

negative value means that more nitrogen is entering the subwatershed than leaving, and 

somewhere along the main stem, nitrogen is taken up by the instream processes not 

accounted for by the denitrification equation. A negative value can also be indicative of 

an overestimation of nitrogen loss by the denitrification equation. 

Discussion 

At the Staunton River and Piney River watersheds, no significant relationship was 

found between the POST/PRE nitrate ratio and the presumed ash coverage. There was a 

significant relationship in the quarterly data. A significant relationship between presumed 

ash coverage and the POST/PRE nitrate ratio shows that sites with greater ash coverage 

had seen greater increases in stream nitrate concentrations during the 2013-2017 period. 

Watersheds including PINE, VT75, and VT66 quintupled in stream nitrate 

concentrations. 

It is important to note that the nitrate increases seen from 2013 to 2017 are small 

and not of the same magnitude as the gypsy moth invasion in the early 1990s. After the 

EAB invades an ash tree, it takes approximately 5 years until total tree mortality, which 

would also contribute to the observed small increase in stream nitrate concentrations to 

date. Nitrate concentrations can also increase before tree mortality, which is due to 

impairment of nutrient uptake (Knight et al., 2013). 

This study’s initial hypothesis assumed that Piney River watershed would exhibit 

the greatest relationship between ash coverage and stream nitrate export. However, there 

was no significant relationship in the synoptic subwatersheds between the nitrate ratio 

and presumed ash coverage. This was unexpected because Piney River has one of the 
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largest presumed ash coverages (41.6%) and the highest stream nitrate export values. 

However, the increase in stream nitrate was seen in the quarterly data, where Piney River 

had the second-largest nitrate ratio of 5.98.  

Jeremy’s Run, North Fork at Thorton River, and Piney River, the three most 

northerly sites, exhibited some of the highest NO3 ratios at 4.21, 9.92, and 5.98, 

respectively. While all the southerly sites from Staunton and below, except for Paine 

Run, had nitrate ratios below 2.12. This suggests a strong latitudinal gradient. The EAB 

has been moving north to south in SHEN, and the more northerly sites are most likely 

exhibiting infestation signs first. 

A lack of significance in the synoptic data can potentially be explained by the 

timing of the collection of the samples in Piney River. Based on the weekly sampling at 

the outlet, the greatest increase in stream nitrate at Piney River was typically observed in 

late February and early March. However, the synoptic sampling in Piney River was not 

done until several weeks later in late March/early April. Based on observations from the 

weekly nitrate sampling, stream nitrate concentrations at the time of the synoptic 

sampling were more than 50% lower, and peak nitrate concentrations were missed. 

Additionally, the synoptic sampling was only one grab sample, which makes it difficult 

to get the full picture of what was happening in the subwatershed with time. Regardless 

of significance, 75% of all watersheds in this study increased in nitrate, and 30% of the 

study watersheds doubled in nitrate. Nitrate is typically tightly cycled in SHEN 

watersheds, so any increase is an indication of disturbance, a change in the nitrogen 

cycle, or random variability created by flow conditions. 
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Results could also be difficult to interpret owing to the complex transformations 

of the nitrogen cycle. Even if ash trees are dying, it is quite possible that the extra 

nitrogen is being stored in soils or taken up by other vegetation, effectively reducing the 

concentration of nitrate exported into streams. Soils are the largest pool and primary 

regulator of nitrogen in forested watersheds (Huntington et al., 1988; Johnson & 

Lindberg, 1992). The cycling of nitrogen in SHEN has also changed due to 

anthropogenic disturbances such as atmospheric deposition. Heightened atmospheric 

deposition in SHEN has added much more nitrate to the forest nitrogen cycle Sullivan et 

al., 2004; Webb et al., 1995). 

SHEN has a long history of insect disturbance. In addition to the EAB, the woolly 

hemlock adelgid and, in particular, the gypsy moth, is known to have caused major 

devastation to the park’s ecosystem (Bair, 2002; Eshleman et al., 1998). Gypsy moth 

outbreaks are cyclic and last on the order of 1 to 3 years in oak stands. After peak growth, 

gypsy moth populations remain low for 4 to 12 years until increasing again (Elkinton & 

Liebhold, 1990). However, natural biocontrols of the EAB have been very successful 

throughout the park and gypsy moth outbreaks are minimal. 

This hypothesis warrants further examination as, to date, there are no other studies 

linking the EAB to stream geochemistry. Future work should consider the northeastern 

United States where the EAB has a longer known existence and impact. A more robust 

signal would likely be detected in sites that have experienced severe damage from the 

EAB. Other opportunities for future work include an improved ash coverage map. 

Analysis was limited by the uncertainty associated with the presumed ash coverage in the 

watersheds. In the 2009 Shenandoah Vegetation Map, what is known is the location of 
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community types and the proportion of ash within a community type. A map presenting 

only ash coverage and ash proximity to riparian areas would be immensely useful. New 

ash coverage maps can be created with more current remote-sensing data that produce 

detailed maps of species abundance and forest health across a landscape (Pontius et al., 

2008). There is data available from the US Forest Service Forest Inventory and Analysis 

(FIA) which conducts highly accurate inventory analyses of forest types in Virginia. 

Results from the 2014 Annual Inventory showed that Shenandoah National Park is 

composed of 5% ash trees (Rose, 2016). Future studies can utilize sources such as the 

FIA for improved ash coverage maps. 

SHEN is a tributary to the Chesapeake Bay, the largest estuary in the United 

States. Over the last few decades, substantial nitrogen and phosphorous loading have 

threatened native species and increased the frequency of eutrophication. As the 

Chesapeake Bay is already threatened by an intensive nutrient loading, it is essential to 

reduce additional input of nitrate from invasive insects such as the EAB. Unfortunately, 

measures to combat the EAB’s spread, including state quarantines, insecticides, and 

biological controls, are still not effective. Yet, like any disease, early detection is key. 

Careful observation of stream geochemistry may reveal early indications of the EAB’s 

presence. A detectable signal in stream nitrate concentrations in an otherwise undisturbed 

watershed can aid forest managers in EAB control and future eradication. 
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Chapter 3: Sources and Sinks of Nitrogen in Select Watersheds Within 

Shenandoah National Park, Virginia  

Introduction 

In many northern temperate forests, the role of nitrogen in watersheds is widely 

debated. Many studies believe temperate forested watersheds are nitrogen limited 

because nitrogen is incorporated into the vast soil nitrogen pool or assimilated into the 

vegetation biomass. Nitrogen oligotrophication is theorized to occur in watersheds that 

were once exposed to high levels of atmospheric nitrogen deposition. Current reduction 

in atmospheric deposition has now resulted in nitrogen limitation of forest productivity 

and a weakening of ecosystems response to disturbance (Groffman et al., 2018). 

However, another school of thought believes that this is still not the case. In 1989, Aber 

et al. proposed that after prolonged periods of excess nitrogen exposure, a forest becomes 

saturated with nitrogen, and the leaching of nitrogen from the watershed accelerates. 

Known as nitrogen saturation, this concept has been explored in several studies that have 

attempted to link enhanced nitrogen stream export to this theory. The nitrogen saturation 

theory suggests that not all temperate forests are nitrogen limited. 

Nitrogen saturation occurs after an ecosystem is continuously exposed to nitrogen 

deposition (Aber et al., 1989; Agren & Bosatta, 1988). When an ecosystem becomes 

nitrogen saturated, it no longer retains its ability to hold onto nitrogen, and the leaching 

of nitrogen accelerates (Aber et al., 1998). Aber et al. (1998) proposed a series of stages 

of nitrogen accumulation where the final stage is defined by enhanced leaching, declines 
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in net primary productivity and nitrogen mineralization, and increases in foliar nitrogen. 

Peterjohn et al. (1996) identified seven major indicators that a temperate forest may be 

nitrogen saturated. These include 

1. long-term increases in stream nitrate and base cation concentrations, 

2. increased rates of net nitrification, 

3. high nitrate concentrations in solution losses, 

4. minimal seasonal variability in stream nitrate concentrations, 

5. high nitrate discharge from a young aggrading forest, 

6. a large increase in nitrate following fertilization of a young aggrading forest, 

and 

7. a low retention of inorganic nitrogen. 

It has also been predicted that reductions in the abundance of nitrogen-sensitive 

vegetation, suppression of microbial immobilization, and decreases in the soil organic 

matter decomposition rates are indicators of a nitrogen saturated forest (Emmett, 2007). 

In the United States, the northeastern states and California have the highest risk of 

nitrogen saturation due to high levels of nitrogen deposition (Driscoll & Van Dreason, 

1993; Fenn et al., 1996).  

In SHEN, large variability exists in stream nitrate export among watersheds. The 

objective of this study was to evaluate all of the sources and sinks in SHEN watersheds 

through the use of a nitrogen budget. This nitrogen budget was then used to determine if: 

(a) any of the watersheds studied could be considered nitrogen saturated, and (b) what 

elements of the nitrogen budget are driving the most stream nitrate variability among the 

watersheds. 
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Nitrogen budgets. In order to determine if nutrient loading is resulting in 

nitrogen saturation in the SHEN watersheds, a fundamental understanding of all of the 

nitrogen-cycling components and how they change with time is required. However, 

tracking the effects of nitrogen deposition is extremely challenging due to the complex 

biogeochemical cycle, which absorbs, transforms, and releases nitrogen. To this day, 

nitrogen cycling in forest ecosystems is one of the least understood nutrient cycles 

(Johnson & Turner, 2014). For example, many nitrogen cycling studies in forested 

watersheds have found nitrogen accumulation rates far greater than what can be 

accounted for by measured nitrogen inputs (Bormann et al., 1993; Jenkinson & Powlson, 

1970; Johnson & Todd, 1998). Studies by Eshleman et al. (2013) and Yanai et al. (2013) 

also created nitrogen budgets, and they found it difficult to quantify if excess nitrogen 

was lost through gaseous losses, soil uptake, or a combination of both. 

In this current study, nitrogen cycling in a forested watershed was examined using 

Lovett and Goodale’s (2011) simplified mass balance equation: 

𝐷 − 𝑉 − 𝑆 = 𝑌 + 𝐺 (4) 

In this equation, D is nitrogen deposition, V is uptake of nitrogen by vegetation, S is the 

incorporation of nitrogen into soils, Y is the export of nitrogen via streams, and G is the 

gaseous loss of nitrogen. This mass balance equation is expressed in terms of rates (kg N 

ha-1 yr-1) and not in terms of gross accumulation (kg N ha-1).   

Sources and sinks of nitrogen. To further demonstrate the sources and sinks of 

nitrogen, its main pathways as it travels through a forested ecosystem, are shown in 

Figure 6. As included in the Lovett and Goodale (2011) mass balance equation, nitrogen 

can be deposited onto the Earth’s surface by either wet deposition or dry deposition. Wet 
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deposition occurs when nitrogen combines with atmospheric water and is deposited onto 

the Earth’s surface in precipitation. The most abundant species deposited by wet 

deposition are NO3
− and NH4

+.   

 
 

Figure 6. Generalized nitrogen cycle in a forested ecosystem. 

Dry deposition is the transport of gaseous and particulate species from the 

atmosphere to the land surface without the assistance of precipitation. Unlike wet 

deposition, dry deposition is influenced by surface cover type, atmospheric turbulence 

and velocity, and the chemical properties of the depositing species (Seinfeld & Pandis, 

2016). Species of nitrogen that are deposited by dry deposition include N20,  NO2, HNO3,  

 NO3
−, NH4

+, and NO (Hauglustaine et al.,1994). N2O, NH3, and HNO3 comprise the 

majority of dry deposition (Kharol et al., 2018). Available dry deposition data are limited, 

which is due to high spatial variability and poorly established measurement techniques 

(Nieder & Benbi, 2008). 
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Several studies of total nitrogen deposition have shown that during the 20th 

century, the amount of nitrogen deposition increased globally from 31.6 Tg N yr−1 to 

103 Tg N yr−1 (Galloway et al., 2004). Large increases in nitrogen deposition in the 20th 

century have been reduced in the US in recent decades, thanks to the Clean Air Act in the 

1990s. 

Nitrogen can also enter an ecosystem via biological nitrogen fixation (BNF). BNF 

is carried out by a large array of microbes and bacteria that break the triple bond in 

unreactive N2 to create reactive ammonia (NH3). Nitrogen fixation of N2 gas is a 

fundamental reaction for introducing nitrogen from the atmosphere into the pedosphere. 

Before the start of the industrial era, estimates suggest that BNF in unmanaged terrestrial 

ecosystems contributed 128 Tg N yr−1 globally (Galloway et al., 2004). However, BNF 

is extremely challenging to measure, and recent estimates have pushed pre-industrial 

global BNF production to as low as 58 Tg N yr−1 with a potential range of 40 to 100 Tg 

N yr−1 (Vitousek, Menge, Reed, & Cleveland, 2013). BNF in temperate forests is 

typically low, relative to tropical forests, which is due to the lack of nitrogen-fixing 

species. It is estimated that during peak rates of an early to intermediate temperate forest, 

BNF rates can range between 10 and 30 kg N ha−1yr−1 (Cleveland et al., 1999). 

Although BNF is not included in Lovett and Goodale’s (2011) mass balance equation, it 

is added for our purposes because it is a significant input. The following equation (5) is 

the  Lovett and Goodale (2011) mass balance equation that is modified to incorporate 

BNF (B) as a source of nitrogen. 

𝐵 + 𝐷 − 𝑉 − 𝑆 = 𝑌 + 𝐺 (5) 
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After nitrogen enters a forested ecosystem, either by BNF or deposition, it can 

undergo nitrogen assimilation by vegetation. After water, nitrogen is considered one of 

the main factors limiting plant growth (DeVries et al., 2013; Fernández-Martínez et al., 

2014; Wang et al., 2002). Plants absorb nitrogen from the soil as either NO3
− or NH4

+ and 

then convert these into organic molecules such as DNA and amino acids. Nitrogen 

availability for plant uptake is made possible by genetic microbial depolymerization 

capacity, chemical recalcitrance of soil organic matter (SOM) compounds, and climate-

driven enzyme activity (Rennenberg & Dannenmann, 2015). Mature temperate forests 

typically require 100 kg N ha−1yr−1 to maintain maximal growth, which, interestingly, is 

similar to the amount of N needed on agricultural plots (Butterbach-Bahl & Gundersen, 

2011; Kreutzer et al., 2009; Rennenberg & Dannenmann, 2015). 

Nitrogen can also be made available for plant uptake in soils where it can undergo 

processes such as mineralization and nitrification. Nitrogen mineralization is the 

conversion of organic nutrients (detritus) by microorganisms into soluble forms that can 

be absorbed by plants and microbes. If the soil is rich in nitrogen, then microbial needs 

are met and mineralization occurs. If detritus is low in nitrogen, microorganisms will 

scavenge and immobilize nitrogen in their biomass (i.e., immobilization). Mineralization 

and immobilization occur simultaneously in the soil. However, the net increase or 

decrease of mineral nitrogen depends on the ratio of carbon to nitrogen in the organic 

decomposing layer of soil. Nitrification is the microbial oxidation of NH4
+ to 

NO2
− or NO3

−. Most nitrate in forested ecosystems is primarily formed in situ via 

nitrification. This process can also act as a sink of nitrogen as some nitrifiers release 

NOx and N2O into the atmosphere. Nitrate is primarily controlled by the amount of 
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available NH4
+. Ecosystem disturbances, such as fire or clear cutting that increase NH4

+ 

availability in soils, will likely have higher nitrification rates. 

Denitrification can be considered one of the final fates of nitrogen after it has 

traveled through a forested ecosystem. Denitrification is the reduction of nitrate to N2 or 

N2O gas. This is an essential piece of the nitrogen cycle as it is the only point where N2 

reenters the atmosphere. This process is dependent upon soil O2 and carbon 

concentrations. Carbon is important because most denitrifiers are heterotrophs that 

require carbon as the electron donor. Studies have also shown that warmer soil 

temperatures are strongly correlated with larger denitrification rates (Li et al., 1992; 

Maag & Vinther, 1996; Stanford et al., 1975). Of the sources and sinks in the nitrogen 

cycle, denitrification can also be considered one of the most difficult to measure. 

Available methods are problematic because they lack sensitivity, they are expensive to 

run, or they disturb the soils in the process of measuring nitrogen (Groffman et al., 2006). 

Additionally, it is inherently difficult to measure N2 emissions because of the high 

background atmospheric concentration. Denitrification also poses a challenge because of 

its high spatial and temporal variability (Groffman & Tiedje, 1989). Mass balance , or the 

difference of inputs and outputs, is a commonly used method to estimate denitrification 

fluxes at field and watershed scales (David & Gentry, 2000; Goolsby et al., 1999; Pribyl 

et al., 2005). 

Nitrate, ammonium, and dissolved and particulate N can also be lost by leaching, 

runoff, and erosion. Streams and groundwater are considered a major sink as they 

transport nitrogen out of the watershed. In Shenandoah National Park, nitrate and 

ammonium represent 85% of the total nitrogen exported via streams (Buffam, 1999). 
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Dissolved organic nitrogen comprise the other 15%. Studies of forest nitrogen dynamics 

have used stream nitrate concentrations to assess the effects of nitrogen deposition (Aber 

et al., 1991; Lovett et al., 2000; Stoddard, 1994). Large nitrate transport can also be 

indicative of insect defoliations (Eshleman et al., 1998, Lovett et al., 2002; Riscassi & 

Scanlon, 2009). However, one must take into account processes near or within streams, 

as they can change in-stream nitrate concentrations. In-stream processes, such as 

biological assimilation and denitrification, can alter the flux of nitrate exported via 

streams (Peterson et al., 2001). Additionally, a dilution effect can cause significant in-

stream variability of nitrate concentrations with headwaters having higher concentration 

values than downstream sites (Scanlon et al., 2010). It is important to note that in-stream 

denitrification is a gaseous process, which would fall into the gaseous losses part of the 

nitrogen budget. 

In this present study, five SHEN watersheds (Figure 7) were analyzed using a 

combination of field work data, models, and literature to create a nitrogen budget. The 

objectives of the paper were to: (a) use the nitrogen budget to determine what watersheds 

were nitrogen saturated, and (b) determine what mechanisms within the nitrogen budget 

are driving the variability among SHEN watersheds’ stream nitrate export.  
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Figure 7. Five watersheds (grey) in SHEN, Virginia used for analysis in this study. 

 

Materials and Methods 

Estimates of nitrogen deposition (D). Total nitrogen deposition was estimated 

for each watershed, annually, for 1988-2017, using a combination of more recently 

available modeled data as well as measured data from the SHEN Big Meadows (VA28) 

station (Table 3, Figure 7). Wet deposition data from the National Atmospheric 

Deposition Program (NADP)/National Trends Network (NTN) and dry deposition data 

from the Clean Air Status and Trends Network (CASTNET) were available at the VA28 

site from 1981 to the present. 

Table 3 
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Dry and Wet Deposition Species Measured, and Data Sources and Methods Used to 

Determine Deposition Rates at Each Study Watershed 

 Dry Deposition Species Measured Wet Deposition Species Measured 

Watershed 2000-2015 1989-2000 2000-2015 1989-2000 

Big Meadows 

(VA28) 

NO3-, HNO3, 

NH4+, NH3, and 

NOM determined 

using TDEP Maps. 

NO3-, HNO3, and 

NH4+ from 

CASTNET. 

NH4+ determined 

using TDEP Maps. 

NO3- and NH4+ 

from NTN. 

North Fork at Dry 

Run (NFDR) 

 NO3-, HNO3, and 

NH4+ estimated 

with the linear 

regression between 

TDEP and 

CASTNET for 

2000-2015 period. 

NH3 and NOM 

estimated with trend 

lines of NH3 and 

NOM from TDEP 

2000-2015 period. 

 NO3- and NH4+ 

estimated using 

precipitation 

weighted ratios 

based on 

precipitation data 

from PRISM and 

deposition data from 

NTN. 

Paine Run (PAIN)     

Piney River (PINE)     

Staunton River 

(STAN) 

    

White Oak Run 

(WOR) 

    

Note. The methods used to measure deposition differ in the 1989-2000 period at Big Meadows (VA28). 

 

For the 2000-2017 period, the NADP Total Deposition Maps (TDEP) data sets 

were used to estimate annual wet and dry nitrogen deposition for individual watersheds. 

The TDEP annual wet deposition grids were calculated from annual precipitation, 

weighted concentrations, measured at NADP/NTN sites and Oregon State’s parameter 

elevation regression on independent slopes model (PRISM) precipitation estimates 

(Oregon State, 2009). The TDEP annual dry deposition grids are calculated from 

measured air concentrations and modeled deposition velocities using the community 

multiscale air quality (CMAQ) model (Schwede & Lear, 2014). Wet and dry deposition 

grids were available at 4 and 12 km2 spatial resolution, respectively.  
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Dry deposition data, when TDEP grids were not available (pre-2000), were 

estimated by calculating the linear relationship between TDEP estimates at the individual 

watershed and CASTNET data at VA28 for the concurrent period of record (2000-2017). 

This relationship was then used to estimate the TDEP deposition for each watershed 

based on CASTNET data during the 1981-1999 period. Wet deposition data, when TDEP 

grids were not available (pre-2000), was estimated by multiplying the VA28 NADP/NTN 

nitrogen deposition flux by the mean annual precipitation ratio of each watershed to 

VA28. Precipitation data were available at a 4-km resolution from the PRISM data set. 

Nitrogen flux via streams (Y). Flux of nitrogen leaving streams was calculated 

using the RStudio-based package for Exploration and Graphics for River Trends 

(EGRET), similar to techniques used in Hirsch et al. (2010) and Sprague et al. (2011). 

EGRET uses weighted regressions on time, discharge, and season (WRTDS) to describe 

long-term changes in stream flux and concentration (Hirsch & De Cicco, 2015). EGRET 

was designed to accept data from the U.S. Environmental Protection Agency (EPA) 

STORET data, U.S. Geological Survey hydrologic data, and, in our case, user-supplied 

flat files. The EGRET package requires a continuous record of daily stream discharge for 

the study period, an analyte concentration time-series, and metadata about the site and the 

analyte being evaluated.  

Daily stream discharge and weekly nitrate concentration data for the five 

watersheds of this study were provided by the University of Virginia’s SWAS 

Laboratory. SWAS was established in 1979 to assess the effects of acid deposition on 

mountain streams and their watersheds. In addition to daily discharge measurements, 

SWAS has been responsible for the collection and interpretation of water-quality 
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parameters including pH, specific conductance, acid neutralizing capacity (ANC), and 

major ions. Collection and analysis methods can be found in Robinson et al. (2013). 

Analyte concentrations used in this analysis were based on weekly base-flow grab-

sample measurements. High-flow discharge samples were not utilized in this analysis. 

Studies in SHEN have shown the dissolved nitrogen annual flux would be underestimated 

by approximately 30% if only baseflow concentration values are used (Buffam, 1999). 

The period of record for daily discharge data and nitrate concentration data varied 

between watersheds. In order to run the WRTDS model, nitrate concentration data 

required the same period of record as the daily discharge data. This condition resulted in 

pieces of available data being cut from the analysis. Table 4 lists the period of record 

used in the EGRET and WRTDS analysis. Using WRTDS and the listed period of 

records, a mean annual nitrate flux (kg NO3
- ha-1 yr-1) for each watershed is reported. 

Table 4  

Start and End Dates of EGRET Nitrate Flux Analysis for the Watersheds of Interest 

Watershed Period of Analysis 

 Start Date End Date 

North Fork at Dry Run 8/1/1987 9/26/2011 

Paine Run 10/1/1992 12/29/2016 

Piney River 10/1/1992 12/31/2016 

Staunton River 9/8/1992 12/31/2016 

White Oak Run 11/1/1979 12/31/2016 

Note. Starting and ending dates are dependent upon the available stream nitrate 

concentration data and daily discharge data over the study period. 
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Biological nitrogen fixation. Estimates of BNF were based on previous global 

and local literature. Globally, estimates of BNF range from 40-100 Tg N yr-1 (Paul & 

Clark, 1989; Schlesinger, 1991); however, rates of BNF change dramatically based on the 

biome (Cleveland et al., 1999). For example, a boreal forest, on average, fixes 2 kg N ha-1 

yr-1, whereas tropical forests fix 25 kg N ha-1 yr-1 (Cleveland et al., 1999). At local scales, 

symbiotic nitrogen fixation by trees can be as large as 100 kg N ha-1 yr-1 (Binkley et al., 

1994). In temperate forests, symbiotic nitrogen fixation is one of the major nitrogen 

inputs (Liao & Menge, 2016). Over the years, many hypotheses have emerged to explain 

the global variability of BNF. Energy wise, BNF is a relatively expensive process 

(Vitousek & Field, 1999; Vitousek & Howarth, 1991), so the transformation would be 

most abundant in regions with high amounts of available carbon. This would include 

areas with high solar radiation, precipitation, and net primary productivity (Cleveland et 

al., 1999).  

As temperate forests proceed through succession, nitrogen limitation increases. 

(Thomas et al., 2010; Vadeboncoeur, 2010). Mature temperate forests experience 

nitrogen limitation because nitrogen-fixing species abundance declines with successional 

stage (Menge et al., 2010; Richardson et al., 2004). Nitrogen fixers decline with 

succession, which is due to their low growth rates, high mortality rates, and low 

recruitment rates (Liao & Menge, 2016). Symbiotic nitrogen-fixing trees in the United 

States are rare to start with, as they comprise less than 1% of the basal area (Menge et al., 

2010). The rarity of nitrogen-fixing trees is driven by a latitudinal gradient where the 

more nitrogen-fixing trees are found in lower-latitude American forests than higher-

latitude American forests (Jenny, 1950; Rundel, 1989; Vitousek & Howarth, 1991). 
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Spatial analyses have observed a gradient where nitrogen-fixing tree abundance 

significantly changes at the 35º latitude (Menge et al., 2017). At latitudes below 35º, 

nitrogen-fixing trees comprise 12.7% of the basal area. This number drops to 1.2% in 

forests above 35º (Menge et al., 2017). 

Estimates of biological nitrogen fixation in temperate forests ranges from 0.07 to 

26 kg N ha-1 yr-1 (Becker, 1980; Boring & Swank, 1984; Cleveland et al., 1999; Hardy & 

Havelka, 1975; Jenkinson et al., 1990; Todd et al., 1978). Coweeta Hydrologic 

Laboratory in North Carolina reported BNF rates of 12 kg N ha-1 yr-1 (Todd et al., 1978). 

Of all the watersheds with reported BNF values, Coweeta is the closest, geographically, 

to SHEN, which makes it the most appropriate for the application of a similar value of 

nitrogen fixation. However, BNF rates in SHEN are likely lower than the more southern 

Coweeta, because SHEN lies above the 35º latitude divide, at 38º, where nitrogen-fixing 

species are significantly less abundant. Using information from Coweeta and the 35º 

nitrogen-fixing tree abundance threshold, a range nitrogen-fixation values from 0.5 to 4 

kg N ha-1 yr-1 was applied to the SHEN watersheds. 

Soil nitrogen storage. Like biological nitrogen fixation, soil accumulation rates 

of nitrogen in SHEN were estimated based on the literature. Typically, soil nitrogen 

content increases from the beginning stages of succession until steady state (Olson, 

1963). However, large amounts of variability exist in soil nitrogen accumulation rates 

across the world. Numerous studies have attempted to determine how both carbon and 

nitrogen change during forest stand development, yet each of these revealed considerably 

variable results (Gough et al., 2007; Knops & Tilman, 2000; Law et al., 2001; Zak et al., 

1990). In a recent effort to determine global patterns of carbon and nitrogen storage by 
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Yang et al. (2011), 124 studies of soil pool accumulation were synthesized. Yang et al. 

(2011) found that carbon and nitrogen accumulation increased during succession and then 

eventually approached an equilibrium state (carbon and nitrogen flux near zero) during 

the later stage of forest development (approximately 70 years). Yang et al. (2011) also 

found that soil carbon and nitrogen pools in the same watershed accumulated nitrogen at 

similar rates with time. 

However, the degree at which nitrogen accumulates in successional mature forests 

fluctuates globally (Johnson et al., 2007; Johnson & Turner, 2014). Yang et al. (2011) 

determined mean soil nitrogen accumulation varies between 1 and 11 kg N ha-1 yr-1. 

Rates of soil nitrogen accumulation can vary based on vegetation type (Bocock, 1963), 

soil mineral content (Berg & Staff, 1981), climate (Berg & Staff, 1981), and elevation 

(Shedayi et al., 2016). Thus, in this present study, estimates of soil nitrogen accumulation 

rates were based on forests with similar vegetation, climate, and mineral soil.  

There are several studies that examined soil nitrogen uptake in watersheds similar 

to SHEN. For example, Yanai et al. (2013) conducted an analysis of nitrogen budgets at 

Hubbard Brook, a northern hardwood forest in New Hampshire. The researchers found 

no evidence that soil was a substantial sink, and they determined the forest floor to 

accumulate nitrogen at 2 kg N ha-1 yr-1. A chronosequence of a Rhode Island forest, led 

by Hooker and Compton (2003), also determined that soil accumulated nitrogen at  

–0.8 kg N ha-1 yr-1. This was the average rate of accumulation 100 years after agricultural 

abandonment. The study watershed was dominated by mixed oak, and it was contained in 

a temperate climate.  
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In another nitrogen budget study at Coweeta Hydrologic Laboratory in North 

Carolina, researchers determined a low-elevation (702 m) watershed dominated with oak 

and pine to accumulate 2.61 kg N ha-1 yr-1 (Knoepp & Swank, 1998). A high-elevation 

(1347 m) watershed dominated by hardwood trees accumulated nitrogen at 12.7 kg N ha-1 

yr-1. Large soil nitrogen uptake rates at the higher elevation soils in Coweeta were due to 

a larger soil nitrogen pool and greater soil moisture (Knoepp & Swank, 1998). It was also 

found by (Knoepp & Swank, 1998) that colder temperatures at the higher elevation sites 

resulted in greater detritus and organic matter, which provided a larger and more steady 

flow of nitrogen with time.  

Vegetation and soil wise, SHEN watersheds most closely resemble the forests in 

Coweeta and Rhode Island. SHEN is primarily dominated by clay-rich utisols (McNab, 

1994). Utisols are formed under moist, warm climates, and they are acidic and low in 

plant nutrients. SHEN forests are principally composed of mixed oak forest types. The 

highly weathered soils in Coweeta are also closest to the utisols found in SHEN. Because 

of this, a soil uptake range between 1 to 7 kg N ha-1 yr-1 was applied to the SHEN 

watersheds. Based on results from Yang et al (2011), it can also be concluded that SHEN 

watershed soils have likely approached, or are approaching, a state of equilibrium in 

terms of nitrogen accumulation. This is because SHEN was established as a park over 84 

years ago in 1935—14 years longer than the 70 years required for the soil equilibrium 

accumulation rates established by Yang et al (2011).  

Soil C:N ratio. To further explore SHEN soil storage, available soil C:N ratio 

data from two UVA-led soil surveys were analyzed. C:N ratios in the North Fork of Dry 

Run (NFDR), Paine Run (PAIN), Piney River (PINE), Staunton River (STAN), and 
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White Oak Run (WOR) were based on two SHEN soil surveys in 2000 and 2017 

(Table 5). During the 2000 soil survey, samples were collected from an approximately 

20-centimeter deep pit. Soil samples were air dried until obtaining a stable mass. Total 

nitrogen and carbon were performed at the Agricultural Analytical Services Lab at Penn 

State University by combustion on a Fisons NA1500 Elemental Analyzer, following 

methods of Nelson and Sommers (1996). Additional field and laboratory methods for the 

2000 soil survey can be found in Cosby et al. (2001).  

During the 2017 soil survey, two samples per plot were taken with a 1-inch 

diameter corer to a depth of approximately 15 cm. Soils from the field were frozen for 

subsequent nutrient analysis. Afterwards in the laboratory, frozen soil samples were 

pushed through a sieve to separate them from their rocky constituents. They were then 

dried in an oven for approximately 48 hours; 5-gram subsamples of dry soils were ground 

with a mortar and pestle. Ground samples of 20 to 30 mg were tinned and analyzed for 

carbon and nitrogen using a Carlo Erba Elemental Analyzer with a 1020°C combustion 

tube and a 650°C reduction tube, with helium as a carrier gas (Dinh et al., 2017). 

C:N ratios among the SHEN watersheds in the 2000 and 2017 surveys were tested 

statistically with an ANOVA. A paired t test was used to determine if the C:N ratio 

changes were significant at each watershed from 2000 to 2017. 

Table 5 

Total Number of Soil Borings Collected in the 2000 and 2017 Soil Surveys for the Five 

Study Watersheds 

Watershed Number of Sites Investigated 

 2000 Soil Survey 2017 Soil Survey 

NFDR 5 N/A 
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PAIN 7 19 

PINE 6 16 

STAN 6 15 

WOR 6 N/A 

 

Biomass assimilation of nitrogen. Like soil storage, nitrogen uptake by 

vegetation remains an important retention pathway in forests (Edmonds et al., 1995; 

Emmett et al., 1993; Johnson, 1992). Most of the nitrogen that biomass takes up annually 

goes to the fine roots and foliage. However, most fine-litter nitrogen is returned annually 

to the forest floor. The accumulation of nitrogen in the biomass wood represents the 

actual long-term sink of nitrogen each year (Goodale et al., 2002). Vegetation uptake 

generally depends on forest age and successional stage (Fenn et al., 1998). An early 

successional forest has a smaller soil nitrogen pool, it depends more on soil for nitrogen, 

and it retains nitrogen in plant biomass better than older trees (Fenn et al., 1998). 

Many studies have documented net changes in vegetation uptake based on 

successional age in temperate forests. Studies have shown that forests in the early stage 

of succession accumulate the greatest amount of nitrogen. Borman et al. (1993) found 

early-stage forests accumulate between 70 and 81 kg N ha-1 yr-1 in New Hampshire, USA. 

Developing stage forests in temperate climates were found to accumulate anywhere 

between 11 and 21.8 kg N ha-1 yr-1 (Guo et al., 2008; Johnson et al., 2003; Turner & 

Lambert, 2011). Mature temperate forests were found to have the least variability and the 

smallest annual accumulation rates, between –0.7 and 4.3 kg N ha-1 yr-1 (Jenkinson & 

Powlson, 1970; Johnson, 1995; Johnson et al., 2007; Morrison & Foster, 2001, Trettin et 

al., 1999). Yanai et al. (2013) conducted a nitrogen budget study in a mature northern 

hardwood forest in the United Stated, and they also concluded that biomass accumulation 
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remains constant each year at 4 kg N ha-1 yr-1. Before its establishment in 1936, areas of 

SHEN were cultivated. However, recent spatial analyses have shown that no watershed in 

this study had more than 36% open area. Since only a small portion of SHEN watersheds 

were logged, this study’s watersheds are most likely mature temperate forests.  

Several methods exist to measure biomass nitrogen accumulation rates. To 

directly measure forest net primary productivity (NPP) and biomass, via field 

measurements, is disadvantageous due to high cost, short time periods of measurement, 

and overall large time consumption (Houghton, 2005; Tang et al., 2010). This is why, in 

this study, remote-sensing products and vegetation models were used to estimate forest 

NPP and biomass. The remote sensing NASA Earth Observations TERRA/MODIS NPP 

(1 Month) product was used to estimate the annual accumulation rate of nitrogen in 

biomass. Additional information about the TERRA/MODIS NPP product can be found in 

Running and Gower (1999). NPP data was available from 2000 to 2016 at a 1-kilometer 

spatial resolution. Average annual NPP was calculated for each watershed, based off the 

1-kilometer resolution data. NPP data were presented in grams of carbon m-2 day-1, which 

was converted to kg N ha-1 yr-1 using a fixed C:N ratio. The fixed C:N ratio (165) was 

selected based on a synthesis of literature examining C:N ratios for the wood part of trees 

(Dickson, 1989; Martin et al., 2014; Millard & Grelet, 2010; Vitousek, Fahey, Yazaki et 

al., 2016). It was also taken into account that less than 10% of the NPP is actually 

accumulated in the standing biomass each year. The remaining 90% of nitrogen is 

recycled to the forest floor or exported out of the watershed via denitrification or stream 

and groundwater (Perakis & Sinkhorn, 2011). Biomass accumulation was calculated 

using the equation (6): 
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                                                  V = NPP ∗ C: N ∗ 0.1                                          (6) 

Where V is the amount of N accumulated by biomass (kg N ha-1 yr-1), NPP is the net 

primary productivity determined by remote sensing data, C:N is the fixed carbon to 

nitrogen ratio for the woody part or trees, and 0.1 represents that amount nitrogen that is 

accumulated in the standing biomass each year. 

Results 

WRTDS stream nitrate flux. Each studied watershed exported the greatest 

amount of nitrate between 1988 and 1995 (Figure 8). This period of time corresponds to 

the gypsy moth defoliation, which removed upwards of 80% of the canopy in parts of 

SHEN. Between 1988 and 1995, the greatest amounts of nitrogen were removed from 

PINE and NFDR at mean rates of 4.29 and 4.68 kg N ha-1 yr-1, respectively. The least 

amount of nitrate was removed from PAIN, STAN, and WOR at mean rates of 1.67, 0.65, 

and 0.86 kg N ha-1 yr-1, respectively. By 2005, the watersheds returned to a pre-gypsy 

moth nitrate export levels. From 2005 onward, NFDR and PINE still exported the most 

nitrate, at 1.15 and 0.91 kg N ha-1 yr-1, while PAIN, STAN, and WOR exported the least 

at 0.19, 0.18, and 0.05, respectively. NFDR displayed the highest variability in stream 

nitrate export. In recent years, PINE has been the only watershed to have exhibited an 

upward trend in nitrate flux. From 2002 to 2016, PINE nitrate increased at a rate of 0.3 kg 

N ha-1 yr-1. 
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Figure 8. Annual estimates of nitrate fluxes and flow-normalized fluxes in SHEN 

watersheds. Estimates are based off the weighted regressions that consider time, 

discharge, and season. 

 

Nitrogen deposition. In SHEN, chemical species are not uniformly deposited 

(Figure 9). TDEP maps at Big Meadows (primary air quality measuring site) reveal that 

dry deposition comprises a significantly larger proportion of the total nitrogen budget.  
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Figure 9. Wet and dry species composition at Big Meadows (VA28) in SHEN. Species 

information based off of TDEP maps. 

 

From 2000 to 2015, dry deposition has been, on average, 1.9 times greater than 

wet deposition. Of the dry deposition species, NO3
- and HNO3 had the largest rates of 

deposition, and reductions of these species have driven the most change in total nitrogen 

deposition rates. Over the period of record, dry NO3
- and HNO3 have declined the most at 

a rate 0.43 kg N ha-1 yr-1. Dry deposition of NH4
+ and NOM, and wet deposition of NO3

- 

also declined but at much smaller rates of 0.03, 0.07, and 0.05 kg N ha-1 yr-1, 

respectively. Wet deposition rates of NH4
+ have remained constant and, interestingly, dry 

deposition of NH3 has increased at 0.04 kg N ha-1 yr-1.   

Despite the changing proportions of deposition of chemical species to one 

another, a decline in total nitrogen deposition (Figure 10) can be observed within each 
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watershed. On average, total deposition at SHEN watersheds has declined from 18.1 to 

9.3 kg N ha-1 yr-1, a 49% change in deposition rates. Throughout the time period, NFDR, 

PINE, and STAN received the greatest amount of deposition at 434, 372, and 360 kg N 

ha-1, respectively. Total nitrogen deposition was the least at PAIN (328 kg N ha-1) and 

WOR (323 kg N ha-1). 

 

 

Figure 10. Total nitrogen deposition at NFDR, PAIN, PINE, STAN, and WOR. All 

values before the year 2000, based on linear extrapolations from NTN and CASTNET 

data. 
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Nitrogen biomass assimilation rates. Over the period of record, nitrogen 

biomass accumulation did not vary significantly between the SHEN watersheds 

(Figure 11). On average, the SHEN watersheds accumulated 4.7 kg N ha-1 yr-1, with an 

average standard deviation of 1.94 kg N ha-1 yr-1. Average accumulation among the 

watersheds varied from 4.1 to 5 kg N ha-1 yr-1.  

 

Figure 11. Biomass accumulation of nitrogen at NFDR, PAIN, PINE, STAN, and WOR. 

Estimates of biomass accumulation from 2000 to 2016 are based off of the TERRA 

MODIS NPP remote-sensing product. 

 

Nitrogen budget. On average, nitrogen deposition was the largest source, 

comprising 78% of the inputs (Figure 12). Nitrogen fixation only accounted for 22% of 

the inputs in the SHEN watersheds. Despite total nitrogen deposition declining with time, 
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deposition still composed the largest source of nitrogen to any SHEN watershed. Stream 

nitrate, perhaps the most well-studied element of the nitrogen budget in the SHEN 

watersheds, only accounted for 6% of the nitrogen sinks in SHEN. Vegetation 

accumulation and soil storage accounted for 26% and 18% of the nitrogen sinks, 

respectively. 

Based on Lovett and Goodale’s (2011) modified mass balance equation, 50% of 

the nitrogen leaving the SHEN watersheds is unaccounted for. Most of this unaccounted-

for nitrogen is likely exiting the watersheds via denitrification. However, it possible that 

other nitrogen accumulation in vegetation and soil is larger than what is actually shown in 

Figure 13. 

It should also be noted that NFDR and PINE had the greatest total deposition rates 

and stream export rates throughout the period of record. Besides the pattern noted 

between deposition and stream export at NFDR and PINE, no other notable patterns were 

observed. No statistical testing was done to compare the sources and sinks to one another 

because of the large amount of uncertainty and estimates made in the data.  

Nitrogen pools, sources, and sinks in WOR and NFDR further compared to each 

other in Figure 13. The soil nitrogen pool is significantly larger (75%) than the biomass 

and groundwater pools in both watersheds. In both watersheds groundwater comprises 

only a very small portion of total nitrogen stored (<1%).
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Figure 12. Estimates of nitrogen sources and sinks in select SHEN watersheds. Nitrogen shown as kg N ha-1 yr-1. Soil storage and 

fixation rates are based off the fixed estimated values; the deposition, stream export, and biomass uptakes are based on actual 

measurements. Note that fixation, soil storage, and the residual term are based off of ranges of values. 
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Figure 13. Estimates of nitrogen pools, sources, and sinks in White Oak Run (left panel) and North Fork of Dry Run (right 

panel) watershed. Nitrogen fluxes (red) shown as kg N ha-1 yr-1 and nitrogen pools (green) shown as kg N ha-1.  
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Soil C:N ratio. From 2000 to 2017, the C:N ratio decreased in PINE (p = 0.026), 

and it increased at STAN (p = 0.005). The decline observed at PAIN was not statistically 

significant (Figure 14). STAN, NFDR, and PINE were below the leakage threshold of 20, 

as defined by Cole et al. (2002) and Johnson and Lindberg (1992). In 2000 and 2017, 

only PINE was below the threshold. Results from the ANOVA and t test showed that, in 

2000, the mean C:N ratios in STAN, NFDR, and PINE were significantly different from 

PAIN and WOR. Results from the 2017 ANOVA showed that PAIN, PINE, and STAN 

were also significantly different from each other. 

 
 

Figure 14. Results of C:N ratio sampling from 2000 and 2017 sampling events. Bars 

represent the mean C:N ratio at each watershed; error bars show the standard deviation 

from each group of samples. Blue bars and orange bars distinguish the 2000 and 2017 

sampling events, respectively. The black, dashed line shows the threshold at which any 

watershed lower than 20 exhibits increased nitrogen output. No sampling was conducted 

at NFDR and WOR in 2017.  
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Discussion 

Nitrogen cycling in temperate forest systems, such as SHEN, is a highly 

complicated process. Tools, such as nitrogen budgets, can help better synthesize 

multivariable systems and reveal areas of study that require further investigation. In this 

present study, the nitrogen budget revealed that the greatest drivers of nitrogen export are 

most likely those that we have the least amount of information about. This primarily 

pertains to the soil storage element of the budget. 

In this study, a fixed value was applied to the soil storage term, however, results 

from the C:N ratio analysis and the previous literature have shown that this is not the 

case. Soil storage can vary significantly based on location (Yang et al., 2011). Forest 

nitrogen studies have proven that soils and litter are the largest reservoir of nitrogen in a 

forested watershed (Heilman & Gessel, 1963; Johnson et al., 2003; Mead & Pritchett, 

1975; Melin et al., 1983; Raison et al., 1990). Additionally, forest soils have been found 

to be the most significant regulator of nitrate export in streams (Kawakami & Honoki, 

2008). 

Forest floor C:N ratios have been proposed by several studies as indicators of 

nitrate leaching from forest watersheds (Aber, 1992; Dise et al., 1998; Emmett et al., 

1998; Gundersen et al., 1998, Lewis et al., 2014). In 1981, Gosz hypothesized that 

vegetation on nitrogen-rich sites produces litter with high nitrogen concentrations, 

leading to faster rates of decomposition and nitrogen mineralization. In nitrogen-poor 

ecosystems, plants grow slower, use nitrogen more efficiently, and produce lower quality 

litter and greater C:N ratios. At low C:N ratios, decomposer organisms are not nitrogen 

limited, and a net release of inorganic nitrogen to the soil solution occurs. Low soil 
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nitrogen availability leads to high nitrogen use efficiency and the production of litter with 

a higher C:N ratio (Bonito et al., 2003; Vitousek, 1982). It is well known that there is a 

strong relationship between the C:N ratio and soil decomposition rates (Janssen, 1996; 

Kelly et al., 2007; Quan et al., 2014; Springob & Kirchmann, 2003; White & Haines, 

1988). In this study, watersheds with the greatest stream nitrate concentrations and the 

highest variability (PINE and NFDR) were also the watersheds with the lowest C:N 

ratios. This supports the findings by several studies (Cole et al., 2002; Johnson & 

Lindberg, 1992), suggesting soils with a C:N ratio greater than 20 are more effective at 

retaining nitrogen. 

In addition to soil retention, it is possible that nitrogen deposition is driving 

nitrogen fluxes. NFDR and PINE, both watersheds with high nitrogen export, also had 

received large amounts of total nitrogen deposition before the 2000s. However, there is 

large uncertainty associated with the nitrogen deposition calculations before TDEP maps 

were available. Despite this, many studies have, in fact, found that the intensity of 

nitrogen deposition and the degree of watershed nitrogen saturation are closely related 

(Johnson & Lindberg, 1992; Stoddard, 1994; Williams et al., 1996). In a study of 

northeastern watersheds, it was determined that atmospheric nitrogen deposition 

explained 30% of summer surface nitrate concentrations (Aber et al., 2003). Although 

there was an overall decline in total nitrogen deposition in SHEN, dry deposition of NH3 

has increased in SHEN watersheds. This is most likely a result of increased agricultural 

activities in the United States. The Clean Air Act targeted nitrogen emissions from fossil 

fuels but never affected nitrogen usage on farms. Additionally, large variability in total 

nitrogen deposition was observed between SHEN watersheds. Variability in nitrogen 
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deposition can be controlled by factors including prevailing wind direction, elevation, 

climate, and proximity to the source of deposition (Seinfeld & Pandis, 2016) 

  But nitrogen deposition, alone, does not control variability of stream nitrate 

export and nitrogen saturation in watersheds. In addition to nitrogen deposition rates and 

soil retention, nitrogen saturation and stream nitrogen export can be driven by stand age 

and successional status (Vitousek & Reiners, 1975), climate (Cole, 1992), and land use 

(Johnson & Turner, 2014; Magill et al., 1996). 

SHEN has a long agricultural history. Prior to its establishment in 1935, hundreds 

of families worked the land, planted crops and orchards, and used the mountains for 

logging and mining (National Park Service, 2018). Agriculture, logging, and fire history 

could describe why some watersheds are better at retaining nitrogen than others. Silsbee 

and Larson (1982) found that in the Great Smokey National Park watersheds, which had 

been logged before its establishment as a national park, had significantly lower C:N ratios 

than that of unlogged watersheds.  

Fires can also affect a watershed’s nitrogen-retaining ability (Hornbeck et al., 

1997), and low- to moderate-intensity fires can enhance nitrogen retention (Dow & 

DeWalle, 1997). High-intensity fires can have significant effects on long-term nitrogen 

budgets (Johnson & Turner, 2014) because up to 13% of forest nitrogen can be lost 

through fire (Adams & Attiwil, 2011; Grier, 1975). Land use history maps (Fievet et al., 

2003) document that 36% of PINE was unforested before 1941, owing to logging and 

agricultural activities (Table 6). Additionally, significant fires in 1930 and 1981 occurred 

in the PINE watershed. Each fire covered more than one-fifth of the PINE watershed. 
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PINE’s watershed extensive disturbances could have also contributed to its low C:N ratio 

and susceptibility to nitrogen saturation.  

The mature successional stage results in a slowed uptake rates of nitrogen (Lovett 

& Rueth, 1999; Magill et al., 2000). Aggrading forests have lower nitrate losses because 

of their higher demand for nitrogen (Vitousek & Reiners, 1975). Based on the results 

from the biomass nitrogen accumulation analyses, SHEN watersheds are mature 

successional forests that no longer accumulate large amounts of nitrogen. Additionally, 

there was no observed relationship between SHEN annual stream nitrate and biomass 

accumulation of nitrogen. 

Table 6 

Percent Open Area in SHEN Study Watersheds Before 1941 

Watershed % Open Area 

NFDR 0.2 

PAIN .15 

PINE 36.0 

STAN 12.6 

WOR 0.6 

Note. Information based off data collected in Fievet et al. (2003). 

 

 Through the use of Lovett and Goodall’s mass balance equation the residual term 

shown in the nitrogen budget should represent denitrification rates. Based on this analysis 

denitrification composes a significant portion of nitrogen sinks. Yanai et al. (2013) also 

determined that denitrification was a large portion of the budget. However, there is a 

large degree of uncertainty associated with this term as it relies on estimates from all the 
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other terms. The residual term also has large error due to the fact that biological nitrogen 

fixation and soil storage are represented as a range of values. 

Based on data collected in this study, it is possible that some watersheds in SHEN 

are well on their way to becoming nitrogen saturated. Aber (1992) defined nitrogen 

saturation as the (a) absence of vegetation growth despite additional nitrogen, (b) the 

initiation of nitrate leaching in streams and groundwater, and (c) the lack of a net nitrogen 

accumulation in ecosystems as seen in sources and sinks. PINE has recently exhibited an 

increase in stream nitrate, which could be the result of a reduction in its soil nitrogen-

retaining abilities. Increases in stream nitrate could also be the result of insect invasions; 

however, results from the previous chapter found no significant link between stream 

nitrate concentrations and ash coverage in the synoptic data. The PINE watershed soils do 

have a low C:N ratio, proving soils are already reaching their nitrogen retention capacity. 

Although the NFDR watershed has no current stream nitrate data, it has previously 

released high amounts of nitrate relative to the PAIN, STAN, and WOR watersheds. 

NFDR also has weak nitrogen-retaining abilities, as indicated by its low C:N ratio. Based 

on low C:N ratios, historically high stream nitrate concentrations, mature stand age, 

disturbance history, and Aber’s (1992) nitrogen saturation definition, PINE and NFDR 

are exhibiting symptoms of nitrogen saturation. The nitrogen saturation status of these 

watersheds is driving the high nitrogen export that is seen in the stream nitrate records. 

Uncertainty. It is challenging to estimate the degree of uncertainty associated 

with nutrient budgets. Nutrient budgets rarely include error analysis, making it difficult to 

establish the statistical significance of the results (Yanai et al., 2013). Creating a closed 

nutrient budget could help provide insight about ecosystem processes and future research 
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ideas. Sources of uncertainty can be classified into those arising from imperfect 

knowledge and those arising from the inherent variability in the system studied (Harmon 

et al., 2008; Yanai et al., 2013). The results of this study should be seen as providing the 

best estimates with the best, most-available data. In this analysis, a much higher degree of 

uncertainty is associated with all of the values-based estimates from the literature than 

those based on the data collected in SHEN. 
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Chapter 4: Summary and Prospects for Future Research Summary and 

Implications 

Effect of invasive insects on stream nitrate export. Chapter 2 analyzed the 

relationship between ash tree abundance and stream nitrate concentrations in 12 

watersheds in SHEN, Virginia. Two separate stream sampling datasets, quarterly and 

synoptic, were compared to remote-sensing-based vegetation maps in each watershed. 

The synoptic stream sampling dataset revealed no significant link between stream nitrate 

and presume ash coverage in any watershed. However, a significant relationship was 

observed when quarterly data was compared to stream nitrate in the studied watersheds. 

The significant relationship revealed that sites with a large potential for ash coverage 

experienced a higher export of nitrate in streams from 2013 to 2017. An early infestation 

of the EAB is still extremely difficult to detect. An early signal seen in stream nitrate 

concentrations can aid forest managers in EAB control and eradication.  

Effect of internal cycling of nitrogen on stream nitrate export. In Chapter 3, a 

comprehensive nitrogen budget was prepared for five watersheds in SHEN, which have 

been monitored since the 1980s. The nitrogen budget was used to determine which 

sources and sinks are driving the variability seen in stream nitrate export in the SHEN 

watersheds. Elements of the nitrogen budget studied included atmospheric deposition, 

biological nitrogen fixation, denitrification, biomass accumulation, soil retention, and 

export of nitrate via streams. Individual methods were enacted for each element of the 

budget. Given the methodology and data available, some elements of the budget were 
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known with greater certainty than others. It was determined from the budget that the soil 

had a weaker ability to retain nitrogen in the PINE and NFDR watershed, which caused 

the high export of nitrogen throughout their periods of record. Additionally, nitrogen 

export from these watersheds was exacerbated by the high amounts of atmospheric 

deposition they received. Because of this, both of these watersheds are more susceptible 

to nitrogen saturation. This is the first time a nitrogen budget has been compiled in the 

SHEN watersheds. The nitrogen budget was a valuable tool for expanding our 

comprehension of forest nitrogen cycling in SHEN and an excellent indicator of how 

future research should proceed. 

Future Research Opportunities 

The EAB is a relatively new pest, and it is anticipated to worsen in SHEN. As the 

EAB persists, the stream nitrate signal will likely be more robust because the EAB will 

become more established in the park and ash mortality will increase. It is critical to 

maintain observation and control of this pervasive pest. The concentration of nitrate 

varies seasonally, thus collection of nitrate samples in different seasons would show 

differing results. Improved timing of sampling, when nitrate is at its highest in streams, 

would provide more comprehensive data and results. Additionally, utilization of higher 

quality remote-sensing products would provide better estimates of actual ash coverage in 

SHEN. 

The biogeochemical cycle of nitrogen in forested watersheds is an extremely 

complex system due to the many transformations and biotic pools. Nitrogen cycling is 

further complicated by external forces such as atmospheric deposition and insect 

invasions. The results from Chapter 3 reveal that soil is likely the main driver of nitrogen 
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retention and release in watersheds. Unfortunately, soil is one of the least understood and 

studied elements of the nitrogen budget in SHEN. A study that gains better estimates of 

the soil and its carbon and nitrogen pools would provide insight into the degree of 

nitrogen storage in watersheds and reduce uncertainty in the current nitrogen budget 

results. Additionally, uncertainty would be reduced in this study if estimates of biological 

nitrogen fixation and denitrification were based on watershed experiments rather than 

estimates from the literature. 



 

61 

References 

Aber, J. D. (1992). Nitrogen cycling and nitrogen saturation in temperate forest 

ecosystems. Trends in Ecology and Evolution, 7(7), 220–224. 

Aber, J. D., Goodale, C., Ollinger, S., Smith, M., Magill, A., Martin, M., . . . Stoddard, J. 

(2003). Is nitrogen deposition altering the nitrogen status of northeastern forests? 

Bioscience, 53(4), 375–389. 

Aber, J. D., McDowell, W., Nadelhoffer, K., & Magill, A. (1998). Nitrogen saturation in 

temperate forest ecosystems. BioScience, 48(11), 921–934. 

Aber, J. D., Melillo, J. M., Nadelhoffer, K. J., Pastor, J., Boone, R. D., & Boone, R. D. 

(1991). Factors controlling nitrogen cycling and nitrogen saturation in northern 

temperate forest ecosystems. Ecological Society of America, 1(3), 303–315. 

Aber, J. D., Nadelhoffer, K. J., Steudler, P., & Melillo, J. M. (1989). Nitrogen saturation 

in northern forest ecosystems. American Institute of Biological Sciences, 39(6), 378–

386. 

Adams, M. A., & Attiwill, P. M. (2011). Burning issues. Sustainability and management 

of Australia’s southern forests. Victoria, Australia: CSIRO Publishing. 

Agren, G., & Bosatta, E. (1988). Nitrogen saturation of terrestrial ecosystems. 

Environmental Pollution, 54(3–4), 185–197. 

Anulewicz, A. C., McCullough, D. G., Cappaert, D. L., & Therese, P. M. (2008). Host 

range of the emerald ash borer (Agrilus planipennis Fairmaire) (Coleoptera: 

Buprestidae) in North America: Results of multiple-choice led experiments. 

Environmental Entomology, 37(1), 230–241. 

ASTM International. (2003). ASTM D6919-03: Standard test method for determination 

of dissolved alkali and alkaline earth cations and ammonium in water and wastewater 

by ion chromatography. In ASTM International (2003). West Conshohocken, PA: 

Author. 

Aukema, J. E., Leung, B., Kovacs, K., Chivers, C., Britton, K. O., Englin, J., . . . 

Deborah, G. (2011). Economic impacts of non-native forest insects in the continental 

United States. PLoS ONE, 6(9), 1–7. https://doi.org/10.1371/journal.pone.0024587 

  



 

62 

Bair, M. W. (2002, February). Eastern hemlock (Tsuga canadensis) mortality in 

Shenandoah National Park. In B. Onken, R. Reardon, & J. Lashomb (Eds)., 

Proceedings of the Symposium on the Hemlock Woolly Adelgid in Eastern North 

America (Agricultural Experiment Station, pp. 61–66), East Brunswick, NJ.   

Becker, V. E. (1980). Nitrogen fixing lichens in forests of the southern Appalachian 

Mountains of North Carolina. American Bryological and Lichenological Society, 

83(1), 29–39. 

Berg, B., & Staff, H. (1981). Leaching, accumulation and release of nitrogen in 

decomposing forest litter. Terrestrial Nitrogen Cycles, 33(January), 163–178. 

Binkley, D., Stottlemyer, R., Suarez, F., & Cortina, J. (1994). Soil nitrogen availability in 

some arctic ecosystems in northwest Alaska: Responses to temperature and moisture. 

Écoscience, 1(1), 64–70. https://doi.org/10.1080/11956860.1994.11682229 

Bocock, K. (1963). Changes in the amount of nitrogen in decomposing leaf litter of 

sessile oak (Quercus Petraea). The Journal of Ecology, 51(3), 555. 

https://doi.org/10.2307/2257747 

Bonito, G. M., Coleman, D. C., Haines, B. L., & Cabrera, M. L. (2003). Can nitrogen 

budgets explain differences in soil nitrogen mineralization rates of forest stands along 

an elevation gradient? Forest Ecology and Management, 176(3), 563–574. 

Boring, L., & Swank, W. (1984). Symbiotic nitrogen fixation in regenerating black locust 

(Robinia pseudoacacia L.) stands. Forest Science, 30(2), 528–537. 

Bormann, B. T., Bormann, F. H., Bowden, W. B., Piece, R. S., Hamburg, S. P., Wang, 

D., . . . Ingersoll, R. C. (1993). Rapid N^2 fixation in pines, alder, and locust: 

Evidence from the sandbox ecosystems study. Ecology, 74(2), 583–598. Retrieved 

from http://www.jstor.org/stable/1939318 

Bormann, F. H., Likens, G. E., & Melillo, J. M. (1977). Nitrogen budget for an aggrading 

northern hardwood forest ecosystem. Science, 196(4293), 981–983. 

Butterbach-Bahl, K., & Gundersen, P. (2011). Nitrogen processes in terrestrial 

ecosystems. In M. Sutton, C. Howard, J. Erisman, G. Billen, A. Bleeker, P. Grennfelt 

et al. (Eds.), The European nitrogen assessment: Sources, effects and policy 

perspectives (99–125). Cambridge, England, UK: Cambridge University Press.  

Buffam, I. D., (1999) A Stormflow/baseflow comparison of dissolved organic matter 

concentrations and bioavailability on an Appalachian stream. University of Virginia: 

Department of Environmental Science. 

Cappaert, D., McCullough, D. G., Poland, T. M., & Siegert, N. W. (2005). Emerald ash 

borer in North America: A research and regulatory challenge. American 

Entomologist, 5(13). 



 

63 

Cleveland, C. C., Townsend, A. R., Schimel, D. S., Fisher, H., Hedin, L. O., Perakis, S., 

… Wasson, M. F. (1999). Global patterns of terrestrial biological nitrogen (N2) 

fixation in natural ecosystems. Global Biogeochemical Cycles, 13(2), 623–645. 

Cole, D. W. (1992). Nitrogen chemistry, deposition, and cycling in forests. In D. W. 

Johnson & S. E. Lindberg (Eds.), Atmospheric deposition and forest nutrient cycling. 

ecological studies (analysis and synthesis), Vol. 91 (pp. 150–213). New York, NY: 

Springer.  

Corre, M. D., Beese, F. O., & Brumme, R. (2003). Soil nitrogen cycle in high nitrogen 

deposition forest: Changes under nitrogen saturation and liming. Ecological 

Applications, 13(2), 287–298. https://doi.org/10.1890/1051-

0761(2003)013[0287:SNCIHN]2.0.CO;2 

Cosby, B. J., Ferrier, R. C., Jenkins, A., & Wright, R. F. (2001). Modelling the effects of 

acid deposition: Refinements , adjustments and inclusion of nitrogen dynamics in the 

MAGIC model. Hydrology and Earth System Sciences, 5(3), 499–517. 

https://doi.org/10.5194/hess-5-499-2001, 2001. 

David, M. B., & Gentry, L. E.. (2000). Anthropogenic inputs of nitrogen and phosphorus 

and riverine export for Illinois, USA. Journal of Environmental Quality, 29(2), 494–

508. 

DeVries, T., Deutsch, C., Rafter, P., & Primeau, F. (2013). Marine denitrification rates 

determined from a global 3-D inverse model. Biogeosciences, 10, 2481-2496. 

https://doi.org/10.5194/bg-10-2481-2013 

Dickson, R. E. (1989). Carbon and allocation in trees. Annales des sciences forestières, 

INRA/EDP Sciences, 46(Suppl.), 631s–647s. 

Dise, N. B., Matzner, E., & Gundersen, P. (1998). Synthesis of nitrogen pools and fluxes 

from European forest ecosystems. Water Air and Soil Pollution, 105(1–2), 143–154. 

Dow, C. L., & DeWalle, D. R. (1997). Sulfur and nitrogen budgets for five forested 

Appalachian Plateau Basins. Hydrological Processes, 11(1), 801–816. Retrieved from 

https://onlinelibrary.wiley.com/doi/abs/10.1002/%28SICI%291099-

1085%28199706%2911%3A7%3C801%3A%3AAID-HYP518%3E3.0.CO%3B2-7 

Driscoll, C. T., & Van Dreason, R. (1993). Seasonal and long-term temporal patterns in 

the chemistry of Adirondack lakes. Water, Air, and Soil Pollution, 67(3), 319–344. 

https://doi.org/10.1007/BF00478152 

Duan, J. J., Ulyshen, M. D., Bauer, L. S., Gould, J., Van Driesche, R. (2010). Measuring 

the impact of biotic factors on populations of immature emerald ash borers 

(Coleoptera: Buprestidae). Environmental Entomology, 39(5), 1513–1522. 

https://doi.org/10.1603/EN10023 



 

64 

Dukes, J. S., Pontius, J., Orwig, D., Garnas, J. R., Rodgers, V. L., Brazee, N., … Ayres, 

M. (2009). Responses of insect pests, pathogens, and invasive plant species to climate 

change in the forests of northeastern North America: What can we predict? Canadian 

Journal of Forest Research, 39(2), 231–248. https://doi.org/10.1139/X08-171 

Edmonds, R. L., Thomas, T. B., & and Blew, R. D. (1995). Bio-geochemistry of an old-

growth forested watershed, Olympic National Park, Washington. Water Resources 

Bulletin, 31(3), 409–419. 

Elkinton, J., & Liebhold, A. (2003). Population dynamics of gypsy moth in North 

America. Annual Review Entomology, 35, 571–596. 

https://doi.org/10.1146/annurev.en.35.010190.003035 

Emmett, B. A. (2007). Nitrogen saturation of terrestrial ecosystems: Some recent findings 

and their implications for our conceptual framework. Water Air and Soil Pollution, 

7(1-3), 99–109. https://doi.org/10.1007/s11267-006-9103-9 

Emmett, B. A., Kjenaas, O. J., Gundersen, P., Koopmans, C., Tietema, A., & Sleep, D. 

(1998). Natural abundance of 15N in forests across a nitrogen deposition gradient. 

Forest Ecology and Management, 101(1–3), 9–18. 

Emmett, B. A., Reynolds, B., Stevens, P. A., Norris, D. A., Hughes, S., Gorres, J., & 

Lubrecht, I. (1993). Nitrate leaching from afforested Welsh catchments: Interactions 

between stand age and nitrogen deposition. Royal Swedish Academy of Science, 

22(6), 386–394. 

Eshleman, K. M., Miller-Marshall, L. M., & Webb, J. R. (1995). Long-term changes in 

episodic acidification of streams in Shenandoah National Park, Virginia (U.S.A.). 

Water Air and Soil Pollution, 85(2), 517–522. https://doi.org/10.1007/BF00476881 

Eshleman, K. N., Morgan, II, R. P., Webb, J. R., Deviney, F. A., & Galloway, J. N. 

(1998). Temporal patterns of nitrogen leakage from mid-Appalachian defoliation 

fluxes from five small watersheds in the mid-Appalachian region. Water Resources 

Research, 34(8), 2005–2116. 

Eshleman, K. N., Sabo, R. D., & Kline, K. M. (2013). Surface water quality is improving 

due to declining atmospheric N deposition. Environmental Science and Technology, 

47(21), 12193–12200. doi:10.1021/es4028748 

Fakhraei, H., Driscoll, C. T., Renfro, J. R., Kulp, M. A., Blett, T. F., Brewer, P. F., & 

Schwartz, J. S. (2016). Critical loads and exceedances for nitrogen and sulfur 

atmospheric deposition in Great Smoky Mountains National Park, United States. 

Ecosphere, 7(10), eo1466. https://doi.org/10.1002/ecs2.1466 

Fenn, M. E., Poth, M. A., & Johnson, D. W. (1996). Evidence for nitrogen saturation in 

the San Bernardino Mountains in southern California. Forest Ecology and 

Management, 82, 211–230. 

https://doi.org/10.1139/X08-171
https://doi.org/10.1146/annurev.en.35.010190.003035


 

65 

Fenn, M. E., Poth, M. A., Aber, J. D., Baron, J. S., Bormann, B. T., Johnson, D. W., . . . 

Stottlemyer, R. (1998). Nitrogen excess in North American ecosystems: Predisposing 

factors, ecosystems responses, and management strategies. Ecological Applications, 

8(3), 706–733. 

Fernández-Martínez, A. M., Vicca, S., Janssens, I. A., Sardans, J., & Luyssaert, S. 

(2014). Nutrient availability as the key regulator of global forest carbon balance. 

Nature, 4(June), 471–476. https://doi.org/10.1038/nclimate2177 

Fievet, C. J., Allen, M. L., & Webb, J. R. (2003). Documentation of landuse and 

disturbance history in fourteen intensively studied watersheds in Shenandoah 

National Park, Virginia. Charlottesville, VA: University of Virginia. 

Galloway, J. N., Dentener, F. J., Capone, D. G., Boyer, E. W., Howarth, R. W., 

Seitzinger, S. P., . . . Vöosmarty, C. J. (2004). Nitrogen cycles: Past, present, and 

future. Biogeochemistry, 70(1), 153–226. 

Gilliam, F. S., Walter, C. A., Adams, M. B., & Peterjohn, W. T. (2018). Nitrogen (N) 

dynamics in the mineral soil of a central Appalachian hardwood forest during a 

quarter century of whole-watershed N additions. Ecosystems, 21(8), 1489–1504. 

https://doi.org/10.1007/s10021-018-0234-4 

Goodale, C. L., Lajtha, K., Nadelhoffer, K. J., Boyer, E. W., & Jaworski, N. A. (2002). 

Forest nitrogen sinks in large eastern U . S . watersheds: estimates from forest 

inventory and an ecosystem model. Biogeochemistry, 57(April), 239–266. 

Goolsby, D. A., Battaglin, W. A., Lawrence, G. B., Artz, R. S., Aulenbach, B. T., 

Hooper, R. P., . . . Stensland, G. J. (1999). Flux and sources of nutrients in the 

Mississippi-Atchafalaya River Basin: Topic 3 report for the integrated assessment on 

hypoxia in the Gulf of Mexico. Silver Spring, MD , NOAA/National Centers for 

Coastal Ocean Science. Retrieved from http://aquaticcommons.org/14641/1/das17.pdf 

Gosz, J. R. (1981). Nitrogen cycling in coniferous ecosystems. In E. E. Clark & T. 

Rosswall (Eds.), Terrestrial nitrogen cycles (pp. 402-226). Stockholm, Sweden: 

Ecological Bulletins. 

Gough, C. M., Vogel, C. S., Harrold, K. H., George, K., & Curtis, P. S. (2007). The 

legacy of harvest and fire on ecosystem carbon storage in a north temperate forest. 

Global Change Biology, 13(9), 1935–1949. 

Grier, C. (2011). Wildfire effects on nutrient distribution and leaching in a coniferous 

ecosystem. Canadian Journal of Forest Research, 5(4), 599–607. 

https://doi.org/10.1139/x75-087 

Groffman, P. M., & Tiedje, J. M. (1989). Denitrification in north temperate forest soils: 

spatial and temporal patterns at the landscape and seasonal scales. Soil Biology and 

Biochemistry, 21(5), 613–620. 



 

66 

Groffman, P. M., Altabet, M. a., Bohlke, J. K., Butterbach-Bahl, K., David, M. B., 

Firestone, M. K., . . . Voyteck, M. A. (2006). Methods for measuring denitrification: 

diverse approaches to a difficult problem. Ecological Applications, 16(6), 2091–2122. 

Groffman, P. M., Driscoll, C. T., Duran, J., Campbell, J. L., Christenson, L. M., Fahey, T. 

J., . . . Templer, P. H. (2018). Nitrogen oligotrophication in northern hardwood 

forests. Biogeochemistry, 141, 523–539. https://doi.org/10.1007/s10533-018-0445-y 

Gundersen, P., Emmett, B. A., Kjønaas, O. J., Koopmans, C. J., & Tietema, A. (1998). 

Impact of nitrogen deposition on nitrogen cycling in forests: A synthesis of NITREX 

data. Forest Ecology and Management, 101(1–3), 37–55. 

https://doi.org/10.1016/S0378-1127(97)00124-2 

Guo, D., Mitchell, R. J., Withington, J. M., Fan, P., & Hendricks, J. J. (2008). 

Endogenous and exogenous controls of root life span, mortality and nitrogen flux in a 

longleaf pine forest: Root branch order predominates. Journal of Ecology, 96(4), 

737–745. https://doi.org/10.1111/j.1365-2745.2008.01385.x 

Hardy, R. W., & Havelka, U. D. (1975). Nitrogen fixation research: A key to world food? 

Science, 188(4188), 633–643. 

Harmon, L. J., Weir, J. T., Brock, C. D., Glor, R. E., & Challenger, W. (2008). GEIGER: 

Investigating evolutionary radiations. Bioinformatics, 24(1), 129–131. 

https://doi.org/10.1093/bioinformatics/btm538 

Hauglustaine, D. A., Grainer, C., Brasseur, G., & Mégie, A. (1994). The importance of 

atmospheric chemistry in the calculation of radiative forcing on the climate system. 

Journal of Geophysical Research, 9(D1), 1173–1186. 

https://doi.org/10.1029/93JD02987 

Heilman, P. E., & Gessel, S. P. (1963). Nitrogen requirements and the biological cycling 

of nitrogen in Douglas-fir stands in relationship to the effects of nitrogen fertilization. 

Plant and Soil, 18(3), 386–402. https://doi.org/10.1007/BF01347237 

Herms, D. A., Gandhi, K. J., Cardina, J., Long, R. P., Knight, K. S., Smith, A, and 

McCullough, D. G. (2008). Impacts of emerald ash borer – induced gap formation on 

forest communities. Proceedings, Emerald ash borer research and development 

meeting. Pittsburgh, PA 

Herms, D. A., & McCullough, D. G. (2014). Emerald ash borer invasion of North 

America: History, biology, ecology, impacts, and management. Entomology, 59(1), 

13–30. Retrieved from 

https://pdfs.semanticscholar.org/078b/ede6f24f6e83ec1f88c156caddce3fe3bc3a.pdf?_

ga=2.71152720.1534459448.1553534672-667645470.1553534672 

 



 

67 

Hirsch, R. M., & De Cicco, L. A. (2015). User guide to Exploration and Graphics for 

RivEr Trends (EGRET) and dataRetrieval: R packages for hydrologic data (Version 

1.0: Originally posted October 8, 2014; Version 2.0: February 5, 2015). Techniques 

and Methods. Reston, VA: U.S. Department of the Interior, U.S. Geological Survey 

https://doi.org/10.3133/tm4A10 

Hirsch, R. M., Moyer, D. L., & Archfield, S. A. (2010). Weighted regressions on time,  

discharge, and season (WRTDS), with an application to Chesapeake Bay River 

inputs. Journal of the American Water Resources Association, 46(5), 857–880. 

https://doi.org/10.1111/j.1752-1688.2010.00482. 

 

Hooker, T. D., & Compton, J. E. (2003). Forest ecosystem carbon and nitrogen 

accumulation during the first century after agricultural abandonment. Ecological 

Applications, 13(2), 299–313. 

Hornbeck, J. W., Bailey, S. W., Buso, D. C., & Shanley, J. B. (1997). Streamwater 

chemistry and nutrient budgets for forested watersheds in New England: Variability 

and management implications. Forest Ecology and Management, 93(1–2), 73–89. 

Houghton, R. A. (2005). Aboveground forest biomass and the global carbon balance. 

Global Change Biology, 11(6), 945–958. https://doi.org/10.1111/j.1365-

2486.2005.00955.x 

Huntington, T. G., Ryan, D. F., & Hamburg, S. P. (1988). Estimating soil nitrogen and 

carbon pools in a northern hardwood forest ecosystem. Soil Science Society of 

America Journal, 52(4), 1162–1167. 

https://doi.org/10.2136/sssaj1988.03615995005200040049x 

Janssen, B. H. (1996). Nitrogen mineralization in relation to C:N ratio and 

decomposability of organic materials. Plant and Soil, 181(1), 39-45). 

https://doi.org/10.1007/BF00011290 

Jastram, J. D., Snyder, C. D., Hitt, N. P., & Rice, K. (2013). Synthesis and interpretation 

of surface-water quality and aquatic biota data collected in Shenandoah National 

Park, Virginia, 1979–2009. (Scientific Investigation Report 2013-5157). Richmond, 

VA: USGS Virginia Water Science Center. 

Jendek, E. (1994). New Agrilus Dahl, 1823 species from Asia (Coleoptera: Buprestidae). 

Entomological Problems, 25(1), 27–36. 

Jenkins, J. C., Aber, J. D., & Canham, C. D. (1999). Hemlock woolly adelgid impacts on 

community structure and N cycling rates in eastern hemlock forests. Canadian 

Journal of Forest Research, 29(5), 630–645. https://doi.org/10.1139/x99-034 

Jenkinson, A. D. S., Andrew, S. P. S., Lynch, J. M., Goss, M. J., Tinker, P. B., & 

Jenkinson, D. S. (1990). The turnover of organic carbon and nitrogen in soil. 

Philosophical Transaction of the Royal Society B, 329(1255), 361–368. 

https://doi.org/10.3133/tm4A10


 

68 

Jenkinson, D. S., & Powlson, D. (1970). Residual effects of soil fumigation on soil 

respiration and mineralization. Soil Biology and Biochemistry, 2(2), 99–108. 

https://doi.org/10.1016/0038-0717(70)90012-X 

Jenny, H. (1950). Causes of the high nitrogen and organic matter content of certain 

tropical forest soils. Soil Science, 69(1), 63–69. 

Johnson, C. (1995). Soil nitrogen status 8 years after whole-tree clear-cutting. Canadian 

Journal of Forest Research, 25(8), 1346–1355. https://doi.org/10.1139/x95-147 

Johnson, D. W. (1992). Nitrogen retention in forest soils. Journal of Environmental 

Quality, 21(1), 1-12. https://doi.org/10.2134/jeq1992.00472425002100010001x 

Johnson, D. W., & Lindberg, S. (1992). Atmospheric deposition and forest nutrient 

cycling: a synthesis of the integrated forest study. New York, NY: Springer-Verlag. 

https://doi.org/https://doi.org/10.1007/978-1-4612-2806-6 

Johnson, D. W., & Todd, D. E. (1998). Harvesting effects on long-term changes in 

nutrient pools of mixed oak forest. Soil Science Society of America Journal, 62(6), 

1725–1735. https://doi.org/10.2136/sssaj1998.03615995006200060034x 

Johnson, D. W., & Turner, J. (2014). Nitrogen budgets of forest ecosystems: A review. 

Forest Ecology and Management, 318, 370–379. 

Johnson, D. W., Todd, D. E., & Tolbert, V. R. (2003). Changes in ecosystem carbon and 

nitrogen in a loblolly pine plantation over the first 18 years. Soil Science Society of 

America Journal, 67(5), 1594–1601. https://doi.org/10.2136/sssaj2003.1594 

Johnson, D. W., Todd, D. E., Trettin, C. F., & Sedinger, J. S. (2007). Soil carbon and 

nitrogen changes in forest of Walker Branch Watershed, 1972 to 2004. Soil Science 

Society of America Journal, 71, 1639–1646. https://doi.org/10.2136/sssaj2006.0365 

Kawakami, T., & Honoki, H. (2008). Flow-path model to identify the sources and factors 

regulating the nitrate concentration of a nitrogen (N) saturated stream. Environmental 

Forensics, 9(2–3), 265–270. https://doi.org/10.1080/15275920802123955 

Kelly, C. N., Schoenholtz, S. H., & Adams, M. B. (2011). Soil properties associated with 

net nitrification following watershed conversion from Appalachian hardwoods to 

Norway spruce. Plant and Soil, (3), 361–376. https://doi.org/10.1007/s11104-011-

0755-5 

Knight, K. S., Brown, J. P., & Long, R. P. (2013). Factors affecting the survival of ash 

(Fraxinus spp.) trees infested by emerald ash borer (Agrilus planipennis). Biological 

Invasions, 15(2), 371–383. https://doi.org/10.1007/s10530-012-0292-z 

Knoepp, J. D., & Swank, W. T. (1998). Rates of nitrogen mineralization across an 

elevation and vegetation gradient in the southern Appalachians. Plant and Soil, 204, 

235-241 

https://doi.org/10.1080/15275920802123955
https://doi.org/10.1007/s11104-011-0755-5
https://doi.org/10.1007/s11104-011-0755-5


 

69 

Knoepp, J. D., & Vose, J. M. (2007). Regulation of nitrogen mineralization and 

nitrification in Southern Appalachian ecosystems : Separating the relative importance 

of biotic vs . abiotic controls. Pedobiolgia, 51, 89–97. 

https://doi.org/10.1016/j.pedobi.2007.02.002 

Knops, J. M. H., & Tilman, D. (2000). Dynamics of soil nitrogen and carbon 

accumulation for 61 years after agricultural abandonment. Ecology, 81(1), 88–98. 

Kosola, K. R., Durall, D. M., Robertson, G. P., Dickmann, D. I., Parry, D., Russell, C. A., 

& Paul, E. A. (2004). Resilience of mycorrhizal fungi on defoliated and fertilized 

hybrid poplars. Canadian Journal of Botany, 82(5), 671–680. 

https://doi.org/10.1139/b04-038 

Kovacs, K. F., Haight, R. G., McCullough, D. G., Mercader, R. J., Siegert, N. W., & 

Liebhold, A. M. (2010). Cost of potential emerald ash borer damage in U.S. 

communities, 2009–2019. Ecological Economics, 69(3), 569–578. 

https://doi.org/10.1016/j.ecolecon.2009.09.004 

Kreutzer, K., Butterbach-Bahl, K., Rennenberg, H., & Papen, H. (2009). The complete 

nitrogen cycle in an N-saturated spruce forest ecosystem. Plant Biology, 11(5), 643–

649.  

Law, B., Thornton, P. E., Irvine, J., Anthoni, P., & Van Tuyl, S. (2001). Carbon storage 

and fluxes in Ponderosa pine forests at different developmental stages. Global 

Change Biology, 7(7), 755–777. https://doi.org/10.1046/j.1354-1013.2001.00439.x 

Lawrence, G. B., Lovett, G. M., & Baevsky, Y. H. (2000). Atmospheric deposition and 

watershed nitrogen export along an elevational gradient in the Catskill Mountains, 

New York. Biogeochemistry, 50(1), 21–43. 

https://doi.org/10.1023/A:1006332230890 

Lewis, D., Castellano, M., & Kaye, J. P. (2014). Forest succession, soil carbon 

accumulation, and rapid nitrogen storage in poorly remineralized soil organic matter. 

Ecology, 95(10), 2687–2693. https://doi.org/10.1890/13-2196.1 

Li, C., Frolking, S., & Frolking, T. A. (1992). A model of nitrous oxide evolution from 

soil driven by rainfall events: I. Model structure and sensitivity. Journal of 

Geophysical Research: Atmospheres, 97(D9), 9759-9776. 

https://doi.org/10.1029/92JD00509 

Liao, W., & Menge, D. N. L. (2016). Demography of symbiotic nitrogen-fixing trees 

explains their rarity and successional decline in temperate forests in the United States. 

PLoS ONE, 11(10), e0164522. https://doi.org/10.1371/journal.pone.0164522 

Liebhold, A., Halverson, J., & Elmes, G. (1992). Gypsy moth invasion in North America: 

A quantitative analysis. Journal of Biogeography, 19(5), 513-520. 

doi:10.2307/2845770 

https://doi.org/10.1016/j.ecolecon.2009.09.004
https://doi.org/10.1046/j.1354-1013.2001.00439.x
https://doi.org/10.1890/13-2196.1
https://doi.org/10.1371/journal.pone.0164522


 

70 

Lovett, G. M., & Goodale, C. L. (2011). A new conceptual model of nitrogen saturation 

based on experimental nitrogen addition to an oak forest. Ecosystems, 14(4), 615–

631. https://doi.org/10.1007/s10021-011-9432-z 

Lovett, G. M., & Rueth, H. (1999). Soil nitrogen transformations in beech and maple 

stands along a nitrogen deposition gradient. Ecological Applications, 9(4), 1330–

1344.  

Lovett, G. M., Canham, C. D., Arthur, M. A., Weathers, K. C., & Fitzhugh, R. D. (2006). 

Forest ecosystem responses to exotic pests and pathogens in eastern North America. 

BioScience, 56(5), 395–405. 

Lovett, G. M., Christenson, L. M., Groffman, P. M., Clive, G., Hart, J. E., Mitchell, M. J., 

. . . Groffman, P. M. (2002). Insect defoliation and nitrogen cycling in forests. 

American Institute of Biological Sciences, 52(4), 335–341. 

Lovett, G. M., Christenson, L. M., Groffman, P. M., Jones, C. G., Hart, J. E., & Mitchell, 

M. J. (2002). Insect defoliation and nitrogen cycling in forests. BioScience, 52(4), 

335. https://doi.org/10.1641/0006-3568(2002)052[0335:IDANCI]2.0.CO;2 

Lovett, G. M., Weathers, K. C., & Sobczak, W. V. (2000). Nitrogen saturation and 

retention in forested watersheds of the Catskill Mountains. Ecological Society of 

America, 10(1), 73–84. 

Maag, M., & Vinther, F. P. (1996). Nitrous oxide emission by nitrification and 

denitrification in different soil types and at different soil moisture contents and 

temperatures. Applied Soil Ecology, 4(1), 5–14. 

Magill, A. H., Aber, J. D., Berntson, G. M., McDowell, W. H., Nadelhoffer, K. J., 

Melillo, J. M., & Steudler, P. (2000). Long-term nitrogen additions and nitrogen 

saturation in two temperate forests. Ecosystems, 3(3), 238–253. 

https://doi.org/10.1007/s100210000023 

Martin, A. R., Erickson, D. L., Kress, W. J., Thomas, S. C., & Thomas, S. C. (2014). 

Wood nitrogen concentrations in tropical trees: phylogenetic patterns and ecological 

correlates. New Phytologist, 204, 484–495. 

Mattson, W., Niemelä, P., Millers, I., & Inguanzo, Y. (1994). Immigrant phytophagous 

insects on woody plants in the United States and Canada: An annotated list. (General 

Technical Report NC-169). St. Paul, MN: U.S. Dept. of Agriculture, Forest Service, 

North Central Forest Experiment Station. 

Mattson, W., Vanhanen, H., Veteli, T., Sivonen, S., & Niemelä, P. (2007). Few 

immigrant phytophagous insects on woody plants in Europe: Legacy of the European 

crucible? Biological Invasions, 9(8), 957–974. https://doi.org/10.1007/s10530-007-

9096-y 

https://doi.org/10.1007/s10021-011-9432-z


 

71 

McManus, C. C., & Doane, M. L. (1981). The gypsy moth: Research toward integrated 

pest management (1st ed.). Washington, DC: U.S. Department of Agriculture. 

McNab, W. H. (1994). Ecological subregions of the United States. Washington, DC: 

USDA Forest Service. 

Mead, D., & L. Pritchett, W. (1975). Fertilizer movement in a slash pine ecosystem. 

Plant and Soil, 43(1–3), 467–478. https://doi.org/10.1007/BF01928508 

Melin, J., Nômmik, H., Lohm, U., & Flower-Ellis, J. (1983). Fertilizer nitrogen budget in 

a Scots pine ecosystem attained by using root-isolated plots and 15 N tracer 

technique. Plant and Soil, 74(2), 249–263. https://doi.org/10.1007/BF02143615 

Menge, D. N. L., Batterman, S. A., Liao, W., Taylor, B. N., & Lichstein, J. W. (2017). 

Nitrogen-fixing tree abundance in higher-latitude North America is not constrained 

by diversity. Ecology Letters, 20(7), 842–851. https://doi.org/10.1111/ele.12778 

Menge, D. N. L., Denoyer, J. L., & Lichstein, J. W. (2010). Phylogenetic constraints do 

not explain the rarity of nitrogen-fixing trees in late-successional temperate forests. 

PLoS ONE, 5(8), e12056. https://doi.org/10.1371/journal.pone.0012056 

Mercader, R. J., Siegert, N. W., Liebhold, A. M., & McCullough, D. G. (2011). 

Simulating the effectiveness of three potential management options to slow the spread 

of emerald ash borer (Agrilus planipennis) populations in localized outlier sites. 

Canadian Journal of Forest Research, 41, 254–264. https://doi.org/10.1139/X10-201 

Millard, P., & Grelet, G. (2010). Nitrogen storage and remobilization by trees: 

Ecophysiological relevance in a changing world. Tree Physiology, 30, 1083–1095. 

https://doi.org/10.1093/treephys/tpq042 

Morrison, I. K., & Foster, N. W., 2001. Fifteen-year change in forest floor organic and 

element content and cycling at the Turkey Lakes Watershed. Ecosystems, 4(6), 545–

554. 

National Park Service. (2017). Shenandoah National Park Virginia: Weather. Retrieved 

from https://www.nps.gov/shen/learn/nature/weather.htm 

National Park Service. (2018). Shenandoah National Park, Virginia: History and culture. 

(2018). 

Nelson, D. W., & Sommers, L. E. (1996). Total carbon, organic carbon, and organic 

matter. In A. L. Page (Ed.), Methods of soil analysis, Part 2. Chemical and 

microbiological properties (2nd ed., pp. 961-1010). Madison, WI: American Society 

of Agronomy SSSA.  

Nieder, R., & Benbi, D. K. (2008). Carbon and nitrogen in the terrestrial environment. 

Netherlands: Springer, Dordrecht. https://doi.org/https://doi.org/10.1007/978-1-4020-

8433-1 



 

72 

Olson, J. (1963). Energy storage and the balance of producers and decomposers in 

ecological systems. Ecology, 44(2), 322–331. 

Orwig, D., & Foster, D. (1998). Forest response to the introduced hemlock woolly 

adelgid in southern New England, USA. The Journal of the Torrey Botanical Society, 

125(1), 60-73. doi:10.2307/2997232 

Paul, E. A., & F. E. Clark. (1989). Soil microbiology and biochemistry. New York, NY: 

Academic Press. 

Perakis, S. S., Sinkhorn, E. R., & Compton, J. E. (2011). δ15N constraints on long-term 

nitrogen balances in temperate forests. Oecologia, 167(3), 793–807. 

doi:10.1007/s00442-011-2016-y 

Peterjohn, W. T., Adams, M. B., & Gilliam, F. S. (1996). Symptoms of nitrogen 

saturation in two central Appalachian hardwood forest ecosystems. Biogeochemistry, 

35(3), 507–522. 

Peterson, B. J., Wollheim, W. M., Mulholland, P. J., Jackson, R., Meyer, J. L., Tank, J. 

L., . . . Morrall, D. D. (2001). Control of nitrogen export from watersheds by 

headwater streams. Science, 292(5514), 86–90. 

Poland, T. M., & McCullough, D. G. (2006). Emerald ash borer: Invasion of the  urban 

forest and the threat to North America’s ash resource. Journal of Forestry, April/May, 

118-124.. 

Pontius, J., Martin, M., Plourde, L., & Hallett, R. (2008). Ash decline assessment in 

emerald ash borer-infested regions: A test of tree-level, hyperspectral technologies. 

Remote Sensing of Environment, 112(5), 2665–2676. 

https://doi.org/10.1016/j.rse.2007.12.011 

Porter, E., Blett, T., Huber, C., & Potter, D. U. (2005). Protecting Resources on federal 

lands: Implications of critical loads for atmospheric deposition of nitrogen and sulfur. 

BioScience, 55(7), 603–612. https://doi.org/10.1641/0006-

3568(2005)055[0603:PROFLI]2.0.CO;2 

Pribyl, A. L., McCutchan, J. H., Lewis, W. M., & Saunders, J. F. (2005). Whole-systems 

estimation of denitrification in a plains river: a comparison of two methods. 

Biogeochemistry, 73(3), 439-455. 

Quan, Q., Wang, C., He, N., Zhang, Z., Wen, X., Su, H., . . . Xue, J. (2014). Forest type 

affects the coupled relationships of soil C and N mineralization in the temperate 

forests of northern China. Scientific Reports, 1–8. https://doi.org/10.1038/srep06584 

Raison, R. J., Khanna, P. K., Connell, M. J., & Falkner, R. A. (1990). Effects of water 

availability and fertilization on nitrogen cycling in a stand of Pinus radiata. Forest 

Ecology and Management, 30(1–4), 31–43. 

https://doi.org/10.1641/0006-3568(2005)055%5b0603:PROFLI%5d2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055%5b0603:PROFLI%5d2.0.CO;2
https://doi.org/10.1038/srep06584


 

73 

Rennenberg, H., & Dannenmann, M. (2015). Nitrogen nutrition of trees in temperate 

forests—The significance of nitrogen availability in the pedosphere and atmosphere. 

Forests, 6(8), 2820–2835. https://doi.org/10.3390/f6082820 

Rice, K. C., Scanlon, T. M., Lynch, J. A., & Cosby, B. J. (2014). Decreased atmospheric 

sulfur deposition across the southeastern U.S.: When will watersheds release stored 

sulfate? Environmental Science & Technology, 48(17), 10071–10078. 

Richardson, D. M., Binggeli, P., & Schroth, G. (2004). Invasive agroforestry trees: 

Problems and solutions. In G. Schroth, G. A. B. da Fonseca, C. A. Harvey, C. 

Cascon, H. L. Vasconcelos, & A-M. N. Izac (Eds.), Agroforestry and biodiversity 

conservation in tropical landscapes. Washington, DC: Island Press. 

Riscassi, A. L., & Scanlon, T. M. (2009). Nitrate variability in hydrological flow paths 

for three mid-Appalachian forested watersheds following a large-scale defoliation. 

Journal of Geophysical Research: Biogeoscience, 114(2), 1–11. 

https://doi.org/10.1029/2008JG000860 

Robinson, A. L., Scanlon, T. M., Cosby, B. J., & Galloway, J. N. (2013). Roles of sulfate 

adsorption and base cation supply in controlling the chemical response of streams of 

western Virginia to reduced acid deposition. Biogeochemistry, 116(1-3), 119-30 

Rose, A.K. 2016. Forests of Virginia, (2014) Resource Update FS–94. Asheville, NC: 

U.S. Department of Agriculture Forest Service, Southern Research Station. 

Rundel, P. W. (1983). Impact of fire on nutrient cycles in Mediterranean-type ecosystems 

with reference to Chaparral. In F. J. Kruger, D. T. Mitchell, & J. U. M. Jarvis (Eds.), 

Mediterranean-Type Ecosystems (pp. 192–207). Berlin, Germany: Springer Berlin 

Heidelberg. 

Running, S. W., & Gower, S. T. (1991). FOREST-BGC, A general model of forest 

ecosystem processes for regional applications. II. Dynamic carbon allocation and 

nitrogen budgets. Tree Physiology, 9(1–2), 147–160. 

https://doi.org/10.1093/treephys/9.1-2.147 

Ryan, P. F., Hornberger, G. M., Cosby, Jr., B. J., Galloway, Webb, J. N., & Rastetter, E. 

B. (1989). Changes in the chemical composition of stream water in two catchments in 

the Shenandoah National Park, Virginia, in response to atmospheric deposition of 

sulfur. Water Resources Research, 25(10), 2091–2099. 

https://doi.org/10.1029/WR025i010p02091 

Scanlon, T. M., Ingram, S. M., & Riscassi, A. L. (2010). Terrestrial and in-stream 

influences on the spatial variability of nitrate in a forested headwater catchment. 

Journal of Geophysical Research, 115(G2), 1–12. 

https://doi.org/10.1029/2009JG001091 



 

74 

Schlesinger, W. (1991). Biogeochemical cycles. Science, 253(5020), 686–687. 

https://doi.org/10.1126/science.253.5020.686 

Schwede, D. B., & Lear, G. G. (2014). A novel hybrid approach for estimating total 

deposition in the United States. Atmospheric Environment, 92, 207–220. 

https://doi.org/10.1016/j.atmosenv.2014.04.008 

Seinfeld, J. H., & Pandis, S. N. (2016). Atmospheric chemistry and physics: From air 

pollution to climate change (3rd ed.) Hoboken, NJ: John Wiley and Sons, Inc. 

Shaffer, P. W., & Galloway, J. N. (1982). Acid precipitation: The impact on two  

headwater streams in Shenandoah National Park, Virginia. International Symposium 

on Hydrometeorology, 43-53. 

 

Shedayi, A. A., Xu, M., Naseer, I., & Khan, B. (2016). Altitudinal gradients of soil and 

vegetation carbon and nitrogen in a high altitude nature reserve of Karakoram ranges. 

SpringerPlus, 5, 320. https://doi.org/10.1186/s40064-016-1935-9 

Silsbee, D. G., & Larson, G. L. (1982). Water quality of streams in the Great Smoky 

Mountains National Park. Hydrobiologia, 89(2), 97–115. 

https://doi.org/10.1007/BF00006163 

Sobek-Swant, S., Kluza, D. A., Cuddington, K., & Lyons, D. B. (2012). Forest ecology 

and management potential distribution of emerald ash borer: What can we learn from 

ecological niche models using Maxent and GARP ? Forest Ecology and Management, 

281, 23–31. https://doi.org/10.1016/j.foreco.2012.06.017 

Sprague, L. A., Hirsch, R. M., & Aulenbach, B. T. (2011). Nitrate in the Mississippi 

River and its tributaries, 1980 to 2008: Are we making progress? Environmental 

Science Technology, 45(17),7209–7216. 

Springob, G., & Kirchmann, H. (2003). Bulk soil C to N ratio as a simple measure of net 

N mineralization from stabilized soil organic matter in sandy arable soils. Soil 

Biology and Biochemistry, 35, 629–632. https://doi.org/10.1016/S0038-

0717(03)00052-X 

Stanford, G., Legg, J. O., Dzienia, S., & Simpson, E. C. (1975). Denitrification and 

associated nitrogen transformations in soils. Soil Science, 120(2), 147–152. 

Stoddard, J. L. (1994). Long-term changes in watershed retention of nitrogen: It’s causes 

and aquatic consequences. In L. A Baker (Ed.), Environmental chemistry of lakes and 

reservoirs: Advances in chemistry series (Vol. 237, pp. 223-284). Washington, DC: 

American Chemical Society. https://doi.org/10.1021/ba-1994-0237.ch008 

Sullivan, T. J., Cosby, B. J., Herlihy, A. T., Webb, J. R., Bulger, A. J., Snyder, K. U., . . . 

Moore, D. L. (2004). Regional model projections of future effects of sulfur and 

nitrogen deposition on streams in the southern Appalachian Mountains. Water 

Resources Research, 40(2), 1–16. https://doi.org/10.1029/2003WR001998 

https://doi.org/10.1126/science.253.5020.686
https://doi.org/10.1186/s40064-016-1935-9
https://doi.org/10.1007/BF00006163
https://doi.org/10.1016/j.foreco.2012.06.017
https://doi.org/10.1021/ba-1994-0237.ch008


 

75 

Sullivan, T. J., Cosby, B. J., Webb, J. R., Dennis, R. L., Bulger, A. J., & Deviney, F. A. 

(2007). Streamwater acid-base chemistry and critical loads of atmospheric sulfur 

deposition in Shenandoah National Park, Virginia. Environmental Monitoring and 

Assessment, 137(1), 85. https://doi.org/10.1007/s10661-007-9731-1 

Tang, R., Li, Z., & Tang, B. (2010). An application of the T s – VI triangle method with 

enhanced edges determination for evapotranspiration estimation from MODIS data in 

arid and semi-arid regions: Implementation and validation. Remote Sensing of 

Environment, 114(3), 540–551. https://doi.org/10.1016/j.rse.2009.10.012 

Tanis, S. R., & McCullough, D. G. (2012). Differential persistence of blue ash and white 

ash following emerald ash borer invasion. Canadian Journal of Forest Research, 

42(8), 1542–1550. https://doi.org/10.1139/x2012-103 

Thomas, R. Q., Canham, C. D., Weathers, K. C., & Goodale, C. L. (2010). Increased tree 

carbon storage in response to nitrogen deposition in the US. Nature Geoscience, 3(1), 

13–17. https://doi.org/10.1038/ngeo721 

Todd, R. L., Meyer, R. D., & Waide, J. B. (1978). Nitrogen fixation in a deciduous forest 

in the South-Eastern United States. Ecological Bulletins, 26, 172–177. 

Trettin, C. C., Johnson, D. W., & Todd, D. E. (1999). Forest nutrient and carbon pools at 

Walker Branch Watershed: Changes during a 21-year period. American Journal of 

Soil Science, 63(5), 1436-1448. doi:10.2136/sssaj1999.6351436x 

Turner, J., & Lambert, M. J. (2011). Analysis of nutrient depletion in a radiata pine 

plantation. Forest Ecology and Management, 262(8), 1327–1336. 

https://doi.org/10.1016/j.foreco.2011.06.004 

Vadeboncoeur, M. A. (2010). Meta-analysis of fertilization experiments indicates 

multiple limiting nutrients in northeastern deciduous forests. Canadian Journal of 

Forest Research, 40(9), 1766–1780. https://doi.org/10.1139/X10-127 

Veseý, J., Majer, V., & Norton, S. A. (2002). Heterogeneous response of central 

European streams to decreased acidic atmospheric deposition. Environmental 

Pollution, 120(2), 275–281. https://doi.org/10.1016/S0269-7491(02)00150-1 

Vitousek, P. M. (1982). Nutrient cycling and nutrient use efficiency. American Society of 

Naturalists, 119(4), 553–572. 

Vitousek, P. M., & Field, C. B. (1999). Ecosystem constraints to symbiotic nitrogen 

fixers: A simple model and its implications. In A. R. Townsend (Ed.), New 

Perspectives on nitrogen cycling in the temperate and tropical Americas: Report of 

the International SCOPE Nitrogen Project (pp. 179–202). Netherlands: Springer, 

Dordrecht. https://doi.org/10.1007/978-94-011-4645-6_9 

Vitousek, P. M., & Howarth, R. W. (1991). Nitrogen limitation on land and in the sea: 

How can it occur? Biogeochemistry, 13(2), 87–115. 

https://doi.org/10.1139/X10-127


 

76 

Vitousek, P. M., & Reiners, W. A. (1975). Forest succession and nutrient retention: A 

hypothesis. BioScience, 25(6), 376–381. 

Vitousek, P. M., Fahey, T., Johnson, D. W., & Swift, M. J. (1988). Element interactions 

in forest ecosystems: Succession, allometry and input-output budgets. 

Biogeochemistry, 5(1), 7–34. 

Vitousek, P. M., Hättenschwiler, S., Olander, L., & Allison, S. (2002). Nitrogen and 

nature. Ambio, 31(2), 97–101. Retrieved from http://www.jstor.org/stable/4315221 

Vitousek, P. M., Menge, D. N. L., Reed, S. C., & Cleveland, C. C. (2013). Biological 

nitrogen fixation: rates, patterns and ecological controls in terrestrial ecosystems. 

Philosophical Transactions of the Royal Society. 

Wang, H., Cornell, J. D., Hall, C. A. S., & Marley, D. P. (2002). Spatial and seasonal 

dynamics of surface soil carbon in the Luquillo Experimental Forest, Puerto Rico. 

Ecological Modelling, 147(2), 105–122. 

Wang, X., Yang, Z., Gould, J. R., Zhang, Y., & Liu, G. (2010). The biology and ecology 

of the emerald ash borer, Agrilus planipennis, in China. Journal of Insect Science, 

10(128), 1–23. 

Webb, J. R., Cosby, B. J., Deviney, F. A., Eshleman, K. N., & Galloway, J. N. (1995). 

Change in the acid-base status of an Appalachian Mountain catchment following 

forest defoliation by the gypsy moth. Water, Air, and Soil Pollution, 85(2), 535–540. 

https://doi.org/10.1007/BF00476884 

White, D. L., & Haines, B. L. (1988). Litter decomposition in southern Appalachian 

black locust and pine-hardwood stands: Litter quality and nitrogen dynamics. 

Canadian Journal of Forest Research, 18(1), 54–63. 

Williams, M. W., Baron, J. S., Caine, N., Sommerfeld, R., & Sanford, R. (1996). 

Nitrogen Saturation in the Rocky Mountains. Environmental Science & Technology, 

30(2), 640–646. https://doi.org/10.1021/es950383e 

Williamson, M. (1996). Biological invasions (1st ed.). London, UK: Chapman & Hall 

Wright, R. F., Alewell, C., Cullen, J. M., Evans, C. D., Marchetto, A., Moldan, F., . . . 

Rogora, M. (2001). Trends in nitrogen deposition and leaching in acid-sensitive 

streams in Europe. Hydrology and Earth System Sciences, 5(3), 299–310. 

Yanai, R. D., Vadeboncoeur, M. A., Hamburg, S. P., Arthur, M. A., Fuss, C. B., Gro, P. 

M., . . . Driscoll, C. T. (2013). From missing source to missing sink: Long-term 

changes in the nitrogen budget of a northern hardwood forest. Environmental Science 

and Technology, 47(20), 11440–11448. 

Yang, Y., Luo, Y., & Finzi, A. C. (2011). Carbon and nitrogen dynamics during forest 

stand development: a global synthesis. New Phytologist, 190(4), 977–989. 



 

77 

Yazaki, T., Hirano, T., & Sano, T. (2016). Biomass Accumulation and Net Primary 

Production during the Early Stage of Secondary Succession after a Severe Forest 

Disturbance in Northern Japan. Forests, 7(11). https://doi.org/10.3390/f7110287 

Yorks, T. E., Leopold, D. J., & Raynal, D. J. (2003). Effects of Tsuga canadensis  

mortality on soil water chemistry and understory vegetation: Possible consequences 

of an invasive insect herbivore. Canadian Journal of Forest Research, 33(8), 1525–

1537.  

 

Young, J., Fleming, G., Cass, W., & Lea, C. (2009, December). Vegetation of 

Shenandoah National Park in relation to environmental gradients, Version 2.0. 

(Technical Report NPS/NER/NRTR—2009/142). Philadelphia, PA: U.S. Department 

of the Interior, National Park Service, Northeast Region 

Zak, D. R., Grigal, D. F., Gleeson, S., & Tilman, D. (1990). Carbon and nitrogen cycling 

during old-field succession: Constraints on plant and microbial biomass. 

Biogeochemistry, 11(2), 111–129. https://doi.org/10.1007/BF00002062 


