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Nitrogen Biogeochemistry Research at Fernow
Experimental Forest, West Virginia, USA: Soils,
Biodiversity and Climate Change
Frank S. Gilliam

Abstract Nitrogen (N) saturation arises when atmospheric inputs of N exceed biological N demand, resulting in loss of NO3- in streams, accompanied by the loss of
nutrients (Ca and Mg) that are essential to forest health. Previous studies have shown
that some watersheds the Fernow Experimental Forest (FEF), West Virginia, USA,
are among the more N-saturated sites in North America. Research from the Gilliam
laboratory at Marshall University (West Virginia, USA) began focusing specifically
on N biogeochemistry in 1993 with establishment of plots at FEF to carry out longterm in situ (“buried bag”) incubations in three watersheds: two control (WS4, WS7)
and one treatment (WS3). This was done in conjunction with the Fernow Watershed
Acidification Study, established by the USDA Forest Service in 1989 to treat an
entire watershed (WS3) with aerial applications of 35 kg N ha –1 year  –1. The initial
period (1993–1995) exhibited increases in rates for all watersheds, but especially in
treated WS3. This period has been followed by declines in net nitrification, which is
consistent with current declines in stream NO3– and has been especially pronounced
in WS3 since 1998. Also during this time, sampling of the herbaceous layer (vascular plants ≤ 1 m in height) has revealed pronounced changes in response to N treatments on WS3, especially in the increase of the shade-intolerant Rubus spp. Future
work will investigate the effects of freezing on soil N dynamics. Preliminary results
indicate that freezing exacerbates the symptoms of N saturation already seen in soils
at FEF, further increasing already high rates of net nitrification.
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29.1 Introduction
Nitrogen (N) has been the focus of extensive basic and applied ecological research,
more recently and more specifically by biogeochemists. This extends from the discovery of nitrogen (N) as an element in 1772, to its central place in von Liebig’s
Law of Minimum for plant growth articulated in 1827, to the discovery of symbiotic
N fixation in 1888, to the development of the Haber-Bosch process in 1913 (initiating of its use as fertilizer in crop production), and finally to the present awareness
that excess N in the environment can alter the structure and function of ecosystems
(Vitousek et al. 1997; Aber et al. 1998; Fenn et al. 1998). As with any scientific
discipline, N biogeochemistry has undergone numerous paradigm shifts over time
(Vitousek and Howarth 1991; Schimel and Bennett 2004).
It is becoming increasingly apparent that excess N in the environment can cause
notable declines in plant species diversity in a variety of terrestrial and aquatic
ecosystems (Bobbink et al. 1998, 2010; Gilliam 2006; Lu et al. 2010; Rabalais
2002). Site-specific variability in plant and soil response to excess N precludes
broad generalizations regarding the mechanisms behind these effects in terrestrial
ecosystems. For example, in temperate hardwood forests, experimentally-added N
has been shown to increase cover/biomass of a few nitrophilous herbaceous species, decreasing the usually much higher numbers of N-limited herb species (Gilliam 2006; Bobbink et al. 2010). By contrast, tropical evergreen broadleaf forests
are typically less N-limited and more phosphorus-limited, and additions of N have
been shown to decrease herb stratum diversity by eliminating ferns and seedlings
of diverse tree species via aluminum mobility, calcium leaching, and enhanced fine
root mortality (Lu et al. 2010).
Biogeochemical research at Fernow Experimental Forest (FEF), West Virginia,
USA, has a rich history (Adams et al. 2006). Collection of hydrochemical data began for the long-term reference watershed (WS4) in 1980, with research on silvicultural practices pre-dating that. Research that focused more specifically on N biogeochemistry was initiated via the Fernow Watershed Acidification Study, which began
as a now-terminated pilot study in 1987 on a watershed adjacent to Fernow. In 1989,
it was established on FEF proper, and remains currently on-going. A distinctive
feature of the Watershed Acidification Study is that it involves a whole-watershed
application of simulated acidic deposition via three aerial additions of (NH4)2SO4
per year, representing a total N addition of 35 kg N ha −1 year −1. This is applied as
solid powder, initially via helicopter and currently via airplane, and remains one of
few studies utilizing N manipulations at the scale of an entire watershed (Adams
et al. 2006).
In 1991, 15 permanent vegetation plots were established in each of four watersheds of contrasting stand age at FEF, with a particular focus on interactions
between the forest canopy and the herbaceous stratum, as well as plant-soil interactions, with a focus on how these interactions might vary with forest succession
(Gilliam and Roberts 2003). A sub-set of seven of these original plots in each of
three watersheds—WS3, WS4, and WS7—were selected in 1993 for monthly in
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situ incubation of soil to examine spatial and temporal patterns of net N mineralization and nitrification. This represented the first work at FEF specifically to address
a phenomenon that until that time had been described more in Europe and experimental studies in the northeastern United States—N saturation.
Nitrogen saturation arises when atmospheric inputs of N exceed biological N
demand, resulting in loss of NO3− in streams (Aber et al. 1998). In addition to creating environmental problems for impacted aquatic systems, N saturation is also
commonly accompanied by the loss of nutrients (Ca2 + and Mg2 + ) (the mobile anion
effect) that are essential to plant growth and forest health. Some of the earlier studies published on N saturation in the US (e.g., Stoddard 1994; Gilliam et al. 1996;
Peterjohn et al. 1996, 1999) have identified some watersheds at FEF to be among
the more N-saturated sites in North America. Increased mobility and leaching of
Ca2 + and Mg2 + has been clearly being linked at FEF to increased N deposition, associated enhanced nitrification and movement of NO3−, along with evidence of decreases in growth rates of dominant tree species (Peterjohn et al. 1996; Christ et al.
2002; May et al. 2005; Gilliam et al. 2005; Adams et al. 2006). Other problems associated with N saturation include increased production of the greenhouse gas, N2O
(Peterjohn et al. 1998; Wallenstein et al. 2006a). Work at FEF has also suggested
that N saturation has led to phosphorous limitation in several watersheds (Gress
et al. 2007).
Here I summarize the research on N biogeochemistry that has been carried out
at FEF by ecologists at Marshall University, Huntington, West Virginia, USA: (1)
long-term monitoring of rates of net N mineralization and nitrification using in situ
incubations, (2) herbaceous layer dynamics, and (3) effects of freezing on soil N
dynamics.

29.2 Methods
29.2.1 Study Site
The Fernow Experimental Forest occupies approximately 1,900 ha of the Allegheny Mountain section of the unglaciated Allegheny Plateau near Parsons, West
Virginia (39° 03′ N, 79° 49′ W). Precipitation at FEF averages approximately
1,430 mm year −1, being higher during the growing season and increasing with elevation. Concentrations of acidic species in wet deposition (including snow) (H + ,
SO42−, and NO3−) are among the highest in North America (Gilliam and Adams
1996). Watershed soils are coarse-textured Inceptisols (loamy-skeletal, mixed mesic Typic Dystrochrept) of the Berks and Calvin series sandy loams derived from
sandstone (Gilliam et al. 1994).
Dominant tree species on FEF watersheds vary with stand age. Early-successional species, such as black birch ( Betula lenta L.), black cherry ( Prunus serotina Ehrh.), and yellow-poplar ( Liriodendron tulipifera L.) are dominant in young
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stands, whereas late-successional species, such as sugar maple ( Acer saccharum
Marshall) and northern red oak ( Q. rubra L.), are dominant in mature stands. Dominant herbaceous layer species vary less with stand age and include stinging nettle
( Laportea canadensis (L.) Wedd.), violets ( Viola spp.) and several ferns (Gilliam
et al. 2006).
Three watersheds have served as sites for various studies. WS4 supports a
> 100 year-old mixed-aged stand, serving as the long-time reference watershed at
FEF. WS7 supports an approximately 40 year-old even-age stand, and whereas WS3
supports an approximately 40 year-old even-age stand and serves as the “treatment”
watershed, whereas WS4 and WS7 were the controls. WS3 has received three aerial
applications of (NH4)2SO4 per year, beginning in 1989. March (or sometimes April)
and November applications represent approximately 7.1 kg N ha−1; July applications are approximately 21.2 kg N ha −1. The total amount of N deposited on WS3
(application plus atmospheric deposition) is approximately 54 kg N ha −1 year −1, or
about three times ambient inputs (Adams et al. 2006).

29.2.2 Field Sampling
Mineral soil is collected on an on-going basis on WS3, WS4, and WS7 by hand
trowel at five points within each of seven plots per watershed to a depth of 5 cm
using methods following Gilliam et al. (1996). These five samples are bulked, thoroughly mixed, and then placed in two polyethylene bags—one brought back to the
laboratory for immediate extraction and analysis (see 29.2.3 Laboratory and data
analyses below) and the other incubated in situ by burying it 5 cm beneath the
mineral soil surface for ~ 30 d during all months of the growing season. This was
initiated in 1993 and is reported here up to 2005.
The herbaceous layer is sampled on an on-going basis on WS3 and WS4 within
seven circular 0.04-ha sample plots (adjacent to soil plots described previously).
Each vascular plant species < 1 m in height is identified and visually estimated
for cover (%) within 5 1-m2 circular sub-plots in each sample plot. Sub-plots were
located within sample plots using a stratified-random polar coordinates method,
which was employed to avoid over-sampling the center region of circular plots (Gilliam et al. 2006). This was initiated in 1991 and is reported here through 2003.
To determine the effects of soil freezing on soil N dynamics, mineral soil was
taken at three sites shown by previous investigations to represent a gradient in rates
of net nitrification: LN (low nitrification rates), MN (medium rates), and HN (high
rates), using methods described in Gilliam et al. (2010). Sub-samples of soil from
each plot were extracted for analysis of NH4 + and NO3− immediately upon return
to the laboratory (see 29.2.3 Laboratory and data analyses below). Approximately
50 g of each sample was placed into each of three 120-mL sterile polyethylene
Whirl-Pac® bags for freezing treatment as follows: 0, − 20, and − 80 °C. The − 80 °C
treatment was chosen as an extreme temperature to determine whether − 20 °C may
represent a temperature threshold for freezing effects, i.e., if there are no differ-

29

Nitrogen Biogeochemistry Research at Fernow Experimental Forest …

271

ences between − 20 and − 80 °C. The remaining soil was kept in the original bag
and refrigerated at 4 °C as Control. All treated samples were subjected to treatments
for 7 d.

29.2.3 Laboratory and Data Analyses
All mineral soil, including that from in situ incubations and the soil freezing experiment, was extracted with 1N KCl (10:1 volume:weight) and analyzed for NH4 + and
NO3−. From 1993 to 1995 this was done with an Orion 720A pH/ISE meter and
NH4 + and NO3− electrodes. For the 2005 field samples, NH4 + and NO3− were determined colorimetrically with a TrAACS 2000 continuous flow spectrophotometer.
For the soil freezing experiment, NH4 + and NO3− were determined colorimetrically
with an AutoAnalyzer III continuous flow spectrophotometer.
Temporal patterns of in situ net N mineralization and nitrification were assessed
with second-order polynomials. Species diversity of the herbaceous layer was calculated using the Shannon-Wiener index with natural log (ln) transformation (Gilliam et al. 2006). Means for herb layer diversity, species richness, and cover were
compared between WS3 and WS4 and among years (1991 to 2003) using repeated
measures analysis of variance (ANOVA). Mean net N mineralization and nitrification potentials were compared among freezing treatments within sites and among
sites within treatments using ANOVA and least significant difference tests.

29.3 Results and Discussion
29.3.1 In Situ Incubations
As reported in Gilliam et al. (2001), annual net N mineralization and nitrification increased on all three watersheds during the period 1993–1995, with sharpest increases noted for N-treated WS3. It is thus quite notable that the 2002 and 2005 sampling revealed substantially declining rates for all watersheds since this time, with
net nitrification on WS3 currently > 80 % less than the 1995 maximum (Fig. 29.1).
Temporal patterns in net nitrification at FEF are consistent with observations of
declining concentrations of NO3− in streams for WS3, WS4, and WS7, and in soil
water in WS3 and WS4 (soil solution is not sampled in WS7) (Adams et al. 2006).
Furthermore, these patterns of decline are consistent with those at the more synoptic scale of several watersheds throughout the northeastern United States (Goodale
et al. 2005).
Although it is not clear what specific mechanisms are causing such a precipitous
decline in net N mineralization and nitrification, several studies have shown that
both microbial biomass and composition change drastically with experimental additions of N (Gilbert et al. 1998). Indeed, Schmidt et al. (2004) found that although
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Fig. 29.1   Mean net nitrification for control (WS4 and WS7) and treatment (WS3) watersheds,
1993–2005

soil and microbial N pools were higher in N-fertilized plots, both microbial activity
and biomass were lower following N fertilization, with negative effects being more
profound in the growing season.
Demoling et al. (2008) observed 40 and 30 % reductions in microbial biomass
and activity, respectively, from N additions to Swedish coniferous forest soils. They
also found profound changes in microbial composition in response to N treatments.
More recently, Treseder (2008) performed a meta-analysis of 82 published field
studies of the effects of N additions on microbial biomass, estimating that excess N
reduced microbial biomass by 15 % across all studies.
Although this is an area requiring further research, increases in N supply to forests clearly have the potential to alter the microbial communities of forest soils and
do so at the watershed scale. Wallenstein et al. (2006b) provided clear evidence to
indicate that microbial immobilization of N might not be a major mechanism to
explain decreases in stream NO3− observed at FEF (Adams et al. 2006).
Thus, it is possible that excess N-mediated shifts in microbial communities are
toward communities that simply process N at much lower rates (i.e., lower net N
mineralization and nitrification) rather than those that affect immobilization.

29.3.2 Herbaceous Layer
The herbaceous layer, defined here as vascular plants ≤ 1 m in height, can represent
> 90 % of plant species richness of forest ecosystems (Gilliam 2007). It is also the
forest stratum of highest potential sensitivity to changes in resource availability,
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such as light and, especially, soil N (Gilliam and Roberts 2003). There was an initial period (1991–1994) representing up to a 6 year treatment period during which
there were no detectable responses of the herb layer to the N treatment on WS3
(Fig. 29.2). This is in sharp contrast to other field-based N manipulation studies,
wherein decreases in herb layer diversity have been observed within a one-year
period (see Bobbink et al. 2010 for recent review).
Repeated sampling in 2003 indicated a substantial decline of species diversity
of the herbaceous layer in response to aerial N additions, a decrease that appears to
be related to loss of species (lower species richness) and increased herb layer cover
(Fig. 29.2). Most of this decline appears to have arisen from unexpected increases
in the shade-intolerant Rubus spp. (data not shown). Contemporaneously, spatial
variability in Rubus spp. cover has decreased on WS3, consistent with declines in
spatial variability of soil N (Gilliam et al. 2001), supporting the N homogeneity
hypothesis suggested by Gilliam (2006).

29.3.3 Effects of Soil Freezing
Paradoxically, global warming is a predicted increase in the probability of soils in
north-temperate regions of North America to freeze during the winter, the result
of warming-related decreases in snow cover, thus minimizing the insulating effects of snow pack (Groffman et al. 2001). Because of previous observations that
net nitrification can increase following soil freezing (see Groffman et al. 2001 for
review) and because WS4 exhibits numerous symptoms of N saturation (including
generally high net nitrification and NO3− leaching), an experiment was designed
to examine the effects of freezing on net N mineralization and nitrification on
soils along a gradient of weathering/nitrification in WS4. The gradient was as
follows: LN (highly weathered soils with negligible net nitrification), HN (to less
weathered soils with high nitrification), and MN (intermediate weathering and
nitrification).
The results of this experiment are reported in full in Gilliam et al. (2010) and
are summarized here. Freezing had profound effects on N dynamics in N-saturated
soil, with responses varying between temperature treatments and along the gradient
(Fig. 29.3).
Furthermore, lack of significant differences in net N mineralization and nitrification between − 20 and − 80 °C treatments (Fig. 29.3) suggests that − 20 °C may
represent a threshold temperature for response of these processes to freezing. In
addition, freezing response of N mineralization differed greatly from that of nitrification, suggesting that soil freezing may de-couple two processes of the soil N cycle
that are otherwise tightly linked at our site. Results also suggest that soil freezing at
temperatures commonly experienced at this site can further increase net nitrification
in soils already exhibiting high nitrification from N saturation.
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Fig. 29.2   Species diversity (a), species richness (b), and cover (c) for control (WS4—open circles, dashed line) and treatment (WS3—solid circles and lines) watersheds, 1991—2003. Means
with the same superscript are not different between years and watershed at P < 0.05.
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Fig. 29.3   Effects of freezing on net mineralization and nitrification at three sample sites in
WS4, FEF, WV. Means (±1 SE) with the same superscript (x, y, z) are not significantly different
(P < 0.05) between sites for a given treatment. Means with the same superscript (a, b, c) are not
significantly different (P < 0.05) between treatments for a given site. See text for site abbreviations. C, T0, T-20, T-80 = control, 0°C, -20°C, and -80°C treatments, respectively. Modified from
data taken from Gilliam et al. (2010)
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29.3.4 Future Work
Future research at FEF out of the Gilliam lab at Marshall University includes continuation of all work summarized herein. Through cooperation with the Peterjohn
lab at West Virginia University (with funding from the National Science Foundation’s Long Term Research in Environmental Biology program), we are continuing full growing-season in situ incubations to measure net N mineralization and
nitrification and mid-growing season sampling of the herbaceous layer. In addition,
we will carry out soil freezing experiments to include analyses of microbial communities of soils along the weathering gradient of WS4.
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