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Daniel Rutherford is credited with the discovery of nitrogen (N) in 1772.
A.L. Lavoisier, the 18th century French chemist, called this element
“azote” which translates to “without life”” because free N is incapable of
supporting life: a fitting name for this element given the paradoxes it
presents to society and its role in global ecology. Despite being the most
abundant element in the atmosphere, usually quoted as 78% by volume,
primarily as N, life on the planet does not rely on either the uptake or
release of N for the two most important complimentary biological
processes, namely respiration and photosynthesis. Nonetheless, N has
long been heralded as the most commonly limiting mineral nutrient for
plant growth around the globe, and indeed is essential for the formation of
amino acids, and thus proteins, for all life forms. No other element has
been studied more extensively in the context of agricultural and forest
ecosystems than N, yet at no time in the past has there been greater
interest in research addressing information needs regarding N.

To add to the irony, N is the most commonly used fertilizer in crop and
forest management, with increasing amounts used to maintain production
goals. Yet in the past several decades, we have realized that N has its dark
side in the environment. Fossil fuel combustion typically releases N gases
(nitrogen dioxide [NO»], nitrogen oxide [NO]) into the atmosphere that
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can be transported long distances and, along with sulfur dioxide (SO,),
create strong mineral acids in the atmosphere that return to terrestrial
ecosystems in wet and dry forms as acid deposition. Atmospheric N also
contributes to the formation of tropospheric ozone (O;) or “smog.”
Ironically, N fertilizers have a high energy requirement for their
fabrication. This means that high fossil fuel consumption is usually
necessary to produce the electricity needed to manufacture a fertilizer
form of N to be added to the landscape, while at the same time also
contributing to the long-range transport of N in the atmosphere. Vitousek
et al. (1997) recently discussed the indisputable human influence on global
N cycles, emphasizing the serious and long-term environmental conse-
quences we can expect as a result of our perturbation of this system on a
global scale. Galloway (1998) estimated that, in 1997, human activities
contributed 150 Tg N to the global terrestrial environment, of which 80%
was due to food production (with twice as much attributable to fertilizer
production as biological N fixation through cultivation) and 20% due to
energy production.

During the past two decades there has been an emerging concern for the
consequences of increased atmospheric deposition of N to forested
ecosystems, despite the continued interest in certain regions in forest
fertilization with N to promote growth. Early concerns were focused on
the possibility of N deposition having direct effects on tree foliage and
physiology, which later shifted to a focus on soil acidification and related
indirect effects on forest health. More recently, it has become evident that
chronic N deposition to forests may result in complex responses at both
the organismal and ecosystem levels. In the mid-1980s two important
experiments were initiated in the eastern U.S. using whole-watershed
chemical manipulations to determine the effects of chronic N and sulfur
(S) deposition on forested ecosystems. The focus of these studies has been
to investigate the biogeochemical response of forested stream catchments
to experimental treatments, and more recently research has included other
aspects of ecosystem response. These studies have focused on the
interaction between forested watersheds and the chemical climate, and
the long-term nature of these studies is increasingly providing insight on
interactions with physical climatic factors as well. This chapter discusses
some of the highlights of these whole-watershed studies during the first six
to seven years of experimental manipulation.

Nitrogen Deposition and Nitrogen Saturation

The concept of nitrogen saturation was developed in the early 1980s in
Europe by scientists concerned with atmospheric deposition of N. In 1981,
Swedish scientist T. Ingestad first presented a model that defined the initial
concept (Aber, 1992). Many other European scientists have since worked
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on the N saturation concept. One noteworthy example is the “ammonium
hypothesis” offered by Nihlgard (1985), based on observations of very
high deposition of ammonium (NH,4) in the Netherlands. Agren and
Bosatta (1988) discussed the role of plant vs. soil processes in the evolution
of N saturation, concluding that the soil subsystem must saturate first as
the condition of N saturation develops.

Europeans have been known for their work in developing the concept of
“critical loads” for N and S (Bull, 1991). This concept was defined in
a Swedish workshop as “a quantitative estimate of an exposure to one or
more pollutants below which significant harmful effects on specified
sensitive elements of the environment do not occur according to present
knowledge” (Nilsson and Grennfelt, 1988). This definition is more
conceptual than the earlier definitions of N saturation, but specific policy
goals have resulted from the critical loads approach in Europe. Nilsson
(1986) summarized the outcome of a Nordic working group on critical
loads who concluded approximately 10 to 20kgNha™'yr~' was the
critical load for forests under conventional management. Agren and
Bosatta (1988) concurred with this estimate based on their own evalua-
tion. Lokke et al. (1996) recently discussed some of the uncertainties that
exist with the widespread utilization of this approach in regulating
transboundary air pollution in Europe.

In the U.S., the concept of “nitrogen saturation” has received the
greatest amount of attention as a condition of ‘“excess” N in the
ecosystem. Aber (1992) points out that several definitions of N saturation
exist depending on whether this condition is defined as (1) the absence of a
growth response in vegetation to N additions, (2) the initiation of NO;
leaching, or (3) the lack of a net N accumulation in ecosystems as
evidenced by an equivalence between inputs and losses. He included in his
article a useful table shown here as Table 9.1 that suggests key
mechanisms involved with ecosystem response to N, and the nature of
those changes.

Several authors have discussed the evolution of N saturation in forested
ecosystems and provide a useful framework not only for understanding
the processes controlling these phenomena, but also for designing
hypothesis-driven research to define mechanisms essential for accurate
predictions of future response. Aber et al. (1989) defined N saturation as
the availability of NH,4 and nitrate (NOj3) in excess of total combined plant
and microbial nutrient demands (and excluding their use as a substrate for
denitrification). They described the stages of the development of N
saturation we can summarize as Stage 0, N limitations to biological
processes ranging from tree growth to litter decomposition; Stage 1, initial
increases in foliar N concentrations followed by increased biomass;
Stage 2, N saturation where N no longer limits biological function; and
finally, Stage 3, forest decline due to a range of potential mechanisms
impacting forest health. Aber et al. (1998) recently refined their conceptual
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Table 9.1. Characteristics of N-limited and N-saturated Forest Ecosystems (Aber,
1992)

Characteristic N-limited N-saturated
Form of N cycled (net, as plant uptake) 100% NH,4 25-50% NOs3;,
50-75% NH,

Soil DOC concentration High Low

Ratio of gross NO; immobilization Near 100% Near 0%
to gross nitrification

Ratio of gross NH, immobilization High (90-95%) Low (50%7)
to gross mineralization

Fraction of soil fungi that are High Low
mycorrhizal

Nitrate loss during snow melt Low High

Nitrate loss at base flow Zero High

Foliar lignin concentration High Low

Foliar N concentration Low High

Foliar free amino acid (e.g., arginine) Zero High
concentration

Soil C/N ratio High Low

N,O production Zero High

CH,4 production High Low (zero?)

model of N saturation based on recent research. They included in their
concept of the evolution of forest ecosystems toward N saturation a
decline in both calcium (Ca)/aluminum (Al) and magnesium (Mg)/N
ratios in foliage, and a decline in N mineralization in Stage 2, the latter not
yet well understood. In this article they point out the paradox that forest
studies using N manipulations have shown, and that is the strong
retention of added N to forests despite the limited carbon (C) pool in soils
to facilitate free-living microbial fixation. They discuss a number of
possible mechanisms to explain this phenomenon. Their conclusion is that
mycorrhizal conversion of N to organic forms may offer the most
plausible mechanism since mycorrhizae have direct access to photosyn-
thate without requiring its conversion to plant biomass and subsequent
microbial degradation. This promising hypothesis remains to be tested.
Stoddard (1994) has been widely credited with defining the evolution of
N saturation based on watershed retention of N and surface-water
chemical response. Accordingly, he defined Stage 0, net N retention due to
microbial and forest uptake with the exception of spring snowmelt;
Stage 1, as with Stage 0 but with amplified export of NO; during snowmelt
or spring episodes; Stage 2, decreased control of biological uptake of N
and an increase in base flow NO; concentrations; and Stage 3, no
biological N deficiency is evident and the watershed becomes a net source
of N. Both approaches have provided conceptual templates for under-
standing the process of N saturation and the important terrestrial-aquatic
linkages involved. Jeffries and Maron (1997) question the adequacy of
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either the N saturation or critical loads approach to defining ecosystem
response to N enrichment alone, and argue for the addition of a third
approach, that of careful monitoring of ground-layer species and mosses
sensitive to soil N status to fulfill a critical gap in our understanding of the
mechanisms of N transfer within and between ecosystems. Their recom-
mendation seems sound, and would provide another tool to evaluate
ecosystem condition that uses factors that integrate many processes, much
as we used stream chemistry in watershed studies.

The greatest concern for N saturation in the U.S. has been in the
northeastern states, and particularly at high elevations where deposition
rates are greatest. Driscoll and Van Dreason (1993) reported increasing
NO; concentrations in nine lakes of the Adirondack mountains of New
York, despite the lack of any significant temporal change in N deposition
throughout this region. They also noted 13 of the 17 lakes they studied
showed declines in SO4 concentrations commensurate with the document-
ed declines in SO4 deposition throughout the northeastern U.S. Sullivan
et al. (1997) evaluated several extensive data sets on surface-water chem-
istry for this region, and concluded that the focus on S in the past may
have underestimated the contribution of N to historical acidification, and
that ignoring the role of N in surface-water acidification in the region may
result in serious overestimations of recovery. McNulty et al. (1990)
examined properties of forest soils in high-elevation spruce-fir sites
throughout the Northeast from New York to Maine. They reported a spa-
tial coincidence between the gradient of N deposition throughout the
Northeast corridor, and N mineralization and nitrification potentials.
They concluded that indicators of high rates of N cycling and available N
in the systems receiving the higher atmospheric inputs of N might be
evidence for the migration of these ecosystems to a condition of N
saturation. McNulty et al. (1993, 1996) used N amendments to spruce—fir
plots at a high-elevation site in southeastern Vermont to evaluate the
mechanisms of response to treatments. They showed evidence that N
enrichment resulted in changes in foliar N concentrations, basal area
growth, nutrient balances, N cycling, and species composition based on
initial differences in regeneration success on the treated plots. These results
support and refine the model presented above for the terrestrial response
to N saturation as described by Aber et al. (1989). Other N-saturated
systems in the U.S. include the pine forests of southern California, unusual
because of the very high levels of dry N deposition (Fenn et al., 1996), and
high-elevation catchments in the Rocky Mountains, saturated because of
very low uptake by biota (Williams et al., 1996). Land use history (e.g.,
fire, harvesting, blowdown) also appear to have a lasting effect on the
susceptibility of forests to N saturation and influences ecosystem C storage
in soils (Aber and Driscoll, 1997). It should be noted that the net effects
of atmospheric N deposition on C sequestration in northern forests
remains uncertain. Nadeclhofter et al. (1999) recently suggested that
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N deposition is unlikely to explain the reported C sink in midlatitude
forests attributing <20% of current C uptake by forests to N.

In order to study the effects of chronic elevated N deposition on forested
ecosystems in situ, we can either (1) watch the evolution of existing
ecosystems, over long periods of time, that are subjected to elevated or
changing atmospheric deposition of N, (2) study differences among forest
sites along carefully delineated spatial gradients of N deposition on the
landscape, or (3) experimentally manipulate the deposition of N to
the ecosystem. Sullivan (1997) points out the dangers of utilizing numerical
simulation models based on an imperfect understanding of processes in
ecosystems, and underscores the value of ecosystem manipulation exper-
imentation as a means of testing these models. Plot-scale studies, such as
the ones discussed above by McNulty and Aber (1993), are excellent and
cost-effective ways to address specific hypothesis regarding mechanisms of
response. However, this scale of study is not adequate for defining whole
ecosystem responses, particularly with respect to biogeochemical processes
that are strongly related to ecosystem hydrological properties. Nor do plot-
scale studies allow us to study how different ecosystem components are
integrated across landscapes. It is for this reason that watershed studies
have been so valuable in understanding the integration of processes at the
whole-ecosystem scale. Readers are encouraged to visit special issues of the
journal Forest Ecology and Management, Vol. 71, 1/95 and Vol. 101, 2/98
(Wright and van Breeman, 1995; Wright and Rasmussen, 1998) for a
collection of papers on the NITREX project, where whole catchments or
large forest stands at 12 sites across a modern gradient of N deposition in
Europe were used to study N deposition effects on forested ecosystems.
Throughout these sites they employed a range of techniques to both add N
as well as remove ambient levels of N to study both the risk of N saturation
and the characteristics of recovery.

Two whole-watershed experimental N manipulation programs have
also been conducted in forested ecosystems in the eastern U.S. since the
1980s, in Maine and West Virginia, specifically designed to study the
effects of elevated N and S deposition. We know of no other comparable
studies on the continent, and the following sections describe some of the
findings to date.

Experimental Watersheds

Watershed Descriptions

The Bear Brook Watershed in Maine (BBWM) is located in eastern Maine
(lat 44°52'N, long 68°6'W) approximately 50 km from the Atlantic Ocean.
The site lies on the southeastern slope of Lead Mountain, with total relief
of 210m and a maximum elevation of 475m. Two nearly perennial, low
dissolved organic carbon (DOC), low acid neutralizing capacity (ANC)
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Table 9.2. General Characteristics of the Study Sites

BBWM FEF
Watershed Pair East Bear (Reference) WS4 (Reference)
West Bear (Treated) WS3 (Treated)
Watershed Area 10.2/10.9ha 34/39ha
Relief 265-475m 735-860m
Soil Types Typic Haplorthods Typic Dystrochrepts
Soil Depths <lm <2m
Soil Texture Fine sandy loam silt loam
Bedrock Siltstone/granite sandstone/shale
Stream Yield 65% 45%
Annual Temp 5°C 10°C
Annual Precip 130 cm 145cm
Forest Types Northern hardwood/ Central Appalachian
spruce hardwoods

streams (East Bear Brook and West Bear Brook) drain 10.2 and 10.9 ha
contiguous watersheds (Table 9.2). Vegetation at the site is dominated by
northern hardwoods (Fagus grandifolia Ehrb., Acer rubrum L., Acer
saccharum Marsh., Betula alleghaniensis Britt., Betula papyrifera Marsh.,
and Acer pennsylvanicum Marsh.) with stands of softwoods (Picea rubens
Sarg., Abies balsamea Mill., and Tsuga canadensis [L.] Carr.) at higher
elevations. Soils are coarse, loamy, mixed, frigid Typic Haplorthods
developed on till. Bedrock consists of quartzites and meta-pelites intruded
locally by granite.

Chemical additions of N and S, as ammonium sulfate ([NH4],SOy,),
have been delivered bimonthly via helicopter to the West Bear watershed
beginning in November 1989 and continuing through the period of data
reported and remain ongoing. The adjacent untreated East Bear watershed
serves as a reference. Total experimental loadings were 1800eqha™'yr™!
(~25.2kgNha'yr ' and ~28.8kgSha ' yr '), which is ~3x and ~2x the
ambient-wet—plus—estimated-dry deposition of N and S, respectively
(Rustad et al. 1994). Total N deposition was approximately 1.5x that of
the highest estimated wet-plus-dry deposition in the U.S. (NADP, 1990),
but was less than 70% of the total N deposition in areas of central Europe
(Dise and Wright, 1992). Additional details on the BBWM site can be
found in Kahl et al. (1993), Norton et al. (1994) and Norton and
Fernandez (1999).

The Fernow Experimental Forest, located near Parsons, West Virginia
(lat 39°3'15"N, long 79°42’'15"W) is situated on the unglaciated Allegheny
Plateau in the Allegheny Mountain Section, within the Central Appala-
chian Broadleaf Forest Province (Bailey et al., 1994). The two watersheds
(Watershed 3 (WS3) = treatment watershed; Watershed 4 (WS4) = ref-
erence watershed) are drained by second-order streams. Precipitation is
distributed evenly between dormant and growing seasons, and averages
145 ¢cm per year. Average annual precipitation pH is 4.2 but lower values
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are common in summer (Adams et al., 1994). The predominant soils on
both watersheds are loamy-skeletal, mixed mesic Typic Dystrochrepts.
Elevation on the watershed ranges from 735 to 870 m.

Watershed 3, the treatment watershed (34 ha, see Table 9.2), contains
a young stand that originated in 1969 from natural regeneration following
clearcutting. Dominant tree species include Prunus serotina Ehrh. Acer
rubrum L., Betula lenta L., and Fagus grandifolia Ehrh. Watershed 4, the
control watershed (39 ha), contains a relatively undisturbed second growth
stand of central Appalachian hardwoods. The current stand is approx-
imately 90 years old, but some residual trees may be up to 200 years old
(J.N. Kochenderfer, unpublished data). Dominant tree species include
Acer saccharum Marsh., Acer rubrum L., Fagus grandifolia Ehrh., and
Quercus rubra L.

Chemical additions of (NH,4),SO, fertilizer have been applied to WS3
since January 1989. Fertilizer was applied at a rate double the ambient N
and S throughfall inputs, which was considered to approximate the
combined N and S inputs of wet and dry deposition. Because ambient
deposition varied seasonally, three applications were made each year, in
March, July, and November. Yearly rates were ~40kgSha™' and
~35kgNha™'. Additional details can be found in Adams et al. (1997).

Streams as Integrators of Response

Our discussion focuses on the behavior of these forested watersheds in
response to experimentally increased N deposition. By definition, a water-
shed represents the land area contributing to a specific point of
hydrological export, and integrates the inputs and losses of water from
that system. Likewise, watersheds integrate biogeochemical processes
reflecting the input and transformation of materials within that same
hydrologically defined system.

Fig. 9.1 shows the long-term time series of stream water nitrate (NOj3)
concentrations at both BBWM and Fernow. Measurements began in 1987
at BBWM, and, although a longer record of measurements is available for
Fernow (Adams et al., 1994), our analyses begin with 1984 to facilitate
a comparison between the two experimental watershed study programs.
Treatments of (NH4),SO, were initiated in both watersheds in 1989,
starting in November for BBWM and in January at Fernow. Thus, data
from 1988 and before shows how comparable the two streams were to
each other at each site relative to stream water NO; concentrations prior
to the onset of experimental manipulations. Although variability exists in
these data, evidence presented suggests that the reference watersheds
chosen behave nearly identical to the treatment watersheds prior to the
commencement of treatments. A noteworthy difference between BBWM
and Fernow is that a clear seasonal pattern in NO; concentrations exists at
BBWM even before the treatments, and that the concentrations of NO;
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Figure 9.1. Stream NO; concentration time series for (a) BBWM and
(b) Fernow.

are low and often below detection. This is the behavior we would expect in
Stage 0 as described by Stoddard (1994) where N is biologically limiting
and only during spring snowmelt, prior to vegetative uptake, are
significant losses of inorganic N detected. The situation at Fernow is
markedly different. Even before treatment began, there is only a vague
representation of a seasonal pattern in stream water NOs concentrations,
with a relatively constant stream water concentration of ~50 peq I™' NO;.
This loss of seasonality in NO5 concentration is indicative of the lack of
biological controls on an increasingly N-enriched ecosystem referred to by
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both the Stoddard (1994) or Aber et al. (1989) models as Stage 2 in the
progression to N saturation. Peterjohn et al. (1996) examined the 23-year
record of stream water NOj; concentrations in WS4 at Fernow. They were
able to define three distinct periods of increasing NO; export and
decreasing seasonality: an initial period of low variability, a period of high
peak concentrations and high variability, and, most recently, a period of
high concentrations and low variability. While these patterns of response
to elevated N deposition seem well demonstrated in forested watersheds,
Peterjohn et al. (1996) pointed out the need to better define the
mechanisms controlling them. Indeed, as seen later in this chapter, even
the treated watersheds exhibiting classic N saturation characteristics are
still retaining most of the annual inputs of N. Ecosystem mechanisms
controlling the retention of N and the evolution of N saturation
characteristics remain poorly understood, with some of the most recent
speculation being discussed earlier such as that of Aber et al. (1998).
Both the treated watersheds at BBWM (West Bear) and at Fernow
(WS3) responded to the NH, amendments with an increase in stream
water NO; concentrations. This indicates that the added NH,4 was either
rapidly nitrified or treatments increased the rate of nitrification of native
soil N pools. There is reason to believe that both processes are responsible,
but there is evidence to suggest that initial increases in NO; export were
largely attributable to native soil N (Nadelhoffer et al., 1999). Increased
stream-water NOj; in West Bear retained a strong seasonality, with
increasing magnitude of peak concentrations as compared with the
reference watershed best representing the characteristics of the response.
The time series shows some evidence at BBWM of an increasing length of
the period of elevated NQOs, but during the first three years the duration of
low NO; concentrations during the annual cycle remained constant. In
Fig. 9.1 it should be noted that while West Bear appears to show little
increase in maximum NOj concentrations during the treatment period, the
period between 1990 and 1993 actually had an elevated NOj; export that
was partially masked by declining ambient NOj export evident in the
reference East Bear stream NO; concentrations. This pattern of elevated
NO; export during the early 1990s was evident in forested watersheds
throughout the northeastern U.S. Regional NO; stream concentrations
then appeared to decline and returned to essentially zero in the reference
watershed at BBWM. Mitchell et al. (1996) attributed this period of
regionwide clevated surface-water NO; concentrations to an anomalous
cold period in December of 1989, triggering several years of elevated but
declining surface-water NOj concentrations. At BBWM, overall declining
NO; concentrations in the reference East Bear watershed between 1990
and 1995 mean that net relative increases continued to occur in the treated
watershed during this period when compared with the reference East Bear
watershed. This pattern of surface-water NOs potentially attributable to
relatively short-term climatic trends also points out the value and need for



9. Nitrogen Saturation in Experimental Watersheds 343

Jong-term, whole-ecosystem studies such as these to ascertain the role of
climate on these ecosystems.

Fernow watersheds did not exhibit the period of elevated NO; export
seen further north in the Northeast during the early 1990s, and NO;
concentrations appear to show a continuous increase over time in responsc
to treatments. Since biological control on stream-water NOj patterns are
minimal due to excess N deposition at this site, it is logical that increased
exports in WS3 beyond the reference WS4 would also not reveal seasonal
patterns. There appears to be occasional instances of unusually high NO;
concentrations but the data and analysis presented here do not attempt to
determine their relationship to climatic patterns or antecedent conditions.
It is interesting to note that Fig. 9.1 shows a 10-year record of NO;
concentrations in WS4, with little evidence for increasing or decreasing
trends. This may indicate that ~50 peql™ NO; represents steady state
with current levels of N deposition and stand development in this
watershed. The time series suggests that stream NOj concentrations in
WS3 are becoming more variable, but with the overall trend of steadily
increasing concentrations that are twice or more the concentrations in
WS84 after six years of treatment.

A great deal of literature has described the importance of atmospheric
deposition on soil cation processes, with typical concerns being accelerated
base cation leaching and aluminum (Al) mobilization (Likens et al., 1996;
Lawrence et al., 1995, 1997; Shortle and Smith, 1988; Shortle et al., 1995).
As with ambient deposition, the treatments at both BBWM and Fernow
include a source of both N and S, and the effects of each element
individually can not be definitively separated from the other in these
studies. However, concern for net base cation losses due to chronic
atmospheric deposition, and increasing concern for N deposition, has
resulted in greater attention to the relationship between N saturation
phenomena and base cation depletion. Both BBWM and Fernow are
initiating research to specifically address some of these concerns. There is
no question that (NH,4),SO4 amendments to acid forest soils can result in
accelerated depletion of Ca and the mobilization of Al depending on the
rate of application. Carnol et al. (1997) recently demonstrated this
phenomena in a Norway spruce (Picea abies) stand in England where
(NH,4),SO, treatments caused soil water concentrations to “switch” from
Ca to Al leaching, with relatively low Ca/Al ratios. They concluded that
the most sensitive soils to acidification were those with low base
saturation, typical of many northeastern forest soils in the U.S.

Fig. 9.2 shows the time series for Ca concentrations in the streams. The
graph for BBWM shows the divergence between West Bear and East Bear
as streams respond to the treatments. An apparent decline in Ca
concentrations in East Bear over the period may reflect the declining
contributions of NOj in stream water due to the climate-induced regional
trends discussed earlier, and thus an overall decrease in the anion export.
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Figure 9.2. Stream Ca concentration time series for (a) BBWM and (b) Fernow.
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West Bear clearly is showing increased export of Ca with treatment. This
accelerated base cation leaching is partly attributable to NO5 as evidenced
by the parallels between Ca and NO; concentrations’ seasonal patterns,
and due to simple ion balance calculations discussed elsewhere (Norton
et al., 1994). At Fernow, WS3 appears to have had a lower Ca
concentration prior to treatments compared with WS4, but Ca concen-
trations have increased with the onset of treatment, largely attributable to
N export in this highly N-enriched forested ecosystem.

As expected, both NO; and SO, are highly and significantly correlated
with Ca leaching in these watersheds based on correlation analyses of the
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stream data presented here. At BBWM, simple correlation coefficients
suggest that both of these strong mineral acid anions are governing Ca
export. The correlation with Ca is stronger for SO4 {r = 0.83) than for
NO; (r = 0.65) in West Bear, but NOj is dramatically less important to Ca
export in East Bear (r = 0.59 and r = 0.17 for Ca with SO, and NO;,
respectively). At Fernow, strong soil adsorption of SO, minimizes the
effects of SO4 on cation export but at this site even the reference watershed
has high background NO; concentrations. Therefore, stream-water
concentration data show that the correlation with Ca at Fernow in the
treated WS3 is weaker for SO4 (r = 0.67) than for NO; (» = 0.91). Both
anions are much more weakly correlated with Ca in the reference
WS4 watershed, which were r = 0.20 and » = 0.38 for SO4 and NO;,
respectively.

Fig. 9.3 is a scatter plot of the relationships between stream concen-
trations of Ca and NOj;. Fig. 9.3a shows that a relationship appears to
exist between stream concentrations of this cation—anion pair, although
only in WS3 at Fernow 1s NOj; apparently a dominant factor governing Ca
concentrations in streams as inferred by correlations. In both reference
watersheds, East Bear and WS4, there is little evidence of a strong
relationship between Ca and NOj, largely because of the lack of NOj in
East Bear and the limited range of NO; concentrations in WS3 despite the
elevated baseline NOs concentrations. It should also be noted that soil
fertility, as indicated by soil exchangeable Ca concentrations, can influence
nitrification and subsequent leaching. Willard et al. (1997) studied N
mineralization and nitrification in nine mid-Appalachian forested water-
sheds including WS4 at Fernow. They concluded high soil fertility
promoted nitrification due to significant positive correlations between soil
exchangeable Ca and NOj; production.

Table 9.3 and Fig. 9.4 present N mass balances for these watersheds.
Table 9.3 shows that untreated East Bear has nearly total retention of
ambient and treatment N in the final years of data presented here (exports
of <0.5kgNha !yr™"), while treatments have driven West Bear toward
a condition similar to the reference watershed WS4 at Fernow with respect
to N mass balance. Fernow clearly receives much greater inputs of
atmospheric N compared with BBWM (approximately 2.3x using annual
precipitation N data in this chapter), and has a greater export of N as
a result (Fernow is approximately 4.8x BBWM using annual stream-water
export N data in this chapter). Fig. 9.4 shows net N retention (%) for the
study period at the treated watersheds. The most striking feature of these
data is the relatively high retention of N in all watersheds despite the
increasingly N-saturated character of WS3 and, perhaps most recently,
West Bear. The mechanisms responsible for this continued net retention of
N and the consequences for both forest management and recovery from N
saturation are critically important areas for research. Even at WS3, where
long-term N saturation processes are well advanced compared with
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Figure 9.3. Scatter diagram for the relationship between stream NO; and Ca con-
centrations in the (a) treated and (b) reference watersheds at BBWM and Fernow.

BBWM, most N is retained by the ecosystem. As aboveground biota
attain and surpass conditions of biological N limitation, it is logical that
soil sequestration is largely responsible for the persistent N retention. Yet
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Table 9.3. Inorganic Nitrogen Import—Export Budget for BBWM and Fernow
from 1988 to 1995 (kgha 'yr)

Wet Deposition (+ Treatment)® Stream Export
East Bear West Bear East Bear West Bear

1988 2.8 2.8 1.5 1.7
1989 4.5 8.7 2.7 3.1
1990 4.6 29.8 1.5 3.1
1991 3.7 28.9 2.2 7.0
1992 3.6 28.8 0.7 5.5
1993 3.1 28.3 0.4 6.0
1994 3.9 29.1 0.2 5.7
1995 3.8 29.0 0.2 5.8

WS4 WS3 WS4 WS3
1988 8.0 8.2 4.2 35
1989 10.0 45.1 6.3 6.1
1990 9.3 44 .4 8.6 10.3
1991 8.3 434 3.8 6.6
1992 8.1 43.2 4.3 8.8
1993 8.9 44.0 6.3 13.7
1994 10.3 45.4 3.7 7.8
1995 11.2 46.5 5.4 14.6

# Wet deposition is the sum of precipitation inputs of NH4-N plus NO5-N for the year in the
reference watersheds (East Bear, WS4), and the sum of precipitation inputs plus N
amendments in the treated watersheds (West Bear, WS3).
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Figure 9.4. Nitrogen retention between 1988 and 1995 for BBWM and Fernow
shown as a percentage of total calculated N input retained in the treated
watersheds at BBWM and Fernow.
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the mechanisms of this phenomena and our ability to define and predict
both response and recovery remain incomplete at best.

An important question that has been raised is whether we really
understand N mass balances given the difficulties in measuring all phases
of N deposition, and the paucity of data on organic N export in streams.
Certainly there are weaknesses in the current data from the literature.
During the field seasons of 1996 and 1997, a pilot study was conducted
that sampled streams from both BBWM and Fernow six times to gather
preliminary data on the importance of other forms of N export besides
inorganic NH; and NOas. Fig. 9.5 shows the mean concentrations for
those six collections, that included dissolved NH; and NO;, NHy4
adsorbed on particulates, and total organic nitrogen on the unfiltered
stream samples (includes dissolved and particulate forms of organic N).
While these are only a few samples from a pilot study, they suggest that
the majority of the stream export response in the treated watersheds at
both BBWM and Fernow is in the form of NO;. Even though the
treatment is in the form of NH,, no evidence of increased NH, export was
found in the data. This reflects the ability of soil colloids to adsorb the
NHy cation, and the subsequent nitrification potential of these soils. At
Fernow, in both the treated and reference streams, NO; accounted
for >96% of the N in streams. At BBWM the data were more variable,
with organic N accounting for an average of 64% of the total stream N
export in East Bear. It is important to note that this high percentage is of a
very low concentration since in East Bear almost no N is leaving the
ecosystem. In West Bear, these data averaged only 27% organic N with
the majority of the treatment response expressed as increased NO;
concentrations. These preliminary data suggest that organic forms of N

s NO; -N
NH,-N

emmE Particulate N
Total Org-N

BBWM (West Bear) |

BBWM (East Bear)

Fernow (WS3) ‘

Fernow (WS4)

0.0 04 0.8 1.2 16 2.0
mg N L-1

Figure 9.5. Means for the concentrations of NO;, NHy, particulate NH,, and
organic N from 1996 and 1997 at BBWM and Fernow (n = 6).
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can be relatively important, particularly where N export is low. However,
most of the response to N amendments in these experimentally manip-
ulated watersheds during the initial years of treatment was clearly
expressed as NOj increases in streams.

The Role of Soils and Vegetation

The focus of research at both BBWM and Fernow has been on
maintaining a schedule of treatments to the watersheds, and tracking
the integrated response of these treatments through stream-water
monitoring. A number of studies are now in progress designed to evaluate
the response of these watersheds to treatments that will provide insight on
ecosystem response mechanisms. Typically, the first step in research at the
ecosystem-level dealing with biogeochemical information needs is to treat
the ecosystem as a ““black box” and define inputs and outputs. Once the
basic input-output budgets are defined, we then investigate what is taking
place “inside the box.”

One question about the fate of N in these ecosystems focuses on the role
of forest vegetation and whether increased growth or IN concentrations can
explain any of the net N retention we see in these watersheds. We have
initial insights from several studies that suggest that vegetative uptake likely
plays a role in the N retention mechanism at both sites. At BBWM, White
et al. (1999) showed that the treated West Bear watershed had significantly
greater foliar concentrations of N in four of the major tree species, but there
was no evidence of significant radial growth increases after four years of
treatment in these species. They also reported declines in foliar Ca and
increases in foliar Al concentrations on the treated watersheds. Similarly,
Gillam et al. (1995) and Adams et al. (1993) reported increased concen-
trations of foliar N and declines in foliar Ca and Mg for major tree species
and understory foliage concentrations at Fernow, but no change in
diameter growth. Gilliam et al. (1995) also reported no significant effects on
foliar phosphorus (P) concentrations that could be attributed to treatments.
Dewalle et al. (1999) studied tree ring cation concentrations at both the
West Virginia and Maine experimental watershed study sites. They
included in their study a second watershed also treated with (NH,4),SO4
in West Virginia (Clover Run), along with the Maine site. They reported
significant decreases in Ca and/or Mg for all species in both treated West
Virginia watersheds when compared with the reference watersheds, along
with significant increases in manganese (Mn). A similar trend was reported
for the Maine site, but the base cation declines were not statistically
significant at the confidence level they chose. They suggested that sapwood
Ca/Mn or Mg/Mn molar ratios were better indices of soil acidification than
Ca/AL

Weber and Wiersma (1997) studied the chemical composition of mosses
at BBWM and reported significantly higher concentrations of N in the
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treated watershed in Bazzania trilobata and Dicranum fulvum, with
significantly lower concentrations of Ca, Mg, potassium (K) and some
trace elements, and found no treatment effects on tissue P concentrations.
Magill et al. (1996) reported increases in foliar N in hardwood stands in
a plot experiment adjacent to the BBWM watershed that was subjected to
wet N treatments. They also reported no net increase in increment growth,
but continuously increasing foliar N concentrations with time due to
treatments. The limited data to date on these patterns suggest that some
sequestration of increased N inputs is possibly attributable to above-
ground vegetative uptake, but the studies have not been carried out long
enough to see how these differences may result in growth changes by stand
or species. There has been no quantification to date at either site of total
aboveground biomass differences between treated and reference water-
sheds that would define whether changes were taking place in minor stand
components or understory species.

The other ecosystem compartment that plays a critical role in
N accumulation and transformation is the soil. Limited intensive soils
research has been conducted to date in these watersheds, although this is
the focus of current studies. As yet, there appears to be no evidence for
major shifts in forest floor total C and N pools or C/N ratios attributable
to the treatments. Both the Maine and West Virginia sites show
a significant increase in N mineralization and nitrification in the forest
floor in response to elevated N (Wang and Fernandez, 1998; Gilliam et al.,
1995). High rates of N mineralization were reported at Fernow in both
WS3 and WS4 (6.7 and 7.7 gm 2 yr™!, respectively) with between 90 to
over 100% of this N release accounted for in net nitrification measure-
ments. No comparable studies have been completed at BBWM, but data
reported by Wang and Fernandez (1998) suggests much less nitrification in
the BBWM ecosystems. Where increases in N mineralization or nitrifi-
cation potentials in the forest floor due to treatments occurred at BBWM,
they were largely confined to hardwood stands in the watershed, with little
response in the softwoods. The influence of vegetation type, particularly
the contrast between hardwood and softwood stands due to the influence
on litter quality and, therefore, soil properties, should be further
investigated and is likely critical in considering the relevance of these
studies to landscapes.

Soil solutions at both BBWM and Fernow show differences due to
treatments consistent with the changes in stream-water chemistry over
time. Adams et al. (1997) described the treatment response in soil
solutions at Fernow, with elevated NO; concentrations in WS3 soil
solutions in the A horizon, diminishing with depth in the soil. They
reported that both SO; and NO; contributed to increased Ca leaching
losses, with little influence on Mg. Fernandez et al. (1999) also reported
similar patterns in soil solutions of West Bear, but these changes were
largely confined to the hardwood stands within the West Bear watershed.
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They, too, reported increased leaching of Ca along with increased Al in
soil solutions as a result of the treatments.

The Reversibility Question

The phenomenon referred to as N saturation, or the chronic effects of
elevated atmospheric N deposition on forested ecosystems, has the benefit
of drawing on a vast scientific literature of N in forested ecosystems either
from the forest fertilization or nutrient cycling literature, or more broadly
from studies in the ecological and agricultural sciences. What we do not
have is a robust literature on the consequences of long-term, chronic N
amendments to humid, temperate climate forested ecosystems. More
importantly, we have little information on how these ecosystems respond
to decreased N inputs following long-term elevated N exposures. Indeed,
there is much we do not know, nor can adequately predict, about how
forest ecosystems ‘“‘recover” from N saturation. There is ample evidence in
the literature to suggest that soil export of NO; in soil solutions rapidly
declines following short-term experimental applications of N, such as
reported by Rustad et al. (1993, 1996). However, data reported here on
BBWM and Fernow show that the majority of N deposition even in N
“saturated” ecosystems is retained. Although a significant amount of the
retained N could be sequestered in an aggrading forest, a major
proportion must be retained in the soil. Therefore, while the symptoms
of N saturation may be quickly ameliorated by reduced inputs as judged
by the geochemical signal in surface waters, we expect that the forest
ecosystem will take much longer to recover, on the order of decades to
centuries. Indeed, even the concept of “recovery” from N accumulations
could be debated as to meaning and demonstration. Stand growth and
composition, litter quality, and subsequent rates of decomposition and
nutrient cycling, and short- and long-term soil pools of N are likely to
respond slowly to major shifts in N inputs, with many of the controlling
mechanisms in this context poorly understood.

Conclusions

The BBWM and Fernow whole-watershed experimental N enrichment
studies provide a unique opportunity to study, in situ, the mechanisms
governing forest ecosystem response to elevated N deposition and N
saturation phenomena. Both sites are paired watershed studies offering a
powerful tool to examine long-term changes in ecosystem structure and
function, particularly with respect to the biogeochemistry of N. Our
understanding of forest ecosystem response to N allows us to predict some
changes in these watersheds, but our knowledge is lacking on mechanisms
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governing these responses and on the temporal development of the
changes expected. Both sites together offer an interesting spectrum of
forested stream watersheds ranging from little or no inorganic N export
and modest deposition, to chronically elevated N export and rates of N
inputs that rival some of the high N deposition European landscapes. Yet
in all cases a majority of the added N is retained by the watersheds.

On the other hand, even in the reference watershed in Maine where no
N saturation exists and tree growth remains N-limited, small increases in
N inputs had almost immediate consequences expressed as increased
stream export of NO;. We suggest that these sites become more valuable
each year because of their record of treatment and response, but neither of
the treated watersheds has yet attained a new equilibrium with the elevated
N inputs from treatments. Some have suggested they never will, others
believe a new equilibrium can be attained in a practical time frame.
Research on the biological and geochemical mechanisms controlling these
response characteristics, and how they will respond in the future to
potential changes in N deposition, should be a high priority for the
national research agenda and contribute to our basic understanding of
ecosystem function regardless of current policy issues. This becomes even
more important in a changing climate that couples warming-induced
changes in the rates of biogeochemical cycling with chronic exposure to
elevated N deposition.
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