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Abstract: We studied temporal and spatial patterns of soil nitrogen (N) dynamics from 1993 to 1995 in three water-
sheds of Fernow Experimental Forest, W.V.: WS7 (24-year-old, untreated); WS4 (mature, untreated); and WS3 (24-
year-old, treated with (NH4)2SO4 since 1989 at the rate of 35 kg N·ha–1·year–1). Net nitrification was 141, 114, and
115 kg N·ha–1·year–1, for WS3, WS4, and WS7, respectively, essentially 100% of net N mineralization for all water-
sheds. Temporal (seasonal) patterns of nitrification were significantly related to soil moisture and ambient temperature
in untreated watersheds only. Spatial patterns of soil water NO3

– of WS4 suggest that microenvironmental variability
limits rates of N processing in some areas of this N-saturated watershed, in part by ericaceous species in the herba-
ceous layer. Spatial patterns of soil water NO3

– in treated WS3 suggest that later stages of N saturation may result in
higher concentrations with less spatial variability. Spatial variability in soil N variables was lower in treated WS3 ver-
sus untreated watersheds. Nitrogen additions have altered the response of N-processing microbes to environmental fac-
tors, becoming less sensitive to seasonal changes in soil moisture and temperature. Biotic processes responsible for
regulating N dynamics may be compromised in N-saturated forest ecosystems.

Résumé : Nous avons étudié les patrons temporels et spatiaux de la dynamique de l’azote (N) du sol, de 1993 à 1995,
dans trois bassins versants de la forêt expérimentale de Fernow : WS7 (âgé de 24 ans et non traité); WS4 (mature et
non traité); WS3 (âgé de 24 ans et traité avec (NH4)2SO4 depuis 1989 au taux de 35 kg N·ha–1·an–1). La nitrification
nette était respectivement de 141, 114 et 115 kg N·ha–1·an–1 pour WS3, WS4 et WS7, soit essentiellement 100% de la
minéralisation nette pour tous les bassins versants. Les patrons temporels (saisonniers) de nitrification étaient significa-
tivement reliés à l’humidité du sol et à la température ambiante seulement dans les bassins versants non traités. Les pa-
trons spatiaux de NO3

– de la solution de sol du WS4 indiquent que la variabilité micro-environnementale limite le taux
de recyclage de N dans certaines aires de ce bassin versant saturé en N, en partie à cause des espèces d’éricacées pré-
sentes dans la strate herbacée. Les patrons spatiaux de NO3

– de la solution du sol dans le WS3 traité indiquent que des
stades plus avancés de saturation de N peuvent se traduire par de plus fortes concentrations avec moins de variabilité
spatiale. La variabilité spatiale des variables de N du sol était plus faible dans le WS3 comparativement aux bassins
versants non traités. Les ajouts de N ont altéré la réponse des microorganismes associés au cycle de N vis-à-vis les
facteurs environnementaux en les rendant moins sensibles aux changements saisonniers d’humidité et de température du
sol. Les processus biotiques responsables de la régulation de la dynamique de N peuvent être compromis dans les éco-
systèmes forestiers saturés en N.

[Traduit par la Rédaction] Gilliam et al. 1785

Introduction

Although the 1990 Clean Air Act Amendments included
stricter requirements to reduce emissions of SO2 and NOx,
such restrictions have been more effective in controlling sul-
fur than nitrogen (N) in the atmosphere (Holland et al.
1999). Lynch et al. (2000) reported 10–25% reductions in
SO4

2– concentrations in wet precipitation from 1995 to 1997

compared with the previous 12-year period for 54 sites
throughout the eastern United States, with negligible change
over the same period for NO3

–. These high rates of atmo-
spheric N deposition have contributed to N saturation (N
supply > N demand) in some forested areas of the United
States.

Although much of the N-saturation research in the United
States has been in conifer and hardwood forests of the
Northeast (Kahl et al. 1993; McNulty and Aber 1993;
Rustad et al. 1993; Norton et al. 1994; Currie 1999; Magill
et al. 2000), several ecosystems across the United States
have been found to be N saturated, including Colorado
Rocky Mountain tundra (Baron et al. 1994; Williams et al.
1996), chaparral and high-elevation sites in southern Califor-
nia (Riggan et al. 1985; Fenn et al. 1996; Fenn and Poth
1999), hardwood forests of the Catskill Mountains (Lovett et
al. 2000), and spruce–fir stands of the Northeast (McNulty et
al. 1996) and Great Smoky Mountains (Johnson et al. 1991).
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Central Appalachian forests have the potential for N satura-
tion, given the levels of atmospheric inputs of N (Gilliam
and Adams 1996).

In N-limited forests, NH4
+ released during N mineraliza-

tion is either taken up by plants or immobilized by microbial
heterotrophs. Theoretically, little NH4

+ is available to nitrify-
ing bacteria, resulting in low nitrification rates, although
gross nitrification can occur under these conditions
(Davidson et al. 1992). Uptake or immobilization of avail-
able N in N-limited forests is generally rapid, so available N
pools are usually quite small even though turnover rates of N
may be high (Vitousek and Matson 1985). Thus, symptoms
of N saturation (Aber et al. 1989, 1998) include increased
nitrification rates and levels of extractable N in mineral soil,
especially NO3

–.
Seasonal patterns of soil NO3

– are particularly important
because of its mobile nature and ability to leach essential
base cations (Adams et al. 1993; Gilliam et al. 1996; Currie
et al. 1999). Soil cation depletion, reported for several forest
sites in the eastern United States (Lawrence et al. 1995;
Likens et al. 1996), represents a challenge to sustainable
management of N-saturated forests (Fenn et al. 1998;
Gilliam and Adams 1999; Adams 1999; McLaughlin and
Wimmer 1999). Declines in productivity have been docu-
mented at several N-saturated sites (Eagar and Adams 1992;
Aber et al. 1995; McNulty et al. 1996; Magill et al. 1997).

Although watershed-scale patterns of soil N have received
little attention in these N-saturated ecosystems, soil N dy-
namics are controlled by processes that often are spatially
heterogeneous (Schimel et al. 1985; Schlesinger et al. 1996),
an important factor in determining ecosystem response to
disturbance (Walley et al. 1996). For example, whereas spa-
tially discrete areas of high N mineralization rates in soils
may serve as the source of N loss following disturbance,
similar areas of low net N mineralization from high N im-
mobilization may serve as an N sink, thereby mitigating the
ecosystem-level loss of N. Some studies have found spatial
variability of N processing in forest soils to be related to gap
formation and leaf litter chemistry of contrasting tree species
(Mladenoff 1987; Ferrari 1999), whereas other studies have
found hydrologic regime and soil moisture to determine spa-
tial patterns in soil N dynamics (Ohrui and Mitchell 1998;
Devito et al. 1999; Ohrui et al. 1999; Morris and Boerner
1998, 1999).

In 1988, the USDA Forest Service initiated a project at
the Fernow Experimental Forest (FEF), Parsons, W.V., to ex-
amine the effects of watershed-scale additions of (NH4)2SO4
on temporal changes in stream chemistry (Adams et al.
1993, 1997) and on nutrient cycling within soils and herba-
ceous layer plants (Gilliam et al. 1994). Evidence from these
and other studies indicate that even some untreated water-
sheds of FEF have become N saturated (Stoddard 1994).

In this paper we examine the effects of experimentally el-
evated N inputs to an N-saturated forest ecosystem by ana-
lyzing temporal and spatial patterns of net N mineralization
and nitrification and available N pools and test for environ-
mental factors that influence these patterns. We addressed
the following questions. What are rates of net nitrification in
N-saturated soils relative to net N mineralization? How sen-
sitive are inorganic N transformations and pools to added N?

What factors influence temporal patterns of net nitrification?
What is the effect of N additions on spatial variability of soil
N dynamics within these watersheds? What factors influence
spatial patterns of soil N dynamics within FEF watersheds?

Methods

Study site
The Fernow Experimental Forest occupies approximately

1900 ha of the Allegheny Mountain section of the unglaciated
Allegheny Plateau near Parsons, W.V. (39°03′N, 79°49′W). Precipi-
tation at FEF averages approximately 1430 mm/year, being higher
during the growing season and increasing with elevation. Concen-
trations of acidic species in wetfall (H+, SO4

2–, 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 (Lirioden-
dron tulipifera L.) are dominant in young stands, whereas late-
successional species, such as sugar maple (Acer saccharum Mar-
shall) and northern red oak (Quercus rubra L.), are dominant in
mature stands (Gilliam et al. 1995). 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. 1994). Note that nomenclature follows
Gleason and Cronquist (1991).

Three watersheds served as study sites: WS4 (>80-year-old
mixed-age stand), WS7 (�24-year-old even-age stand), and WS3
(�24-year-old even-age stand); WS3 served as the “treatment” wa-
tershed, whereas WS4 and WS7 were the controls. WS3 has re-
ceived 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 ap-
proximately 21.2 kg N·ha–1. These rates were chosen as approxi-
mately twice the ambient rates of N inputs to the watersheds via
atmospheric deposition. 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.
1993).

Field sampling
On each of WS3 and WS4, 15 circular plots (0.04-ha) were es-

tablished adjacent to zero-tension lysimeters (see Water chemistry
below); 15 plots were also established on WS7, although not adja-
cent to lysimeters, which had not been previously installed on WS7
(Fig. 1). Seven of these plots were selected in each watershed to
represent its full range of elevation and slope aspect as a subset of
15 plots established for earlier work on soil–plant interactions (see
Gilliam et al. 1994) (Fig. 1).

Mineral soil was collected by hand trowel at five points within
each of the seven plots per watershed to a depth of 5 cm. These
five samples were composited, thoroughly mixed, and then placed
in two polyethylene bags; one was brought back to the laboratory
for immediate extraction and analysis (see below), and the other
was incubated in situ by burying it 5 cm beneath the mineral soil
surface for �30 days during the growing season from 1993 to
1995. In 1993, incubations were conducted from June to Septem-
ber; the soil collected in October was incubated until May 1994. In
1994, sampling was carried out from May to September; the Octo-
ber sample was incubated until April 1995. Sampling for 1995 was
done from April until October.

© 2001 NRC Canada
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Laboratory analyses
Subsamples of soil from paired sample bags (one incubated and

one brought back to the laboratory immediately after sampling)
were extracted with 1 M KCl (10:1, v/w) and analyzed for NH4

+

with an Orion 720A pH/ISE meter2 and NH4
+ electrode. Concen-

trations of NH4
+ in all samples were well above the detection limit

of 0.01 ppm NH4
+-N and well within the upper detection limit of

1400 ppm NH4
+-N. Separate subsamples were extracted with

deionized H2O (10:1, v/w) and analyzed for NO3
– with an Orion

720A pH/ISE meter and NO3
– and reference electrodes. Separate

extractions for NO3
– were required to avoid interference of the

NO3
– signal caused by high concentrations of Cl– in 1 M KCl ex-

tracts. As with NH4
+, concentrations of NO3

– in all samples were
above the detection limit (0.1 ppm NO3

–-N) and well within the
upper detection limit of 140 ppm NO3

–-N. Quality assurance pro-
cedures for both analyses included random repeat samples (which
consistently indicated minimal signal drift) and recalibration for
every hour of operation, producing an accuracy of ±2%. Net min-
eralization was calculated as incubated (buried) soil NH4

+ plus

NO3
– minus initial soil NH4

+ plus NO3
–. Net nitrification was cal-

culated as incubated soil NO3
– minus initial soil NO3

–. Pools of
available N were determined as levels of extractable NH4

+ and
NO3

– in the initial soil sample. Relative nitrification was calculated
as (net nitrification/net N mineralization) × 100.

Water chemistry
Because of their relevance to interpreting responses of soil N

transformation to N additions, we report NO3
– concentrations in

stream and soil water during the 1993–1995 period. These samples
are taken routinely by field personnel at the Timber and Watershed
Laboratory, Parsons, W.V.; details for sampling protocols and
chemical analyses are described in Adams et al. (1997). Briefly,
stream water is taken as a grab sample at gauged weirs weekly for
each of the watersheds. In addition to a suite of dissolved ions,
these samples are analyzed for NO3

– using automated colorimetry
at the Timber and Watershed Laboratory. Soil water is taken once
each month (when soil moisture is sufficient to produce samples)
from zero-tension, porous ceramic plate lysimeters. Three
lysimeters were placed at each of 15 locations throughout each of
WS3 and WS4, one at the bottom of each of three soil horizons (A,
B, and C) for a total of 45 lysimeters (Fig. 1). For simplicity, how-
ever, we include only data from the A horizon in this paper.

Data analyses
The statistical design of this study is an example of simple

pseudoreplication, a common problem among watershed ecosystem
studies, with each watershed representing an experimental condi-
tion with a sample size of one (Hurlbert 1984); thus, our data
should be interpreted with that in mind. It is our contention that the
effects we report are treatment effects, rather than pre-existing dif-
ferences among watersheds, given the close similarities among wa-
tersheds in several “site” variables such as soil texture, soil organic
matter, and extractable nutrients (Gilliam et al. 1994).

Temporal patterns
Monthly means of extractable soil NH4

+ and NO3
– were com-

pared among watersheds using analysis of variance and Duncan’s
multiple range test (SAS Institute Inc. 1990). Factors potentially
influencing temporal patterns of soil N transformations were as-
sessed with two multiple linear techniques. Multiple linear regres-
sion was used to examine the relationship between net nitrification
rates and “environmental” variables, including extractable pools of
inorganic N, minimum, mean, and maximum ambient air tempera-
ture during the incubation period (based on data from the Timber
and Watershed Laboratory adjacent to FEF), and preincubation
(gravimetric) soil moisture, following the approach taken by
Koopmans et al. (1995). Additionally, backward stepwise regres-
sion (Analytical Software 2000) was used to identify further which
of the independent variables used in the multiple linear regression
may have been more significantly correlated with net nitrification.
This technique eliminates variables from the proposed model se-
quentially until all the variables remaining in the model produce F
statistics significant at a given probability level, in this case P <
0.05 (Zar 1996).

Spatial patterns
We analyzed spatial patterns of N dynamics in two ways: (i) 3-

year means of soil water NO3
– concentrations for each of the

lysimeter plots in WS3 and WS4 (note that lysimeters were not es-
tablished in WS7) and (ii) 3-year monthly means of net nitrifica-
tion and extractable NO3

– and NH4
+ pools for each of the seven

© 2001 NRC Canada
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Fig. 1. Three study watersheds within the Fernow Experimental
Forest, West Virginia. Points within each watershed indicate lo-
cation of sample plots. Locations on WS3 (treated) and WS4
(untreated) are for lysimeter or vegetation plots of earlier and
ongoing studies, with plots also used for in situ incubations indi-
cated by asterisks. Locations for WS7 (untreated) are indicated
for in situ incubation plots only.

2 The use of trade, firm, or corporation names in this paper is for the information and convenience of the user, and constitutes neither
endorsement nor approval by the U.S. Department of Agriculture or the Forest Service of any product or service to the exclusion of others
that may be suitable.
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incubation plots per watershed for all three watersheds. Separate
approaches were warranted because the two data sets (soil water
NO3

– and nitrification or N pool data) represent different but com-
plementary aspects of soil N dynamics.

Soil water NO3
–

Soil water NO3
– concentrations were examined to test for possi-

ble relationships of soil N and vegetation. We have extensive data
for tree and herb layer vegetation on each of the 15 plots on WS3

© 2001 NRC Canada

Gilliam et al. 1771

Site Mineralization Nitrification
Relative nitrification
(%)

West Virginia (this study)
Young control (WS7) 126.2 114.9 91.0
Mature control (WS4) 123.8 114.3 92.3
+ N (35 kg N·ha–1·year–1) 134.5 141.1 104.9
Adirondacks (Ohrui et al. 1999)
Upland hardwood 106.9 29.0 27.1
Upland conifer 82.4 2.4 2.9
Vermont (McNulty and Aber 1993)
Control 16.0 0.0 0.0
+ N (20 kg N·ha–1·year–1) 54.3 2.1 3.9
Maine (Rustad et al. 1993)
Control 75.0 3.0 4.0
+ N (56 kg N·ha–1·year–1) 59.0 16.0 27.1
Michigan (Ferrari 1999)
Old-growth hemlock–hardwood 68.1 25.6 37.6
Michigan (Kim et al. 1996)
Uncut forest

Red oak 29.8 0.0 0.0
Red pine 13.4 0.4 3.0

Clearcut
Red oak 67.0 0.9 1.3
Red pine 26.9 3.3 12.3

Michigan (Mladenoff 1987)
Intact forest

Maple 102.0 68.3 67.0
Hemlock 88.7 27.4 31.0

Forest gap
Maple 88.5 58.5 65.5
Hemlock 107.3 69.8 64.6

Massachusetts (Aber et al. 1993)
Control

Pine 75.1 25.4 33.8
Hardwood 70.0 0.0 0.0

+ N (150 kg N·ha–1·year–1)
Pine 107.8 38.2 35.4
Hardwood 92.2 2.4 2.6

Ontario (Devito et al. 1999)
Deciduous 114.5 66.5 58.1
Conifer–hardwood 139.1 18.6 13.3
Northeastern United States (Goodale and Aber 2001)
Old growth 59.0 47.0 79.7
Logged 57.0 29.0 50.9
Burned 56.0 24.0 42.9
Northeastern United States (Lovett and Rueth 1999)
Beech 15.7 5.6 35.7
Maple 24.3 14.2 58.4
Netherlands (Tietema and Verstraten 1991)
Oak–beech 115.0 69.0 60.0

Note: Data for mineralization and nitrification are based on field incubations (measured in kg N·ha–1·year–1), except for Lovett and
Rueth (1999), for which data are based on laboratory incubations (µg N·(g organic matter)–1·day–1).

Table 1. Net N mineralization and nitrification and relative nitrification for selected forest sites of northeastern
United States, Canada, and the Netherlands.
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and WS4. Adjacent to each lysimeter a permanent vegetation plot
(circular 0.04 ha) was established, within which data on basal area
and density of tree species and cover of herbaceous layer species
were collected. Additional soil data from each of these plots in-
cluded texture, organic matter, pH, and extractable nutrients.

To test for potential effects of tree and herbaceous layer species
composition on soil water NO3

–, we performed detrended corre-
spondence analysis (DCA) (ter Braak 1990) on data for the woody
overstory (basal area and density of live stems ≥ 2.5 cm diameter at
1.3 m in height) and herbaceous layer (vascular plants ≤1 m in
height) from plots adjacent to each of the 15 lysimeters in WS3
and WS4 (Gilliam et al. 1995).

Results of DCA were generated as composite graphs combining
(i) axis scores (DCA axes 1 and 2) of sample plots and important
tree and herb layer species and (ii) mean soil water NO3

– concen-
trations next to each appropriate sample plot in ordination space
for WS3 and WS4. The number of points in ordination space rep-
resents the number of plots for which there are both N data and
vegetation data. Thus, there are 15 points for soil water NO3

– data,
with a separate DCA run for each figure.

Like other ordination techniques, DCA reduces species data to
linear axes that best explain patterns of variation in composition
(Kent and Coker 1992; Barbour et al. 1999). The result is an ordi-
nation diagram that locates sample plots relative to each other such

© 2001 NRC Canada
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Fig. 2. Seasonal patterns of (A) net N mineralization rates and (B) net nitrification for mineral soil (5-cm depth) from three watersheds
of the Fernow Experimental Forest, Parsons, W.V. (FEF), from 1993 to 1995. Monthly means with the same letter are not significantly
different among watersheds for that month at P < 0.10. Values for a given month without letters are not significantly different among
watersheds for that month. Arrows indicate approximate timing of additions of (NH4) 2SO4 to WS3 (see Methods).

I:\cjfr\cjfr31\cjfr-10\X01-106.vp
Tuesday, September 25, 2001 9:57:32 AM

Color profile: Generic CMYK printer profile
Composite  Default screen



that the distance between plots in ordination space is a measure of
dissimilarity in species composition (i.e., shorter distances indi-
cates more similar composition). In addition, DCA allows the spa-
tial patterns of occurrence of individual species to be determined.
Locations of individual species are displayed in the same ordina-
tion space as the plots, indicating their position along axes gradi-
ents. Thus, if species composition is important in explaining spatial
patterns of soil N dynamics, then plots with similar concentrations
of soil water NO3

– should have axis scores that locate them close
together in ordination space. If particular species are associated
with this relationship (e.g., plots with high or low soil water NO3

–

concentrations), then the species’ location on the graph will indi-
cate that. Potential associations of N dynamics with species com-

position were then tested with Spearman rank correlation (Analyti-
cal Software 2000) of soil water NO3

– (using 3-year means, 1993–
1995) versus DCA axis 1 scores on a plot basis.

Net nitrification and factors and indices of N availability
Degrees and patterns of spatial variation of net nitrification and

other variables related to N dynamics in watershed soils were as-
sessed based on values for the seven incubation plots within each
watershed. For nitrification, available inorganic N pools, and soil
moisture, these values represent 3-year means for the study for
each plot. For other variables, including total soil N, soil C/N, and
litter N, these values were based on previous sampling (Gilliam et
al. 1996).

© 2001 NRC Canada
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Fig. 3. Seasonal patterns of (A) extractable NH4
+-N pools and (B) extractable NO3

–-N pools in mineral soil (5-cm depth) from three
watersheds of the FEF for the years 1993–1995. Statistical differences are indicated as described in Fig. 2. Arrows indicate approxi-
mate timing of additions of (NH4)2SO4 to WS3 (see Methods).
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Two approaches were used for these analyses. First, to provide a
quantitative assessment of spatial variability, we determined coeffi-
cients of variation (CVs) (calculated as (variance/mean) × 100) for
means of several variables by watershed, in combination with anal-
yses of variance to assess significant differences among water-
sheds. Variables included in this analysis were net nitrification,
extractable NH4

+ and NO3
–, tissue N concentration of Viola

rotundifolia (an indicator species found in all 21 sample plots), lit-
ter N, total soil N, N/P ratio of V. rotundifolia (indicating N vs. P
limitation; see Koerselman and Meuleman 1996), and soil C/N ra-
tio. Second, we determined Pearson product–moment correlation
coefficients (Analytical Software 2000) among variables to suggest
spatial cause-and-effect relationships regarding net nitrification in
watershed soils and examine possible effects of N additions on
these relationships. Because of this, we performed analyses for
each watershed separately. However, we were also interested in
these relationships on the landscape scale and performed correla-
tion analysis on all watersheds combined. Variables included in

these analyses were the same for the CV comparisons, with the ex-
ception that soil moisture was included, but N/P ratios were not.

Results and discussion

Net nitrification relative to net N mineralization
For the 3-year study period, mean annual net N mineral-

ization was 134.5, 123.8, and 126.2 kg N·ha–1·year–1 for
WS3, WS4, and WS7, respectively; mean annual net nitrifi-
cation was 141.1, 114.3, and 114.9 kg N·ha–1·year–1, respec-
tively (Table 1). Relative nitrification (the percentage of
mineralized N that becomes nitrified) for WS3, WS4, and
WS7 was 105, 92, and 91%, respectively (Table 1). These
high rates of nitrification at FEF suggest that N cycling in
these soils is dominated by NO3

– rather than NH4
+; the latter

is more often the case in forests with acidic soils (Binkley

© 2001 NRC Canada
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Fig. 4. NH4
+ and NO3

– pools for soils of WS3 (treated), WS4 (untreated), and WS7 (untreated). Values are means of monthly values
from 1993 to 1995. Bars with the same letter are not significantly different among watersheds (P > 0.05).

(A) Multiple regression.

Watershed F r2 P

WS3 2.40 0.36 0.12
WS4 4.79 0.60 0.02
WS7 6.80 0.70 0.006
All watersheds 6.91 0.70 0.007

(B) Multiple regression with backward stepwise procedure.

Watershed Final model r2

WS3 Net nitrification = –4.88 + 0.15Tmean + 0.16M 0.38
WS4 Net nitrification = –6.82 – 2.43NH4 + 0.14Tmax + 0.19M 0.66
WS7 Net nitrification = –5.23 – 1.36Tmin + 2.72Tmean – 1.19Tmax + 0.13M 0.72
All Net nitrification = –5.20 + 0.16Tmean + 0.16M 0.58

Note: See Methods for further details. Multiple regression model and original model for backward stepwise procedure: net nitrification = NH4 pool +
NO3 pool + Tmin + Tmean + Tmax + M, where T is temperature and M is moisture.

Table 2. Summary of regression analyses of seasonal patterns of net nitrification for study watersheds at FEF and for all data com-
bined (monthly means averaged across all three watersheds): (A) multiple linear regression and (B) multiple regression using backward
stepwise procedure, wherein variables significantly accounting for variability in the model at P < 0.05 are listed with their coefficients.
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1986; Aber and Melillo 1991). Nitrate-dominated N cycling
was one of several predictions of Aber et al. (1989) to be a
consequence of the shift of forest soils from N limitation to
N saturation. The cause of such high rates of nitrification at
FEF is not clear. Atmospheric deposition of N has been
shown to be high at this site (Gilliam and Adams 1996) and
has likely contributed to this. However, recent evidence sug-
gests that N deposition alone is a poor predictor of the onset
of N saturation (Lovett et al. 2000).

One view of N limitation is that low soil NH4
+ limits ac-

cess of nitrifying bacteria to NH4
+, because they are less

competitive than are plant roots (uptake) and heterotrophic
microbes (immobilization) (Vitousek et al. 1982; Binkley
1986; Johnson and Ball 1990), although this view has been
challenged in more recent literature (Johnson 1992). It is
clear, however, that as availability of N increases, the rela-
tive amount of mineralized N that is nitrified should also in-
crease, consistent with what has occurred at FEF. Values of
relative nitrification for sites other than FEF range from 0%
(McNulty and Aber 1993; Aber et al. 1993; Kim et al. 1996)
to �80% (Mladenoff 1987; Tietema and Verstraten 1991;
Goodale and Aber 2001).

Comparisons across sites (Table 1) provide several obser-
vations about N transformations in forest soils concerning
the relative importance of net nitrification. Several studies
have shown that stand type (and consequently litter quality
and quantity) can profoundly influence both net N mineral-
ization and relative nitrification, with values of both being
generally higher for hardwood stands than for conifer stands
(Mladenoff 1987; Kim et al. 1996; Ohrui et al. 1999; Lovett
and Rueth 1999). This generalization does not hold true for
all studies, however, emphasizing the importance of stand

(land-use) history (Aber et al. 1993; Goodale and Aber
2001). Forest disturbance generally increases mineralization
and relative nitrification, but this can also be site dependent
(Mladenoff 1987; Kim et al. 1996). Experimental N addi-
tions tend to increase relative nitrification measurably
(McNulty and Aber 1993; Rustad et al. 1993; Aber et al.
1993).

Temporal patterns: watershed comparisons
Net mineralization was significantly higher on treatment

WS3 than control WS4 and WS7 for only 2 of the 18
monthly periods (Fig. 2A). Seasonal patterns for net nitrifi-
cation were similar to those for net N mineralization, al-
though there were more monthly periods when nitrification
exhibited a significant treatment effect, especially toward the
end of the study period (Fig. 2B). Monthly rates and tempo-
ral patterns of N mineralization and nitrification at FEF
(Figs. 2A and 2B) contrast sharply with those of Aber et al.
(1993), who studied the effects of experimental N additions
(50 and 150 kg N·ha–1·year–1) on a 65-year-old red pine
stand and an 80-year-old mixed hardwood stand at the Har-
vard Forest, Massachusetts. They found net N mineralization
and nitrification rates in the pine stand ranged from 0 to
~2 g N·m–2·month–1 and from 0 to 0.8 g N·m–2·month–1, re-
spectively; rates in the hardwood stand ranged from 0 to
1 g N·m–2·month–1 and 0 to 0.1 g N·m–2·month–1, respec-
tively, for all treatments. Rates for both control and treat-
ment watersheds at FEF greatly exceeded these values,
generally ranging from 1 to 5 g N·m–2·month–1 for both net
N mineralization and nitrification (Figs. 2A and 2B).

Monthly means of NH4
+ pools were significantly higher

on treatment WS3 than on either WS7 or WS4 or both for
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Fig. 5. Volume-weighted monthly means of stream water NO3
–-N from WS3 (treated), WS4 (untreated), and WS7 (untreated) from

1993 to 1995. Arrows indicate approximate timing of additions of (NH4)2SO4 to WS3 (see Methods).
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15 of the 18 months of the study period (Fig. 3A). Means of
NO3

– pools were significantly higher on WS3 than on either
WS7 or WS4 or both for 8 of the 18 sample months of the
study period (Fig. 3B). Temporal patterns of N pools in
WS3 were generally consistent with the timing of N addi-
tions to the watershed. Aerial applications of (NH4)2SO4
(see Methods section) were made in March, July, and No-
vember at the rates of 7.1, 21.2, and 7.1 kg N·ha–1, respec-
tively, during the study. Thus, the prominent peaks in NH4

+

in August 1994 and April 1995 were synchronous with July
and March applications, respectively (Fig. 3A). Similar peak
responses were seen for NO3

–, including August–September
1993 and 1994, and April and August–September 1995
(Fig. 3B).

In N-limited forests, available N pools usually approach
zero during the growing season because of high rates of N
uptake by plants exhibiting maximum growth rates
(Stoddard 1994). Although available N pools at FEF were
generally their lowest during the growing season, N pools
even on control watersheds (WS7 and WS4) remained well
above zero during the growing season, suggesting mineral-
ization and nitrification rates exceed uptake by plants. Ex-
perimental N inputs at FEF have increased pools of available
N in the mineral soil of WS3 (Figs. 3A and 3B). Higher
NH4

+ in soils of treated WS3 was certainly an expected re-
sponse, given that N was added as NH4

+. Higher NO3
– in

WS3 soils, however, likely resulted from a combination of

nitrification of both NH4
+ added as (NH4)2SO4 and NH4

+

rapidly mineralized from organic matter. This suggests a
rapid movement of N through an N-saturated system. The
lag response for NO3

– pools (Fig. 3B) was probably related
to the time required for microbial oxidation of added NH4

+.
Thus, extractable N pools appear to be sensitive to further
inputs of N under N saturated conditions.

Total inorganic pools of N (NH4
+ + NO3

–) averaged over
the entire study period were 10.4 kg N·ha–1 for WS3, which
was significantly higher than pools for WS4 and WS7 (5.1
and 6.7 kg N·ha–1, respectively); means for WS4 and WS7
were not significantly different from each other (Fig. 4).
Mean extractable NO3

– pools were >50% of total extractable
inorganic N for all watersheds.

Temporal patterns: factors influencing net nitrification
Multiple regression and stepwise procedures demonstrated

that the temporal patterns for net nitrification for untreated
WS4 and WS7 (Fig. 2B; Table 2) were strongly influenced
by environmental factors, particularly ambient temperature
and soil moisture. Similar results were found when these
were run for all three study watersheds combined (Table 2).
Such relationships are certainly to be expected for a
microbially mediated process such as nitrification (Yin
1992), although most studies describing these relationships
are based on laboratory incubations (Emmer and Tietema
1990; Stark 1996; Niklinska et al. 1999). Thus, it is notable
that results of this study demonstrate these relationships un-
der ambient conditions at the larger scale of a functioning
ecosystem. Using nonlinear regression, Tietema and
Verstraten (1991) found highly significant relationships be-
tween mean ambient monthly temperature and in situ mea-
surements of nitrification in a Dutch oak–beech forest.

Results of similar analyses for treated WS3 (Fig. 2B, Ta-
ble 2) suggest that an important effect of excess N additions
might be to affect the otherwise close relationship between
soil microbes and the environmental conditions that influ-
ence their activity. In contrast to highly significant multiple
linear regressions for the combination of all watersheds and
for untreated watersheds alone, regressions of net nitrifica-
tion on environmental variables were not significant for
treated WS3 (Table 2), suggesting that N additions may alter
the relationship between soil microbial populations and the
ambient environment. Similar contrasts between high versus
low N addition plots were reported by Koopmans et al.
(1995) for conifer forests of the Netherlands. Using multiple
linear regression models that compared nitrification to
extractable NH4

+ and NO3
–, pH, moisture, and temperature,

they found consistently lower r2 values for the high N depo-
sition plots than for ambient N and low N deposition plots
(Koopmans et al. 1995). It is important to note that we are
not suggesting that ambient temperature and moisture no
longer influence the microbial activity that mediates soil N
transformations under conditions of N saturation. Rather, we
suggest that microbes in an N-saturated soil system complex
may become more responsive to other factors, such as the
simulated, episodically elevated inputs of N in this study.

Temporal increases in concentrations of stream water
NO3

– for WS3 were generally synchronous with N addi-
tions, with stream NO3

– consistently higher for treated WS3
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Fig. 6. Mean soil water NO3
–-N (in mg N·L–1) from 1993 to

1995 for WS3 (treated) and WS4 (untreated). Values below
points are from 15 zero-tension lysimeters per watershed. Note
that one lysimeter (No. 8) failed to operate properly in WS3.
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than either of untreated WS4 or WS7 (Fig. 5). Increases in
NO3

– concentrations from July to August in all 3 years, es-
pecially 1993 and 1995, followed the large July additions of
N to WS3 (about 21 kg N·ha–1). Such patterns were found
for neither WS7 nor WS4 for any year of the study.

Accordingly, we suggest that the one of the more compel-
ling results of excess N deposition to forest ecosystems is
that an appreciable amount of inorganic N bypasses the or-
ganic cycling and reprocessing of N within the forest eco-
system. In other words, N deposition at elevated rates (here
in the form of NH4

+) may exceed the N demands of plant
uptake and microbial immobilization, thereby increasing

NH4
+ availability for nitrifying bacteria. Similarly, a consid-

erable amount of atmospheric deposition of highly mobile
NO3

– to N-saturated forests may pass through soils being
taken up by neither microbes nor plant roots, thereby rapidly
reaching streams. Such a phenomenon has been documented
using analyses of natural isotope ratios of 15N and 18O in
NO3

– in rain, snow, and springwater of forest stands of Ger-
many (Durka et al. 1994; Hedin 1994).

In our study, the coincidence of the timing of (NH4)2SO4
additions and notable increases in N mineralization, nitrifi-
cation, extractable soil N pools, and N in streams (Figs. 2, 3,
and 5) suggests that a similar response is occurring in the
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Fig. 7. Detrended correspondence analysis (DCA) of overstory species in (A) WS3 and (B) WS4. Each point represents a sample plot
adjacent to a lysimeter, with corresponding values for mean soil water NO3

– (mg NO3
–-N·L–1) for each lysimeter. Spatial occurrence is

indicated by an “x” for the more important species: sugar maple (ACSA), beech (FAGR), yellow poplar (LITU), black cherry (PRSE),
and northern red oak (QURU).
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treated watershed at FEF. Consequently, the biotic processes
responsible for regulating N dynamics over time in forest
ecosystems may be altered under conditions of N saturation.

Spatial patterns: soil water NO3
–

Soil water NO3
– ranged from 0.2 to 8.2 mg NO3

–-N·L–1 in
WS3 and from 0.01 to 4.9 mg NO3

–-N·L–1 in WS4 (Fig. 6).
(Note that one lysimeter in WS3, No. 8, failed to operate
properly.) Coefficients of variation of the mean of all
lysimeter plots were 100 versus 63% for WS4 and WS3, re-
spectively. Concentration for WS3 was 3.6 ± 0.6 mg NO3

–-
N·L–1 (mean ± SE), significantly higher (P < 0.05) than 1.6 ±

0.4 mg NO3
–-N·L–1 for WS4, suggesting that N additions to

WS3 have both increased concentrations of soil water NO3
–

and reduced spatial variability of soil N processing. Part of
the spatial variation in soil water NO3

– in both WS3 and
WS4 appears to be related to aspect, particularly for WS4.
Even in WS3, plots with the lowest concentrations of soil
water NO3

– were generally associated with higher elevation
areas along west-facing slopes (Fig. 6). In WS4, however,
aspect-related differences were more pronounced, with soil
water from south- to southwest-facing plots at barely detect-
able levels of NO3

– in contrast to appreciable levels else-
where in the watershed (Fig. 6).
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Fig. 8. Detrended correspondence analysis (DCA) of herbaceous layer species in (A) WS3 and (B) WS4. Each point represents a sam-
ple plot adjacent to a lysimeter, with corresponding values for mean soil water NO3

– (mg NO3
–-N·L–1) for each lysimeter. Spatial oc-

currence is indicated by an “x” for the more important species: striped maple (ACPE), stinging nettle (LACA), Christmas fern
(POAC), Viola spp. (VIOL), greenbrier (SMRO), and hillside blueberry (VAVA).
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The spatial pattern for soil water NO3
– in WS4 (Fig. 6)

was observed also by Peterjohn et al. (1999). They hypothe-
sized that such differences were the result of aspect-related
differences in tree species composition, based on a division
of WS4 into two areas (one with a southerly aspect and the
other with an easterly aspect) and direct comparisons (south
vs. east) of tree species composition. However, because plant
communities are composed of species that exhibit a contin-
uum of change (sensu Gleason 1939) in response to several
environmental gradients (i.e., more than just aspect), a more
appropriate analytical approach would be the multivariate
one used here: DCA. This avoids the a priori assumption
that aspect alone is the major controlling factor in species
composition.

The predominant woody vegetation gradient for WS3 con-
sisted of black cherry at the low end to sugar maple at the
high end of axis 1 (Fig. 7A). Soil water NO3

– was not corre-
lated (Spearman rank correlation analysis) with DCA axis 1
scores (rS = 0.24, P > 0.10). The predominant tree species
gradient for WS4 was one of sugar maple at the low end of
DCA axis 1, with black cherry, blackgum (Nyssa sylvatica
Marshall), and chestnut oak (Quercus prinus L.) at the high
end, and northern red oak and American beech (Fagus
grandifolia Ehrh.) near the middle (Fig. 7B). As with WS3,
soil water NO3

– in WS4 was not correlated with DCA axis 1
scores (rS = 0.06, P > 0.10).

Peterjohn et al. (1999) further suggested that blackgum,
beech, and dominant oak species (Quercus spp.) should be
associated with areas of low NO3

– in soil solution. However,
results of DCA indicate a woody vegetation gradient in con-
flict with this prediction for WS4 (Fig. 7B). Again, soil wa-
ter NO3

– in WS4 did not appear to respond to the overstory
vegetation gradient; thus, based on our data we must reject

the hypothesis that spatial patterns of soil water NO3
– on

WS4 are controlled by spatial variation in tree species com-
position.

On WS3, soil water NO3
– was not significantly correlated

with DCA axis 1 for the herbaceous layer (rS = –0.20, P >
0.10), a gradient of stinging nettle at the low end to
greenbrier (Smilax rotundifolia L.) and seedlings of striped
maple (Acer pensylvanicum L.) at the high end of axis 1,
with species of Viola being intermediate (Fig. 8A). Axis 1 of
the DCA for the herbaceous layer of WS4 was a gradient of
nettle, species of Viola, and Christmas fern (Polystichum
acrostichoides (Michx.) Schott.) on moist, less acidic soils to
greenbrier and hillside blueberry (Vaccinium vacillans
Aiton.) on exposed, more acidic soils (Fig. 8B). In contrast
to all other correlations, Spearman rank correlation analysis
revealed that soil water NO3

– was significantly correlated
with DCA axis 1 scores of the herbaceous layer on WS4 (rS =
–0.51, P < 0.05).

Although overstory vegetation patterns do a poor job in
explaining spatial patterns of nitrification in WS4, it is not
clear what factors cause the low nitrification potentials for
plots along the south- to southwest-facing aspect (Fig. 6). To
address this, we stratified data for 18 soil and vegetation
variables into two groups (the 4 south-facing plots vs. all 11
other plots) and performed t test comparisons between them.
In general, (i) soils of the south-facing plots were more
acidic and lower in extractable nutrients than soils of the rest
of WS4; (ii) nutrient concentrations were lower in herb-layer
plants of the south-facing plots; and (iii) trees were smaller
on south-facing plots, resulting in lower total basal area (Ta-
ble 3).

These comparisons suggest that soils of the south- to
southwest-facing slope of WS4 are more highly weathered
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Variable Low N Plots Rest of WS4 p

Soil texture (%)
Sand 66.7±2.2 65.8±2.0 ns
Silt 20.6±1.3 24.3±1.4 ns
Clay 12.7±1.1 10.0±0.8 <0.10

Cation exchange capacity (mequiv.·100 g–1) 4.0±0.1 4.1±0.3 ns
Exchangeable acidity (%) 84.9±2.2 77.2±1.4 <0.05
pH 4.85±0.14 5.20±0.08 <0.10
Organic matter (%) 14.1±1.1 13.7±0.6 ns
Extractable nutrients (µequiv.·g–1)

Ca 2.8±0.2 5.4±0.4 <0.01
Mg 1.3±0.1 1.6±0.1 ns
K 1.9±0.3 2.2±0.2 ns
P 0.37±0.05 0.50±0.03 <0.05

Herb layer tissue nutrients (%)
Ca 0.58±0.07 0.80±0.09 <0.10
Mg 0.12±0.01 0.26±0.02 <0.001
K 0.85±0.10 2.31±0.22 <0.001
P 0.10±0.001 0.18±0.01 <0.001
N 1.23±0.07 2.26±0.10 <0.001

Tree basal area (m2·ha–1) 33.3±1.4 39.3±2.6 <0.10
Tree size (cm2/stem) 316±28 465±51 <0.05

Note: Values are means ± SEs. ns, not significantly different (P > 0.10).

Table 3. Soil and vegetation variables for south- to southwest-facing slopes (low N) versus the
rest of WS4 and p values for t-test comparisons.
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than those of the rest of the watershed, resulting in higher
exchangeable acidity and lower exchangeable bases; weath-
ering of silt particles may have resulted in higher clay con-
tent in the mineral fraction. Although it is not clear why
these soils may have become more highly weathered, differ-
ences in microclimate, such as higher incidence of solar ra-
diation (see Tajchman et al. 1997), may have combined with
steep slopes to contribute to higher weathering rates.

Lower tissue nutrient concentrations may have arisen from
lower nutrient availability (Table 3). However, contrasts in
herb layer tissue nutrients between the two areas of WS4 are
also related to different species in the herb layer along the
south- to southwest-facing slopes (Fig. 8B) that prefer more
nutrient-poor soils. Herb layer vegetation supported by
highly weathered soils has been shown in other studies to be
lower in nutrient content than that supported by less weath-
ered soils (Gilliam 1991). As shown in the DCA for the her-
baceous layer of WS4 (Fig. 8B), a common species on the
weathered slopes of WS4 was Vaccinium vacillans, a mem-
ber of the Ericaceae. In fact, Vaccinium vacillans was
approximately 29% of herb layer aboveground biomass aver-
aged across the four low soil water NO3

– plots along the
south- to southwest-facing slopes of WS4, whereas it was
not found on any of the other plots (F.S. Gilliam, unpub-
lished data). Such species can maintain, and even increase,
soil acidity via preferential uptake of NH4

+, rather than NO3
–

(Fitter and Hay 1987; Marschner 1995). Furthermore, roots

of ericaceous species, such as Vaccinium vacillans, support
ericoid mycorrhizae that are capable of secreting organic ac-
ids that limit N-mineralizing microbes and, especially, nitri-
fying bacteria (Straker 1996). Thus, the herbaceous layer,
not tree species, may be responsible for limiting N mineral-
ization and nitrification.

Spatial patterns: net nitrification and correlations with
indices of soil N availability

Mean monthly net nitrification within sample plots ranged
from 2.1 to 3.1 g N·m–2·month–1 in treated WS3. In un-
treated WS4 and WS7, these ranges were 0.02–4.2 and 0.3–
3.7 g N·m–2·month–1, respectively (Fig. 9). Spatial variability
of net nitrification, measured as the coefficient of variation
of the mean of all seven plot means shown in Fig. 9, was
much greater for the untreated watersheds than for the
treated watershed, 63 and 59 versus 15% (WS4 and WS7 vs.
WS3, respectively) (Table 4). Of the other variables com-
pared directly among watersheds, only extractable NH4

+

pools had coefficients of variation (CVs) less on WS4 and
WS7 than on WS3 (Table 4).

Comparisons across all three watersheds of variability in
several indices related to N dynamics support the conclusion
that one of the effects of added N to forest stands at FEF has
been to substantially reduce the natural spatial variability of
soil N transformations. The mean of monthly rates of net ni-
trification has a coefficient of variation of only 15% in
treated WS3. By contrast, untreated WS4 and WS7 have co-
efficients of variation of approximately 60%. Thus, net nitri-
fication on the treated WS3 is about four times less spatially
variable than on the untreated watersheds.

Results also suggest that N additions to WS3 may have
decreased spatial variability of other measurements of N in
the watershed. For example, extractable NO3

– pools were ap-
proximately three times more variable in untreated water-
sheds when compared with WS3 (Table 4). Higher spatial
variability of extractable NH4

+ pools on WS3 may have been
related to lack of uniformity in the aerial application of
(NH4)2SO4. The range of N/P ratios of foliage of Viola
(16.1–20.8; Table 4) suggests that all three watersheds may
be at or above the threshold level of 16, established by
Koerselman and Meuleman (1996) to indicate P limitation,
rather than N limitation, of soil for vegetation.

Correlation analyses for all watersheds combined suggest
that two factors primarily determined spatial variation in net
nitrification at the landscape scale: soil moisture and total
soil N, which was related to N contained in litter (i.e., corre-
lation of total soil N to litter N was highly significant, r =
0.72, P < 0.01) (Table 5). These analyses also suggest that
spatial variation in nitrification rates influenced variation in
the size of soil NO3

– pools. The significant correlation be-
tween nitrification and N in foliage of Viola rotundifolia is
likely the result of N being taken up by this species as NO3

–,
also seen in the highly significant (r = 0.86, P < 0.01) corre-
lation between extractable NO3

– and Viola N, and supporting
conclusions of Gilliam et al. (1996).

One variable that may have been expected to be a causal
factor in patterns of net nitrification was the C/N ratio, an in-
dicator of substrate quality for soil microbes. Working
across 17 different North American forested sites, van
Miegroet et al. (1992) found a negative relationship between
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Fig. 9. Mean monthly rates of net nitrification (in g N·m–2·month–1)
from 1993 to 1995 for WS3 (treated), WS4 (untreated), and
WS7 (untreated). Values above points are from seven in situ soil
incubation plots per watershed.
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soil C/N ratios and NO3
– leaching. More recently, Currie

(1999) reported a similar negative relationship for five forest
sites throughout Europe (part of the NITREX project, see
Wright and Rasmussen 1998). In light of these conclusions,
the lack of significant correlation at FEF suggests controls
on net nitrification by substrate quality (i.e., C/N ratios) may
operate on spatial scales broader than those represented in
this study.

Except soil moisture, all of the variables that were signifi-
cantly correlated with net nitrification at the landscape scale
were also significantly correlated for WS4 alone (Table 5).
Thus, conclusions about spatial variability across all water-
sheds can be made for WS4. That is, spatial variation in soil
N, which is determined by litter N, exerts control of varia-
tion in net nitrification. Nitrification, in turn, determines the
size of soil NO3

– pools and availability, as measured by
Viola N.

The only significant correlations for net nitrification for
WS7 alone were those related to nitrification in soil (i.e.,
extractable NO3

– pools and Viola N) (Table 5), not the con-
trols over nitrification, as was seen for WS4 and for all wa-
tersheds combined. Thus, although it appears that spatial
variation in nitrification determines, in large extent, variation
in the size of NO3

– pools and availability of N for plant up-
take in WS7, it is less clear what controls spatial patterns of
net nitrification in soils of WS7. Two factors (namely size
and aspect) are confounded in our design that may explain
lack of correlation between net nitrification and potential
“control” variables. At 24.2 ha in area, WS7 is �70% of the
area of WS3 (34.3 ha) and �63% of WS4 (38.7 ha), i.e., we
are examining a smaller spatial scale with WS7. In addition,
WS7 generally has a north-northeast aspect, in contrast to
the south-southeast aspects of WS3 and WS4. Accordingly,
other variables not measured in this study, such as soil tem-
perature, may be controlling spatial patterns of nitrification
in WS7.

There were no significant correlations of measured vari-
ables with net nitrification for WS3 (Table 5). Lack of exten-
sive pretreatment soil and vegetation data preclude a direct
assessment of the effects of the (NH4)2SO4 additions on spa-
tial variation in N processing. However, close pretreatment
similarities in hydrology and stream chemistry between
WS3 and WS4 (Adams et al. 1993), in addition to compara-
ble size and aspect, suggest that pretreatment soil conditions
in WS3 may have been similar to those reported here for
WS4. Thus, portions of WS3 may have been similar to the
southwest-facing areas of WS4 with low nitrification rates
and low soil water NO3

–. If ericaceous species in the herb
layer of WS4 are responsible, in part, for maintaining that
part of the watershed in an N-limited state, WS3 may have
had that component of the herb layer but lost it as a result of
the N additions. Indeed, Berendse (1998) found that, whereas
ericaceous species can inhibit soil N transformations under
ambient conditions, N additions can eliminate ericaceous spe-
cies via reduced competitive abilities with other species.

Conclusions: implications for sustainable forest
management

None of the predictions concerning N saturation articu-
lated by Aber et al. (1989, 1998) addressed the effects of ex-
cess N on either temporal or spatial variability. Peterjohn et
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al. (1996) demonstrated that the onset of N saturation on
WS4 over the period 1971–1994 at FEF resulted in lower
temporal variability in stream water concentrations of NO3

–.
Our study suggests that further additions of N to an N-
saturated system may decrease temporal and spatial variabil-
ity in N processing in the soil. Accordingly, an additional
predictive hypothesis of N saturation may be that it results
in lower temporal and spatial variability in N dynamics of
forest ecosystems.

Results presented in this paper suggest that excessive N
inputs may have compromised the biotic control of N cy-
cling in the forests studied at FEF. The ability of an ecosys-
tem to recover from disturbance is determined in large part
by biotic control on energy flow and nutrient cycling
(Margalef 1968). We believe that these changes in temporal
and spatial relationships induced by chronic N additions in-
dicate that the biotic processes responsible for regulating N

dynamics in forest ecosystems may be altered under condi-
tions of N saturation. This has important implications for the
response of N-saturated forests to disturbances such as wind
damage (Everham and Brokaw 1996; Foster et al. 1997; Pe-
terson and Rebertus 1997) or harvesting practices, several of
which represent a gradient of disturbance intensity (Gilliam
and Roberts 1995). At another N-saturated site in FEF with
high preharvest nitrification rates, whole-tree harvesting in-
creased these rates by nearly 150% in the first year follow-
ing whole-tree harvesting (Gilliam and Adams 1999).
Although Vitousek and Matson (1985) found that harvesting
without removing organic debris (which they concluded was
the source of microbial immobilization of inorganic N) re-
sulted in negligible loss of N as NO3

–, harvesting at FEF oc-
curred with minimal disturbance to the forest floor, yet
resulted in large increases in NO3

– in the mineral soil
(Gilliam and Adams 1999).
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Nitrification NH4+ NO3
– NS C/N NL NV Moisture

All watersheds combined (n = 21)
Nitrification 1.00
NH4+ 0.25 1.00
NO3

– 0.77*** 0.31 1.00
NS 0.48** –0.16 0.22 1.00
C/N –0.31 0.00 –0.29 –0.45** 1.00
NL 0.48** 0.06 0.54** 0.72*** –0.59*** 1.00
NV 0.69*** 0.33 0.86*** 0.12 –0.41* 0.51** 1.00
Moisture 0.48** 0.02 0.41* 0.30 0.34 0.12 0.22 1.00
WS4 (n = 7)
Nitrification 1.00
NH4+ 0.26 1.00
NO3

– 0.93** –0.01 1.00
NS 0.88** –0.13 0.84** 1.00
C/N 0.51 –0.46 –0.69* –0.47 1.00
NL 0.82** 0.15 0.76* 0.84** –0.78** 1.00
NV 0.79** 0.69* 0.64 0.35 –0.92** 0.74* 1.00
Moisture 0.58 –0.55 –0.69* 0.81** –0.02 0.42 0.09 1.00
WS7 (n = 7)
Nitrification 1.00
NH4+ 0.02 1.00
NO3

– 0.78** –0.43 1.00
NS 0.46 0.21 0.31 1.00
C/N –0.07 0.45 –0.20 –0.39 1.00
NL 0.48 –0.26 0.79** 0.66 –0.38 1.00
NV 0.72* –0.42 0.90** 0.26 –0.42 0.70* 1.00
Moisture 0.46 0.24 0.41 0.22 0.41 0.32 0.42 1.00
WS3 (n = 7)
Nitrification 1.00
NH4+ 0.44 1.00
NO3

– –0.31 –0.31 1.00
NS –0.29 –0.29 –0.40 1.00
C/N –0.33 0.31 –0.60 0.39 1.00
NL –0.05 0.19 –0.50 0.75* 0.14 1.00
NV 0.42 –0.25 0.58 –0.31 –0.98** –0.05 1.00
Moisture 0.04 –0.06 –0.06 0.74* 0.35 0.38 –0.64 1.00

Note: See Table 4 for meanings of abbreviations and units of measure for variables. *, P < 0.10; **, P < 0.05; ***, P < 0.01.

Table 5. Correlation matrix for several variables related to soil nitrogen dynamics at treated (WS3) and untreated (WS4 and WS7) wa-
tersheds of Fernow Experimental Forest.
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Vitousek et al. (1982) concluded that low-N sites would
be highly resistant to disturbance, whereas high-N sites
would be much less resistant. Spatial analysis of soil water
NO3

– and net nitrification at FEF indicates that WS4 con-
tained appreciable areas of these extremes of N availability,
with one plot that had the lowest (0.02 g N·m–2·month–1) and
another the highest (4.2 g N·m–2·month–1) values of mean
monthly net nitrification of all 21 plots of the 3-year study
(Fig. 9). Thus, we would expect a disturbance (e.g., from
wind damage) involving only the low N portion of WS4 to
bring about few changes as compared with that involving
only the high-N portion. By contrast, because of greater N
availability and mobility and lower spatial heterogeneity due
to additions of N, WS3 should display low resistance to such
disturbances (sensu Vitousek et al. 1982).

Fenn et al. (1998) discussed several challenges presented
by N saturation for forests of North America, including the
sustainable management of N-saturated forests. McLaughlin
and Wimmer (1999) further emphasized the seriousness of N
saturation in the context of its effects on Ca fertility in forest
soils. Certainly, this represents a concern for central Appala-
chian hardwood forests such as FEF (Adams 1999).
Although productivity of a large majority of forest ecosys-
tems is limited by N availability (Vitousek and Howarth
1991), limitation of productivity by base cations has been
described also (e.g., Stone and Kszystyniak 1977; Gilliam
and Richter 1991). The response of N leaching and base cat-
ion mobility to N inputs at FEF (Adams et al. 1997) sug-
gests that cation availability eventually could limit forest
productivity in the region, particularly in conjunction with
harvesting (Gilliam and Adams 1999; Adams 1999). Al-
though the rates of N mineralization reported for FEF are
higher than those reported for most sites (Table 1, see also
Pérez et al. 1998), they are in agreement with modeled esti-
mates of regional N mineralization rates by Fan et al.
(1998). Thus, conclusions for FEF may be applicable to oth-
erwise similar, but unstudied, hardwood forests of the cen-
tral Appalachian region of the eastern United States.
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