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THE LONG-TERM EFFECTS OF LAND-USE HISTORY ON NITROGEN
CYCLING IN NORTHERN HARDWOOD FORESTS
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Abstract. Nearly all northeastern U.S. forests have been disturbed by wind, logging,
fire, or agriculture over the past several centuries. These disturbances may have long-term
impacts on forest carbon and nitrogen cycling, affecting forests’ vulnerability to N saturation
and their future capacity to store C. We evaluated the long-term (80–110 yr) effects of
logging and fire on aboveground biomass, foliar N (%), soil C and N pools, net N min-
eralization and nitrification, and NO3

2 leaching in northern hardwood forests in the White
Mountain National Forest, New Hampshire. Historical land-use maps were used to identify
five areas each containing previously logged, burned, and relatively undisturbed (old-
growth) forests. Aboveground biomass averaged 192 Mg/ha on the historically disturbed
sites and 261 Mg/ha on the old-growth sites, and species dominance shifted from early-
successional and mid-successional species (Betula papyrifera and Acer rubrum) to late-
successional species (Fagus grandifolia and particularly A. saccharum). Forest floors in
the old-growth stands had less organic matter and lower C:N ratios than those in historically
burned or logged sites. Estimated net N mineralization did not vary by land-use history
(113 kg·ha21·yr21); mean (6 1 SE) nitrification rates at old-growth sites (63 6 4.3
kg·ha21·yr21) doubled those at burned (34 6 4.4 kg·ha21·yr21) and logged (29 6 4.7
kg·ha21·yr21) sites. Across all plots, nitrification increased as forest floor C:N ratio decreased,
and NO3

2 concentrations in streamwater increased with nitrification. These results indicate
that forest N cycling is affected by century-old disturbances. The increased nitrification at
the old-growth sites may have resulted from excess N accumulation relative to C accu-
mulation in forest soils, due in part to low productivity of old-aged forests and chronic N
deposition.

Key words: C:N ratio; disturbance; fire; land-use history; logging; New Hampshire; nitrification;
nitrogen saturation; nitrogen mineralization; old growth; succession; White Mountains (New Hamp-
shire, USA).

INTRODUCTION

Over the past several centuries, most northeastern
U.S. forests have experienced human-induced distur-
bances such as forest harvests, fire, or agriculture (e.g.,
Cronon 1983, Foster 1992). Successional forests in the
eastern United States currently act as a net carbon sink
(Birdsey et al. 1993, Turner et al. 1995, Houghton et
al. 1999), a sink possibly augmented by fertilization
from atmospheric carbon dioxide or deposited nitrogen
(Schimel 1995, Townsend et al. 1996). These aggrading
forests also provide a substantial sink for atmospheric
N deposition, and differences in successional status or
disturbance history may partially explain the observed
variety of forest responses to similar rates of N de-
position (Aber and Driscoll 1997). Understanding the
long-term impacts of historical disturbances on N cy-
cling is important for predicting the potential amount
of additional C and N that may be stored in forest
biomass and soils.
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Chronic N deposition may lead to N saturation,
which is N availability in excess of plant and microbial
demand, accompanied by elevated nitrification and
NO3

2 losses (Aber et al. 1989, Stoddard 1994). Field
measurements have demonstrated that N losses do not
necessarily increase directly with N inputs (Van Mie-
groet et al. 1992, Dise et al. 1998b, Gundersen et al.
1998b), and northern hardwood forests with similar N
inputs can have vastly different N outputs (Pardo et al.
1995, Hornbeck et al. 1997, Lovett et al. 2000). These
authors and others have inferred that land-use history
may influence nitrate output.

While the short-term impacts of disturbances on for-
est nutrient cycling have been well studied (e.g., Likens
et al. 1970, Raison 1979, Vitousek et al. 1979), long-
term impacts are often overlooked. Modeling efforts
suggest that disturbance can influence C and N cycling
for hundreds of years (Aber and Driscoll 1997, Schimel
et al. 1997), but few field studies have measured re-
sponses on this time scale, due in part to the difficulty
of establishing disturbance histories over such long pe-
riods. In this study, an unusually complete record of
forest disturbance provided the opportunity to examine
the effects of century-old fires and logging on current
N cycling in northern hardwood forests in the White
Mountains, New Hampshire.
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The White Mountain National Forest (WMNF) was
established in 1911, largely in response to public out-
cries over widespread clearcutting and subsequent
slash fires across the region during preceding decades.
These relatively synchronous and human-induced dis-
turbances differed greatly from the natural disturbance
regime, and arguably represent the most extensive dis-
turbance to affect northern hardwood forests in the
White Mountains during the last 3000 yr (Spear et al.
1994). Wind is the primary natural disturbance agent,
and episodic ice damage may also be important; natural
fires are extremely rare in the northern hardwood zone
(Lorimer 1977, Bormann and Likens 1979, Fahey and
Reiners 1981, Seischab et al. 1993, Spear et al. 1994).
Reforestation after agricultural abandonment is the
dominant form of land-use history throughout most of
New England (e.g., Cronon 1983, Foster et al. 1998),
but within the WMNF, agriculture was of minor im-
portance and was generally restricted to lowland val-
leys and floodplains.

The pulse of harvesting in the late 19th and early
20th centuries removed large quantities of C and N
from White Mountain forests. Modern sawlog harvests
of eastern hardwoods remove ø100–200 kg N/ha;
whole-tree harvests remove ø200–300 kg N/ha (Horn-
beck and Kropelin 1982, Johnson et al. 1982, Tritton
et al. 1987). Harvests can induce up to 40–60 kg/ha
of N loss through nitrate leaching (Martin et al. 1986).
Historical harvest practices in the White Mountains
varied widely, from selective cutting of large-diameter
spruce to intensive clearcutting on steep slopes. Slash
was left on-site, and fires frequently struck cutover
lands and spread to uncut forest. Period accounts often
reported combustion of both woody material and soil
organic matter (Chittenden 1904, and unpublished sur-
veys, WMNF Headquarters, Laconia, New Hampshire),
and because N volatilization in fire corresponds directly
with combustion of organic matter (Raison 1979, Rai-
son et al. 1985), we expected that the White Mountain
fires led to large losses of N. Fire-induced losses of N
from the forest floor can be substantial but variable: In
humid forests, site preparation burns typically remove
100–300 kg N/ha, but can range from small gains to
losses of 600 kg N/ha (Little and Ohmann 1988, Vose
and Swank 1993, Johnson et al. 1998). Soil organic
matter losses from slash and wildfires may be even
greater than site preparation or prescribed burns, as
they generally have greater fuel loads which burn hotter
and longer (Raison 1979).

We examined whether logging and fire had long-term
impacts on N cycling in northern hardwood forests. We
tested whether 80–110 yr old disturbances affected fo-
liar chemistry, net N mineralization and nitrification
rates, soil C and N pools, and NO3

2 leaching losses
relative to undisturbed stands, and whether logging ef-
fects differed from fire effects. We predicted that N
pools, availability, and loss would differ as a function
of past N removals, with the lowest levels in the burned

stands, intermediate levels in the logged stands, and
the highest levels in the old-growth stands. Across all
plots, we expected that effects of land-use history on
N cycling would relate to measurable differences in
soil or vegetation properties.

METHODS

Site description

The WMNF covers 3000 km2 in north-central New
Hampshire (43.8–44.68 N, 71.0–72.08 W; Fig. 1). The
mountains consist largely of highly metamorphosed
Devonian aluminum schists or Mesozoic granites
(Hatch and Moench 1984). Soils in the northern hard-
wood zone are primarily Haplorthods developed on
stony glacial till. The Hubbard Brook Experimental
Forest, at 250 m elevation in the southwestern WMNF,
receives an average of 1300 mm precipitation annually,
and mean monthly temperatures range from 28.78C in
January to 18.88C in July (Federer et al. 1990). Bulk
inorganic N (NH4

1-N 1 NO3
2-N) deposition averages

6.5–8.0 kg N·ha21·yr21 at Hubbard Brook and nearby
Cone Pond (Hornbeck et al. 1997). Temperatures de-
crease, and precipitation and N deposition increase
with elevation (Lovett and Kinsman 1990, Ollinger et
al. 1995).

Within the northern hardwood zone, tree species’
distributions and abundances differ due to shade tol-
erance and successional status. Shade intolerant species
such as paper birch (Betula papyrifera) and aspen (Po-
pulus spp.), and midsuccessional species such as yel-
low birch (B. alleghaniensis), and red maple (Acer rub-
rum) are common after heavy logging, while American
beech (Fagus grandifolia), sugar maple (A. sacchar-
um), eastern hemlock (Tsuga canadensis), and red
spruce (Picea rubens) increase in abundance later in
succession (Leak 1991). The full transition in species
dominance generally requires at least 170 to 250 yr
(Leak 1991).

Site selection

Old-growth, historically logged, and historically
burned northern hardwood stands were located within
each of five different regions (Fig. 1, Table 1). This
design allowed replication of land-use categories while
controlling for local differences in geology and climate.
Disturbance histories were identified from published
(Chittenden 1904, Belcher 1980) and unpublished
WMNF records. As the federal government purchased
forest land to form the WMNF (primarily 1911–1939),
foresters were sent out to survey and map forest con-
dition. These unpublished survey documents (WMNF
Headquarters, Laconia, New Hampshire) identify forest
type (northern hardwood, spruce–fir, or subalpine) and
condition (burned, lightly logged, heavily logged, sec-
ond growth, or virgin) at the time of federal purchase.
We chose stands that were mapped as burned or heavily
logged northern hardwoods; additional information on
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FIG. 1. Soil sampling locations by land-use history (symbols) and region (large circle outlines) in the White Mountain
National Forest, New Hampshire.

TABLE 1. Location and sampling date (1996) of soil collection sites.

Region Date Old-growth site Burned site (year) Logged site (possible years)

Sandwich Range
Pinkham Notch
Crawford Notch
Franconia Notch
Carter Dome

10–11 June
17–18 June
24–25 June
1–2 July
8–9 July

The Bowl
Glen Boulder†
Gibbs Brook†
Lafayette Brook†
Spruce Brook

Mt. Chocorua (1915)
George’s Gorge (;1903)†
Zealand Valley (1886)†
Mt. Bickford (1903)†
Wild River (1903)

Mt. Paugus (;1915)
Lost Pond (1896–1915)†
Mt. Tom (1880–1915)
Cascade Brook (;1895)
Carter Dome Tr. (1896–1915)

Note: Dates of fires and possible dates of cutting are indicated in parentheses.
† Sites with streamwater collections.

the exact species composition was not available. The
burned sites all occurred in areas of heavy logging and
were probably, but not necessarily, first logged and then
burned by accidental slash fires. For convenience, we
refer to these sites as ‘‘burned’’ rather than ‘‘logged
and burned’’ throughout the paper. All of the burned
sites contained soil charcoal fragments, usually located
at the contact between the forest floor and the mineral
soil. Charcoal was not found at any of the other sites.
Chittenden (1904), Belcher (1980), or the WMNF sur-
veys confirmed the burn dates for all fires but that at

the George’s Gorge, Pinkham Notch site, which was
approximated from tree increment cores. Information
from the WMNF surveys was used to constrain the
dates of cutting in the logged stands.

There are few known old-growth northern hardwood
stands in the WMNF. As official or candidate Research
Natural Areas, the Bowl (Leak 1974, Martin 1977,
1979) and Gibbs Brook (Foster and Reiners 1983) are
well-documented old-growth sites (Table 1). The New
Hampshire Natural Heritage Inventory identified po-
tential old-growth stands in the Lafayette Brook Scenic
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Area (Sperduto and Engstrom 1993) and in the Spruce
Brook watershed of the Wild River valley (Engstrom
and Sperduto 1994). The Glen Boulder site is a prob-
able old-growth stand that was described as ‘‘virgin
hardwoods and spruce’’ in its purchase survey in 1912;
compartment records (U.S. Forest Service, Conway,
New Hampshire) indicate no harvesting since then.
Consistent with other old-growth stands in the region,
the Glen Boulder site contains large individuals of late-
successional species (including red spruce) and large
dead boles with no evidence of harvesting; however,
the site has not been fully surveyed. Very light selective
cutting could have occurred in the late 1800s or early
1900s in any of these stands, but they represent some
of the best available examples of old-growth northern
hardwoods in the WMNF.

At each burned, logged, and old-growth site, two 20
3 20 m plots were established on drained, midslope
positions dominated by northern hardwoods. An altim-
eter was used to match plot elevations among the three
land-use histories within each of the five regions. Once
the appropriate elevations were reached, plot locations
were chosen by walking a predetermined random num-
ber of paces along the contour, although recent canopy
gaps or poorly drained sites were rejected. Exact plot
locations were later determined with a Trimble Pro XR
Global Positioning System (Sunnyvale, California),
which indicated that on average the logged plots were
40 m lower than the old-growth plots, a statistically
significant but minor difference (see Results). Given
the constrained locations of accessible sites with known
land-use histories, we were unable to match aspects as
well as elevations, although no biases were apparent.

Soil measurements

Net N mineralization and nitrification, soil C, N, and
organic matter content, and soil pH were measured at
all 30 plots (5 regions 3 3 land-use histories 3 2 plots/
site). Net N mineralization and nitrification were es-
timated with 28-d laboratory incubations of intact cores
intended to mimic the buried bag method (Eno 1960,
Pastor et al. 1984). Cores were incubated at room tem-
perature (218C) rather than fluctuating field tempera-
tures. This laboratory method differed from laboratory
potential mineralizations in that soils were not sieved,
nor were soil moisture levels adjusted prior to incu-
bation.

Soils were collected in early summer (Table 1) from
three randomly chosen 5 3 5 m subplots within each
20 3 20 m plot. After removing recent litter (Oi), three
pairs of 5.5 cm diameter soil cores were collected at
each subplot. Each core was divided into forest floor
(Oe 1 Oa) and mineral soil (0–10 cm) horizons, which
were placed into separate polyethylene bags. Cores
were refrigerated until return to the laboratory. One
core from each pair was extracted within 24 h of return,
while the other was incubated in the dark for 28 d.
Forest floor and mineral soil horizons were each com-

posited by subplot, sieved through a 5.6-mm mesh
sieve, and then weighed. Soil moisture was determined
for subsamples of the composited soils by drying at
1058C for 48 h. Ten grams of sieved, composited, field-
moist soil were extracted in 100 mL of 1 mol/L KCl
over 48 h. Extracts were filtered (Gelman Sciences A/
E) and frozen until later analysis. Extract NO3

2-N and
NH4

1-N concentrations were determined colorimetri-
cally with a Technicon TRAACS 800 Autoanalyzer us-
ing Technicon methods 782–86T (hydrazine reduction)
and 780–86T (indophenol blue), respectively. Net N
mineralization was calculated as: ([NO3

2-N] 1 [NH4
1-

N])incubated 2 ([NO3
2-N] 1 [NH4

1-N])initial, and net ni-
trification was calculated as [NO3

2-N]incubated 2 [NO3
2-

N]initial.
The laboratory incubation method was compared

with annual in situ incubations at 24 plots in the WMNF
(Ollinger et al., in press). The traditional buried-bag
technique was used to measure annual N mineralization
at 14 plots at the Bartlett Experimental Forest in 1996–
1997 (Fig. 1), and at 10 other WMNF plots in 1998–
1999. Soil cores were collected from these plots in mid-
summer 1996 and 1998, respectively, for 28-d labo-
ratory incubations. Laboratory estimates of net N min-
eralization (Eq. 1) and nitrification (Eq. 2) reliably
predicted annual field measurements across the 24 plots
(Ollinger et al., in press). For net N mineralization (kg/
ha),

annual 5 2.44 3 lab 1 5.94 (1)

(R2 5 0.88, P , 0.0001); for net nitrification (kg/ha),

annual 5 2.52 3 lab 1 0.60 (2)

(R2 5 0.96, P , 0.0001). These relationships were used
to extrapolate measurements from the 28-d laboratory
incubations to estimates of net annual N mineralization
and nitrification at the plots in this study.

Composited soils from the initial cores were air
dried, and analyzed for pH and total C, N, and organic
matter. Soil pH was measured with an Orion glass pH
electrode in a 1:10 g/g (forest floor), or 1:4 g/g (mineral
soil) 0.01 mol/L CaCl2 slurry. Soil organic matter con-
tent was determined by loss-on-ignition at 5008C for 5
h. Total C and N were determined on dried, ground
(Brinkman mechanized ceramic mortar and pestle)
samples by thermal combustion (Fisons NA 1500 Se-
ries 2 CHN analyzer).

Vegetation measurements

On all 30 plots, diameter at breast height (dbh) and
species were recorded for all trees $9.5 cm dbh. Al-
lometric equations were used to estimate foliar and
total aboveground biomass from dbh. Equations from
Whittaker et al. (1974) with modifications by Siccama
et al. (1994) were used for yellow birch, sugar maple,
American beech, and red spruce; equations from Hock-
er and Early (1983) were used for paper birch, red
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FIG. 2. (A) Carbon, and (B) nitrogen content, and (C)
C:N ratio by land-use history. Bars are mean (11 SE) values,
and different letters (a,b or y,z) indicate significant differ-
ences among land-use histories; n 5 10 plots/land use. Table
2 contains additional statistics.

maple, aspen, and eastern hemlock. In August, 1997,
foliage was collected from the mid- to upper canopy
of one to three individuals of each canopy species on
each plot using 12-gauge shotguns and Number 4 steel
shot. Foliage samples were air dried and ground with
a Wiley mill to pass through a 1-mm mesh sieve. Ni-
trogen and lignin concentrations were determined with
near-infrared reflectance spectroscopy (McLellan et al.
1991, Bolster et al. 1996). On each plot, foliar chem-
istry was averaged by tree species, and then weighted
by species’ estimated foliar biomass to obtain plot-
averaged foliar chemistry.

Stream nitrate

Stream NO3
2-N concentrations were determined for

streams draining 7 of the 15 soil-collection sites (Table
1) as part of a larger survey of stream chemistry (Good-
ale et al., in press). Two to four small streams were
sampled at each site. Each stream’s watershed fell
wholly within the identified land-use history. Monthly
streamwater samples were collected from October 1996
until September 1997 for all but the Mt. Bickford site,
which was sampled from May to September 1997. Its
mean annual flux was approximated from its growing
season flux, and the ratio of growing season to annual
nitrate flux in the other historically burned streams.
Monthly streamflow was modeled with PnET-II (Aber
et al. 1995), and annual NO3

2-N flux was estimated as
the sum of monthly water flux 3 NO3

2-N concentra-
tion. Goodale et al. (in press) describe the stream sam-
pling, analytical, and modeling methods in detail.

Statistical analyses

Plot-level properties were compared across the three
land-use history categories (burned, logged, and old
growth) with analysis of variance. The ANOVAs were
blocked by region (five levels, Table 1) as a fixed factor,
and a land-use history 3 region interaction term was
included. Scheffé’s tests were used for post hoc com-
parisons among land-use histories. Relationships
among plot-level soil and vegetation properties were
examined with correlation analyses and Bonferroni cor-
rections for multiple comparisons. Stepwise multiple
linear regression was used to determine which prop-
erties best explained variability in net N mineralization
and nitrification rates.

RESULTS

Effects of land-use history

The forest floors of old-growth sites had significantly
less organic matter, C, and slightly less N than histor-
ically logged or burned sites (Fig. 2, Table 2). Land-
use history was only one of several factors affecting
forest floor C and N contents, as differences among the
five regions were larger than the differences among
land-use histories (Table 2). Strong, but nonsignificant,
land-use history 3 region interaction terms (P 5 0.06–

0.10; Table 2) suggested that the mean land-use dif-
ferences were influenced by large differences in some
regions. In the mineral soil (0–10 cm), land-use history
did not significantly affect organic matter, C or N con-
tent. Soil C:N ratios (grams per gram) varied consis-
tently by land-use history in both the mineral soil and
the forest floor (Table 2). C:N ratios were lowest in the
old-growth stands, and did not differ between the
logged and burned sites (Fig. 2). Neither soil moisture,
nor soil pH differed by land-use history (Table 2). Soil
moisture averaged 186% of dry mass in the forest floor,
and 61% in the mineral soil. Soils were acidic: pH
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TABLE 2. Analysis of variance of soil properties by land-use history (burned, logged, and old-growth), region (see Table
1), and interactions.

Soil property Soil type†

Land-use (L)
(df 5 2)

MS F P

Region (R)
(df 5 4)

MS F P

Carbon (Mg/ha) Forest floor
Mineral soil
Total

462
42

611

6.8
1.5
6.1

0.008
0.25
0.011

290
205
569

4.3
7.3
5.7

0.017
0.002
0.005

Nitrogen (Mg/ha) Forest floor
Mineral soil
Total

0.58
0.17
0.21

5.8
1.4
1.5

0.014
0.28
0.26

0.58
0.74
1.41

5.8
6.0

10.1

0.005
0.004

,0.001

C:N ratio Forest floor
Mineral soil

27.7
39.4

10.3
11.1

0.002
0.001

12.7
23.7

4.7
6.7

0.01
0.003

Net N mineralization
(kg·ha21·yr21)

Forest floor
Mineral soil
Total

73
37

180

1.0
0.1
0.5

0.37
0.90
0.63

514
731

1188

7.6
2.2
3.1

0.002
0.11
0.05

Net N mineralization
(mg·g OM21·yr21)

Forest floor
Mineral soil

2.64
0.01

7.0
0.1

0.007
0.89

1.33
0.22

3.5
2.5

0.03
0.09

Net N turnover (%/yr) Forest floor
Mineral soil

25.4
2.0

9.0
0.8

0.003
0.47

12.0
10.0

4.2
3.9

0.02
0.02

Net nitrification
(kg·ha21·yr21)

Forest floor
Mineral soil
Total

587
1175
3421

10.6
3.7
6.6

0.001
0.05
0.009

89
404
505

1.6
1.3
1.0

0.22
0.33
0.45

pH Forest floor
Mineral soil

0.07
0.17

0.9
1.8

0.42
0.20

0.12
0.08

1.6
0.8

0.23
0.53

Soil moisture (% dry
mass)

Forest floor
Mineral soil

0.17
0.01

1.0
0.3

0.40
0.78

0.17
0.13

1.0
5.4

0.45
0.007

Note:. Significant effects of land-use history are indicated in boldface.
† Forest floor consisted of Oe 1 Oa, mineral soil consisted of 0–10 cm, and total indicates forest floor 1 mineral soil.

averaged 3.4 in the forest floor, and 3.5 in the mineral
soil.

Estimated net annual N mineralization rates averaged
113 kg·ha21·yr21, and did not differ significantly by
land-use history in either the forest floor or the mineral
soil (Fig. 3, Table 2). As the old-growth stands had
lower forest floor organic matter and N contents, net
N mineralization rates per unit organic matter or unit
N (net N turnover) were greater in old-growth forest
floors (2.3 mg·g21·yr21 and 8.0%/yr, respectively) than
in the historically disturbed stands (1.4 g·mg21·yr21 and
5.2%/yr, respectively; Table 2). Mineral soil net N turn-
over averaged 3.6%/yr, and did not differ by land-use
history. Net nitrification rates varied strongly by land-
use history. Nitrification rates at the old-growth sites
approximately doubled those at historically burned or
logged sites, which did not differ from each other (Fig.
3). This pattern was consistent across all five regions
(Fig. 4).

Mean aboveground biomass was greater on the old-
growth plots than on the historically disturbed stands
(P 5 0.04, Fig. 5), although biomass estimates were
quite variable due to small plot size (400 m2), and
chance inclusion of large individuals. The estimates of
aboveground biomass were comparable within this
study, but may be slightly higher than forest-wide val-
ues because our site selection excluded plots with re-
cent canopy gaps. Estimates from allometric equations

suggested that burned sites had greater foliar biomass
than old-growth sites, even though the old-growth sites
had greater total aboveground biomass (Table 3). Stand
basal area averaged 30 m2/ha, and did not vary by land-
use history. Mean stem density was lower (P , 0.001,
Fig. 5), and hence mean tree size was greater on the
old-growth plots than on the logged and burned plots.
Species composition differed by land-use history: Ear-
ly-successional paper birch and red maple occurred
only on the historically disturbed sites, while late-suc-
cessional sugar maple and American beech occurred
on all three site types, but were most important in the
old-growth stands (Fig. 5). American beech increased
in both number of stems and biomass on the old-growth
stands relative to the disturbed stands, while sugar ma-
ple decreased slightly in numbers but increased greatly
in biomass. Conifers (generally red spruce) averaged
7% of the stems on old-growth and logged plots, and
ranged up to 27%. Land-use history did not affect plot-
level foliar percentages of N (%N), lignin, or the lignin:
N ratio (Table 3), nor were there any differences in
foliar chemistry by land use within individual species.

Nitrification and nitrate losses

Estimated annual stream NO3
2-N flux correlated

strongly with soil nitrification, even though plots cov-
ered very small portions of the watersheds (Fig. 6).



February 2001 259EFFECTS OF LAND-USE HISTORY ON N CYCLING

TABLE 2. Extended.

L 3 R
(df 5 8)

MS F P

Residual
(df 5 15)

MS

157
55

287

2.3
1.9
2.9

0.08
0.13
0.04

68
28

100

0.24
0.13
0.38

2.4
1.0
2.7

0.06
0.45
0.04

0.10
0.12
0.14

3.4
8.0

1.3
2.3

0.34
0.08

2.7
3.5

265
602
808

3.9
1.8
2.1

0.01
0.15
0.10

68
327
381

0.38
0.23

1.0
2.6

0.47
0.06

0.38
0.09

4.5
5.1

1.6
2.0

0.21
0.12

2.8
2.6

22
276
285

0.4
0.9
0.5

0.91
0.57
0.80

55
321
520

0.02
0.06

0.2
0.6

0.98
0.76

0.07
0.09

0.19
0.05

1.1
2.0

0.43
0.11

0.18
0.02

FIG. 4. Percentage nitrification (net nitrification/net min-
eralization) by region and land use history. Bars are mean
values (11 SD) of 2 plots/site.

FIG. 5. Mean stem density (number of trees/ha) and
aboveground biomass (Mg/ha) by tree species and land-use
histories for all trees $9.5 cm dbh.

FIG. 3. Annual net N mineralization and nitrification by
land-use history. Bars are total mean (11 SE) values, and are
divided into forest floor and mineral soil; n 5 10 plots/land
use. Table 2 contains additional statistics.

The old-growth sites had high nitrification rates and
high stream NO3

2-N concentrations and fluxes, while
the historically disturbed sites had much lower nitri-
fication rates and stream NO3

2-N fluxes. Nitrification
rates varied greatly within both the Gibbs Brook old-
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TABLE 3. Analysis of variance of foliar properties by land-use history, region, and interactions.

Variable Burned Logged Old growth

Land-use (L)
(df 5 2)

MS F P

Elevation (m)
Foliar mass (Mg/ha)
Foliar N (%)
Foliar lignin (%)
Foliar lignin:N

660 6 35ab

5.0 6 0.43a

2.37 6 0.05
20.0 6 0.47
8.62 6 0.18

634 6 24a

4.1 6 0.47ab

2.30 6 0.04
21.0 6 0.39
9.19 6 0.16

673 6 30b

3.6 6 0.18b

2.34 6 0.08
20.8 6 0.49
8.90 6 0.34

3997
4.86
0.02
1.27
0.35

4.0
6.4
0.5
1.5
0.9

0.04
0.010
0.63
0.25
0.41

Note: Significant effects of land-use history are indicated in boldface.

growth site and the Zealand Valley burned site, sug-
gesting patchy nitrification in both areas. Within the
Gibbs Brook site, the plot with the low nitrification
rates typified the mixed hardwood-conifer forest of the
three large watersheds yielding very low NO3

2-N flux-
es, while the plot with high nitrification rates typified
the sugar maple/yellow birch composition of the small
watershed yielding relatively high NO3

2-N fluxes (in-
dicated by open triangles in Fig. 6).

Nitrogen cycling covariates

Net nitrification rates correlated significantly with
forest floor C:N ratio, forest floor organic matter con-
tent, net N mineralization, and mineral soil pH (Table
4). Forest floor C:N ratio was a better predictor of
whole-core nitrification than mineral soil C:N ratio,
even though most of the nitrification occurred in the
mineral soil. Nitrification increased sharply below a
forest floor C:N ratio of ø23–25 (Fig. 7). The only
significant correlation between net N mineralization
rate and any plot-level property was with forest floor
C:N ratio (Table 4). This relationship was weak (R2 5
0.40; Fig. 7), so that differences in C:N ratio among
land-use histories (Fig. 2) were not sufficient to yield
statistically different N mineralization rates by land-
use history. Sugar maple was the only species whose
abundance correlated significantly with any measured
soil property: Forest floor mass and mineral soil C:N
ratio decreased as sugar maple percent of total biomass
increased. Yet direct correlations between sugar maple
abundance and nitrification (P 5 0.32) and N miner-
alization (P 5 1.00) were not significant.

Foliar chemistry did not correlate directly with any
soil property (Table 4), but did improve predictions of
N cycling in multiple regression models. Multiple re-
gression analysis using stepwise elimination of the var-
iables in Table 4 retained forest floor C:N ratio, mineral
soil pH, and foliar lignin:N ratio as the strongest pre-
dictors of net nitrification (adjusted R2 5 0.63). Net N
mineralization was best predicted by forest floor C:N
ratio and foliar %N (adjusted R2 5 0.47).

DISCUSSION

The comparison between the historically disturbed
and old-growth stands suggests that after 80–110 yr,
aboveground biomass has reaccumulated to ø75% of

that in comparable old-growth stands, while net N min-
eralization rates and soil C and N pools have fully
recovered from any losses that may have occurred. We
expected that recovery from slash fires would take lon-
ger than from clearcutting alone, yet the historically
disturbed sites did not differ in aboveground biomass,
N cycling rates, or soil C and N pools. Either historical
fires were less intense than presumed, or both logged
and burned soils have had sufficient time to reach a
similar stage of recovery. Yet nitrification rates at the
historically disturbed sites were much lower than those
at the old-growth sites. The 80–110-yr-old forests may
still be accumulating N in woody biomass, but this
process is unlikely to account for more than a few (;2–
6) kg N·ha21·yr21 in these forests, and differences in
plant uptake do not immediately explain the large (;30
kg N·ha21·yr21) differences in nitrification observed in
soil cores where roots were excluded. What other fac-
tors explain the differences in nitrification between the
historically disturbed and the old-growth sites?

Net nitrification rates have previously been shown
to relate to foliar chemistry, soil pH, ammonium sup-
ply, tree species, and soil C:N ratio (e.g., Robertson
1982, Vitousek et al. 1982, Pastor et al. 1984, McNulty
et al. 1991, Van Miegroet et al. 1992, Finzi et al. 1998,
Gundersen et al. 1998b). The strong, direct correlation
between foliar chemistry (lignin:N ratio or %N) and
soil properties (C:N or nitrification) observed by
McNulty et al. (1991) and Gundersen et al. (1988b) in
conifer forests was not observed here, although foliar
chemistry did improve predictions of N cycling in mul-
tiple regression models. While McNulty et al. (1991)
reported a wide range of lignin:N ratios across high-
elevation spruce–fir forests (18.0 to 28.7), the northern
hardwood stands studied here had a very narrow range
of lignin:N values (7.4 to 10.2), with relatively high
foliar %N values across all sites.

Nitrification did correlate with soil pH, N mineral-
ization, and soil C:N ratio (Table 4), but neither soil
pH, nor N mineralization varied by land-use history,
and so they were not likely to explain the large dif-
ferences in nitrification rates between the historically
disturbed and old-growth plots. Only tree species com-
position and soil C:N ratio varied by land-use history
and could possibly explain the systematically elevated
nitrification rates at the old-growth sites.
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TABLE 3. Extended.

Region (R)
(df 5 4)

MS F P

L 3 R
(df 5 8)

MS F P

Residual
(df 5 15)

MS

47 705
2.27
0.03
3.03
0.68

48.0
3.0
1.0
3.6
1.8

,0.001
0.05
0.42
0.03
0.18

1969
2.42
0.04
2.95
0.91

2.0
3.2
1.2
3.5
2.5

0.12
0.03
0.35
0.02
0.06

994
0.76
0.03
0.84
0.37

FIG. 6. Estimated N fluxes in stream nitrate export and
soil nitrification. Nitrification data are the mean (6 range) of
two plots per site, and stream data are averages (6 1 SD) of
2–4 streams per site. Regression line (dashed): Y 5 0.035X
2 0.65, R2 5 0.56, n 5 7.

Species composition

The main differences in species composition be-
tween the historically disturbed and old-growth sites
were the elimination of paper birch and red maple, and
increased biomass of beech and particularly sugar ma-
ple at the old-growth sites. These shifts in species com-
position over succession are typical for many northern
hardwood stands (Leak 1991). It is difficult to infer the
composition of the presettlement forests of the WMNF
from remnant old-growth patches, witness tree data, or
isolated stands with historical inventory data (e.g.,
Hamburg and Cogbill 1988); the limited data that exist
suggest that red spruce and American beech may have
been more common, and sugar maple less common,
than represented by the old-growth stands in which we
worked. Our selection process of choosing stands
marked as ‘‘northern hardwoods’’ on their original tim-
ber surveys may have biased our selection against areas
where spruce was more common. Yet this same bias
occurred when choosing the disturbed sites, and we
believe that the old-growth stands we studied reason-
ably represented the species composition of the nearby
logged and burned stands, had they not been disturbed.
For example, on the eastern flank of Carter Dome, old-
growth and burned sites were ,150 m apart, with the

same slope, aspect, elevation, and probable predisturb-
ance species compositions, yet sugar maple made up
80% of the 317 Mg/ha of biomass on two old-growth
plots, but only 48% of the 205 Mg/ha on two plots
burned in 1903. The species composition of the old-
growth stands in this study strongly resembled that of
old-growth northern hardwood stands in the Adiron-
dack Mountains, New York, where large tracts of old-
growth forest were preserved (McGee et al. 1999). It
is always difficult to infer temporal patterns from
space-for-time (or disturbance history) substitutions;
we specifically designed this study with five indepen-
dent replications of disturbance histories in order to
reduce the likelihood of spurious conclusions about the
role of disturbance.

Sugar maple is a shade-tolerant, late-successional
dominant, and nitrification rates under sugar maple fre-
quently exceed those under other northern hardwood
species (Pastor et al. 1984, Finzi et al. 1998, Lovett
and Rueth 1999). However, it is difficult to discern
whether the reported trends in nitrification are due to
a particular property of sugar maple itself (Finzi et al.
1998, Lovett and Rueth 1999), or to covariation with
underlying gradients in soil pH, texture, or mineralogy
(Pastor et al. 1984, van Breeman et al. 1997). This
distinction is important for predicting the potential ef-
fects of increased sugar maple dominance over suc-
cession. If nitrification rates relate to an underlying soil
property, then we would expect little change in nitri-
fication due to successional changes in species domi-
nance on the same site; if some property of sugar maple
itself induces or augments nitrification, then we would
expect increases in nitrification due to successional in-
creases in sugar maple abundance, regardless of any
other changes in biogeochemical cycling over the
course of succession. Lovett and Rueth (1999) deter-
mined that soils with similar texture and %N had higher
nitrification rates under sugar maple than under beech,
suggesting a direct species effect. Sugar maple foliage
does not have particularly high N concentrations (in
this study, mean 5 2.08% N), but its low lignin content
leads to low lignin:N ratios in leaf litter, with rapid
decomposition and little net N immobilization (Aber
and Melillo 1982, Melillo et al. 1982). In the present
study, the direct correlation between sugar maple abun-
dance and nitrification was not significant (R 5 0.51,
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TABLE 4. Matrix of Pearson correlation coefficients (R) for net nitrification, mineralization, and other measured soil and
vegetation properties.

Property Nitrification
N

Mineralization
Forest floor

C:N
Mineral soil

C:N
Forest floor

pH

Nitrification (kg N·ha21·yr21)
N mineralization (kg N·ha21·yr21)
Forest floor C:N ratio
Mineral soil C:N ratio

1
0.63*

20.70***
20.50

1
20.62*
20.27

1
0.65** 1

Forest floor pH
Mineral soil pH
Forest floor OM (Mg/ha)
Foliar N (%)

0.47
0.64*

20.66**
0.26

0.19
0.32

20.46
0.33

20.49
20.51

0.69**
0.01

20.35
20.32

0.57
20.05

1
0.86***

20.74***
20.09

Foliar lignin (%)
Foliar lignin:N ratio
Aboveground biomass (Mg/ha)
Sugar maple biomass (%)
Conifer biomass (%)

0.03
20.32

0.49
0.51

20.07

0.22
20.24

0.27
0.17

20.22

20.08
0.12

20.45
20.53

0.03

0.06
20.03
20.64*
20.66**

0.07

20.36
20.04

0.22
0.56

20.31

Notes: Forest floor consisted of Oe 5 Oa; mineral soil consisted of 0–10 cm. There were n 5 30 plots.
* P , 0.05, ** P , 0.01, *** P , 0.001. All are Bonferroni-corrected values.

P 5 0.32), indicating that some other property of the
old-growth sites accounted for the elevated nitrification
rates. Yet forest floor mass and mineral soil C:N ratio
decreased as sugar maple abundance increased, sug-
gesting a possible indirect effect on nitrification.
Whether the increased nitrification at the old-growth
sites was due to successional increases in sugar maple
dominance or to some other aspect of old-growth bio-
geochemistry, species composition itself was affected
by the disturbances 80–110 yr ago, and the observed
differences in N cycling reflect the net effect of dis-
turbance on both species composition and stand bio-
geochemistry.

Soil C:N ratio

The concept of critical soil organic matter C:N
thresholds for N mineralization and nitrification was
recognized long ago (reviewed in Harmsen and van
Schreven 1955), but has received renewed attention in
the current discussion of N saturation. Forest floor C:
N ratio has emerged as a predictor of net nitrification
and nitrate leaching in European and eastern U.S. for-
ests (McNulty et al. 1991, Dise et al. 1998a, b, Emmett
et al. 1998, Gundersen et al. 1998a, Currie 1999). Em-
mett et al. (1998) suggested a critical forest floor (mi-
nus fresh leaf litter) C:N ratio of 24 for the onset of
nitrate leaching from European conifer plantations, a
value consistent with the onset of net nitrification in
this study (Fig. 7) and in other northern hardwood
stands (Lovett and Rueth 1999; Ollinger et al., in
press).

Forest floor C:N ratios integrate site history of both
C and N accumulation, and critical C:N ratios should
be reached fastest in areas where forest floor N accu-
mulates faster than forest floor C, or where C inputs
are reduced. Soil N is derived from plant litter and
from N inputs in fixation or deposition, while soil C
accumulation is controlled by the balance between de-
composition and inputs of leaf, fine root, and woody
litter. Rates and quality of soil C and N inputs may

change during forest succession due to changes in al-
location patterns (Vitousek et al. 1988) or species com-
position (Van Cleve et al. 1991).

In the present study, nitrification correlated with for-
est floor C:N ratio and organic matter content (Table
4), but not with N content of the forest floor or mineral
soil. Forest floor mass and C:N ratio covaried, and
McNulty et al. (1991) and Gundersen et al. (1998b)
also report positive correlations between forest floor
mass and C:N ratio. The forest floors of the old-growth
stands contained less C than those of the historically
disturbed stands, although this trend could have been
driven by site-specific factors in a few regions. How-
ever, forest floor and mineral soil organic matter and
N contents in the old-growth stands were nearly iden-
tical to those of the Integrated Forest Study’s (IFS)
Turkey Lakes site, an old-growth northern hardwood
stand in Ontario (Johnson and Lindberg 1992). The
historically disturbed sites had soil organic matter and
N contents that strongly resembled those at the Hub-
bard Brook Experimental Forest (Johnson 1995) and
the IFS’s Huntington Forest (Johnson and Lindberg
1992), both northern hardwood sites that experienced
heavy logging ø80 yr ago. The implied trend of de-
clining forest floor mass in old-growth sites differs
from the asymptotic rise in forest floor mass to a steady
state at 60–80 Mg/ha predicted by Covington (1981)
and Federer (1984). Yet Yanai et al. (2000) suggest that
changes in forest floor mass over time can be quite
variable in both direction and magnitude. If net primary
production (NPP) and litter inputs decline in late stages
of succession (e.g., Ryan and Waring 1992), we would
expect forest floor mass to decline as well. As C be-
comes limiting to heterotrophic microbes, gross N im-
mobilization should decrease, allowing net nitrification
to occur (Hart et al. 1994). Furthermore, chronically
reduced competition for mineralized N by old-growth
vegetation may have allowed N to accumulate in soil,
decreasing soil C:N ratios and heterotrophic demand
for N, and allowing net nitrification to increase.
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TABLE 4. Extended.

Mineral soil
pH

Forest floor
OM

Foliar
N (%)

Foliar
lignin (%)

Foliar
lignin : N

Aboveground
biomass

Sugar maple
biomass (%)

1
20.77**

0.05
1

20.03 1
20.11

0.01
0.30
0.44

20.35

0.03
0.14

20.44
20.71***

0.23

0.24
20.32

0.15
0.05

20.46

1
0.22
0.14

20.37
0.01

1
20.01
20.36

0.28

1
0.41

20.15
1

20.20

FIG. 7. Annual net N mineralization (solid symbols) and
nitrification (open symbols) as a function of forest floor C:N
ratio; n 5 30.

Nitrification, succession, and N saturation

This study contributes to the long-running and often
contradictory discussion of the role of succession in
regulating N cycling and NO3

2 loss (e.g., Odum 1969,
Rice and Pancholy 1972, Vitousek and Reiners 1975,
Robertson and Vitousek 1981, Vitousek et al. 1989,
Hedin et al. 1995). Temporal changes in C production
and regional differences in N deposition may partially
explain the variety of reported trends of N cycling over
succession, with C:N ratio as a common regulator.

Vitousek and Reiners (1975) proposed that retention
of limiting nutrients should decrease over successional
time, and they demonstrated that New Hampshire
streams draining old-growth stands had higher NO3

2

losses than stands logged ø30 yr previously. The the-
ory asserts that old-growth forests, with low rates of
net ecosystem production, should retain few of the nu-

trients made available by atmospheric deposition or
weathering. With decreased forest demand for N, ni-
trification and nitrate leaching are expected to increase
over successional time. This pattern of elevated net
nitrification rates or nitrate losses in old-growth stands
relative to successional forests has been demonstrated
elsewhere in the southeastern (Sasser and Binkley
1989, Flum and Nodvin 1995) and the northeastern
(Leak and Martin 1975, Martin 1979, Robertson and
Vitousek 1981) United States. Across the eastern Unit-
ed States, N deposition rates are greatly enhanced over
preindustrial levels (Galloway et al. 1995, Holland et
al. 1999), and forest floor C:N ratios have been shown
to correlate inversely with N deposition (McNulty et
al. 1991, Van Miegroet et al. 1992, Tietema and Beier
1995, Lovett and Rueth 1999). Eastern old-growth for-
ests with reduced carbon inputs, little net demand for
N, and elevated N inputs are likely candidates to
achieve the critical C:N ratios needed to induce net
nitrification and nitrate losses.

In contrast, successional sequences that lead from
old-field grasses to forests in regions of moderate N
deposition frequently report decreasing nitrification
rates and increasing soil C:N ratios over the first several
decades of succession (Thorne and Hamburg 1985, Zak
et al. 1990, Compton et al. 1998). In these old-field
studies, the rate of soil C accumulation outpaced the
rate of soil N accumulation for at least several decades,
and decreasing net nitrification rates corresponded with
increasing soil C:N ratios. The 80–110 yr old forests
we studied may be similar to these recovered old-field
stands, after several decades of relatively faster rates
of C accumulation than N accumulation. If C produc-
tion declines in later stages of stand development, we
would expect forest floor C:N ratios to decline toward
those observed in the old-growth stands, and net ni-
trification to increase.

Areas that receive very little N deposition may re-
quire an extremely long time to receive enough N to
narrow soil C:N ratios through N accrual over time;
several hundred years may not suffice. Temperate old-
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growth forests on the west coast of North (Sollins et
al. 1980) and South (Hedin et al. 1995) America often
have low rates of net nitrification and nitrate loss. Old-
growth angiosperm (Nothofagus) forests in western
Chile receive very little N deposition, have relatively
high soil C:N ratios (forest floor .45, 0–10 cm 5 33;
Pérez et al. 1998), and lose extraordinarily small
amounts of nitrate in streams (Hedin et al. 1995). In
contrast, the old-growth northern hardwood forests in
this study and at Turkey Lakes receive elevated rates
of N deposition, have low forest floor C:N ratios (18–
19), and leak nitrate (Foster et al. 1989, Johnson and
Lindberg 1992, Mitchell et al. 1992).

We conclude that disturbances 80–110 yr ago have
had long-term effects on N cycling by allowing these
aggrading forests to continue to retain deposited N in
both soils and aboveground vegetation. For decades to
centuries following disturbance, differences in the rel-
ative accumulation in C and N in different ecosystem
pools with varying turnover times can greatly prolong
the return to steady-state balances of C and N (e.g.,
Aber and Driscoll 1997, Schimel et al. 1997). Species-
level differences in C and N cycling, and shifts in spe-
cies composition over the course of succession may
further modify patterns of C and N cycling with suc-
cession. Even though soil N pools in the historically
disturbed stands have reaccumulated from any losses
that may have occurred 80–110 yr ago, nitrate pro-
duction and losses to streamwater were low relative to
old-growth stands. The elevated nitrification rates in
the old-growth stands corresponded with smaller forest
floors and low C:N ratios, likely resulting from chronic
N deposition combined with age-induced reductions in
organic matter inputs or species-induced changes in
litter quality. The combination of reduced organic mat-
ter production and chronic N deposition makes eastern
old-growth forests particularly sensitive indicators of
N saturation.

ACKNOWLEDGMENTS

The NASA Earth System Science Fellowship Program,
EPA grant No. 825865, NASA-TECO grant No. NAG5–3527,
and a Cooperative Agreement from the U.S. Forest Service,
Northeastern Research Station to W. H. McDowell provided
funding for this research. Many thanks to J. Mark Riddell for
patient field and laboratory assistance. We gratefully ac-
knowledge Jim Muckenhoupt, Bruce Goodale, Steve New-
man, Scott Ollinger, Mary Martin, and Rich Hallett for as-
sistance with foliage collection and tree measurements, and
Gloria Quigley, Matt Kizlinski, Jennifer Pontius, Margaret
Lefer, Ruth Bristol, and Alison Magill for soil and foliar
analyses. Glenn Berntson assisted with statistics, and Marie-
Louise Smith, with biomass estimations. We thank Charlie
Cogbill and Dan Sperduto for information on WMNF old
growth, and Steve Fay and others at the WMNF Headquarters
for access to historical records and other support. Bill Mc-
Dowell, Jim Hornbeck, Dan Zarin, Tom Lee, Andy Friedland,
and two anonymous reviewers contributed comments that
greatly improved this manuscript.

LITERATURE CITED

Aber, J. D., and C. T. Driscoll. 1997. Effects of land use,
climate variation and N deposition on N cycling and C

storage in northern hardwood forests. Global Biogeochem-
ical Cycles 11:639–648.

Aber, J. D., and J. M. Melillo. 1982. Nitrogen immobilization
in decaying hardwood leaf litter as a function of initial
nitrogen and lignin content. Canadian Journal of Botany
60:2263–2269.

Aber, J. D., K. J. Nadelhoffer, P. Steudler, and J. M. Melillo.
1989. Nitrogen saturation in northern forest ecosystems.
Bioscience 39:378–386.

Aber, J. D., S. V. Ollinger, C. A. Federer, D. W. Kicklighter,
J. M. Melillo, R. G. Lathrop, Jr., and J. M. Ellis. 1995.
Predicting the effects of climate change on water yield and
forest production in the Northeastern U.S. Climate Re-
search 5:207–222.

Belcher, C. F. 1980. Logging railroads of the White Moun-
tains. Appalachian Mountain Club, Boston, Massachusetts,
USA.

Birdsey, R. A., A. J. Plantinga, and L. S. Heath. 1993. Past
and prospective carbon storage in United States forests.
Forest Ecology and Management 58:33–40.

Bolster, K. L., M. E. Martin, and J. D. Aber. 1996. Deter-
mination of carbon fraction and nitrogen concentration in
tree foliage by near infrared reflectance: a comparison of
statistical methods. Canadian Journal of Forest Research
26:590–600.

Bormann, F. H., and G. E. Likens. 1979. Catastrophic dis-
turbance and the steady state in northern hardwood forests.
American Scientist 67:660–669.

Chittenden, A. K. 1904. Forest conditions of northern New
Hampshire. Pages 1–219 in State of New Hampshire bi-
ennial report of the Forestry Commission 1903–1904 Con-
cord, New Hampshire, USA.

Compton, J. E., R. D. Boone, G. Motzkin, and D. R. Foster.
1998. Soil carbon and nitrogen in a pine-oak sand plain
in central Massachusetts: role of vegetation and land-use
history. Oecologia 116:536–542.

Covington, W. W. 1981. Changes in forest floor organic mat-
ter and nutrient content following clear cutting in northern
hardwoods. Ecology 62:41–48.

Cronon, W. 1983. Changes in the land: Indians, colonists,
and the ecology of New England. Hill and Wang, New
York, New York, USA.

Currie, W. S. 1999. The responsive C and N biogeochemistry
of the temperate forest floor. Trends in Ecology and Evo-
lution 14:316–320.

Dise, N. B., E. Matzner, and M. Forsius. 1998a. Evaluation
of organic horizon C:N ratio as an indicator of nitrate leach-
ing in conifer forests across Europe. Environmental Pol-
lution 102:S1453–456.

Dise, N. B., E. Matzner, and P. Gundersen. 1998b. Synthesis
of nitrogen pools and fluxes from European forest ecosys-
tems. Water Air and Soil Pollution 105:143–154.

Emmett, B. A., D. Boxman, M. Bredemeier, P. Gundersen,
O. J. Konaas, F. Moldan, P. Schleppi, A. Tietma, and R. F.
Wright. 1998. Predicting the effects of atmospheric nitro-
gen deposition in conifer stands: evidence from the NI-
TREX ecosystem-scale experiments. Ecosystems 1:352–
360.

Engstrom, B., and D. D. Sperduto. 1994. An ecological in-
ventory of the White Mountain National Forest, New
Hampshire: third year interim report. NH Natural Heritage
Inventory, Department of Resources and Economic De-
velopment, Concord, New Hampshire, USA.

Eno, C. F. 1960. Nitrate production in the field by incubating
the soil in polyethylene bags. Soil Science Society Pro-
ceedings 24:277–279.

Fahey, R. J., and W. A. Reiners. 1981. Fire in the forests of



February 2001 265EFFECTS OF LAND-USE HISTORY ON N CYCLING

Maine and New Hampshire. Bulletin of the Torrey Botan-
ical Club 108:362–373.

Federer, C. A. 1984. Organic matter and nitrogen content of
the forest floor in even-aged northern hardwoods. Canadian
Journal of Forest Research 14:763–767.

Federer, C. A., L. D. Flynn, C. W. Martin, J. W. Hornbeck,
and R. S. Pierce. 1990. Thirty years of hydrometeorologic
data at the Hubbard Brook Experimental Forest. North-
eastern Forest Experiment Station, U.S. Forest Service,
Radnor, Pennsylvania, USA.

Finzi, A. C., C. D. Canham, and N. van Breemen. 1998.
Canopy tree-soil interactions within temperate forests: spe-
cies effects on soil carbon and nitrogen. Ecological Ap-
plications 8:440–446.

Flum, T., and S. C. Nodvin. 1995. Factors affecting stream-
water chemistry in the Great Smoky Mountains, USA. Wa-
ter Air and Soil Pollution 85:1707–1712.

Foster, D. R. 1992. Land-use history (1730–1990) and veg-
etation dynamics in central New England, USA. Journal of
Ecology 80:753–772.

Foster, D. R., G. Motzkin, and B. Slater. 1998. Land-use
history as long-term broad-scale disturbance: regional for-
est dynamics in Central New England. Ecosystems 1:96–
119.

Foster, J. R., and W. A. Reiners. 1983. Vegetation patterns
in a virgin subalpine forest at Crawford Notch, White
Mountains, New Hampshire. Bulletin of the Torrey Botan-
ical Club 110:141–153.

Foster, N. W., J. A. Nicolson, and P. W. Hazlett. 1989. Tem-
poral variation in nitrate and nutrient cations from drainage
waters from a deciduous forest. Journal of Environmental
Quality 18:238–244.

Galloway, J. N., W. H. Schlesinger, H. Levy II, A. Michaels,
and J. L. Schnoor 1995. Nitrogen fixation: anthropogenic
enhancement-environmental response. Global Biogeo-
chemical Cycles 9:235–252.

Goodale, C. L., J. D. Aber, and W. H. McDowell. The long-
term effects of disturbance on organic and inorganic nitro-
gen losses in the White Mountains, New Hampshire. Eco-
systems, in press.

Gundersen, P., I. Callensen, and W. de Vries. 1998a. Leaching
in forest ecosystems is related to forest floor C/N ratios.
Environmental Pollution 102:S1403–407.

Gundersen, P., B. A. Emmett, O. J. Kjonass, C. J. Koopmans,
and A. Tietema. 1998b. Impact of nitrogen deposition on
nitrogen cycling in forests: a synthesis of NITREX data.
Forest Ecology and Management 101:37–55.

Hamburg, S. P., and C. V. Cogbill. 1988. Historical decline
of red spruce populations and climatic warming. Nature
331:428–431.

Harmsen, G. W., and D. A. van Schreven. 1955. Minerali-
zation of organic nitrogen in soil. Advances in Agronomy
7:299–398.

Hart, S. C., G. E. Nason, D. D. Myrold, and D. A. Perry.
1994. Dynamics of gross nitrogen transformations in and
old-growth forest: the carbon connection. Ecology 75:880–
891.

Hatch, N. L., Jr., and R. H. Moench. 1984. Bedrock geologic
map of the wildernesses and roadless areas of the White
Mountain National Forest, Coos, Carroll, and Grafton
Counties, New Hampshire. U.S. Department of the Interior,
Geologic Survey. Miscellaneous Field Studies. Map MF-
1594-A. Scale 1:125 000.

Hedin, L. O., J. J. Armesto, and A. H. Johnson. 1995. Patterns
of nutrient loss from unpolluted, old-growth temperate for-
ests: evaluation of biogeochemical theory. Ecology 76:
493–509.

Hocker, H. W., and D. J. Early. 1983. Biomass and leaf area
equations for northern forest species. Research Report 102.
Durham, New Hampshire: New Hampshire Agricultural
Experiment Station.

Holland, E. A., F. J. Dentener, B. H. Braswell, and J. M.
Sulzman. 1999. Contemporary and pre-industrial global
reactive nitrogen budgets. Biogeochemistry 46:7–43.

Hornbeck, J. W., S. W. Bailey, D. C. Buso, and J. B. Shanley.
1997. Streamwater chemistry and nutrient budgets for for-
ested watersheds in New England: variability and man-
agement implications. Forest Ecology and Management 93:
73–89.

Hornbeck, J. W., and W. Kropelin. 1982. Nutrient removal
and leaching from a whole-tree harvest of northern hard-
woods. Journal of Environmental Quality 11:309–316.

Houghton, R. A., J. L. Hackler, and K. T. Lawrence. 1999.
The U.S. carbon budget: contributions from land-use
change. Science 285:574–578.

Johnson, C. E. 1995. Soil nitrogen status 8 years after whole-
tree clear-cutting. Canadian Journal of Forest Research 25:
1346–1355.

Johnson, D. W., and S. E. Lindberg, editors. 1992. Atmo-
spheric deposition and forest nutrient cycling, Ecological
studies edition. Volume 91. Springer-Verlag, New York,
New York, USA.

Johnson, D. W., R. B. Susfalk, and R. A. Dahlgren. 1998.
Fire is more important than water for nitrogen fluxes in
semi-arid forests. Environmental Science and Policy 1:79–
86.

Johnson, D. W., D. C. West, D. E. Todd, and L. K. Mann.
1982. Effects of sawlog vs. whole-tree harvesting on ni-
trogen, phosphorus, potassium, and calcium budgets of an
upland mixed oak forest. Soil Science Society of America
Journal 46:1304–1309.

Leak, W. B. 1974. Some effects of forest preservation. U.S.
Forest Service Research Note NE-186. Northeastern Forest
Experiment Station, Upper Darby, Pennsylvania, USA.

Leak, W. B. 1991. Secondary forest succession in New
Hampshire, USA. Forest Ecology and Management 43:69–
86.

Leak, W. B., and C. W. Martin. 1975. Relationship of stand
age to streamwater nitrate in New Hampshire. U.S. Forest
Service Research Note NE-211. Northeastern Forest Ex-
periment Station, Upper Darby, Pennsylvania, USA.

Likens, G. E., F. H. Bormann, N. M. Johnson, D. W. Fisher,
and R. S. Pierce. 1970. Effects of forest cutting and her-
bicide treatment on nutrient budgets in the Hubbard Brook
watershed-ecosystem. Ecological Monographs 40:23–47.

Little, S. N., and J. L. Ohmann. 1988. Estimating nitrogen
lost from forest floor during prescribed fires in Douglas-
fir/western hemlock clearcuts. Forest Science 34:152–164.

Lorimer, C. G. 1977. The presettlement forest and natural
disturbance cycle of northeastern Maine. Ecology 58:139–
148.

Lovett, G. M., and J. D. Kinsman. 1990. Atmospheric pol-
lutant deposition to high-elevation ecosystems. Atmospher-
ic Environment 24A:2767–2786.

Lovett, G. M., and H. Rueth. 1999. Soil nitrogen transfor-
mations in beech and maple stands along a nitrogen de-
position gradient. Ecological Applications 9:1330–1344.

Lovett, G. M., K. C. Weathers, and W. V. Sobczak. 2000.
Nitrogen saturation and retention in forested watersheds of
the Catskill Mountains, NY. Ecological Applications 10:
73–84.

Martin, C. W. 1977. Distribution of tree species in an un-
disturbed northern hardwood-spruce-fir forest, The Bowl,
N. H. U.S. Forest Service Research Note NE-244, North-



266 CHRISTINE L. GOODALE AND JOHN D. ABER Ecological Applications
Vol. 11, No. 1

eastern Forest Experiment Station, Upper Darby, Pennsyl-
vania, USA.

Martin, C. W. 1979. Precipitation and streamwater chemistry
in an undisturbed forested watershed in New Hampshire.
Ecology 60:36–42.

Martin, C. W., R. S. Pierce, G. E. Likens, and F. H. Bormann.
1986. Clearcutting affects stream chemistry in the White
Mountains, New Hampshire. U.S. Forest Service Research
Paper NE-579, Northeastern Forest Experiment Station,
Broomall, Pennsylvania, USA.

McGee, G. G., D. J. Leopold, and R. D. Nyland. 1999. Struc-
tural characteristics of old-growth, maturing, and partially
cut northern hardwood forests. Ecological Applications 9:
1316–1329.

McLellan, T. M., M. E. Martin, J. D. Aber, J. M. Melillo, K.
J. Nadelhoffer, and B. Dewey. 1991. Comparison of wet
chemistry and near infrared reflectance measurements of
carbon-fraction chemistry and nitrogen concentration of
forest foliage. Canadian Journal of Forest Research 21:
1689–1693.

McNulty, S. G., J. D. Aber, and R. D. Boone. 1991. Spatial
changes in forest floor and foliar chemistry of spruce-fir
forests across New England. Biogeochemistry 14:13–29.

Melillo, J. M., J. D. Aber, and J. F. Muratore. 1982. Nitrogen
and lignin control of hardwood leaf litter decomposition
dynamics. Ecology 63:621–626.

Mitchell, M. J., N. W. Foster, J. P. Shepard, and I. K. Morrison.
1992. Nutrient cycling in Huntington Forest and Turkey
Lakes deciduous stands: nitrogen and sulfur. Canadian
Journal of Forest Research 22:457–464.

Odum, E. P. 1969. The strategy of ecosystem development.
Science 164:262–270.

Ollinger, S. V., J. D. Aber, C. A. Federer, G. M. Lovett, and
J. Ellis. 1995. Modeling physical and chemical climatic
variables across the Northeastern U.S. for a geographic
information system. U.S. Forest Service General Technical
Report NE-191.

Ollinger, S. V., M. L. Smith, M. E. Martin, R. A. Hallett, C.
L. Goodale, and J. D. Aber. Regional variation in foliar
chemistry and soil nitrogen status among forests of diverse
history and composition. Ecology, in press.

Pardo, L. H., L. H. Driscoll, and G. E. Likens. 1995. Patterns
of nitrate loss from a chronosequence of clear-cut water-
sheds. Water Air and Soil Pollution 85:1659–1664.

Pastor, J. P., J. D. Aber, C. A. McClaugherty, and J. M. Mel-
illo. 1984. Aboveground production and N and P cycling
along a nitrogen mineralization gradient on Blackhawk Is-
land, Wisconsin. Ecology 65:256–268.
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