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Abstract. We examined patterns of nutrient heterogeneity in the mineral soil (0-15
cm depth) of 13 southern Appalachian forest stands in western North Carolina >60 yr after
abandonment from pasture or timber harvest to investigate the long-term effects of land
use on the spatial distribution and supply of soil resources. We measured soil carbon (C),
nitrogen (N), acid-extractable phosphorus (P), potassium (K), calcium (Ca), and magnesium
(Mg) concentrations and pools, and potential net N mineralization and nitrification rates
to evaluate differences in mean values, variance at multiple scales, and fine-scale spatial
structure.

While comparisons of averaged values rarely indicated that historical land use had an
enduring effect on mineral soil or N cycling, differences in variance and spatial structure
suggested that former activities continue to influence nutrient distributions by altering their
spatial heterogeneity. Patterns differed by element, but generally variance of soil C, N, and
Ca decreased and variance of soil P, K, and Mg increased with intensive past land use.
Changes in variance were most conspicuous and consistent locally (<28 m), but C, Ca, R,
and Mg also exhibited appreciable differences in variance at coarser scales (>150 m). High
variability in soil compaction resulted in some changes in scale-dependent patterns of
nutrient pool variance compared with nutrient concentration variance. It also affected the
variance of N cycling rates, such that mass-based rates varied less and area-based rates
varied more in intensively used areas than in reference stands. Geostatistical analysis sug-
gested that past land use homogenized the spatial structure of soil C, K, and P in former
pastures. In contrast, logged stands had highly variable spatial patterning for Ca.

These results suggest that land use has persistent, multi-decadal effects on the spatial
heterogeneity of soil resources, which may not be detectable when values are averaged
across sites. By interacting with patterns of variability in the plant and heterotrophic biota,
differences in nutrient distribution and supply could alter the composition and diversity of
forest ecosystems. Scale-dependent changes in nutrient heterogeneity could also complicate

efforts to determine biogeochemical budgets and cycling rates.
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INTRODUCTION

L and-use practices affect the distribution and supply
of soil nutrients by directly altering soil properties and
by influencing biological transformationsin the rooting
zone. Although its consequences vary, land conversion
frequently leads to nutrient losses when it disrupts sur-
face and mineral horizons (e.g., by mechanical distur-
bance) and reduces inputs of organic matter. Cultiva-
tion of forests, for example, diminishes soil carbon (C)
within afew years of initial conversion (Davidson and
Ackerman 1993, Murty et al. 2002) and substantially
lowers mineralizable nitrogen (N) (Doran 1980, Richter
et al. 2000). Conversion to pasture and logging gen-
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erally leaves nutrient pools in the minera soil un-
changed but reduces forest floor stocks of C and N
(Covington 1981, Federer 1984, Fearnside and Barbosa
1998). However, because accretion of aboveground and
belowground nutrients resumes following cessation of
these practices (Richter et al. 1999, Richter et al. 2000,
Hooker and Compton 2003), it is expected that re-
sources will eventually be recouped. Yet some nutrient
patterns initiated by human activities have a surpris-
ingly long duration. Comparative work in New England
and European forests has demonstrated that plowing
and applications of manure and lime lead to changes
in N cycling rates and C, N, and phosphorus (P) stocks
in the forest floor and mineral soil that last for at least
a century after land abandonment (Koerner et al. 1999,
Compton and Boone 2000, Dupouey et al. 2002, Jussy
et al. 2002). Empirically based models predict that C
and N pools in previously cultivated grasslands will
remain diminished for well over 100 years (Knops and

215



216

Tilman 2000), although active organic matter pools
may recover more quickly (Burke et al. 1995).

The long-term effects of conversion to pasture and
logging on soil nutrient pools and N cycling are more
equivocal. Conversion of tropical forest to pasture ap-
pears to markedly enhance soil C, N, and organic P
due to manure subsidies and the presence of C, grasses
that recycle these nutrients rapidly enough to approx-
imately balance losses of forest-derived nutrients
(Reiners et al. 1994, Neill et al. 1997, Garcia-Montiel
et al. 2000), but meta-analyses suggest that these
changes may only persist a short time (McGrath et al.
2001, Guo and Gifford 2002, Murty et al. 2002). Other
investigations indicate that the duration of impacts
from logging are also short lived (Johnson and Curtis
2001, Guo and Gifford 2002), whereas Goodale and
Aber (2001) found that differences in the relative ac-
cumulation of C and N following harvesting persis-
tently affect nitrification rates.

These apparently inconsistent patterns may in fact
reflect another consequence of human land use that is
less often considered, namely its effects on the spatial
heterogeneity of soil nutrients. Human activities have
the potential to modify the spatial distribution of nu-
trients at multiple scales. Land use may alter the local
patchiness of soil nutrients by decoupling interactions
between microclimate, microtopography, vegetation,
and soil biota. Mechanical soil mixing and maintenance
of monocultures, for instance, result in the fine-scale
homogenization of soil resources in cultivated systems
(Robertson et al. 1993, Paz-Gonzalez and Taboada
2000, Paz-Gonzalez et al. 2000). In grazed and logged
systems, nutrient redistribution and changes in vege-
tation-mediated soil dynamics may likewise lead to lo-
calized shifts in soil heterogeneity. Extensive tree re-
moval, for example, may homogenize both pasturesand
cut-overs at fine scales by integrating soil horizons and
eliminating organic matter sources (Huntington and
Ryan 1990, Yanai et al. 2003). Nutrient heterogeneity
in pastures may be further reduced by the maintenance
of forage grasses, which provide spatially homogenous
litter inputs (Lavado et al. 1996). However, the depo-
sition of excreta may enhance the heterogeneity of
those nutrients that are abundant in manure, such as P,
K, and Mg (Afzal and Adams 1992, Augustine and
Frank 2001, Augustine 2003). Changes in tree com-
munity composition following land abandonment may
also influence the spatial distribution of soil nutrients,
especially those such as C, N, and calcium (Ca), which
are closely associated with litter inputs (Melillo et al.
1982, Kalisz 1986, Dijkstra and Smits 2002). Pastures
and logged stands may consequently exhibit similar
levels of C, N, and Ca variability and different levels
of B, potassium (K), and magnesium (Mg) variability.
The distribution of nutrients at broad scales may be
more strongly related to regional land use patterns.
Because historically, human activities were both di-
verse and changeable (Foster 1992), there may be an
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overall increase in nutrient heterogeneity at landscape
scales. Broad-scale differences in the vegetation com-
munities that establish on abandoned lands may further
enhance heterogeneity (Foster et al. 1998, Lovett et al.
2000, Ollinger et al. 2002).

Whether such land-use driven changes in nutrient
heterogeneity might persist over time is poorly under-
stood. Robertson et al. (1988, 1993) found that nutrient
stocks in formerly cultivated soils remained less spa-
tially variable than those in untilled soils 40 years after
abandonment, and a more recent study in the same area
showed that microbial communities of abandoned
farms remain similar to those of presently cultivated
fields (Buckley and Schmidt 2001). Yet Gross et al.
(1995) suggested that successional processes, specifi-
cally turnover in species composition, could erase or
obscure spatial patterns produced by prior human ac-
tivities. However, they found little support for this hy-
pothesis among N availability patterns in plant com-
munities at different stages of succession.

Regardless, there is strong justification for investi-
gating spatial distributions of soil resourcesin addition
to mean values. Understanding current ecosystem
states and forecasting how they will change may rely
on knowing the spatial distribution of several ecosys-
tem components. For example, Bergelson et al. (1993)
found that the vulnerability of a perennial ryegrass
community to invasion by weeds depended more on
the heterogeneity of bare ground than on its mean
amount; Jurena and Archer (2003) found a similar re-
lationship for woody plant establishment in Texas
grasslands. The spatial distribution of soil nutrients
may be equally influential in recovering forests, where
environmental sorting continues to shape plant popu-
lations and communities (Verheyen et al. 2003). For
instance, low resource heterogeneity may favor species
that are able to withstand uniformly high levels of com-
petition (Day et al. 2003a, b, Hutchings et al. 2003) or
may impede the survival of species that require unique
regeneration niches (Beckage and Clark 2003, Maestre
et al. 2003), whereas high resource heterogeneity may
promote species diversity (Bakker et a. 2003). The
implications of changes in nutrient distributions for
other taxa have not yet been examined closely, but there
is evidence that ants and other soil biota may respond
to differences in resource heterogeneity that influence
plant community composition (Blomgqvist et al. 2000,
Ribas et al. 2003). Nutrient budgets and estimates of
regional and local cycling rates may also be influenced
by patterns of nutrient distribution, although this re-
lationship has not been widely investigated.

Here we examine patterns of soil nutrient distribu-
tions as a function of former land use in forests of the
southern Appalachian Mountains. We evaluate how
mean mineral soil properties and N turnover rates vary
among sites with different land use histories, but focus
primarily on how past land use influences nutrient het-
erogeneity. Specifically, we address: (Question 1) How
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solid circles; logging, solid squares; reference, solid triangles)
and land cover (gray, forest; white, non-forest).

is the variability of soil properties and N turnover and
the scale at which that variability is expressed influ-
enced by past land use? and (Question 2) How does
the explicit spatial structure of soil properties change
with former land use? We hypothesized that sites his-
torically subjected to intensive use would have reduced
concentrations and stocks of soil nutrients and reduced
rates of N turnover due to legacies of organic matter
depletion and slow accumulation following abandon-
ment. We further expected that effects of former prac-
tices on nutrient heterogeneity would be detectable in
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both the magnitude and scale of variance, and in the
spatial distribution of nutrients at local scales, but that
these patterns would depend on the nutrient being con-
sidered.

METHODS
Study area and history

Land use throughout the last 150 years has trans-
formed the landscape of the southeastern United States.
The Southern Blue Ridge Province of the southern Ap-
palachian Mountains in particular has experienced ex-
tensive changes in dominant land use and forest cover
(Wear and Bolstad 1998). While most forests in the
southern Appalachian region were farmed or logged by
the early 1900s, low yields, resource depletion, and
increased opportunities for nonfarm income led to
widespread land abandonment and natural reforestation
during the early and mid-1900s (Yarnell 1998, Davis
2000). Today, forests span ~70% of the landscape (SA-
MAB 1996) and cover more area than at the turn of
the last century (Pearson et al. 1998).

Our study was conducted in primary and secondary
cove-hardwood forests located in three watersheds
(Dillingham Creek, North Fork, and Gabriel’s Creek)
of the French Broad River Basin in Madison and Bun-
combe counties, western North Carolina (Fig. 1). Soils
are both colluvial and residual and possess mixed min-
eralogy, but all are well-drained, upland mountain soils
derived predominately from granite, gneiss, and mica-
schist (Table 1). Of the six mapped soil series (three
complexes), five are classified as Typic Dystrudepts,
acidic Inceptisols with humid moisture regimes. Soils
in the Toecane series are classified as Humic Hapludults
(USDA NRCS). The vegetation is representative of the
mixed mesophytic communities of the Southern Blue

TaBLE 1. Characteristics of the study sites and details of the sampling design.

Watershed and

elevation Historical Period Eleva- Soil Area No. No.
Site groupt land use usedt tion (m)  series8 (ha) Year sampled plots  cores

Big Andy|| DC-H logged 1950-1970 1160 P-U 6.7 2002 3 15

Corner Rock|| DC-H logged 1950-1970 1040 T-T 25 2002 1 5

Glassming|| DC-H reference no record 1060 P-U 3.7 2002 1 5
Walker Covell,1 DC-H reference no record 1150 P-U 12.9 2001/2002  3/4 39/55
Little Andy||,T DC-L logged 1950-1970 915 P-U 6.4 2001/2002 3/3  66/15

Staire Branch|| DC-L logged 1950-1970 915 P-U 3.1 2002 1 5
Picnic Aredl, | DC-L pasture 1850-1930 860 P-U, T-T 11.4 2001/2002 2/3  53/15

Staire Branch||,T DC-L pasture 1850-1930 870 T-T 4.0 2001/2002 2/1  53/5

Bruce Farmf{ GC logged 1977-1978 860 B-C 2.1 2001 3 66

Bruce Farm{ GC pasture 1890-1975 860 B-C 4.2 2001 2 53

Ivy Knob{ NF logged 1960-1970 1040 T-T 3.3 2001 3 66
Cane River Gap{ NF reference no record 1230 T-T 6.9 2001/2002 3/1 39/40
vy Knobf NF reference no record 1060 T-T 5.7 2001/2002 3/1 39/40

T Watersheds: DC-H, Dillingham Creek, high elevation; DC-L, Dillingham Creek, low elevation; GC, Gabriel’s Creek;

NF, North Fork.

T Sources: Haile (1979), the Keith family genealogy (Mars Hill College Appalachian Room Archives), and data from the
USFS Continuous Inventory of Stand Conditions (CISC) (SAMAB 1996).

8§ Soil series: B-C, Buladean-Chestnut complex, both series formed in residuum; P-U, Porters-Unaka complex, both series
formed in residuum; T-T, Toecane-Tusquitee complex, both series formed in colluvium.

|| Sites where nitrogen mineralization and nitrification were measured.

9 Sites where cyclic sampling design was used.
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Ridge Province described by Braun (1950), with can-
opies dominated by tulip tree (Liriodendron tulipifera),
sugar maple (Acer saccharum), red maple (Acer rub-
rum), oak (Quercus spp.), basswood (Tilia americana),
hickory (Carya spp.), and sweet birch (Betula lenta).
While hemlock (Tsuga canadensis) and rhododendron
(Rhododendron maximum) were encountered, we
avoided extensive stands of either species.

Historical land use in these watersheds includes dis-
turbance from agriculture or logging, and was deter-
mined from landowner interviews, rigorous examina-
tion of historical records, physical evidence (e.g.,
stand-age distribution, fences, stumps, roadbeds) and
a chronosequence of aerial photographs (Table 1; Pear-
son et al. 1998, Wear and Bolstad 1998). Farming prac-
tices consisted of grazing animals on moderately steep,
cleared lands where stumps were removed and pasture
grasses were seeded (cultivation was mainly reserved
for bottomlands, which were not sampled). Thereisno
indication that amendments were added to the soil or
that row crops were planted on these lands, and records
suggest that they were best suited to pasture because
of stoniness (Goldston et al. 1954). Logged stands, of-
ten located on steeper grades, were high-graded or
clear-cut (USFS Continuous Inventory of Stand Con-
ditions [CISC] data as in SAMAB 1996, Davis 2000);
we did not recover charcoal from any of the logged
sites, and thus assume that these areas were not burned.
Land abandonment during the first half of the 20th
century allowed most land to revert to forest, creating
a landscape composed of stands of different ages with
an underlying mosaic of land-use histories. Stands that
showed no evidence of human disturbance and con-
tained plant speciesthat aretypical of old-growth forest
(e.g., Dryopteris goldiana) were employed asreference
sites when they occurred near historically pastured or
logged stands.

Site selection and sampling strategy

We selected 13 sites located on north-facing slopes
on private and public (U.S. Forest Service) land from
the three watersheds (Fig. 1). All sites within an his-
torical land-use category were positioned at the same
slope, although different landforms were sampled (e.g.,
foot and toe slopes). Sites that differed by past land
use also differed in slope because of constraints im-
posed by the availability of potential study sites (i.e.,
pastured sites always occurred on moderate slopes,
whereas reference sites always occurred on steeper
slopes). Pilot work conducted in 2001 indicated that
slope position did not affect the mean distribution of
soil properties within a site, and Mowbray and Oosting
(1968) reached a similar conclusion in their study of
soil characteristics in a southern Blue Ridge gorge.
These findings collectively suggest that differences in
slope did not introduce biases into the data. Moreover,
an analysis of soil texture indicated that soils in each
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site were derived from similar parent material and had
undergone little erosion.

Because not all of the historical land uses studied
were practiced in each watershed, we chose adjacent
sites within each watershed that were similar in ele-
vation and soil series but varied by past land use. This
resulted in the designation of four watershed/elevation
groups that encompassed broad-scale differences
among the sites (Table 1). Matching sitesin thismanner
precluded direct comparisons between pastured and
reference sites, because they never occurred at the same
elevation. However, since logged sites were present at
a range of elevations, we paired them with the other
land uses to provide a means for comparison. The sites
differed in size and environmental variability (i.e., to-
pography, moisture); consequently the number of plots
needed to capture the range of conditions encountered
varied by site. We therefore established between one
and four 20 X 20 m plots at least 150 m apart in each
site (N = 43 plots total; Table 1). Although this ap-
proach contributed to an unbalanced sampling design,
it also enhanced the accuracy of estimates and in-
creased our inference space.

Samples were collected in each plot from the upper
15 cm of mineral soil during June 2001 or June 2002
with a 5.2 cm diameter cylindrical polyvinyl chloride
corer spaced regularly throughout the plots to estimate
nutrient concentration, pool sizes, and their variability.
We collected 13 cores per plot (N = 18) in nine sites
thefirst year to describe nutrient variability across mul-
tiple scales (Table 1). We increased the spatial extent
of the study and determined N turnover rates in the
second year, collecting 5 soil cores per plot (N = 16)
in eight sites (Table 1). Although we sampled different
numbers of cores per plot in different years, compa-
rable numbers of cores were collected in each water-
shed for the historical land uses represented.

Forty coreswere collected from nine additional plots
using a cyclic sampling design to characterize explicit
spatial patterns and estimate distributions of nutrient
pools at fine scales. Plots in pastured and logged sites
were sampled in 2001, and plotsin reference siteswere
sampled in 2002 (Table 2). Thiscyclic designisderived
from time series analysis and enables the detection of
autocorrelation at several multiples of the smallest lag
distance with a minimum number of sampling points
(Clinger and Van Ness 1976). We chose a repeating
series that samples 3 of every 7 pointsin the east—west
direction, and 4 of every 12 points in the north—south
direction, with 4 additional points placed at greater lag
distances within the plot (Fig. 2). The smallest lag dis-
tance was 1 m and the largest lag was 27.6 m.

Laboratory analyses

Samples were returned to the laboratory and sieved
to <4 mm to remove coarse roots and rocks and to
homogenize the soil prior to subsampling. Particlesthat
did not pass through the sieve were weighed and their
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TaBLE 2. Mineral soil (0—15 cm depth) properties (mean, with 1 se in parentheses) by prior
land use for forests in the southern Appalachian Mountains of western North Carolina, USA.

Past land use
Soil property Pasture Logging Reference

Mass (Mg/ha) 802 (9) 53*%  (6) 41> (4)
Bulk density (g/cmq) 0.842 (0.10) 0.55% (0.06) 0.42° (0.04)
Coarse fraction (%) 53 (0.4) 55 (0.9 41 (0.1)
pH 5.6 5.3 5.4

C (g/kg) 47.8 (6.7) 811 (9.6) 975 (6.7)
N (g/kg) 2.29 (0.26) 3.20 (0.44) 4.15 (0.24)
P (mg/kg) 46.7 (13.0) 394 (6.1) 48.0 (7.3)
K (mg/kg) 119 (1.6) 10.0 (0.8) 10.1 (0.2)
Ca (mg/kg) 8.46 (0.94) 7.86 (1.93) 12.0 (1.21)
Mg (mg/kg) 1.38 (0.33) 1.36 (0.20) 1.33 (0.27)
C:N 212 (1.5) 26.1 (1.5) 24.7 (0.8)
C.P 1.21 (0.34) 2.41 (0.47) 2.18 (0.33)
Potential net N mineralizationt 9.68 (1.99) 43.3 (6.98) 87.8 (11.9)
Potential net nitrificationt 10.1 (2.12) 359 (6.55) 89.2 (12.4)

Notes: Bulk density was cal culated using the volume of the sample used for elemental analysis
and was corrected for coarse fraction. Superscript letters signify Tukey’s honestly significant
differences between land-use types (within a row) (P < 0.05).

T Units are mg NH, + NO;-N-kg dry soil 128 d-*.

¥ Units are mg NO;-N-kg dry soil 1-28 d-.

average volume estimated by water displacement. The
mass and volume of these particles were used to correct
soil bulk density, which was calculated for each sam-
ple. Although the field technique we employed can be
degraded by compaction in the core relative to a bulk
density sampler, the same method was used on all sam-
ples to avoid biasing the data.

Samples collected in 2002 from the Dillingham
Creek watershed (N = 16 plotsand N = 80 cores) were
used to determine potential net N mineralization (Table
1). Subsamples of fresh soil (10 g) were extracted in

l 20m
| |

T

Taraanryy

1S
&
BHE & g e S
—3 i3 il
B
FiG. 2. Illustration of the cyclic sampling design used to

construct spatial relationships among soil properties and to
determine the spatial structure of their variability. Gray
squares signify points where soil cores were collected.

100 mL of 1 mol/L KCI immediately and after a 28-d
incubation at 25°C, during which water was added to
keep soil at constant moisture (Robertson 1999). Ex-
tracts were frozen until analysis for ammonium and
nitrite plus nitrate by Lachat QC8000 flow injection
analyzer (LACHAT Instruments, Milwaukee, Wiscon-
sin, USA, methods 12-107-06-2-A and 12-107-04-1-
B). Potential net mineralization was calculated as the
net change in ammonium and nitrate between fresh and
incubated samples. Potential net nitrification was cal-
culated as the net change in nitrate. We determined
gravimetric soil moisture for each sample by drying
20-g subsamples at 105°C for 24 h. Remaining soil was
air dried prior to further analysis.

Total C was determined by dry combustion with a
Tekmar-Dohrmann 183 TOC Boat Sampler DC-190
(Tekmar-Dohrmann, Mason, Ohio, USA) using tripli-
cate 0.5-g finely ground subsamples, and total N was
estimated with a micro-Kjeldahl procedure (Jackson
1958). Acid-extractable P was measured colorimetri-
cally using the Truog method (Schulte et al. 1987) and
a0.001 mol/L H,SO, digestion. Extractable K, Ca, and
Mg were determined by atomic absorption after ex-
traction with H,SO, (Schulte et al. 1987). Soil pH in
water was measured using a 1:1 mass:volume ratio.
Nutrient pools and turnover rates were calculated on
both a per-dry-soil-mass basis and on an areal basis
using bulk density and coarse fraction estimates to cor-
rect for differences in soil compaction among man-
agement types.

Satistical analyses

Mineral soil properties were averaged for each site
across both years to evaluate differences in mean nu-
trient concentration and content; nitrogen turnover
rates were averaged for each plot. Given thelarge num-
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ber of response variables, we initially used two-way
multivariate analysis of variance with land use and wa-
tershed/elevation as main effects to determine whether
it was appropriate to proceed with multiple univariate
tests. Because collinearity among variables can mask
treatment effects, we excluded bulk density and pH and
analyzed C, N and B, and cations separately. Pillai’s
trace statistic, which is best suited for data with a dif-
fuse noncentrality structure (i.e., multiple variables
driving differences; Zar 1999), was used to evaluate
the tests. If the analysis of either nutrient concentration
or content was marginally significant (P < 0.10) we
proceeded with univariate analysis of variance (AN-
OVA) for all response variables using land use as a
fixed effect and watershed/elevation category as aran-
dom effect. In addition to accounting for topographical
variation, this modeling approach also accounted for
differences in the duration and cessation of land-use
practices that existed among the sites (Table 1). Pair-
wise differences among land-use types were eval uated
with Tukey’s honestly significant difference procedure.

We investigated how past land use affected the var-
iability of soil properties and how that variability was
dispersed across spatial scales (Question 1) by esti-
mating variance components for nutrient concentra-
tions and pools, and for soil mass, which influenced
the variability of nutrient pools. Variance components
were estimated by land use for data collectedinasingle
year (2001), which prevented annual differences from
influencing variability estimates. Sites that shared the
same past land use were located at a similar elevation
(Table 1). We used fully nested models with site and
plot as random effects, which provided estimates for
between-site (minimum 1 km apart) and within-site
(minimum 150 m apart) scales and allowed for infer-
ences about variance to be extended beyond the specific
sites and plots sampled. Because we sampled N turn-
over in only two pastured and reference sites, we es-
timated within-site and within-plot variance but not
between-site variance for N mineralization and nitri-
fication. Maximum likelihood was chosen as the meth-
od of estimation to force positive estimates of variance
(Scheiner and Gurevitch 2001). Laboratory replicates
of soil analyses were not available, so variance attri-
buted to the within-plot (i.e., among-sample; <28 m
apart) scale could not be directly estimated and was
instead inferred from the error term. Throughout, we
relate variance attributed to between-site measurements
with coarse-scale variability, and variance attributed to
within-plot measurements with fine-scale variability.
Variance attributed to within-site measurements is as-
sociated with coarse-scale variability, since plots with-
in a site were separated by at least 150 m.

We examined the spatial structure of soil nutrients
at fine scales (Question 2) using semivariance analysis.
Nutrient concentration data from cyclically sampled
plots (N = 9; Table 1) were first detrended to remove
variance contributed by the slope of the plot using gen-
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eralized additive modeling. Specifically, a local re-
gression model, in which predicted values at each point
are weighted most heavily by neighboring observa-
tions, was fit to each set of nutrient data with the plot
coordinates corresponding to the slope as the predictor
variable (Rossi et al. 1992, Kaluzny 1998). We con-
structed semivariograms from the residuals for each
element from each plot to a maximum distance of 20
m using 10 lags, which resulted in an average of 76
pairs per lag interval (min. = 23; max. = 117). We
standardized each semivariogram by dividing it by the
sample variance for each plot (Rossi et al. 1992), which
bounded the semivariance by 0 and 1, and then fit the
spherical model using nonlinear least-squares regres-
sion weighted by the number of pairs used to estimate
the semivariance at each lag (Webster 1985, Cressie
1993). We used the spherical model becauseit has prov-
en effective in the analysis of two-dimensional data
and we wanted a consistent means for comparing pa-
rameters among land uses (Webster 1985, Schlesinger
et al. 1996). Moreover, we chose to use a post hoc
modeling procedure instead of other methods that mod-
el spatial covariance simultaneously (i.e., mixed mod-
els), because it allows graphical interpretation of a
model’s fit and employs only user-specified lags in the
algorithm. If the model did not fit the semivariogram
generated for a particular element in a particular plot
(i.e.,, P > 0.05), we removed it from future analyses.

In addition to describing the spatial structure of el-
emental distributionsin each plot, we compared spatial
patterns among sites that shared similar land-use his-
tories. The range (A), or the distance beyond which
autocorrelation between pairs of points is effectively
0, and the sill (C), the value of semivariance at the
range, were estimated for each element from each plot.
The variability of A and C within a particular land-use
history was then evaluated for each element using Lev-
ene's test for equality of variance. Thistest istypically
performed to check whether data meet assumptions of
variance homogeneity for ANOVA procedures using
means, but it is also useful for evaluating whether var-
iance across groups is significantly different (Schultz
1985). In this instance, a traditional F test from an
ANOVA was calculated using the absolute deviation
of each observation (A or C) from the group mean as
the response. The group mean was calculated from the
three estimates for A or C that we had for each element
from plots with the same land-use history. Levene's
test is robust to violations in assumptions of normality
and independence and has more power than other tests
for equality of variance (Schultz 1985).

RESULTS
Mean soil properties and N turnover

Multivariate analysis using Pillai’s trace statistic in-
dicated that past land use significantly affected soil
nutrient content (C, N, B, Fg¢ = 2.53, P = 0.09; cations,
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Fic. 3. Nutrient stocks (mean + 1 sg) in the 0-15 cm mineral soil by land-use history. Samples were converted using
corrected bulk density (without the coarse fraction). Bars with different letters are significantly different (P < 0.05).

Fee = 3.12, P = 0.05), so univariate tests were used
to interpret results for individual physical and chemical
properties. Mineral soil mass and bulk density in-
creased significantly with past land use (mass, F,,, =
5.22, P = 0.04; bulk density, F,,, = 4.85, P = 0.03;
Table 2). Yet for most nutrients, no detectable effect
of former land use on mean values was observed. There
was no relationship between past land use and mean
soil C, N, B Ca, K, or Mg concentrations (C, F,,, =
3.75, P = 0.08; N, F,,, = 3.88, P = 0.07; B Fyy =
0.66, P = 0.54; Ca, F,,, = 1.78, P = 0.24; K, F,,, =
242, P = 0.16; Mg, F,,, = 0.01, P = 0.99; Table 2).
Nor was there a relationship between former land use

and mean soil C, Ca, or Mg content (C, F,,, = 0.36,
P =0.71; Ca, F,,, = 2.83, P = 0.13; Mg, F,,, = 3.06,
P = 0.11; Fig. 3). Differences in N were amplified by
changes in soil bulk density, however, which resulted
in a significant decrease in N content in logged sites
(Fy10 = 5.18, P = 0.04; Fig. 3). Soil compaction dif-
ferences also accounted for significantly higher ex-
tractable soil P and K content in former pastures than
in logged and reference sites (P: F,,, = 4.95, P = 0.05,
K: Fy10 = 16.9, P < 0.01; Fig. 3). Prior land use mar-
ginally influenced C:N ratio (F,,, = 3.89, P = 0.07)
but did not affect C:P ratio (F,,, = 2.42, P = 0.16) or
soil pH (F,,, = 0.67, P = 0.54).
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Previous pastures and logged sites had lower N cy-
cling rates than reference sites (Table 2; Fig. 4). How-
ever, neither mass-based rates nor area-based rates dif-
fered significantly with respect to past land use (mass-
based: net N mineralization F,,, = 2.04, P = 0.17,
nitrification: F,,, = 3.13, P = 0.08; area-based net N
mineralization: F,,, = 1.33, P = 0.30, nitrification:
F, = 1.65, P = 0.23).

Variability and spatial scale

Despite few differences in mean nutrient properties,
former land use appears to have substantially altered
nutrient heterogeneity across several scales of interest.
Overall, two general and opposing patterns in nutrient
variability were detected: (1) concentrations of C, N,
and Ca and pools of C and N varied the least in former
pastures and the most in reference stands (Figs. 5 and
6), and (2) concentrations and contents of P, K, and Mg
varied the most in former pastures and the least in
reference stands (Figs. 5 and 6). However, pools of Ca
were least variable in logged stands (Fig. 6).

Differences in nutrient heterogeneity with past land
use were most conspicuous and consistent at a local
scale. Within plots, variance of soil C, N, and Ca con-
centration and C and N content was highest in reference
stands compared with formerly logged and pastured
sites, whereas the variance of K and Mg concentration
and content and P stocks was highest in previous pas-
tures and lowest in reference sites (Figs. 5 and 6). How-
ever, variance of soil Ca content was high in both pas-
tured and reference sites at this scale, and no differences
were observed in soil P concentration variance. There
were also only minor differences in the variance of soil
mass among former land uses at this scale (pastured =
223 Mg/ha, logged = 216 Mg/ha, reference = 148 Mg/
ha).

At the within-site scale, differences in nutrient het-
erogeneity were less consistent. Variance of soil C, N,
and Ca concentration behaved as it did at the within-
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plot scale, but C and N content did not differ with
former land use at the within-site scale, and Ca content
variance was high only in reference sites. The variance
of K concentration and content was slightly elevated
within both logged and pastured sites, but we observed
no substantial differences in the variance of P concen-
tration or Mg pools with past land use at this scale.
There was also little variability in within-site soil Mg
concentration except in reference stands, where vari-
anceincreased markedly (Fig. 5). Theseinconsistencies
appeared related to within-site variability in soil mass,
which was high in reference sites (60 Mg/ha) compared
with pastured and logged sites (21 Mg/ha and 18 Mg/
ha, respectively).

With little exception, nutrient concentrations in ref-
erence sites varied little at the between-site scale, and
patterns of variability for former pastures and cut-overs
were similar to but less prominent than those exhibited
at the within-plot scale. Among the exceptions were P
concentration and content variance (Figs. 5 and 6),
which increased sharply in former pastures, and Mg
concentration variance, which was noticeably elevated
in both former pastures and logged sites (Fig. 5). Soil
Ca concentration variance was high only in logged sites
at this scale. Between-site differences in soil mass var-
iance with past land use likely influenced these pat-
terns, as soil mass variance was low in reference sites
(27 Mg/ha) compared with pastured and logged sites
(136 Mg/ha and 184 Mg/ha, respectively).

Variance of N cycling rates differed markedly with
past land use, especially at the within-plot scale. At
this scale, we observed approximately equal amounts
of variance for mass- and area-based mineralization and
nitrification rates in logged and reference stands, and
no or less variance for pastured stands (Fig. 7a, b).
Within-site patterns were similar to those at the within-
plot scale for N mineralization and nitrification rates
determined on a mass basis, but we observed no var-
iance in the area-based rates of reference sites and
equivalent levels of variance for area-based measure-
ments within pastured and logged sites (Fig. 7a, b).

Differences in spatial structure

Former land use appears to have altered the spatial
structure of several elements (Table 3). The range of
autocorrelation for soil C and K varied little among for-
mer pastures compared with logged and reference
stands, indicating that these elements were similarly dis-
tributed within formerly grazed areas (C, F,; = 12.9, P
= 0.007; K, F,¢ = 143.7, P = <0.001). However, sill
estimates did not differ (C, F,; = 0.72, P = 0.52; K,
F,s = 9.42, P = 0.02). The range of autocorrelation of
soil P varied significantly among past land uses as well,
with the greatest deviation in reference stands (F,; =
10.1, P = 0.01). However, these differences were highly
influenced by a single observation at the Walker Cove
site (Table 3). When this value was removed, variability
in the range of autocorrelation was significantly greater
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among old pastures (F, = 8.30, P = 0.03). Variability
in the sill did not differ substantially in either case (F,,
= 043, P = 0.67, F,; = 1.72, P = 0.27). Variability
in the spatial distribution of Caalso changed appreciably
with past land use (Table 3). Deviation in the range of
autocorrelation for Cawas significantly greater inlogged
stands than in former pastures and reference stands (F,;
= 5.68, P = 0.04). In addition, large differences in the
sill among logged stands resulted in a significant dif-
ference in structural variance among land-use histories

(F,; = 5.18, P = 0.05). There was no relationship be-
tween the spatial patterning of soil Mg or N (Mg range,
F,e = 4.09, P = 0.09; Mg sill, F,g = 2.91, P = 0.15;
N range, F,, = 0.47, P = 0.65; N sill, F,; = 0.10, P
= 0.90).

DiscussioN

Past human activities corresponded with dramatic
changes in the heterogeneity of soil nutrients and N
cycling rates that were not always detected when values
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were averaged across sites. One reason that patterns of
variance might have differed from those based on
means may be that nutrient distributions and turnover
rates were influenced by other drivers, whose effects
could not be isolated from those of past land use. It is
well documented that interactions between parent ma-
terial, climate, and topography cause fundamental dif-
ferences in soil resource patterns, even at local scales

(Jenny 1941, Stone 1975). Over time, there is greater
likelihood that biotic processes will affect nutrient dy-
namics too (Hobbie 1992). Successional changes in
plant species composition and nutrient accumulation
and retention capabilities, for example, can have a sub-
stantial impact on soil resource patterns (Bormann and
Likens 1967, Odum 1969, Vitousek and Reiners 1975,
Likens et al. 1978, Pastor and Post 1986, Aber et al.
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1998). Because measures of variability reflect therange
of responses produced by the influence of temporally
changing drivers, they may be better at revealing the
often muted legacies of land use.

In our study, it is likely that some observed differ-
ences in nutrient heterogeneity were produced not only
by historical changesin land use, but also by the biotic
processes these activities initiated. From the outset,
forest clearance may have reduced nutrient variability
in both pastures and cut-overs by redistributing and
removing organic matter. Although we are not aware
of studies that document this directly, Johnson et al.
(1991) reported abundant mixing of soil horizons by
harvesting practices, and others have observed persis-
tent, appreciable C, N, and Calosses when plant inputs
were experimentally reduced or eliminated (Bormann
and Likens 1979, Kelly et al. 1996, Likenset al. 1998),
which together could decrease local differencesin nu-
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trient levels. In pastures, uniform organic matter inputs
from forage grasses may have maintained reduced C
and N variability. Relative to the litter produced by
native plants, grasses would have provided a consistent
quantity and quality of organic matter (Lavado et al.
1996). There is evidence for the long-term damping of
fine-scale variability by plant monocultures in culti-
vated systems (Robertson et al. 1993) and by different
plant growth forms and in successional forests (Gross
et al. 1995). Guggenberger et al. (1995) showed that
forage grasses also increase contents of undegraded,
plant-derived soil organic matter in tropical mineral
soils, indicating a highly resistant chemical signature.
Removal of tree stumps may have further homogenized
the post-pasture sites. Hooker and Compton (2003)
demonstrated that bole wood is the primary reservoir
for C and N during the first century after agricultural
abandonment in re-establishing forests. Because trees
were excluded from former pastures for several de-
cades, there would have been no major pathways for
enhancing C and N heterogeneity during this period.
In contrast, tree resprouting and rapid woody recolo-
nization of logged areas would have enabled C and N
to begin accumulating and spatially differentiating
sooner. In contrast, tree stump removal would have
prevented resprouting by most of the species that pre-
viously occurred in pastures (Hicks and Pearson 2003),
and the duration of land use would have severely com-
promised the viability of the seed bank (Wijdeven and
Kuzee 2000, Bossuyt and Hermy 2001), effectively
constraining the tree community to disturbance-adapt-
ed species (e.g., those with wind-dispersed, robust
seeds). Not surprisingly, previous pastures are domi-
nated by even-aged stands of tulip poplar; the average
relative importance of this species is 0.61 in former
pastures, compared with 0.36 in logged sites and 0.06
in reference sites (J. M. Fraterrigo, unpublished data).
If litter inputs correspond linearly to tree abundance,
then plant tissue from tulip poplar alone would com-
prise a majority of the organic matter in the forest floor
of previous pastures. This may contribute not only to
the low variability in C and N concentrations at fine
scales, but also to the local reduction in mineral soil
Ca variability, because tulip poplar concentrates Cain
its leaves (Coile 1937, Kalisz 1986), and trees that
pump Ca from the deep soil can sustain high amounts
of available Ca in the surface soil (Dijkstra and Smits
2002).

Patterns of C, N, and Ca heterogeneity at the within-
site scale generally mirrored those at the within-plot
scale, which suggests that similar processes were driv-
ing nutrient dynamics at spatial extents up to ~150 m
(the distance between plots). At the between-site scale,
however, patterns diverged, with nutrient variability in
logged stands and former pastures increasing. Given
that harvesting spanned several decades, it is possible
that this landscape-scale heterogeneity among cut-
overs is due to changes in logging technology and the
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TaBLE 3. Spherical model parameters for standardized semivariograms (C, structural variance; A, range) generated from

soil nutrient concentration data.

Soil constituent

C N P
Historical land use C A C A C A
Pasture
Bruce Farm 0.80 26 0.57 20 0.23 9
Picnic Area 0.30 15 0.09 12 0.34 94
Staire Branch 0.55 15 0.31 46 0 <1
Difference from mean 0.17 5.0 0.17 13.2 0.13 39.7
L ogged
Bruce Farm 0 <1 0.00 <1 0.21 9
Ivy Knob 0.23 305 0.32 10 0 <1
Little Andy 0.69 34 0.62 30 0.44 24
Difference from mean 0.26 128 0.21 10.1 0.15 8.8
Reference
Cane River Gap 0.32 26 0.51 23 0 <1
Ivy Knob 0.03 6 0.05 8 0 <1
Walker Cove 0 <1 0 <1 0.45 291
Difference from mean 0.13 10.1 0.21 8.3 0.20 129

Notes: Semivariograms are derived from cyclically sampled plots (N = 9). Ellipses indicate that the spherical model was
not significant (i.e., P > 0.05). The ‘““difference from mean” value is the mean absolute difference of observations from the
mean for the group of values that share a particular land-use history. The structural variance in the spherical model (C) is
bounded by 0 and 1 to reflect the standardized semivariogram: if h < A, then y(h) = (1 — C) + C[(3h/2A) — (1/2)(h/A)3],
else y(h) = 1, where h is the lag interval, A is the range, and C is the structural variance.

intensity of biomass removal (Yanai et al. 2003). It is
also possible that land management varied enough
among landowners to cause differences in nutrient dy-
namics, as Davis (2000) showed that practices con-
trasted widely among ethnic groups that settled the
southern Appalachians. Thereis some evidence for this
from the tropics, where Neill et al. (1997) found that
small changes in historic grazing practices resulted in
long-term differencesin C and N accumul ation patterns
in re-establishing forests. Nutrient patterns at this scale
may have been influenced by re-establishing vegetation
as well. In contrast to local tree community patterns,
landscape-scal e composition was diverse in stands that
had histories of logging or grazing, while reference
stands were less so. The species pool included 14 tree
species in reference stands, compared with 22 and 28
in former pastures and cut-overs, respectively (J. M.
Fraterrigo, unpublished data). Interestingly, these dif-
ferences are consistent with the large peak in between-
site variability of C, N, and Ca observed in the logged
stands and the smaller peak in old pastures.

Whereas past land use and the biotic changes it ini-
tiated may have mutually affected the heterogeneity of
some nutrients, historical human activities are likely to
be the primary cause of changesin P, K, and Mg dis-
tributions. Increased variance of P, K, and Mg in former
pastures, particularly at fine scales, is consistent with
the patchy deposition of animal excreta, which has pre-
viously been shown to influence nutrient heterogeneity
(Augustine and Frank 2001). High P, K, and Mg avail-
ability from manure would also promote efficient plant
uptake of these nutrients (Eghball et al. 2002, Hao and
Chang 2002) and their subsequent cycling in surface

horizons (Reiners et al. 1994, Garcia-Montiel et al.
2000). This suggests one possible mechanism for the
persistence of the irregular pattern of distribution. Al-
though N is also a primary constituent of manure, it
may be less easily converted to plant-available forms
(Eghball et al. 2002) and predisposed to short residence
times, which may make detecting historical patterns
more difficult. High P and Mg variability across the
landscape may be related to differences in farming
practices. The type of animals stocked and the intensity
of their grazing may have varied considerably among
farms (Davis 2000). Unfortunately, the description of
these items in the agricultural record is too coarse to
resolve the patterns further. Differencesin land-use du-
ration and cessation may have also influenced P and
Mg variability in former pastures and logged stands.
In some instances, we found differences between pat-
terns of variance based on nutrient concentrations and
contents that appeared related to changes in soil bulk
density. Soil texture analysis indicated that soils sam-
pled experienced only minor erosion, thus suggesting
that consolidation of the A horizon in previous pastures
and logged areas compacted the upper 15 cm of the
profile with some of the underlying, more mineral-
dominated layers. Others have reported similar findings
(Burke et al. 1995, Motzkin et al. 1996, McGrath et al.
2001, Markewitz et al. 2002, Murty et al. 2002), which
suggests that land use has a consistently large effect
on soil bulk density. Because nutrient concentration
and content were both evaluated in our study, we were
able to identify the influence of soil bulk density dif-
ferences on the observed distribution patterns and ad-
just our interpretation accordingly. Yet these patterns
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Soil constituent

K Ca Mg

C A C A C A
0.52 12 0.49 12 0.71 12
0.80 17 0.41 15 0.48 12
0.46 23 0.51 17 0.51 16
0.14 3.7 0.04 1.7 0.10 2.0
0.50 10 1.03 12 0.82 11
0.73 10 0 2 0.23 11
0.47 32 0.64 30 0.74 21
0.11 9.5 0.37 10.1 0.24 4.6
0 <1 0.27 9 0.40 10

0.24 10 0 <1
0.61 102 0.33 9
0.31 51.1 0.03 0.3 0.20 5.1

clearly reinforce the importance of correcting soil vol-
ume for differencesin bulk density and coarse fraction,
because nutrient pool size depends partly on the extent
of soil compaction (Markewitz et al. 2002). The pat-
terns may also explain discrepanciesin N cycling var-
iance patterns, because high bulk density variance
could translate to increased heterogeneity in per area
rates, as seen in former pastures, and low variance in
soil compaction could minimize variance in per area
rates, as seen in reference stands.

Overall, changes in the heterogeneity of N turnover
rates may be associated with the same processes that
reduced organic matter variability. Biomass removal
during forest clearance may have evened out the oth-
erwise patchy distribution of decomposable material,
resulting in locally homogenous N cycling rates. Newly
established tree communities, particularly if dominated
by a single species, may have further entrenched these
fine-scale patterns. While more information on organic
matter constituents under various land-use practicesis
necessary to attribute these patterns to differences in
plant composition, there is sufficient evidence to sug-
gest that tree community characteristics, through their
effects on substrate quality, markedly influence N cy-
cling variability (Knoepp and Swank 1998, Lovett et
al. 2004). Other possible explanations for reduced var-
iability of N turnover rates include decreased soil po-
rosity and mixing, which may have negatively affected
microbial activity (Doran 1980, Reiners et al. 1994).
In addition, increased availability of grass-derived, la-
bile C may have stimulated heterotrophic microbial
growth, and in turn lowered mineralization and nitri-
fication rates. However, the close relationship between
microbial abundance and present vegetation may limit
the duration of these effects.

In the case where disturbance legacies are being con-
sidered, measures of variability may facilitate the de-

tection of changes in soil resources. Initial site con-
ditions are often not known, and researchers must as-
sume that study areas with different histories are com-
parable (Motzkin et al. 1996, Compton and Boone
2000). If key parameters vary substantially across sites
for reasons unrelated to past land use, an effect will be
indistinguishable. In terms of classical ANOVA tech-
niques, a high level of within-group variation around
the mean relative to between-group variation will
swamp a treatment effect, even after satisfying ho-
mogeneity of variance assumptions (Zar 1999). Had
analysis been limited to mean responses in our study,
long-term consequences of land use practices would be
identified for only three soil constituents (N, P and K
stocks). By comparison, we observed substantial var-
iation with past land use in the spatial distribution of
al six of the elements investigated and N turnover
rates; this variation alone might have impeded the de-
tection of a signal from past land use in the averaged
soil properties. Relying solely on mean values to eval-
uate disturbance effects may therefore be misleading
when there are concomitant changes in the variance of
the response (Benedetti-Cecchi 2003), and heteroge-
neity may yield a more comprehensive depiction of
nutrient distribution patterns.

Evaluating differences in spatial structure may like-
wise provide insights about the effects of past land use.
Our analysis revealed how previous human activities
altered the spatial relationship between nutrient con-
centrations at both fine and coarse scales. Frequently,
our findings corresponded with the results of the non-
spatially explicit variance analysis, as they did for soil
C, P and Ca. This may indicate a particularly strong
response on the part of these nutrients to land-use
change. In other instances, however, there was no
agreement between results. The spatial structure of soil
N, for example, exhibited approximately the same mag-
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nitude of deviation in each land use type, whereas that
of K and Mg showed the most deviation in reference
stands. This may indicate that there is a higher degree
of scale dependency in the patterns than was captured
by the sampling techniques. It may also suggest that
past land use is not the only determinant of nutrient
spatial structure.

Implications of nutrient heterogeneity
for ecosystem recovery

In post-abandonment forests, the spatial configura-
tion of nutrients may be an important factor underpin-
ning ecosystem recovery from disturbance. The suc-
cessful colonization and persistence of vegetationrelies
to some extent on the availability of soil resources as
well as life-history strategy and other abiotic factors
(Meier et al. 1995). Indeed, despite the well-devel oped
secondary forestsin the southern Appalachians, several
herbaceous species are absent or reduced in abundance
in forests previously logged or farmed (Duffy and
Meier 1992, Pearson et al. 1998, Mitchell et al. 2002).
Because nutrient-enriched patches can support higher
rates of productivity (Day et al. 2003a) and can some-
times enhance species diversity (Cornwell and Grubb
2003), it is possible that patterns of nutrient hetero-
geneity initiated by land-use practices will persist for
well over a century. These differences may in turn af-
fect long-term nutrient accumulation and retention
(Mou et a. 1993) and influence other systems down-
slope of recovering forests (e.g., aguatic ecosystems;
Harding et al. 1998, Goodale et al. 2000). Site history
and land-use induced changes in nutrient heterogeneity
clearly warrant more attention if progressisto be made
toward understanding forest ecosystem processesin dy-
namic landscapes.
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