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LONG-TERM IMPACTS OF AGRICULTURE ON SOIL CARBON
AND NITROGEN IN NEW ENGLAND FORESTS

JANA E. CoMmPTON! AND RICHARD D. BOONE?

Harvard University, Harvard Forest, Petersham, Massachusetts 01366 USA

Abstract. Abandonment and reforestation of agricultural lands has been a major in-
fluence on the landscape of eastern North America. Cultivation and soil amendments can
dramatically alter soil nutrient pools and cycling, yet few studies have examined the long-
term (>50 yr) influence of pasturing and cultivation on soil processes in the forests that
develop after abandonment. Twelve forested sites at Harvard Forest in central New England
were compared 90-120 yr after abandonment from agricultural use. We measured soil
carbon (C), nitrogen (N), and phosphorus (P); light fraction C, N, and 3'°N; microbial
chloroform-N; net N mineralization and nitrification; nitrification potential; and culturable
nitrifiers on sites with differing land-use history and vegetation. The sites had similar soil
series and topography but were arrayed along a soil disturbance gradient from permanent
woodlots (selective logging but no mineral soil disturbance) to formerly pastured sites
(clearcut and grazed but no deep [>10 cm] soil disturbance) to formerly cultivated sites
(cleared-with-plow horizon 15-20 cm thick). Mineral soil C (0—15 cm soil depth) was very
similar among all sites, but the forest floor C was lower in the cultivated sites than in the
woodlots of both stand types. Mineral soil in cultivated sites contained 800 kg N/ha and
300 kg P/ha more than woodlots, a relative increase of 39% for N and 52% for P. The
cultivated soils had lower C:N and C:P ratios, largely driven by higher soil N and P. The
light fraction appeared to be more sensitive to prior land use than the bulk soil organic
matter. The C content and C:N ratio of light fraction were lower in cultivated soils, which
suggests that input and/or turnover of organic matter pools of relatively recent origin remain
altered for a century after abandonment. Similar 8'°N for the light and heavy fraction organic
matter pools in cultivated soils suggests that cultivation accelerates the mineralization of
humus N, increasing the proportion of N available for plant uptake, resulting in a conver-
gence of the light and heavy fractions. The N pool in the woodlot soils may have been
subject to preferential losses of small amounts of '“N over a longer time period, resulting
in a more pronounced divergence between the light fraction (reflecting recent plant inputs)
and the mineral-associated heavy fraction (more recalcitrant).

Nitrification was strongly influenced by land-use history, with highest rates in formerly
cultivated sites. In contrast, soil net N mineralization and chloroform-N were more strongly
influenced by present vegetation. Nitrifying bacteria were relatively abundant in all pastured
and cultivated sites; however, only the cultivated hardwood sites, with lowest C:N ratios
(16-18), had substantial net nitrification. Historical manure inputs may explain the more
rapid soil net nitrification rates, by decreasing soil C:N ratios and thus reducing nitrate
immobilization in the mineral soil of cultivated sites. Regionally, 65% of the land area was
pastured, and a proportion of the nutrients obtained from grazing was transferred to the
cultivated croplands, which comprise =<15% of the land area. Pastures generally had in-
termediate nutrient ratios and N transformations but were often more similar to woodlots,
which suggests that plowing and amendments, rather than forest clearance, have the greatest
impact on soil organic matter and nutrients. The influence of land-use history on soil N
and P and nitrification rates was more dramatic in hardwood sites, which indicates that
characteristics of the recovering vegetation and/or changes in plant community composition
associated with prior land use are important factors in the rate of recovery. Our findings
lead to the surprising conclusion that 19th century agricultural practices decreased forest
floor nutrient content and ratios, and increased nitrifier populations and net nitrate pro-
duction for approximately a century after abandonment. Consideration of site history clearly
deserves more attention in the design of field experiments, and in our understanding of
patterns of element distributions and transformations in dynamic forested landscapes.

Key words:  carbon; cultivation; 8N natural abundance; land-use history, light fraction organic
matter; nitrification; nitrogen mineralization; pastures; phosphorus; reforestation; vegetation effects; wood-
lots.
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INTRODUCTION

During the last 150 yr, most of the landscape of
eastern North America has been transformed from pre-
dominantly agricultural lands to forest (Williams
1990). While 45-65% of New England’s landscape was
cleared for pasture or cropland by the mid-1800s, much
of this area was abandoned after 1850, and today 70—
90% of these lands support mature forests (Hendricksen
1933, Foster et al. 1998). Abandonment of agricultural
lands during the last century has also occurred in the
southeastern United States (Delcourt and Harris 1980,
Kalisz 1986), and Puerto Rico (Garcia-Montiel and
Scatena 1994), and is predicted to occur in portions of
New Zealand and Europe over the next few decades
(Houghton 1996, Maclaren 1996).

Changes in soil organic matter and nutrient pools
following the conversion of native systems to agricul-
ture are well documented. Cultivation of temperate for-
est soils reduces soil C by an average of 30% (see
reviews by Johnson 1992, Davidson and Ackerman
1993), through accelerated decomposition in cultivated
horizons, reduced plant inputs, and erosion of surface
horizons. Active soil C and N fractions are even more
sensitive to the effects of conversion and continuous
cultivation than total soil C and N pools. Upon tillage,
relative losses of 50-75% for soil microbial biomass
and light fraction (or relatively undecomposed partic-
ulate) organic matter are common (Cambardella and
Elliot 1994, Tiessen and Stewart 1983, Collins et al.
1992). Potentially mineralizable N is often reduced by
tillage (Campbell and Souster 1982), while net nitri-
fication is typically elevated in agricultural soils (Schi-
mel 1986).

In the northeastern United States, trees quickly in-
vade abandoned farmland, yet recovery of soil organic
matter and nutrient dynamics may not proceed rapidly.
There often is a time lag between plant production and
soil C storage; for example, nearly all the increase in
ecosystem C went into standing biomass, not soil or-
ganic matter, during 30 yr of old-field succession in
North Carolina (Richter et al. 1995). Total soil organic
matter and N content increased in an old-field chron-
osequence spanning 75 yr in New Hampshire, but a
minimum of 200 yr was predicted to be necessary to
obtain soil organic matter found in nearby primary for-
ests (Hamburg 1984). Although the estimate of Hough-
ton et al. (1983) that temperate soil C recovers to 90%
of predisturbance levels within 50 yr was supported in
the southeastern United States (Schiffman and Johnson
1989), soil organic matter had not recovered to native
levels 50 yr after abandonment in Colorado semi-arid
grasslands (Burke et al. 1995). This 50-yr time frame
may also be too short for northern temperate forests.

Many studies examining the recovery of nitrogen
dynamics after abandonment have focused on the short-
term recovery from 0-60 yr after abandonment (Haines
1977, Christensen and MacAller 1985, Kalisz 1986,
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Zak et al. 1990, Richter et al. 1994, Ihori et al. 1995)
or have compared old fields with late successional for-
ests which have very different plant communities and
site history (Lamb 1980, Robertson and Vitousek 1981,
Pastor et al. 1987). Examining changes on sites >60
yr after their abandonment is difficult in part because
few aerial photos are widely available prior to the
1930s. Several recent studies, however, have used older
maps or archaeological information to move back far-
ther in time and have revealed older land-use legacies.
Koerner et al. (1997), for example, compared 100-yr-
old forests classified as either forest, pasture, cropland,
or garden during the early 1800s, and found that soils
in all former agricultural lands contained more P and
lower C:N ratios than continuously forested areas. Oth-
er evidence of prior agriculture, based on soil chem-
istry, has been reported for Scottish highland sites last
farmed in the 1700s (Entwistle et al. 1998) and for
Andean grassland sites farmed 1500 yr ago (Sandor
and Eash 1995).

Collectively, these findings suggest that land-use his-
tory could have an important long-term (>100 yr) leg-
acy on nutrient pools throughout the reforested land-
scape of many temperate regions. Recent papers have
suggested that land-use history is an important factor
influencing the capacity of forested watersheds to retain
increased atmospheric N inputs (Magill et al. 1997,
Aber et al. 1998, Fenn et al. 1998). While there is some
evidence for this (Silsbee and Larson 1982, Feger 1992,
Magill et al. 1997), few replicated studies have ex-
amined the long-term (>100 yr) impacts of common
land-use practices (e.g., logging, cultivation, and pas-
turing) on present-day nutrient transformations. Ignor-
ing the potential importance of site history may be a
significant oversight in studies of forest biogeochem-
istry.

Our study examines the residual impact of farming
on soil C, N, and P pools; light fraction organic matter;
microbial populations; and N transformations in an area
of New England used for agriculture in the mid-1800s
but which has been forested for >90 yr. Previous re-
lated work in a low-fertility sand plain in central Mas-
sachusetts suggested that soil C content and N trans-
formations were influenced by prior cultivation (Motz-
kin et al. 1996, Compton et al. 1998). Those findings
led us to design a broader study in a more fertile glacial
till-derived soil, representative of a large proportion of
southern New England. This study is unique in com-
paring three different land uses (woodlot, pasturing,
and cultivation), and the recovery of two different veg-
etation types (hardwood vs. conifer). We also measured
nitrifier populations and activity; the C, N, and 3'°N of
the light fraction and heavy fraction organic matter
pools; microbial N (chloroform fumigation-extraction);
and field net N transformations during the 1994-1995
growing season. Our major questions were: (1) Are soil
C, N, and P lower in areas previously used for agri-
culture? (2) Are N transformations and nitrifiers influ-
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enced by land-use history? (3) Do nutrient ratios in
recently deposited organic matter (forest floor and light
fraction) vary by prior land use? (4) Does the type of
agricultural use or the composition of the new forest
influence these pools and transformations?

METHODS
Study site

Our study was conducted in the Prospect Hill tract
of Harvard Forest (42°30' N, 72°10’ W), in the central
Massachusetts town of Petersham. Elevation ranges
from 270 to 420 m above sea level. Soils are of the
Canton and Scituate series (Typic Dystrochrepts),
which are deep, well-drained loam soils derived from
glacial till, and bedrock of mica-rich schist, granodi-
orite, and gneiss. Mean weekly air temperature varied
from 20°C in July to —6°C in January, and precipitation
averaged 126 cm (1990-1994 data).> A pronounced
drought occurred throughout New England in early to
mid-1995: January—August 1995 rainfall was ~40%
less than the previous 5-yr average rainfall during the
same months (Goulden et al. 1996). The vegetation is
representative of the transition between the northern
hardwoods region and the southern oak-hickory for-
ests. In recently disturbed sites, red oak (Quercus rub-
ra), white pine (Pinus strobus), and red maple (Acer
rubrum) dominate, and older forests are dominated by
eastern hemlock (Tsuga canadensis), white pine, beech
(Fagus grandifolia), and yellow birch (Betula allegh-
aniensis).

History of the Prospect Hill tract

Historical information was assembled and summa-
rized by Raup and Carlson (1941), Raup (1966), and
Foster (1992). Petersham was settled by Europeans in
1733, and little information is available regarding pre-
European land use. Forest clearance in Petersham pro-
ceeded at ~1-4% per year until the late 1700s, then
accelerated to meet increased demands for cattle and
sheep pasture. A one-hundred-acre farm might have
contained 4-6 acres of crops, 8-10 acres of upland
mowing, a similar amount in meadow, and the rest in
pasture and woodland. In the early to mid-1700s, crops
included vegetables and rotations of cereals and grasses
with 7-15 yr of fallow after a decade of use. After the
introduction of organic fertilizers, the fallow period
was reduced to 1-2 yr. Cleared land increased from
50% of the area in 1800 to nearly 85% during the peak
of agriculture in 1840. At that time, ~15% of the land-
scape was cultivated, while 65% of the landscape was
occupied by grasses for pasture and mowing. The re-
maining forests occupied rocky slopes or swamps
where timber was removed and grazing animals roamed
during much of the summer. Beginning in 1850, resi-
dents left for jobs in developing urban centers or for
agricultural opportunities in the Midwestern United

3 URL: (www.lternet.edu/hfr).
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States, and large areas of farmland were abandoned
and allowed to revert to forest. In 1907 Harvard Uni-
versity purchased the Prospect Hill tract for use as a
research forest.

Site selection and experimental design

We selected 12 plots from a subset of the study plots
used for a broader vegetation survey (Motzkin et al.
1999). Three major historical land uses were identified:
cultivation (frequent removal of plant biomass, re-
moval of stumps and rocks, mixing surface organic
matter and mineral soil to =20 cm, possible addition
of animal manure), pasturing (removal of vegetation
and forest floor, seeding of pasture grasses, removal of
stumps and rocks, no mineral soil disturbance >5 cm),
and woodlots (frequent removal of trees, no mineral
soil disturbance, little forest floor disturbance). Ideally,
a forest undisturbed by logging would be used for com-
parison of nutrient levels and transformations; how-
ever, at present estimate, all but one of the <25 old-
growth stands in Massachusetts are found on steep .
slopes in western Massachusetts (Dunwiddie and Lev-
erett 1996). Therefore it was not possible to find old-
growth forest sites on similar soils for comparison in
this study, and we use the woodlot sites as our “‘least
disturbed” metric.

Former land use was identified based on field and
historical evidence (Raup and Carlson 1941, Spurr
1950, Foster 1992; Motzkin et al. 1999), and more-.
recent field examination. Field indicators of cultivation
include the presence of an Ap horizon >10 cm deep,
absence of surface stones, smooth microtopography,
and bordering stone walls composed of small cobbles.
Formerly cultivated sites had a 16-20 cm thick Ap
horizon (plow layer) with moist soil color generally
one Munsell hue darker than the B horizon below it
and an abrupt lower boundary. Pastured soils refer to
“unimproved pasture’” of Motzkin et al. (1999), with
no evidence of soil mixing to >5 cm. Woodlots were
differentiated from pastures based on historical re-
cords, microtopography, and presence of old stumps or
tip-up mounds, since stumps were often removed in the
conversion to pasture.

Farmers tended to avoid the poorly drained areas of
Prospect Hill (Raup and Carlson 1941, Foster 1992),
thus land-use history and inherent site factors may be
confounded. In order to minimize inherent site differ-
ences among land uses, we examined areas with slopes
<10% and well-drained soils of the Canton and Scit-
uate series. After field examination, we established four
20 m diameter plots each within former woodlots, pas-
tures and cultivated areas (Table 1). Cultivation and
logging ended on all plots ~90-120 yr prior to 1995.
Since plant communities could influence soil processes,
the plots were stratified into two broad vegetation clas-
ses: conifer and hardwood.

We acknowledge that increased replication is desir-
able in this type of study dealing with complex site
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TaBLE 1. Soils, land-use history, and vegetation information for all plots.
Plot Basal
vegetation Prior land Plot Soil Year area Species
class use no. series  last used (m?ha) (count > 1)
Conifer Woodlot 76 Canton 1890 44 Tsuga canadensis, Pinus strobus
Woodlot 132 Canton 1890 44 T. canadensis
Pastured 218 Canton 1880 57  Pinus resinosa, P. strobus
Pastured 227 Scituate 1880 60  P. resinosa
Cultivated 155 Scituate 1908 44 P. strobus, Acer rubrum
Cultivated 215 Canton 1908 46 T. canadensis, Picea rubens, P. strobus, P. resinosa
Hardwood Woodlot 135 Scituate 1890 37  A. rubrum, Quercus rubra, T. canadensis
Woodlot 46 Canton 1890 37 Q. rubra, A. rubrum, Fagus grandifolia
Pastured 43 Canton 1908 32 A. rubrum, Betula alleghaniensis
Pastured 91 Canton 1908 30  A. rubrum, Q. rubra
Cultivated 235 Canton 1908 28 Q. rubra, Acer saccharum, P. strobus
Cultivated 134 Canton 1908 46 Fraxinus americana, Prunus serotina, A. rubrum,

Acer pensylvanicum

Note: ““Last used’’ refers to when the area was abandoned from agriculture or last extensively logged.

histories or “‘treatments.”” Sites were selected from a
larger set of ~200 plots (Motzkin et al. 1999), and no
bias was used in site selection other than holding soils
and topography constant. Strong consideration was giv-
en to the possibility that inherent site differences were
responsible for the patterns observed.

Mineral soil nitrogen transformations

Field net nitrogen mineralization was measured in
late summer 1994 and from May—October 1995 using
the in situ buried bag method (Eno 1960) as modified
by Boone (1992) to use intact soil cores. We only mea-
sured mineralization in the mineral soil, because the
strongest impact of agriculture was expected to be ob-
served in the former plow layer. The forest floor was
removed, and a pair of soil cores collected from the
mineral soil 0—-15 cm depth using a cylindrical metal
corer. Five pairs of soil cores were collected from ran-
dom locations within each plot in August 1994, and
three pairs of cores were collected during the 1995
sampling periods. Time-zero cores were stored on ice
and returned to the lab for processing. The second core
was kept intact within a perforated plastic tube, which
was then capped and placed in a gas-permeable poly-
ethylene bag (0.025 mm thickness) within a nylon mesh
bag to prevent disturbance of the core by soil fauna.
The core was placed back in the original hole, covered
with forest floor and incubated in the field for six weeks
per measurement period.

Soil cores were kept cool (<5°C) until returned to
the lab, sieved to <2 mm, and extracted within 24 hrs
of collection. Sieved fresh soil (10 g) was shaken for
1 min with 100 mL 2 mol/L KCl, allowed to stand for
24 hrs, then suction filtered through Whatman GF A/
E filters (Whatman, Clifton, New Jersey, USA). Soil
KCl extracts were frozen until colorimetric analysis for
ammonium and nitrite plus nitrate by flow injection ion
analyzer (LACHAT Instruments, Milwaukee, Wiscon-
sin, USA). Net nitrification was calculated as the net
change in nitrate between the time-zero and six-wk

cores. Net N mineralization was calculated as the
change in ammonium plus nitrate. Moisture content
(105°C for 24 hr) and loss-on-ignition (550°C for 4 hr)
were determined, and oven-dried mass of the sieved
soil in each core was used to determine bulk density
of the <2 mm soil.

Forest floor and mineral soil carbon, nitrogen,
and phosphorus

Forest floor (Oi, Oe, and Oa) was collected from a
15 X 15 cm area in early June 1995 from five random
locations within each site, and the mass (<5.6 mm)
corrected for moisture and ash content. Mineral soil
was collected from the 0—15 cm soil depth at five ran-
dom locations within each site in August 1995. Soil
and forest floor materials were finely ground using a
roller mill followed by mortar and pestle. Total C and
N in the forest floor (June 1995) and 0-15 cm soil
(August 1994) were determined by carbon—nitrogen an-
alyzer (Fisons Instruments, Beverly, Massachusetts,
USA) using 30 mg soil and 7 mg forest floor. Acidi-
fication of a subset of samples with 4 mol/LL HCI in-
dicated that no carbonates were present. Total P was
determined by the modified Kjeldahl digest of Parkin-
son and Allen (1975) using 0.3 g of mineral soil and
0.2 g of forest floor. Phosphate in the digests was de-
termined by ion analyzer using the molybdophosphate
ascorbic acid technique (LACHAT Instruments, Mil-
waukee, Wisconsin, USA).

Light fraction carbon and nitrogen

Light fraction mass was determined on <2-mm
sieved, air-dried mineral soil collected at time zero for
the May 1995 sampling using a modification of Strick-
land and Sollins (1987). Ten grams of air-dried soil
was placed in a centrifuge tube with 20 mL sodium
metatungstate solution (density 1.75 g/cm?). The tubes
were shaken by hand for 30 s, then centrifuged at 1000
rpm for 15 min. The floating light fraction was si-
phoned off with a syringe fitted with 2 cm of Tygon
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tubing. The centrifugation and siphon process was re-
peated =four times until no floating material remained.
The light and heavy fraction were washed over What-
man GF A/E filter paper with =100 mL deionized water
and dried for two hr at 65°C. Both fractions were finely
ground and analyzed for C and N. Percent light fraction
of the total soil was multiplied by the <2 mm soil mass
per hectare to obtain light fraction C and N contents.
Light fraction and heavy fraction 3'N was determined
for one equal-weight composite sample per site using
a Europa Hydra 20/20 continuous flow isotope ratio
mass spectrometer (PDZ Europa, Cheshire, UK) ded-
icated for natural abundance samples at the University
of California—Davis.

Microbial assays

Chloroform-extractable N was determined on time-
zero soils collected for in situ N mineralization in June,
July, and September 1995 by the fumigation-extraction
method (Brookes et al. 1985) within two days of col-
lection. Total N in the fumigated and non-fumigated
0.5 mol/L K,SO, extracts was measured as nitrate fol-
lowing alkaline persulfate digestion (Cabrera and Beare
1993). No correction factor (Kpy) was used; therefore
the data are presented as chloroform-extractable N to
provide an index of microbial N.

Potential nitrification was determined for the July
1995 mineral soil samples using an aerobic shaken slur-
ry method (Schmidt and Belser 1994). This short-term
assay provides an indication of the activity and size of
autotrophic nitrifier populations. Soil (20 g moist) was
shaken for 24 hr with 90 mL phosphate buffer plus 0.2
mL 0.25 mol/L. ammonium sulfate; aliquots of the so-
lution collected at 2, 4, 18, and 24 hours were filtered
through Whatman GF/A filters and frozen until analysis
of nitrite plus nitrate (<48 hr). Chlorate was not added
since it did not appear to stop conversion of nitrite to
nitrate. Potential nitrification was calculated by deter-
mining the linear rate of nitrate increase for the 2-24
hr time period.

Counts of culturable nitrifying bacteria were con-
ducted using a most probable numbers technique
(Schmidt and Belser 1994) for one of the two replicate
plots per land use by vegetation combination, chosen
at random. Nitrite oxidizers (Nitrobacter) were enu-
merated in fresh soils collected 31 August 1995 (during
drought) and 12 September 1995 (after rainfall), using
five replicate ten-fold dilution series initiated for each
sample within 24 hr of collection. We used both the
recommended media nitrite concentrations and one-
tenth nitrite concentrations, since forest soil nitrifiers
are inhibited by high substrate N concentrations (Don-
aldson and Henderson 1989). Culture tubes were
checked for the presence of nitrite or nitrate every week
for several months until no further changes were ob-
served.
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Fic. 1. Total C, N, and P in forest floor and mineral soil
by prior land use (Wood. = woodlot; Past. = pastured; Cult.
= cultivated) and present vegetation. Hatched bars depict data
for the forest floor, and solid bars depict data for mineral soil;
error bars indicate +1 SE (n = 2 sites).

Statistical analyses

The data were analyzed by two-way factorial anal-
ysis of variance using present vegetation (conifer or
hardwood) and land-use history (woodlot, pastured, or
cultivated) as main effects and site as a covariate. All
ANOVAs were conducted using the general linear mod-
el in SYSTAT (Wilkinson 1992). Analyses for N min-
eralization and nitrification were conducted within each
time period since it was expected that the rates would
vary across time. Nitrification data were log-trans-
formed because of non-normal distribution. Potential
nitrification was ranked to avoid both non-normal dis-
tribution and nonhomogeneous variances, and the AN-
OVA performed using ranked data in SYSTAT (non-
parametric ANOVA). Post hoc pairwise multiple com-
parisons were conducted using Tukey’s honestly sig-
nificant difference procedure.

RESULTS

Forest floor and mineral soil carbon, nitrogen,
and phosphorus

Forest floor carbon was lower in previously culti-
vated sites than woodlots (Fig. 1, Tables 2 and 3), while
mineral soil C did not vary significantly by prior land
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Fic. 2. Ratios of total C, N, and P in forest floor (open

triangles) and 0—15 cm soil (solid squares) by prior land use
(abbreviations as in Fig. 1) and present vegetation. Error bars
indicate *+1 SE (n = 2).

use (P = 0.072). Forest floor plus mineral soil C to 15
cm depth was influenced by land-use history, and was
13-16% greater in the woodlots than cultivated sites.
Forest floor mass in cultivated sites averaged 20 Mg/
ha under hardwoods and 59 Mg C/ha under conifers,
while woodlots had 29 and 10 Mg C/ha greater forest
floor mass under hardwood and conifer, respectively.
Hardwood sites had less soil C to 15 cm than conifer
sites, because they contained less forest floor mass.
Loss-on-ignition was significantly lower in the hard-
wood forest floor (Table 2).

Mineral soil N and P contents were influenced by
land-use history (Table 3), and were slightly greater in
formerly pastured and cultivated sites relative to wood-
lots (Fig. 1). The cultivated hardwood sites had the
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highest soil N and P concentrations, and highest P con-
centrations in the forest floor. Forest floor N or P con-
centrations did not vary consistently between conifer
and hardwoods (Table 2), but the conifer sites had
greater forest floor mass, leading to higher forest floor
N and P contents. Because cultivated sites had slightly
less forest floor mass, forest floor N was lower than in
pastures or woodlots. Forest floor P content did not
vary by land use, and a much smaller proportion of
soil P was contained in this pool as compared to the
forest floor C or N. The pastured conifer stands, dom-
inated by red pine (90% of basal area), had the highest
overall forest floor mass and mineral soil C and N
content. There was a strong interaction between land-
use history and present vegetation for soil N and P
contents (Table 3): the hardwood sites varied more
strongly by land use than did the conifer sites.
Present vegetation and prior land use influenced
C:N, C:P, and N:P ratios, especially in the forest floor
(Fig. 2, Table 3). Mineral soil and forest floor C:N
ratios were consistently 5 units lower in cultivated
sites than pastured or woodlot sites, regardless of
vegetation. Forest floor C:P and N:P ratios were low-
er in cultivated soils, especially under hardwoods.
Mineral soil C:P and N:P ratios varied strongly by
land-use history only under hardwoods, since cul-
tivated hardwood sites had higher soil P. Pastured
site C:N ratios were more similar to woodlots than
cultivated sites. Conifer pastures (dominated by red
pine) had the highest forest floor C:N ratios, they
also had had higher forest floor and soil C:P ratios
and higher soil N:P ratios. In contrast, hardwood pas-
ture forest floor and soil C:P and N:P ratios were
intermediate or more similar to cultivated sites.

Soil organic matter density fractions: carbon,
nitrogen, and natural abundance 8'°N

Although mineral soil carbon did not differ by prior
land use, light fraction carbon was 5—11 Mg C/ha lower
(36—61% less) in cultivated soils than woodlot soils
(Fig. 3). Prior land use influenced light fraction mass
and C content (P = 0.019 and P = 0.001, respectively),
but did not influence light fraction N content. Light
fraction organic matter comprised 4—10% of soil mass,
21-39% of soil C, and 16-36% of soil N. Heavy frac-
tion C was not influenced by prior land use, while heavy
fraction N was slightly greater in the cultivated sites
(P = 0.084). Carbon to nitrogen ratios were generally
lower in the heavy fraction than the light fraction. Cul-
tivated sites had lower C:N ratios in both the light
fraction and heavy fraction (Fig. 3). The heavy fraction
C:N ratio was lower for hardwoods than for conifers.

Strong trends were observed for natural abundance
35N in the light and heavy fraction organic matter
pools (Fig. 4). The heavy fraction was enriched by 1-
3% compared to the light fraction, with' little overlap
of values. No statistical comparisons were made due
to low sample sizes (one composite sample per site).
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The variability between replicate plots was generally of the cultivated sites were most similar, while the
low (cv = 10%), but the conifer sites showed greater greatest divergence between light fraction and heavy
variability than hardwoods. Pastured and cultivated fraction 3'°N values occurred in the woodlots.

heavy fraction pools were depleted in "N compared to
the woodlot soils. In contrast, the light fraction 3N
was higher in the pastured and cultivated sites. For both Net N mineralization was quite variable within plots
vegetation types, the light fraction and heavy fraction and over time, and was greater under hardwoods than

Nitrogen mineralization and nitrification

TABLE 2. Soil properties for the forest floor (<5.6 mm) and mineral soil (0—15 cm depth).

Mass BD LOI pH C N P
Site (Mg/ha) (g/cm?) (g/g) [2:1, water] (g/kg) (g/kg) (mg/kg)
Forest floor
Conifer
Woodlot 692 0.132 0.92 3.36¢ 4872 15.9 8420¢
Pastured 742 0.122® 0.86 3.48¢¢ 460 14.0 720¢
Cultivated 59 0.10e 0.83 3.71® 418 15.3 880¢°
Hardwood
Woodlot 49° 0.132 0.79 3.61%¢ 428 15.3 768¢
Pastured 360 0.09% 0.78 3.70% 419 16.1 958°®
Cultivated 20¢ 0.08¢ 0.77 4.27+2 393® 17.0 13212
Mineral soil
Conifer
Woodlot 0.86 0.11 4.29% 58.2° 2.10° 636
Pastured 0.80 0.09 4.08° 83.6° 3.09® 598°®
Cultivated 0.84 0.11 4.41% 54.6° 2.530 677
Hardwood
Woodlot 0.86 0.10 4,29 58.6° 2.46° 476°
Pastured 0.86 0.14 4.46° 51.8° 2.17° 652
Cultivated 0.86 0.09 4.44° 58.8" 3.662 1009®

Notes: Within each column and material type, values with the same superscript letter are not significantly different (P >
0.05). Abbreviations: BD = bulk density; LOI = loss-on-ignition.
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TaBLE 3. Effects of present vegetation and land-use history on soil properties and processes as indicated by P values for

a two-way ANOVA, using site as a covariate.

Source of variation

Property or process Variable Vegetation Land use Interaction
Forest floor + mineral soil (kg/ha) C 0.000 0.001 0.001
N NS 0.010 0.000
P NS 0.002 0.010
Mineral soil (0-15 cm; kg/ha) C NS NS 0.000
N 0.013 0.000 0.000
P NS 0.001 0.008
Forest floor (kg/ha) C 0.000 0.002 NS
N 0.000 0.007 NS
P 0.000 NS NS
Mineral soil (g/g) C:N 0.000 0.000 NS
C:P NS 0.002 0.010
N:P NS NS 0.007
Forest floor (g/g) C:N 0.000 0.000 NS
C:p 0.000 0.000 0.007
N:P 0.017 0.000 0.013
Light fraction (kg/ha) C NS 0.001 NS
N NS NS 0.024
C:N NS 0.007 0.029
Heavy fraction (kg/ha) C NS NS NS
N 0.041 NS NS
C:N 0.000 0.000 0.022
N mineralization (kg-ha=!'-28 d~!)
Aug 1994 NS 0.017 0.000
May 1995 0.007 NS NS
June 1995 0.003 NS NS
July 1995 NS NS NS
Sept. 1995 0.031 NS NS
Nitrification (kg-ha='.28 d-!)
Aug 1994 NS 0.009 0.011
May 1995 NS 0.010 0.001
June 1995 0.001 0.002 0.016
July 1995 0.018 0.001 0.042
Sept. 1995 0.017 0.000 0.009
CHCl;-extractable N (mg/kg)
June 1995 0.019 NS NS
July 1995 0.039 NS NS
Sept. 1995 NS NS 0.005
Potential nitrification (mg/kg)
Per unit soil 0.006 0.020 NS
Per unit organic matter 0.010 0.015 NS
1995 net mineralization (kg N/ha) 0.002 NS NS
1995 net nitrification (kg N/ha) 0.010 0.010 NS

Note: Ns, not significant (P > 0.05).

conifers (Fig. 5, Table 3). During two time periods
(May and June 1995) the hardwood cultivated sites had
much higher net N mineralization rates than all other
sites. In August 1994, net N mineralization was much
higher in conifer pastured and woodlot sites than other
sites. Present vegetation was a more important factor
influencing net N mineralization than land-use history
(Table 3). Vegetation was a significant factor in May,
June, and September 1995, while land-use history was
significant only in August 1994, when there was also
a significant interaction between land-use history and
present vegetation. Comparing growing season N min-
eralization rates (Table 4), present vegetation appears

to have a greater influence, with rates being more than
two times higher in hardwoods than conifers.
Nitrification varied by land-use history and vegeta-
tion (Fig. 6; Table 3). Land-use history was a significant
factor during all five time periods, while vegetation
was a significant influence during three time periods.
Net nitrification was 2-24% of total N mineralization
(Table 4), and was less variable over time than N min-
eralization. Although nitrification was detected for at
least one time period in all sites, substantial nitrification
occurred only in the hardwood cultivated sites. There
was a significant interaction between land-use history
and vegetation during all time periods, largely because
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cultivation had a more pronounced effect on net nitri-
fication under hardwoods than conifers.

Net N mineralization was lowest in July 1995, the
driest sampling period; gravimetric soil moistures (0—
15 cm depth) dropped from 25% at the previous sam-
pling date to 15%. Net nitrification did not decrease as
markedly as N mineralization during the drought, im-
plying that nitrification is not as sensitive to moisture
changes or could occur within moist microsites in dry-
ing soils. Net nitrification was highest in June.

Chloroform-nitrogen and nitrifying bacteria

Although cultivated hardwood sites consistently had
the highest chloroform fumigation-extraction N, land-
use history was not a significant factor during any time
period (Fig. 7, Table 3). As observed for N minerali-
zation, present vegetation appeared to have more in-
fluence on chloroform-N than did land-use history.
Chloroform-N was similar across plots and less tem-
porally variable than N mineralization. The interaction
between vegetation and land-use history was a signif-
icant term in June and September, since formerly cul-
tivated hardwood sites had much greater chloroform-N.

Vegetation and prior land use influenced potential
nitrification. While only the cultivated hardwood sites
had appreciable net nitrification (Fig. 6: July 1995),
both former pastures and cultivated sites had high po-
tential nitrification relative to the woodlots (Fig. 8a).
Hardwood sites had higher potential nitrification than
conifer sites. Potential nitrification and in situ net ni-
trification in July 1995 were not well correlated (R? =
0.025).

Culturable autotrophic nitrifying bacteria were more
abundant in pastured and cultivated sites than in wood-
lot sites (Fig. 8b). These data were quite variable, but
autotrophic nitrifiers were observed in all stands. The
more dilute media (10% the concentrations of Schmidt
and Belser 1994) generally yielded higher nitrifier
counts, as observed by Donaldson and Henderson
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(1989). Counts were much higher in early September,
when the drought ended, than in late August.

DiscussioN

Persistent effects of land-use history on total soil
carbon, nitrogen, and phosphorus

The cultivation of forest soils reduces soil carbon by
an average of 30% (Johnson 1992, Davidson and Ack-
erman 1993). Soil carbon (forest floor + mineral soil
0-15 cm depth) for both vegetation types was 13—-16%
lower in sites last cultivated 90—-120 yr prior to sam-
pling than in permanent woodlots, mainly because of
lower forest floor C content in the cultivated sites. Al-
though we expected the Ap horizon to more strongly
reflect prior land use, mineral soil C content (0—15 cm
depth) did not vary by prior land use. There are several
possible explanations for this result: (1) soil C was not
reduced by 19th century agricultural practices, (2) soil
C has recovered within a century, (3) logging also re-
duces soil C, and (4) the 0—15 cm depth mineral soil
samples do not accurately reflect the full mineral soil
profile. The first two possibilities may not be the case
in glacial till soils of New England: Hamburg (1984)
indicates that soil organic matter was lower in sites
abandoned <70 yr prior to sampling than in an un-
cultivated stand, and forest floor mass was still accu-
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TABLE 4. Growing season net nitrogen mineralization (net
ammonium plus nitrate accumulation in buried bags), ni-
trification, and nitrification as a percentage of N mineral-
ization.

Nitrification
N as a percentage
mineralization  Nitrification of N mineral-
Plot type  (kg-ha=tyr™!) (kg N-ha=l-yr) ization
Conifer
Cultivated 7.9% 0.8 9.3
3.5) (0.5) 2.4)
Pastured 8.2b 0.5® 6.0
(0.6) 0.2) 2.1)
Woodlot 7.7° 0.1° 1.6
0.1) (0.0) 0.1)
Hardwood
Cultivated 18.12 4.3 23.7
0.7) (0.3) (2.5)
Pastured 11.8% 0.6 4.6
(1.6) 0.2) (1.3)
Woodlot 14.7% 0.6 4.2
(0.0) 0.1) (0.5)

Notes: The time period is 11 May through 31 October 1995.
One standard error of the mean of two plots is shown in
parentheses. Within the same column, values with the same
superscript letter are not significantly different (P > 0.05).

mulating at a linear rate. Logging can reduce soil C to
some extent, although the reduction is less dramatic
than for agriculture (Johnson 1992). Downward trans-
location of organic matter (Motzkin et al. 1996) and
absence of woody root inputs (Richter et al. 1990) dur-
ing the agricultural period are important factors that
may influence C content of soil below the Ap horizon.
While carbon in the 0—15 c¢m mineral soil depth did
not vary by land-use history, deeper mineral soil must
be considered in any assessment of land-use effects on
soil C.

The forest floor was influenced by land-use history
and accumulated more rapidly under conifers than
hardwoods: accumulation in the cultivated sites after
abandonment was ~0.23 Mg-ha~!-yr~! under hard-
woods and 0.68 Mg-ha~!-yr~! under conifers. Forest
floor mass was not strongly related to basal area (R? =
0.34). Accumulation of the forest floor is regulated by
the balance between litter inputs and outputs, including
decomposition and organic matter transfer to the min-
eral soil through mixing and to a lesser extent leaching.
The lower forest floor masses in the cultivated soils,
as compared to woodlot soils, may result from in-
creased turnover or less litter production in the culti-
vated sites.

Our findings suggest that cultivation increased soil
N and P levels, persisting long after the agricultural
period ended. In contrast, modern-day temperate-zone
agriculture, despite addition of inorganic N and P fer-
tilizers, generally reduces soil N and P (Tiessen et al.
1982, Post and Mann 1990). Organic amendments may
yield a different result. In the Hoosfield continuous
barley experiment at Rothamsted, an agricultural plot
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manured from only 1852-1871 had 26% more N and
56% more C to 23 cm soil depth in 1975 than an ad-
jacent unamended plot (Jenkinson and Johnston 1976).
In contrast, soil C and N were lower where inorganic
NPK fertilizers were added for over a century. In our
study, mineral soil in cultivated sites contained 2800
kg N/ha and 843 kg P/ha, compared with 2010 kg N/
ha and 556 kg P/ha in woodlots, a relative increase of
39% for N and 52% for P.

There is evidence that animal manures were added
to cultivated soils at Prospect Hill. In the mid-1800s
~65% of the landscape was used for pasturing of cattle
and sheep in Petersham (Raup and Carlson 1941), and
spring plowing of manure into the soil was practiced
at Prospect Hill during the 1800s (Raup and Carlson
1941; E M. Wheeler, unpublished manuscript) (see Dis-
cussion: Long-term effects on organic matter density
fractions [last paragraph]). Animal densities in 1831
were 0.66 animal units/ha of pasture and meadow (in-
cludes horses, oxen, steers, cows, heifers, sheep, and
swine; Petersham tax records in Harvard Forest Ar-
chives). Hamburg (1984) did not observe higher N in
cultivated soils in central New Hampshire, where do-
mestic animal densities were lower (peak of 0.3 animal
units/ha in 1845; 0.15 units/ha from 1825-1925). The
addition of ~800 kg N/ha and 300 kg P/ha to the Ap
horizon during the >100-yr agricultural period is quite
possible, considering that ~65% of the landscape was
used for pasture. Animal manure derived from some
fraction of the pastures would have been added to cul-
tivated lands, which comprised =10-15% of the area.
Manures also have low N:P ratios, and the cultivated
forest floor and the hardwood cultivated soil reflected
this. Rough calculations for the Sanderson farm indi-
cate that of the ~100 kg N in manures produced from
two oxen and one cow in 1771, ~10 kg N/ha might
have made its way to the 0.25 ha cultivated area (Raup
and Carlson 1941; Harvard Forest Research File 1974—
04); continuation of this practice for 80 yr could rough-
ly explain the accumulation of N in the cultivated sites.

Soil nutrient levels appear to have been enhanced by
19th century farming practices, reflected as increased
N and P levels and lower C:N and C:P ratios. Altered
nutrient ratios may be the result of manure additions,
or may reflect the influence of an altered decomposition
environment. The ratios were largely influenced by
higher N and P levels, rather than lower C; hence,
addition of animal manure as a farming practice may
be an important factor in the postagricultural recovery
of soil nutrient dynamics. While inorganic fertilizers
may result in net N losses, organic amendments may
accumulate in the soil (Drinkwater et al. 1998). In the
Andes, agricultural practices 1500 yr ago included add-
ing large amounts of guano to terraced Mollisols, and
these sites still have higher C, N, and P than native
soils (Sandor and Eash 1995). Our findings also suggest
that the effects of animal manure amendments can per-
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sist for at least a century in the form of elevated N and
P and lower C:N and C:P ratios.

Long-term effects on organic matter density fractions

While bulk mineral soil C did not vary by prior land
use, cultivated mineral soil had substantially less light
fraction C (36-61% less) than did woodlot soils. The
light fraction is largely derived from below- and above-
ground litter, and is likely to be of more recent origin,
as indicated by lower 8N and higher C:N ratios than
the mineral-associated heavy fraction. The higher C:N
ratios of the light fraction suggest that.in the short term
it could be a site for N immobilization; however, over
the long term, there is a net transfer of organic matter
and N from the light fraction to the heavy fraction.
Light fraction dynamics might then parallel inputs and
decomposition of litterfall, and would exhibit a pattern
similar to forest floor mass, which is also lower in the
cultivated sites.

The decline in total soil organic matter in agricultural
soils has been attributed to losses of the light fraction
(Cambardella and Elliott 1994). Agricultural soils tend
to have lower light fraction masses, usually <2% of
the soil (Janzen 1987, Janzen et al. 1992, Boone 1994).
Our light fraction masses of 4-10% of the soil are
within the range of those observed in forest soils
(Spycher et al. 1983, Sollins et al. 1984, Strickland and
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Sollins 1987, Boone 1994), although the cultivated
soils had much less light fraction mass and C than did
the woodlot soils. While the light fraction N in culti-
vated soils was similar to or lower than that in pastured
or woodlot soils, heavy fraction N was greater in cul-
tivated soils, indicating an accumulation of N in this
pool.

The natural variation in the ratio of '>N/!“N in soils
can reflect both differences in sources of N and frac-
tionation of N during decomposition (Delwiche and
Steyn 1980, Shearer et al. 1978, Nadelhoffer and Fry
1988, 1994). The lighter isotope is preferentially re-
leased during decomposition, and losses of inorganic
N though leaching, denitrification, and ammonia vol-
atilization result in preferential losses of '“N from soils,
resulting in an increase in soil 8°N over time (Nadel-
hoffer and Fry 1988, 1994, Handley and Raven 1992).
Plants are depleted in SN relative to soil nitrogen (Na-
delhoffer and Fry 1994). The light fraction is mostly
sand-sized leaf and root fragments of recent plant or-
igin, and therefore has a lower 8N than bulk soil or
heavy fraction N.

By more rapidly incorporating isotopically light
plant inputs into the mineral soil, cultivation and pas-
turing can decrease soil 3'°N. Soil 8N has been found
to be lower in cultivated soils than in native grassland
(Tiessen et al. 1984) or zero-till agriculture (Selles et
al. 1984). Pasturing also decreased the surface soil 8'°N
in several tropical grasslands (Piccolo et al. 1994). The
heavy fraction (mineral-associated) 8N was lower in
the cultivated and pastured soils than in woodlot soils.
These observed patterns could be driven by similar
mechanisms.

Cultivation may increase the mixing of light fraction
and heavy fraction, resulting in a convergence of 8°N
values between the two fractions. Tiessen et al. (1984)
reported that long-term cultivation of a grassland soil
resulted in lower 8'°N in the bulk soil and coarse clay
and silt fractions, but higher 8'°N in the sand fraction.
These observations were interpreted as a greater ac-
cumulation of more labile N compounds depleted in
5N (from byproducts of microbial decomposition) in
the mineral-associated fractions under cultivation. Al-
though we measured soil density fractions rather than
size fractions, our findings are similar. The 8'°N values
for the light fraction and heavy fraction were most
similar in cultivated sites, which suggests that turnover
of light fraction and incorporation of N into the heavy
fraction is more rapid in these soils. Compared to
woodlot soils, the heavy fraction N (mineral-associ-
ated) of the cultivated soils was depleted in N, while
the light fraction was enriched in “N. The closer 8!°N
values in the previously cultivated soils suggest a tight-
er coupling between the two fractions in the cultivated
soils than in woodlots.

The 8N of soil amendments in cultivated sites is
not known, therefore we cannot directly implicate an-
imal wastes as a source of N in the cultivated soils
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using these values. The 8N of animal wastes varies
widely depending upon the diet, type of waste, and
time of day (Steele and Daniel 1978, Kerley and Jarvis
1996, Kielland and Bryant 1998). Consumption of N-
fixing plants such as red and white clover (Trifolium
repens and Trifolium pratense), as well as application
of urine (Lincoln 1851) which has a lower signature
(Steele and Daniel 1978), might have caused the 3N
values of amendments to be relatively low. The 8N
values of fresh animal wastes may not be outside the
range of soil values (Macko and Ostrom 1994), there-
fore we cannot use the actual 8N values to directly
implicate manure N as a source.

Early land-use practices would have increased losses
of nitrogen from the soil via harvest, leaching, and
erosion, and therefore depleted native soil nitrogen
pools. There is widespread discussion of exhaustion of
the native soil nutrient capacity after a few years of
growing crops on a recently cleared site (see references
in Whitney 1994). However, manures were used widely
as a soil amendment in the 1800s (Bidwell and Falconer
1941, Russell 1982), including in Petersham (Raup and
Carlson 1941; E M. Wheeler, Diary from 1881-1882,
File No. HF 1882-1 in Harvard Forest Archives); thus
the re-accumulating active N pool at this time would
be largely composed of manure N. The cumulative ef-
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fect of these practices would be to deplete the native
N pool and cause manure N inputs to dominate the
actively cycling N pools. In the woodlot soils, little N
would have been lost, and the slow process of losing
small amounts of “N over the long term would result
in a divergence between the light fraction (recent plant
inputs) and the more recalcitrant and older heavy frac-
tion. In the cultivated areas, frequent incorporation of
amendments into the soil may have also strongly in-
fluenced the 35N signal. By increasing the minerali-
zation of humus N and the addition of easily soluble
animal wastes, annual cultivation would have made
much of the soil N available to plants, resulting in a
convergence of the light and heavy fractions. In the
woodlot soils, plant uptake and ecosystem losses of N
may have preferentially removed “N from the soil hu-
mus for a longer time period, allowing the heavy frac-
tion to become more enriched in N over time. We
suggest that more than a century after abandonment is
required to establish this divergence of 3N values for
the light and heavy fraction.

Recovery of processes after
agricultural abandonment

Nitrification rates and nitrifiers remain elevated 90—
120 yr after abandonment of cultivated sites. Nitrifi-
cation as a percentage of N mineralization was higher
in previously cultivated sites (9% and 24% in conifer
and hardwoods) than in pastured and woodlot sites (1-
6%, Table 4). The 1995 growing season N minerali-
zation rates ranged from 7 to 18 kg-ha~!-yr~! (Table 4).
These values are low for this forest type (Magill et al.
1997), presumably because of the summer 1995
drought.

Several mechanisms explain the higher net nitrifi-
cation found in cultivated sites relative to uncultivated
sites 90-120 yr after their abandonment. Cultivation
generally increases net nitrification through liming,
aeration, enhanced ammonium levels, and lower im-
mobilization (Schimel 1986). Soil pH was slightly
higher in formerly cultivated sites (Table 2). Lime was
not locally available at Prospect Hill during the 1800s,
but burning was the predominant method of land clear-
ing in New England in the 17th and 18th centuries
(Bidwell and Falconer 1941), which can increase soil
pH and extractable cations (Woodmansee and Wallach
1981). Autotrophic nitrifiers were present at low levels
in all stands, and relatively abundant and active in all
cultivated and pastured sites. However, net nitrification
was substantial only in the cultivated hardwood sites.
Potential nitrification and net nitrification rates were
not well correlated (R? = 0.025), which suggests that
factors other than the presence and activity of nitrifiers
determines whether a soil will exhibit net nitrification.
Immobilization of nitrate is expected to be lower in the
cultivated sites, as seen by Schimel (1986) for culti-
vated grassland soils as compared to native grassland
soils. Soil C:N ratios strongly reflect the agricultural



2326

legacies, and relatively low ratios (16—18) in the hard-
wood cultivated sites may shift the nitrate immobili-
zation—mineralization balance, resulting in net nitrate
release during decomposition.

Land-use history may influence forest response to
increasing N supply. Specific farming practices, in this
case the addition of organic amendments during the
1800s, appear to be important in the rate and direction
of the long-term postabandonment N transformations,
as was suggested by Vitousek et al. (1989). If formerly
cultivated soils have higher net nitrate release, then
nitrate leaching and ecosystem N retention might be
lower in formerly cultivated areas. In a study designed
to mimic dramatic increases in atmospheric N inputs,
Magill et al. (1997) cite land-use history as a possible
explanation for more rapid initiation of N saturation of
a formerly cultivated red pine stand than a formerly
pastured hardwood stand at Harvard Forest. Consid-
eration of site history may be critical in understanding
N retention and response to changing atmospheric load-
ing across the diverse landscape mosaic of the eastern
United States.

Vegetation effects—also a land-use legacy?

The interaction between land-use history and veg-
etation was almost always a significant factor influ-
encing soil properties and transformations (Table 3).
Soil nutrients and nitrification appeared to vary more
by land use in hardwood stands than in conifer stands.
Several explanations are possible: (1) sites presently
occupied by hardwoods had a more intensive cultiva-
tion history (longer cultivation, higher rates of fertil-
ization), (2) the variation in stand composition within
the categories ‘‘conifer” and ‘“hardwood” has an im-
portant effect on soil nutrient processes, and (3) nu-
trient use and allocation vary between hardwoods and
conifers. To address the first point, the hardwood cul-
tivated plot 134 (see Table 1) was classified as farmland
from 1805 until 1908, and did have the highest mineral
soil N and P content of all sites (1266 kg N/ha and 752
kg P/ha), while rates of net mineralization and nitri-
fication were very similar to the other hardwood cul-
tivated plot. The other cultivated sites were also farmed
for =100 yr by the Sandersons and subsequent land-
owners (Raup and Carlson 1941, Raup 1966).

Although land-use history was a statistically signif-
icant factor in many of our measures, we acknowledge
that greater replication would have increased the
strength of our findings, since the history or ‘“‘treat-
ment”’ effects are possibly confounded with inherent
site properties. We cannot reconstruct specific site his-
tories because this level of detail is not available (e.g.,
crops grown, duration of different uses, or amount of
manures added). However, we were still able to detect
strong differences among our general land-use cate-
gories. Error values were generally low between rep-
licates (with exceptions), indicating that the sites with-
in a ‘“‘treatment’” were relatively similar.
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Land-use history has influenced the distribution of
several plant species across Prospect Hill (Motzkin et
al. 1999), although not as dramatically as on a nearby
low-fertility sand plain (Motzkin et al. 1996). It is pos-
sible that the presence of certain species is facilitated
by agricultural practices at Prospect Hill. Out of a wide
range of edaphic and disturbance factors at this site,
the presence of Prunus spp. and Acer saccharum was
best predicted by soil N and the C:N ratio (Motzkin et
al. 1999). The variation in species composition within
and between the ““hardwood” and “‘conifer” categories
could subsequently influence soil processes. Organic
matter produced by the fertile-site species listed above
can support higher N mineralization and nitrification
rates than oaks and conifers (Zak et al. 1986, Boerner
and Koslowsky 1989). While conifer woodlots were
dominated by hemlocks and/or white pine, the conifer
pastured plots were red pine (Pinus resinosa) planta-
tions. Red pine litter has high lignin:N ratios and slow
decomposition rates (Bockheim and Leide 1986), and
the low soil pH, high forest floor and soil C, and high
C:N ratios found here support this. Both conifer wood-
lots were dominated by hemlock (Table 1); the presence



August 2000

of hemlock has been shown to be associated with low
nitrification rates (Mladenoff 1987).

Present vegetation (hardwood or conifer) was an im-
portant factor controlling many soil properties. Net N
mineralization and chloroform-extractable N were
greater in hardwood stands, and not consistently influ-
enced by land-use history (Table 3). Soil microbial bio-
mass may reflect present-day organic matter supply and
quality, rather than total soil nutrient content.

Forest floor mass recovered more quickly after aban-
donment under conifers than under hardwoods. Litter-
fall may be slightly higher in conifer and hardwood
stands (3.2 Mg-ha~!-yr~! in red pine vs. 2.9 in oak—
maple [Magill et al. 1997]); this combined with slower
decomposition under conifers than hardwoods (Nadel-
hoffer et al. 1982, Berg and McClaugherty 1987) would
promote more rapid accumulation of the forest floor
under conifers. There also appeared to be slightly more
mixing of the forest floor with underlying mineral soil
in hardwoods, as evidenced by the higher ash content
of the hardwood forest floor (Table 2). Recovery of soil
C pools may be more rapid under conifers.

Importance of specific management practices

By altering site nutrients and increasing nitrification
rates, we speculate that each of the three land uses we
examined could have important long-term effects on
carbon storage, nitrogen retention, and nutrient cycling.
Values for forest floor C, N, and P in the pastured sites
were generally intermediate between the cultivated and
woodlot sites; while pasture soil C:N ratios and N trans-
formations rates were more similar to woodlots. Nitri-
fier levels and activity were similar in cultivated and
pastured sites (Fig. 8), but net nitrification was con-
sistently higher in the cultivated sites, perhaps because
of lower C:N ratios, as discussed above. Our results
indicate that cultivation has the most persistent influ-
ence on soil nutrients and nitrification, perhaps driven
by the addition of amendments combined with the de-
pletion and subsequent slow accumulation of the forest
floor and mineral soil light fraction organic matter.

Our findings are somewhat in contrast to the view
that early New England agriculture decreased soil fer-
tility (Cronon 1983, Merchant 1989). Agricultural
practices in the early 1800s included manure amend-
ments (Bidwell and Falconer 1941), which appear to
have enriched soil N and P levels, and decreased C:N
and C:P ratios. These amendments and lower C:N ratios
persist over a century after abandonment, and may
stimulate soil nitrification. However, agriculture also
depleted forest floor and light fraction organic matter,
and complete recovery of these levels has not occurred.
We also have no information on soil erosion rates,
which could have influenced soil fertility and affected
aquatic ecosystems.

Implications for ecosystem recovery from disturbance

Few long-term studies of human disturbances on
ecosystem processes exist, except in unusual cases,
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such as the long-term agricultural record at Rotham-
sted, UK (Leigh and Johnston 1994). Therefore we
must rely on historical reconstruction, archaeology,
dendrochronology, and paleoecology to see the long-
term effects of disturbance (Foster et al. 1996, 1998,
Entwistle et al. 1998, Fuller et al. 1998). Response to
disturbance has been a major focus in ecology, but it
is important to develop an understanding of not only
immediate but long-term effects and recovery. A lit-
erature survey in 1984 found that site history was rarely
mentioned in ecological studies (Hamburg and Sanford
1986); more recent studies document the persistent im-
portance of agricultural impacts on vegetation dynam-
ics, soil nutrient pools, and microbial activity (Garcia-
Montiel and Scatena 1994, Burke et al. 1995, Fernandes
and Sanford 1995, Motzkin et al. 1996, Garcia et al.
1997, Koerner et al. 1997).

Consideration of site history is important in ecosys-
tem process studies. Our study concludes that nutrient
levels, microbial processes, and actively cycling or-
ganic matter fractions of cultivated sites may be dis-
tinctly different from less-disturbed sites even after a
century of recovery via reforestation. The nature and
specific impacts of a disturbance (i.e., cultivation vs.
pasturing) are important in determining subsequent soil
processes, as is the litter quality and productivity of
the recovering plant community. Alteration of nutrient
content, ratios, and form may continue to have long-
term feedbacks (>100 yr) on soil organic matter dy-
namics and microbial populations. The underlying im-
portance of site history deserves more thought and at-
tention in the design of field studies and in our under-
standing of biogeochemical processes in dynamic
forested landscapes.
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