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Soil Nitrogen Mineralization in a Clearcutting Chronosequence
in a Northern California Conifer Forest

D. W. Frazer, J. G. McColl,* and R .F. Powers

ABSTRACT

Soil ammonification, nitrification, and N mobility were studied for
1 yr in three Sierra Nevada (USA) mixed-conifer stands to examine
the long-term influence of timber harvesting on soil N dynamics.
Clearcutting had a persistent effect on soil N mineralization, de-
tectable by in situ incubation but not by conventional low-tension
lysimetry. Mineralization rates were greater in 5- and 17-yr-old re-
generated clearcuts than in an adjacent 100-yr-old uncut forest. An-
nual rates of N mineralization averaged 12 kg ha-! for the uncut
forest, and 49 and 31 kg ha! for the 5- and 17-yr-old clearcuts,
respectively. Mineralization continued throughout the summer, even
when soil matric potentials were << —1500 kPa. Soil solution NO,
concentrations were much higher in the younger clearcut than in
either the older clearcut or the uncut forest. Sustained effects of
clearcutting seem due largely to higher substrate availability and to
moisture and temperature conditions favoring microbial activity.
Chemical inhibition of nitrification may become important as the
forest floor develops.

HE MAIN FACTORS controlling ammonification and
nitrification in forested ecosystems are moisture,
temperature, and substrate availability (Gadgil and
Gadgil, 1978; Vitousek, 1981). Ammonification rates
generally are low enough that NH, is cycled efficiently
into vegetation and microbial biomass, producing a
closed N cycle (Miller et al., 1979; Cole, 1981). Con-
sequently, the scarcity of NH, limits NO; production
in well-stocked, uncut forests (Vitousek, 1981; Rob-
ertson, 1982). Yet, disturbances such as fire or timber
harvest generally accelerate nitrification, and attention
has centered on this process because NO; can be
leached from the ecosystem if not immobilized bio-
logically.

Timber harvesting usually increases ammonifica-
tion and nitrification by altering the main controlling
factors. Harvesting increases summer soil tempera-
tures from direct solar radiation. Soil moisture rises
because transpirational losses are reduced. Further-
more, logging adds labile organic matter to the soil in
slash and roots. All of these favor increased microbial
activity, ammonification, and nitrification. How long
this efiect lasts is not known, and the answer may vary
with the measurement technique.

Nitrate losses commonly are measured through the
analysis of soil solutions collected in lysimeters placed
below the rooting depth (Vitousek et al., 1979; Dyck
et al., 1983), or through the analysis of stream-water
samples collected below the harvested site (Likens et
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al., 1969; Brown et al., 1973; Aubertin and Patric,
1974). After harvesting, NO, concentration usually in-
creases, but the magnitude varies. For instance, Au-
bertin and Patric (1974) noted only minor increases
in the loss of NO, from a clearcut in West Virginia,
but Likens et al. (1969) found that N losses from a
clearcut and experimentally devegetated New Hamp-
shire watershed were 100 times greater than those from
an adjacent forested watershed.

Although soil-solution techniques are effective in es-
timating net losses of soluble N from forest ecosys-
tems, they have limited value in broader or more in-
tensive studies of N mineralization processes. Tension
lysimetry requires continual or frequent suction and
solution collection. Watershed studies involve com-
parison of small watersheds with water-tight bedrock
and with similar drainage streams, soil, relief, vege-
tation, and area, differing only in one of the above
factors of interest or in a superimposed, management
treatment. Both techniques focus only on the solution
phase of the N cycle and are difficult to apply to remote
sites or to sites lacking appreciable surface drainage.
For these reasons, recent field work on soil N dynamics
has favored small-plot incubation techniques using
buried bags (Federer, 1983), ion exchange resins (Bink-
ley and Matson, 1983), intact soil cores (Adams and
Attiwill, 1986; Raison et al., 1987), or combinations
thereof (Hart and Firestone, 1989; Powers, 1990).

Field estimates of organic N mineralization rates in
temperate forest soils vary between net immobiliza-
tion and 78 mg N m-! d-!, depending on site and sea-
son (Table 1). Rates generally are greater in the sum-
mer than in the winter. To date, most estimates are
for undisturbed, natural ecosystems, rather than for
forests managed intensively for timber production. Ex-
cept for Australian work (Adams and Attiwill, 1986;
Edmonds and McColl, 1983, 1989), field studies gen-
erally reflect climatic conditions differing markedly
from California’s hot, dry summers and cool, wet win-
ters. Irrespective of climatic differences, the edaphic
and vegetative diversity of California raise questions
as to how well findings from other regions might apply.

Some forest soil N mineralization studies have been
reported for California. Field anaerobic incubations of
soils transplanted reciprocally along a mean annual
soil temperature gradient between 9 and 20 °C showed
a mineralization of Q,, of nearly 2 (Powers, 1990).
(The Q,, is the ratio of the reaction rate constant for
two temperatures differing by 10° [Williams and Wil-
liams, 1967].) Aerobic field mineralization studies are
limited to those by Hart and Firestone (1989) and
Powers (1990). Hart and Firestone (1989) found that
intact cores in polyethylene and those in PVC cylin-
ders capped with ion-exchange resin bags yielded sim-
ilar mineralization rates. However, rates were greater
in a young-growth forest than in an adjacent old-
growth forest on similar soil (Table 1). Powers (1980),
also using intact soil cores and ion exchange resins,



1146

SOIL SCI. SOC. AM. J.,, VOL. 54, JULY-AUGUST 1990

Table 1. Areal N mineralization rates as determined under field conditions in seven different studies.

In situ incubation Rate of
Study Location Site technique Study period mineralization
Edmonds and Australia Pine Cylinder, 4-6 wk Summer and fall 2.9
McColl (1983)
Ellis (1974) Canada Maple woodlot Vial, 2 wk 2 yr 78%
Pine 19¢%
Federer (1983) New England Deciduous forest Bag, 28 d Summer 23-65
Hart and California Mixed confier:
Firestone (1989) Old growth Bag, 6 wk 10 mo 34
Young growth Bag, 6 wk 11.2
Old growth Cylinder with ion 10 mo 6.3
Young growth exchange resin bags 11.6
Matson and Oregon Hemlock: Bag, 10 wk Summer
Boone (1984) Bare areas 3.6
Old growth 7.7
Powers (1990) California Mixed oak:
Forest floor Cylinder with resin, Wet season} 7.9
15 cm soil 210d 4.6
Forest floor Cylinder with resin, Dry season} 6.4
15 cm soil 155d 7.5
Mixed conifer:
Forest floor Cylinder with resin, Wet season 4.5
15 cm soil 210d 8.1
Forest floor Cylinder with resin, Dry season 5.6
15 cm soil 155d 15.1
Red fir:
Forest floor Cylinder with resin, Wet season 5.4
15 cm soil 210d 1.7
Forest floor Cylinder with resin, Dry season 4.7
15 c¢m soil 155d -1.6
Rapp et al. (1979)  France Pine forest Cylinder, 2-12 wk 1yr 3.1

t Assuming bulk density of 1.3 Mg m™.
1 Wet season was November-June; dry season was June—October.

minimized initial organic soil N differences between
sites by reporting N mineralization per unit of total
soil N (Table 1). Once standardized, mineralization
was judged to be greater in midelevation mixed-con-
ifer forests (where climate is relatively mild) than at
higher elevations (cold soil temperatures) or lower el-
evations (droughty soil conditions). Nitrification oc-
curred at all sites, but was reduced where soil tem-
peratures or NH, substrate were low.

Our study was conducted in a managed, highly pro-
ductive, mixed-conifer forest of northern California’s
Sierra Nevada to further our understanding of the rel-
atively long-term effects of timber harvest on soil N
mineralization and mobility. Using a chronosequence
approach and the same site and plots studied previ-
ously (McColl and Powers, 1984; Powers and McColl,
1984), we addressed the following questions:

1. Does clearcutting affect long-term changes in soil
N mineralization in a Mediterranean climate for-
est ecosystem?

2. Do ammonification and nitrification proceed un-
der droughty soil conditions?

3. What are the probable factors controlling field
mineralization?

MATERIALS AND METHODS
Site Characteristics

We conducted our study between September 1983 and
July 1984 at the Challenge Experimental Forest of the USDA

Forest Service Pacific Southwest Experiment Station in the
western foothills of the Sierra Nevada (39°29'N, 121°13'E).
Elevation of the site is 790 m and slope is <5%. Mean air
temperatures average 4 °C in January and 24 °C in July.
Annual precipitation averages 1600 mm and occurs mainly
as rain from October to April. The soil is a very productive,
deep, reddish-brown, fine-loamy, mixed, mesic, Ultic Hap-
loxeralf weathered from diorite.

The mixed-conifer forest at Challenge is dominated by
Pinus ponderosa Dougl. ex P. Lawson & C. Laws., Pinus
lambertiana Dougl., Abies concolor (Gord. & Glend.) Lindl.
ex Hildebr., Pseudotsuga menziesii (Mirb.) Franco, and Li-
bocedrus decurrens Torr. Subordinate tree species include
Lithocarpus densiflora (Hook. & Am) Rehd., Quercus kel-
loggii Newb., Cornus occidentalis (Torr. & A. Gray) Coville,
and Arbutus menziesii Pursh. Understory species include
Symphoricarpos and Pyrola spp. In open areas the vegetation
consists primarily of Ceanothus lemmonii Parry, Pteridium
aquilinum (L.) Kuhn, and various annuals.

Three adjacent 1.5- to 4-ha stand units representing a
clearcutting chronosequence were chosen for study. One, the
Forest Control, was an uncut, second-growth, closed-cancpy
forest ~100 yr old, with a site index of 25 m at 50 years
and an average basal area stocking of 53 m? ha-!. Forest-
floor thickness averaged 30 to 120 mm. A second unit, called
the Clearcut, was harvested in spring 1978 using crawler
tractors. Slash was piled into windrows and burned that win-
ter, and the unit was planted with P. ponderosa the following
spring. Logging and windrowing of slash disrupted the forest
floor considerably, but topsoil displacement was minimal.
During this study, five growing seasons after planting, the
thickness of the forest floor in the Clearcut ranged from 0
to 10 mm, and the planted trees were 0.9 to 1.7 m tall.
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A third stand, the Regeneration unit, was clearcut in 1966
and regenerated naturally to P. ponderosa within 2 yr of
harvesting. Slash was treated in the same way as in the more
recent Clearcut. The tallest trees were 17 yr old and averaged
10 m tall, with about 40% canopy closure. The forest floor
varied in both composition and depth. Pine needles decom-
posing under the larger trees formed a forest floor similar
to, but thinner than, that found in the Forest Control unit.
Litterfall from the predominantly Ceanothus and Pteridium
understory formed a discontinuous forest floor of about 20-
mm thickness, but some soil remained exposed.

Field Work

General Soil Measurements. A central plot measuring 5
by 30 m was established away from windrows in each ad-
jacent unit for studying soil N dynamics. Within each plot,
single (triplicate for bulk density) samples of 0 to 70 and 70
to 140 mm soil depths were collected at four positions and
composited by depth. These depths are known to be the
zones of greatest N mineralization rates and root activity in
Challenge Experimental Forest soils (Powers, 1980). Samples
were air dried, sieved to <2 mm, and analyzed in duplicate
for total C by Walkley-Black (Nelson and Sommers, 1982)
and Kjeldahl N (Bremner and Mulvaney, 1982) methods.
Bulk densities for each depth increment were estimated from
triplicate samples taken horizontally from a single soil pit
in each sampling unit using a steel cylinder of 70 mm inside
diameter.

Field soil temperatures were estimated from thermocouple
measurements taken continuously at 35 and 105 mm depths
in a cleared and forested unit at the Forest Service La Porte
Ranger Station located 2.5 km north of the study area. These
soil depths represent midpoints of those used in the min-
eralization study. Periodic measurements at the study site
confirmed that soil temperatures there corresponded closely
with those at the Ranger Station.

Moisture contents of the mineral soil and forest floor were
determined gravimetrically at the beginning and end of each
incubation period using steel incubation cylinders described
below. Gravimetric moisture values were converted to ma-
tric potentials using moisture retention curves from previous
equilibrations at —30, —100, —500, and — 1500 kPa (Rich-
ards, 1965).

In Situ Nitrogen Mineralization. An intact soil core field
incubation technique (Rapp et al., 1979) was used to chart
net N mineralization within the soil from September 1983
through July 1984. Six pairs of steel cylinders measuring 53
mm i.d. and either 260 or 390 mm in length were driven to
a depth of 180 mm at 5- to 9-m intervals in plots of each
of the three units. The longer cylinders were used in the
Forest Control, to allow for the thickness of the forest floor.
Cylinders in each pair were positioned 250 mm apart. For
each pair, one cylinder and its intact soil core was removed
immediately, refrigerated, and transported to the laboratory.
The remaining cylinder and encased soil core was left to
incubate in place. After ~1 mo, each cylinder and incubated
soil core was removed and transported to the laboratory;
new cylinder pairs were installed, and the process was re-
peated. During field incubations, all cylinders were capped
lightly with styrofoam cups to prevent leaching in the event
of precipitation. Each cylinder had two holes drilled near
the top to provide further aeration.

In the laboratory, soil cores were extruded and separated
into 0 to 70 mm (surface) and 70 to 140 mm (subsoil) sec-
tions. The relatively thick forest floor in the Forest Control
allowed us to separate this horizon as well, but the Clearcut
and Regeneration units had insufficient material for mean-
ingful separation. Following extraction, large roots and
gravel were discarded. Residual material was mixed thor-
oughly for each section, refrigerated at 5 °C, and analyzed

within 24 h. Materials were weighed and subsampled for
moisture content, and mineral N was extracted from 10-g
samples by shaking 1 hr in 50 mL of 2 M KCl, followed by
paper filtration or centrifugation to produce clear extracts.
Debris was discarded and extracts were stored at —18 °C
for up to 6 mo. Ammonium and NO, concentrations were
determined with a QuickChem System IV (Lachat Instru-
ments, Milwaukee, WI) autoanalyzer, using the colorimetric
phenate method for NH, and Cd reduction for NO, (U.S.
Environmental Production Agency, 1979). Findings were
converted to a whole-soil basis, and net mineralization was
expressed as the change in mineral N content before and
after field incubation.

Solution-Phase Nitrogen. Standard, porous ceramic-cup
soil-moisture extraction tubes (Soil Moisture Equipment
Co., Santa Barbara, CA) were used to measure soil N mo-
bility in the soil solution between September 1983 and July
1984. Three pairs of tubes selected for similar draw rates
were installed centrally in each mineralization plot. One tube
of each pair had its cup placed at 0.25 m below the soil
surface, and the other at 1.00 m. The shallow tube measured
0.4 m long, and the deeper tube measured 1.1 m. Each
month, —50 kPA suction were applied to each tube, and
solutions collected over that period were refrigerated and
transported to the laboratory for storage at —18 °C until
analysis for NH, and NO; as described above.

Controlled Laboratory Incubation

Additional soil and forest floor samples were collected in
December 1984 for studying N mineralization under con-
trolled conditions in the laboratory. Samples of soil were
collected randomly from three locations in each of the chron-
osequence units: Forest Control, Clearcut, and Regeneration.
Samples were obtained from the litter, the surface soil (O-
70 mm), and subsoil (70-140 mm) layers by pressing a 354-
mm-diameter steel cylinder into the soil. The large diameter
of the cylinder provided enough material for separate in-
cubations of the litter layer and two mineral soil depth sec-
tions (0-70 mm and 70-140 mm). Stones and roots >10
mm diameter were discarded. Each section was mixed by
gentle shaking in a plastic bag, weighed, and stored at 5 °C
until further analysis.

To estimate aerobic N mineralization potentials, 30 g of
the mineral soil samples were incubated in the laboratory
for 20 d in capped, 20-mL polypropylene vials (Cun-
ningham, 1962). Caps were perforated to permit gas ex-
change. Ten grams of forest floor material was incubated in
polyethylene bags, opened weekly to improve aeration be-
yond that occurring through the polyethylene (Bremner and
Douglas, 1971). Water contents were maintained near field
capacity by weekly weighings and additions as needed. As
in the field study, net mineralization rates were estimated
from the difference in mineral N content of the soil before
and after incubation. Subsamples from each depth were in-
cubated at 6, 18, and 30 °C (corresponding to the mean win-
ter low soil temperature for all treatment units, and the mean
summer highs for the Forest Control and Clearcut, respec-
tively). Following incubation, NH, and NO, were extracted
and determined as described previously. Net mineralization
potential was determined after subtracting the mineral N
present initially, and was adjusted to an areal basis through
weight adjustment and the known surface area of the sam-
pling cylinder.

RESULTS
Field Study
Soil Properties

Relevant properties of soil from the three chrono-
sequence units and for the two depth classes are given
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in Table 2. Bulk densities were similar between units,
showing little evidence of a persistent clearcutting ef-
fect. Bulk density in the Clearcut remained relatively
low—probably because of cumulative frost action, and
because organic residues were incorporated into the
surface soil during harvesting and site preparation (as
indicated by greater C concentrations). Total N con-
centrations also were higher in the Clearcut for both
soil depth classes, again reflecting the mixing of har-
vesting residues with soil. However, C/N ratios did
not differ appreciably between units.

In Situ Mineralization

Cumulative plots of net N-mineralization in the
field show major differences between chronosequence

Table 2. Soil properties by chronosequence unit and depth class in
fall 1983.

Chronosequence unit

Soil Soil Clearcut Regeneration Forest Control
property depth  (cut in 1978) (cut in 1966) (uncut)
mm
Bulk density, 0-70 0.8 0.9 0.9
Mg m™ 70-140 1.0 1.0 1.1
Total C,t 0-70 90 64 73
g kg?! 70-140 35 26 26
Total N, 0-70 2.0 1.6 1.5
gkg! 70-140 1.3 1.0 1.0
Total N, 0-140 2030 1708 1715
kg ha™!
Absolute N- 0-140 49 31 12
mineralization
rate (Sept.—
July), kg ha!
Specific N- 0-140 24 18 7
mineralization
rate (Sept.—
July), g N
mineralized
kg! total N
C/N Ratio 0-70 45 41 50
70-140 27 26 27

t Total C was analyzed by the Walkley-Black method, and Total N by Kjel-
dahl.
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Fig. 1. Cumulative N mineralization in three chronosequence units
soil at depths of (a) 0-70 and (b) 70-140 mm.

units (Fig. 1). Most mineralization occurred in the sur-
face soil (0-70 mm) depth and was greatest in the
Clearcut, where disturbance and incorporation or or-
ganic residues were most recent. Immobilization oc-
curred throughout the winter for the 70- to 140-mm-
depth subsoil, but by March there was a net gain in
mineral N for the Clearcut and Forest Control. Min-
eralization rates for September through July for com-
bined depths averaged 13.7, 8.0 and 0.8 mg N m-2d-!
for the Clearcut, Regeneration, and Forest Control
units, respectively, which is comparable to rates re-
ported for other coniferous forests (Table 1). Although
spatial variability seemed relatively high, coefficients
of variation (CV) in the subsoil (Table 3) actually re-
flect low mineralization means, rather than high ab-
solute variability.

Ammonification and nitrification rates appeared to
be greater in the Clearcut than in the other units; the
Regeneration unit was intermediate, but appeared
more like the Forest Control (Fig. 2). Nitrification
rates peaked during the winter on the Forest Control,
but were high from October through March in the
Clearcut. Rates were minimal in all units by July. Al-
though the field incubation study lasted nearly a year,
both NH, and NO, production was much less at the
end of the period than at the beginning, regardless of
treatment.

Soil Physical Conditions

Based on calibrated measurements at the Challenge
Ranger Station, soil temperatures were higher in the
Clearcut than in the Forest Control in the fall and
spring, but the same in winter (Fig. 3). During July,
temperatures averaged 12 °C warmer 1in the Clearcut
than in the Forest Control, and were not cold enough
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Fig. 2. Ammonium and NO; content of soil in three chronosequence
units to a depth of 140 mm.
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in any unit to preclude microbial activity (Stanford et
al., 1973). Surface soils tended to be drier in the Clear-
cut and Regeneration units than in the control during
summer and autumn (Fig. 4), but wetter in the winter
(presumably, because of greater crown interception
and transpiration in the Forest Control). Subsoils of
the Clearcut and Regeneration units tended to be wet-
ter than the Forest Control throughout the winter (pre-
sumably, because of lower transpirational demand),
but there was no apparent difference between sites at
other times (Fig. 4). Between November and March,
soil matric potentials in the Clearcut unit were much
more favorable for N mineralization (Stanford and
Epstein, 1974) than were those for the Regeneration
or Forest Control units.

Nitrogen Concentrations in Soil Solutions

Soil solution could not be collected until mid-De-
cember, when the soil had become moist enough for
extraction, and collection ceased again in the early
summer, as soil matric potentials dried below —50
kPa. The magnitude of the differences in solution N
concentrations at 0.25 and 1.00 m depths for a given
chronosequence unit were minor (Fig. 5). Few fine
roots occur at 1-m depth on similar soils nearby (Pow-
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Fig. 3. Soil temperatures in the Clearcut and Forest Control units
soil at depths of (a) 0-70 and (b) 70-140 mm.
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Fig. 4. Soil matric potential in three chronosequence units soil at
depths of (a) 0-70 and (b) 70-140 mm.

ers, 1980); thus, we assume that most NO; at this depth
will be lost to groundwater. Nitrate concentrations
were consistently higher in the Clearcut than in the
Regeneration and Forest Control units, but there were
no appreciable differences between the latter two units.
Nitrate concentrations decreased as the season
progressed. Ammonium concentrations were very low
(Table 4) and usually were close to the limit of
detection.

Laboratory Incubation

Mineralization rates in the laboratory under con-
stant moisture and 30 °C temperature were higher for

Table 3. Average coefficient of variation (n = 6) by soil depth for
groups of subsamples collected from each chronosequence unit for
October through July.

Cv
Chronosequence Soil Initial NH, Initial NO, Net
unit depth cong. cong. mineralization
mm %
Clearcut 0-70 47 98 273
70-140 43 76 2925
Regeneration 0-70 54 100 111
70-140 51 135 773
Forest Forest
Control floor 57 82 317
0-70 62 108 217
70-140 50 139 359

Table 4. Mean NO; and NH, concentrations in soil solutions for
October through July.

Soil Chronosequence
depth unit NO, NH,
m mg L™
0.25 Clearcut 1.03 0.12
Regeneration 0.25 0.01
Forest Control 0.14 0.01
1.00 Clearcut 0.97 0.04
Regeneration 0.10 0.03
Forest Control 0.19 0.04
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Fig. 5. Nitrate concentration in soil solutions of the three chrono-
sequence units soil at depths of (a) 0.25 and (b) 1.00 m.
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Fig. 6. Net N mineralization from (a) litter, (b) 0~70 mm soil depth,
and (c¢) 70-140 mm soil depth during laboratory incubations of
samples from three chronosequence units.

the Clearcut and Regeneration units than for the For-
est Control, particularly for the litter and 0- to 70-mm
soil depth (Fig. 6). Differences between units were gen-
erally less at the lowest incubation temperature. No
nitrification occurred in litter incubations for any of
the field units, nor at any soil depth for the Forest
Control, even under the warmest laboratory condi-
tions (Fig. 7).
DISCUSSION

Our chronosequence units (stand-age classes) were
neither replicated nor randomized. This precludes our
using inferential statistics, because we cannot conclu-
sively separate positional effects from those due solely
to treatment (Hurlbert, 1984). However, we have ex-
amined stand structure and soil properties, and mon-
itored soil-solution chemistry in the Forest Control
(uncut) and the Clearcut (cut in 1978) for an 18-month
period before clearcutting, and have found the units
to be similar in all measured characteristics (Powers
and McColl, 1984). Also, the older Regeneration unit
(cut in 1966) is adjacent to the Forest Control and the
Clearcut, with similar soil and topography. Thus, all
three units were assumed to have come from a com-
mon preharvest population. Evidence that follows also
supports the validity of our findings as indicators of
the sequential effects of clearcutting on N minerali-
zation at this site.

Total Kjeldahl N for each of the chronosequence
units is expressed as both g kg! of soil for each sam-
pling depth, and in kg ha-! for the combined depth of
0-140 mm (Table 2). The amounts for the combined
depth indicate that total N was essentially the same
in the Forest Control and Regeneration units, and 18%
greater in the Clearcut. The N mineralization rates for
the combined depths in the Clearcut, Regeneration,
and Forest Control units of 13.7, 8.0, and 0.8 mg m-?
d-! correspond to 49, 31, and 12 kg ha!, respectively
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Fig. 7. Net N mineralization of NH, and NO, produced at 30 °C
in litter (L), 0-70-mm (7), and 70-140-mm (14) soil depths during
laboratory incubations of samples from three chronosequence
units.

(Table 2). If the specific rate of N mineralization is
calculated as the amount of N mineralized per unit of
total N (Powers, 1990), the amount for the Clearcut
is 343% greater than that of the Forest Control unit,
and for the Regeneration unit is 257% greater. Thus,
specific raies of mineralization are far out of propor-
tion to simple differences in total soil N. In our profes-
sional judgment, the differences in N mineralization
rates between chronosequence units are due to clear-
cutting effects, and are not merely due to differences
in total soil N found 5 and 17 yr after clearcutting.
Although soil temperatures were similar among all
units throughout the winter (Fig. 3), cumulative min-
eralization rates in the surface (0-70 mm) soil were
greatest in the Clearcut, intermediate in the Regen-
eration, and least in the Forest Control unit (Fig. 1).
In the subsoil (70-140 mm), cumulative mineraliza-
tion rates were much greater in the Clearcut than in
the Regeneration and Forest Control units, but from
April to July rates were greater in the Forest Control
unit than in the Regeneration unit. This is attributable
in part to higher substrate concentrations in the Clear-
cut that persisted 5 yr after logging (Table 2), but
equally important is the fact that soil moisture was
higher and more favorable for mineralization in the
Clearcut and Regeneration units than in the Forest
Control during the winter (Fig. 4). Presumably, this
was due to a combination of greater crown intercep-
tion and transpiration in the Forest Control.
Possibly, soil in incubation tubes experiences a dif-
ferent microclimate than adjacent soil, enough to affect
N mineralization rates. Edmonds and McColl (1989)
reported that soil moisture and temperature in incu-
bation tubes were very similar to those in adjacent
soil, although in surface soil in an exposed clearcut
both moisture and temperature were slightly elevated
(probably by severing of roots and reduced evapora-
tion, and by heat transfer down the metal tube, re-
spectively). Raison et al. (1987) also observed slight
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temperature differences. However, we agree with Ed-
monds and McColl (1989) that artifacts due to con-
ditions within the tubes are minor, compared with
effects due to treatments.

While soil solution analysis indicates NO; mobility
is a winter and spring event in soils of this Mediter-
ranean climate (Fig. 5), both ammonification and ni-
trification do occur during the summer and autumn
months (Fig. 1 and 2) if soil matric potentials are ad-
equate (Fig. 4). Sollins et al. (1984) have shown that
the most readily mineralized N compounds are se-
questered within soil microaggregates, which may re-
tain appreciable moisture after low-tension gravime-
tric water has drained from larger pores. Judging from
moisture trends in Fig. 4, soil microaggregates of the
Clearcut unit probably remained moist enough to con-
tinue ammonification and nitrification much later in
the dry season than did those of the Forest Control.
A prolonged period of favorable soil moisture (because
of lower transpirational demand) and of low uptake
(because of low stocking density), coupled with con-
sistently more favorable soil temperatures and higher
substrate levels, helps explain why the Clearcut unit
showed positive net mineralization throughout the
spring and early summer.

Nitrogen mineralization rates were much greater in
all treatment units at the beginning of the field study
in September than at its conclusion in July (Fig. 2).
This phenomenon cannot be attributed to soil mois-
ture or temperature differences between September
1983 and July 1984, because these were minor (Fig. 3
and 4). However, by August at Challenge Experimental
Forest tree growth is negligible (Powers, 1981). Pos-
sibly, increased net mineralization in September and
October reflects either or both of (i) a 2-month period
free of N uptake and (ii) a gradual accumulation of
labile organic N from root decay of annual plants
dying during the summer.

In an earlier study, Powers and McColl (1984)
showed that soil solution NO; concentrations in the
Regeneration unit remained elevated for 13 yr before
declining to Forest Control levels. In the present study,
NO; concentrations of soil solutions remained at For-
est Control levels 17 yr after harvesting, but N-min-
eralization rates still were higher than those in the
uncut Forest Control. In short, our results suggest that
the persistent effect of clearcutting on nitrification is
evident through in situ mineralization, but would not
have been detected using conventional lysimetry. In
New England, Marks and Bormann (1972) attributed
reduced leaching losses of NO, in a revegetated clear-
cut to increased N uptake. We assume that additional
N mineralized in our Regeneration unit was routed
into accumulating perennial plant biomass.

Net mineralization rates in our laboratory study
(Fig. 6 and 7) far exceeded those of the same soil in
the field, because laboratory temperatures and mois-
ture conditions were more ideal. This illustrates the
dangers of using such laboratory results to predict field
behavior. We recommend that such laboratory results
be used only as a measure of potential N minerali-
zation. Estimates of N mineralization that most
closely represent those of real conditions can only be
obtained from field incubation.

In a laboratory incubation study similar to ours,
Matson and Vitousek (1981) found that mineraliza-
tion rates declined to normal levels within 7 yr of
timber harvest. Our findings suggest that rates are el-
evated for at least 17 yr. Results from our laboratory
study show higher mineralization potential of the
Clearcut unit for ammonification and nitrification
(Fig. 6 and 7). Part of the reason for negligible nitri-
fication in the Forest Control soil may be lack of NH,
substrate, Total N concentrations in soil without in-
cubation were lower in the Forest Control than in
other units (Table 2). Extractable NH, concentrations
in surface soil collections taken in September 1983 also
were lowest in the Forest Control (1.1 mg N kg-!, com-
pared with 1.7 and 4.5 mg N kg-! in the Regeneration
and Clearcut units, respectively). Consistently low
concentrations of NH, substrate in field soils can keep
nitrifier populations low, leading to a lag in the pro-
duction of NO; when NH, supply is increased.

Another factor potentially controlling nitrifier activ-
ity in the Forest Control are nitrification-inhibiting
chemicals present in the forest litter (Baldwin et al.,
1983; Olson and Reiners, 1983). Pohlman and McColl
(1988), examining litter extracts from the Forest Con-
trol, have identified several free-organic acids known
to suppress nitrification. Using soil column studies un-
der controlled conditions, Powers (1982, unpublished
data) found that water-soluble extracts (presumably
phenolics) from understory plants at our Challenge site
have a strong suppressive effect on nitrification.

CONCLUSIONS

Although we cannot attach statistical significance to
our conclusions, we believe that this chronosequence
analysis reflects a logical progression of changes in soil
N mobility due to harvesting, site preparation, and the
emergence of a new forest. Results support Powers and
McColl’s earlier (1984) hypothesis that temperature,
moisture, and lack of available NH, are the principal
factors controlling nitrification on this Mediterranean
climate site, and that removing these constraints leads
to increased nitrification. Chemical inhibition of ni-
trification from forest-floor leachates could have an
additional effect as a new forest floor develops.

For the period September through July, soil N min-
eralization rates averaged 13.7 mg m=2 d-! for the
Clearcut unit (i.e., 5-yr-old clearcut), 8.0 for the Re-
generation unit (17-yr-old clearcut), and 0.8 for the
Forest Control unit, corresponding to 49, 31, and 12
kg ha-!, respectively. Both ammonification and nitri-
fication occurred throughout the summer, when soils
were too dry for soil-solution collection by conven-
tional low-tension lysimetry. This indicates that treat-
ment effects persisted for at least 17 yr beyond har-
vesting, despite rapid reforestation. We infer that
additional N made available by sustained rates of high
mineralization is incorporated into rapidly growing
vegetation.

ACKNOWLEDGMENTS

We thank Dr. D. Bush for assistance with data analysis,
and Mr. R. Forsstrom, Mr. P. Brooks, and Mr. J. Jersak for
field and laboratory assistance. The Pacific Southwest Forest



1152 SOIL SCI SOC. AM. J., VOL. 54, JULY-AUGUST 1990

and Range Experiment Station, USDA Forest Service, pro-
vided the study site, and the La Porte Ranger Station, Plu-
mas National Forest, USDA Forest Service, provided use of
facilities.

REFERENCES

Adams, M.A., and P.M. Attiwill. 1986. Nutrient cycling and nitrogen
mineralization in eucalypt forests of south-eastern Australia: II.
Indices of nitrogen mineralization. Plant Soil 92:341-362.

Aubertin, G.P., and J.H. Patric. 1974. Water quality after clearcut-
ting a small watershed in West Virginia. J. Environ. Qual.
3:243-249. :

Baldwin, L. T., R.K. Olson, and W.A, Reiners. 1983. Protein binding
phenolics and the inhibition of nitrification in subalpine balsam
fir soils. Soil Biol. Biochem. 15:419-423,

Binkley, D., and P. Matson. 1983. Ion exchange resin bag method
for assessing forest soil nitrogen availability. Soil Sci. Soc. Am.
J. 47:1050-1052.

Bremner, J.M., and L.A. Douglas. 1971. Use of plastic films for
aeration in soil incubation experiments. Soil Biol. Biochem.
3:289-296.

Bremner, J.M., and C.S. Mulvaney. 1982. Nitrogen-Total. p. 595-
624. In A.L. Page et al. (ed.) Methods of soil analysis. Part 2.
Agron. Monogr. 9. ASA and SSSA, Madison, WI.

Brown, G.W., A.R. Gahler, and R.B. Marston. 1973. Nutrient losses
after clear-cut logging and slash burning in the Oregon Coast
Range, Water Resour. Res. 9:1450-1453.

Cole, D.W, 1981. Nitrogen uptake and translocation by forest eco-
systems. p. 219-232. In F.E. Clark and T. Rosswall (ed.) Terres-
trial nitrogen cycles. Ecol. Bull. 33.

Cunningham, R.K. 1962. Mineral nitrogen in tropical forest soils.
J. Agric. Sci. 59:257-262,

Dyck, W.J., J.R. Gosz, and P.D. Hodkiss. 1983. Nitrate losses from
disturbed ecosystems in New Zealand: A comparative analysis.
N.Z. J. For. Sci. 13:14-24.

Edmonds, R.L., and J.G. McColl. 1983. Forest management effects
on soil nitrogen in Eucalyptus pauciflora and Pinus radiata stands
in the Australian Capital Territory, Australia. p. 259-263. In R.
Ballard and S.P. Gessel (ed.) IUFRO symposium of forest site
and continuous productivity. Gen. Tech. Rep. PNW.163. USDA
}*‘org.sto Sl{.rv., Pacific Northwest Forest & Range Exp. Stn. Port-

and, OR.

Edmonds, R.L., and J.G. McColl. 1989. Effects of forest manage-
ment on soil nitrogen in Pinus radiata stands in the Australian
Capital Territory. For. Ecol. Manage. 29:199-212,

Ellis, R.C. 1974. The seasonal pattern of nitrogen and carbon min-
eralization in forest and pasture soils in southern Ontario. Can.
J. Soil Sci. 54:15-28. .

Federer, C.A. 1983. Nitrogen mineralization and nitrification: Depth
variation in four New England forest soils. Soil Sci. Soc. Am. J.
47:1008-1014.

Gadgil, R.L., and P.D. Gadgil. 1978. Influence of clearfelling on
decomposition of Pinus radiata litter. N.Z. J. For. Sci. 8:213-224.

Hart, S.C., and M K. Firestone. 1989. Evaluation of three in situ
soil nitrogen availability assays. Can. J. For. Res. 19:185-191.

Hurlbert, S.H. 1984. Pseudoreplication and the design of ecological
field experiments. Ecol. Monogr. 54:187-211.

Likens, G.E., F.H. Bormann, and N.M. Johnson. 1969. Nitrification:
Importance to nutrient losses from a cutover forested ecosystem.
Science (Washington, DC) 163:1205-1206.

Marks, P.L., and F.H. Bormann. 1972. Revegetation following forest
cutting: Mechanisms for return to steady state nutrient cycling.

Science (Washington, DC) 176:914-915.

Matson, P.A., and R.D. Boone. 1984. Natural disturbance and ni-
trogen mineralization: Wave-form dieback of mountain hemlock
in the Oregon Cascades. Ecology 65:1511-1516.

Matson, P.A., and P.M. Vitousek. 1981. Nitrogen mineralization
and nitrification following clearcutting in the Hoosier National
Forest, Indiana. For. Sci. 27:781-791.

McColl, J.G., and R.F. Powers. 1984. Consequences of forest man-
agement on soil-tree relationships. p. 379-412. In G.D. Bowen
and E.K.S. Nambiar (ed.) Nutrition of plantation forests. Aca-
demic Press, New York.

Miller, H.G., J.M. Cooper, J.D. Miller, and O.J.L. Pauline. 1979.
Nutrient cycles in pine and their adaptation to poor soils. Can.
J. For. Res. 9:19-26.

Nelson, D.W., and L.E. Sommers. 1982. Total carbon, organic car-
bon, and organic matter. p. 539-579. In AL. Page et al. (ed.)
Methods of soil analysis. Part 2. 2nd ed. Agron. Monogr. 9. ASA
and SSSA, Madison, WL

Olson, R.K., and W.A, Reiners. 1983. Nitrification in subalpine
tl)esllsam fir soils: Tests for inhibitory factors. Soil Biol. Biochem.

:4-18.

Pohlman, A.A., and J.G. McColl. 1988. Soluble organics from forest
litter and their role in metal dissolution. Soil Sci. Soc. Am. J.
52:265-271.

Powers, R.F. 1980. Mineralizable soil nitrogen as an index of ni-
tr;)zggn availability to forest trees. Soil Sci. Soc. Am. J. 44:1314~
1320.

Powers, R.F. 1981. Nutritional ecology of ponderosa pine and as-
sociated species. Ph.D. diss. Univ. of California, Berkeley (Diss.
Abstr. 82-00240).

Powers, R.F. 1990. Nitrogen mineralization along an altitudinal gra-
dient: interactions of soil temperature, moisture, and substrate
quality, For. Ecol. Manage. 30:19-29.

Powers, R.F., and J.G. McColl. 1984. Temporal changes in soil
solution in a harvested mixed-conifer forest. p. 264. In Agronomy
abstracts. ASA, Madison, WL

Raison, R.J., M.J. Connell, and P.K. Khanna. 1987. Methodology
for studying fluxes of soil mineral-N in situ. Soil Biol. Biochem.
19:521-530.

Rapp, M., M. Cl. LeClerc, and P. Loissant. 1979. Nitrogen economy
in a Pinus pinea L. stand. For. Ecol. Manage. 2:221-231.

Richards, L.A. 1965. Physical condition of water in soil. p. 128-
wi’z In C.A. Black (ed.) Methods of soil analysis. ASA, Madison,

Robertson, G.P. 1982. Factors regulating nitrification in a primary
and secondary succession. Ecology 63:1561-1573.

Sollins, P., G. Spycher, and C.A. Glassman. 1984. Net nitrogen
mineralization f¥om light- and heavy-fraction forest soil organic
matter. Soil Biol. Biochem. 16:31-37.

Stanford, G., and E. Epstein. 1974 Nitrogen mineralization-water
relations in soils. Soil Sci. Soc. Am. Proc. 38:103-107.

Stanford, G., M.H. Frere, D.H. Schwaninger. 1973. Temperature
coefficient of soil nitrogen mineralization. Soil Sci. 115:321-323.

U.S. Environmental Protection Agency. 1979. Methods for chemical
analysis of water and wastes. USEPA Rep. 600/4-79-020.
USEPA, Cincinnati, OH.

Vitousek, P.M. 1981. Clearcutting and the nitrogen cycle. p. 631~
642. In F.E. Clark and T. Rosswall (ed.) Terrestrial nitrogen cycles.
Ecol. Bull, 33.

Vitousek, P.M., J.R. Gosz, C.C. Grier, J.M. Mellilo, W.A. Reiners,
and R.L. Todd. 1979. Nitrogen losses from disturbed ecosystems.
Science (Washington, DC) 204:469-474.

Williams, V.R., and H.B. Williams. 1967. Basic physical chemistry
for the life sciences. W.H. Freeman and Co., San Francisco, CA.



	Main Menu
	Help
	Disc 5 Tables of Contents
	Search

