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Abstract

Mineralization of C and N from soil organic matter (SOM) can be altered when natural ecosystems are transformed for food
and ®ber production. We examined C and N dynamics in adjacent long-term minimally disturbed and disturbed soils from

agricultural and forest sites. Light and heavy fractions (LF and HF, respectively) of SOM were collected by physical density
separation using sodium polytungstate. Aerobic C and N mineralization of soil (WS), soil plus HF (S+HF) and soil plus LF
(S+LF) mixtures were determined. Between 0.8% and 1.7% of C and 0.3% and 1.2% of N from WS was mineralized after 28
days. The proportion of C mineralized from HF was negligible in all sites, suggesting that the HF component of soils could be a

major sink for C storage in soils. Larger proportions of N from HF were mineralized in disturbed than minimally-disturbed
soils, suggesting greater protection of N in the HF of disturbed soils. The proportion of C mineralized from LF ranged from
ÿ0.3% to 3.2%, and was not consistent with C mineralization dynamics from the HF component of soils. It appeared that,

while the LF component of soil contained C that was chemically and, to a lesser extent, physically protected from
decomposition, more C was potentially mineralizable from the LF than the HF component of the agricultural and forest soils
examined. In most soils, LF additions resulted in N immobilization rather than N mineralization. Our results indicate that HF

is the main source of potentially mineralizable N whereas LF is a potential sink for mineral N, regardless of land management
practices, in the agricultural and forest soils we examined. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The quantity and rate of soil organic matter

(SOM) turnover are often altered when natural eco-

systems are transformed into more intensively mana-

ged production systems. It is generally accepted that

SOM contains fractions with a rapid turnover rate

(e.g., weeks and months) as well as fractions with a

slower turnover rate (e.g., years and centuries)

(Schimel et al., 1985). Di�erences in turnover rates
of SOM fractions may be due to physical protec-
tion of organic matter within soil aggregates as well
as chemical protection from humi®cation (Cambar-
della and Elliott, 1992). The fractions of SOM that
turn over rapidly are believed to make a greater
contribution to nutrient cycling than fractions that
turn over slowly because they provide a more
readily accessible source of energy for the sapro-
trophic soil organisms responsible for nutrient
cycling (Janzen et al., 1992). It is becoming increas-
ingly important to determine not only how land
management practices a�ect the retention or loss of
these fractions of SOM, but also how they a�ect
nutrient cycling from SOM fractions. Improved
understanding of these processes will provide valu-
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able information for maintaining or implementing
environmentally-sustainable land management prac-
tices in agricultural and forest soils.

Although models of SOM dynamics, such as the
Century model, provide a useful theoretical frame-
work to evaluate SOM dynamics (Parton et al.,
1987), analytical methods do not exist to separate
SOM fractions based on their relative turnover
time. Physical fractionation of soils using density
separation may help distinguish SOM dynamics
based on turnover time because of the possibility of
separating newly incorporated, partially decomposed
plant debris (light fraction) from organic matter
adsorbed on mineral surfaces or sequestered within
soil aggregates (heavy fraction) (Sollins et al., 1984;
Christensen, 1992). The light fraction (LF) of SOM
has a wider C-to-N ratio than the heavy fraction
(HF), and tends to decompose more quickly than
the HF, although the relative contribution of LF
and HF to N mineralization varies with soil texture
and land use (Strickland and Sollins, 1987; Hassink,
1995; Barrios et al., 1996).

Dynamics of the LF pool can be related to
changes in total SOM, and it has been suggested
that LF may be a labile source of mineralizable C
and N. In cultivated agricultural soils, 1±25% of
SOM may be composed of LF organic matter
(Greenland and Ford 1964; Janzen et al., 1992;
Boone, 1994), whereas SOM in forest soils may
contain as much as 63% of LF organic matter
(Sollins et al., 1983, 1984; Strickland and Sollins,
1987; Boone, 1994). Mineralization of C and N
from LF has been correlated with the C and N
content of LF material (Janzen et al., 1992; Has-
sink, 1995; Barrios et al., 1996) and with active mi-
crobial biomass (Hassink, 1995). In most studies,
however, LF has been shown to contribute less to
net N mineralization than HF mainly because it
comprises a relatively small portion of total SOM
(Sollins et al., 1984; Strickland and Sollins, 1987;
Boone, 1994). In addition, N mineralization from
LF varies temporally due to the seasonality of litter
inputs to the LF pool (Boone, 1994).

Our purpose was to determine how C and N
dynamics from whole soil (WS) and isolated HF and
LF are in¯uenced by di�erent management practices in
agricultural and forest sites. Samples were obtained
from cultivated, cropped and undisturbed, grass-cov-
ered plots at two agricultural sites, and from clear-cut
and old-growth Douglas ®r plots at the forest site. Net
C and N mineralization from WS and WS with added
HF (S + HF) or LF (S + LF) were measured. The
proportion of C and N from WS, HF and LF that
was potentially mineralizable was calculated for agri-
cultural and forest soils with di�erent management
practices.

2. Materials and methods

2.1. Soil

Soil samples were collected from the upper layers
(0±15 cm) of three long-term experimental sites in Ore-
gon, USA in June 1997 (Table 1). One of the sites was
at the Columbia Basin Agricultural Research Center
near Pendleton in eastern Oregon, USA, a region
characterized by a semi-arid Mediterranean climate
(mean annual precipitation of approximately 400 mm/
year). The other two sites were in western Oregon,
USA, a region characterized by a humid Mediterra-
nean climate. One of the sites was located in the Will-
amette Valley at the North Willamette Research
Extension Center (mean annual precipitation of ap-
proximately 1200 mm/year) and the other in the Cas-
cade Mountain range at the H.J. Andrews
Experimental Forest (elevation of 850 m, mean annual
precipitation of approximately 2150 mm/year). At each
site, soil was collected from replicated ®eld plots that
have a history of management-induced disturbance or
minimal-disturbance, including wheat±fallow and
unimproved grassland plots (Columbia Basin),
annually cropped vegetable and fescue-covered plots
(North Willamette), and replanted and old-growth for-
est plots (H.J. Andrews) (Table 1). Field-moist soils
from replicated plots were composited, sieved (1.25 cm
mesh), and stored at 48C until analysis. Soil water con-
tents at the time of sampling were 8% and 5% (w/w)
for the prairie and wheat treatments, 6% and 5% for
the fescue sod and vegetable treatments, and 13% and
22% for the old-growth and replanted forest treat-
ments. Unless otherwise indicated, soil weights are
expressed on an oven-dry (1058C for 48 h) basis.

2.2. Soil organic matter fractionation

Soil organic matter was separated by density into
LF and HF following the procedure of Swanston and
Myrold (1997) modi®ed from Strickland and Sollins
(1987). Brie¯y, 100 g of coarsely sieved (<1.25 cm
mesh) soil was mixed with 100 ml of sodium polytung-
state (SPT) solution (density = 1.6 g cmÿ3; Sometu-
US, Van Nuys, CA, USA) for 30 s in a soil mixer at
4000 � g to disrupt soil aggregates. Soil aggregates
were then dispersed for 2 min with a probe-type sonic
disrupter (Model 350, Branson Sonic Power Company,
Danbury, CT, USA) using an energy input of 2000 J.
After settling overnight, suspended LF material and
the upper 1 cm of SPT solution were aspirated, trans-
ferred to Whatman No. 1 ®lter paper, and rinsed
thoroughly with distilled, deionized water. Soil was re-
suspended in an additional 100 ml of SPT solution,
mixed thoroughly, and allowed to settle overnight.
Light fraction material and SPT solution were aspi-
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rated, rinsed thoroughly, and added to previously col-
lected LF. The remaining HF was rinsed several times
to remove SPT by mixing with distilled, deionized
water, settling overnight, and aspirating the super-
natant. Light and heavy fractions and whole soil were
oven-dried (1058C for 48 h), ground, weighed, and
analyzed for total C and N using a Carlo-Erba C and
N analyzer (Milano, Italy) (Table 2).

2.3. Aerobic mineralization study

Soil C and N mineralization was determined on 20 g
(oven-dry basis, sieved (<2 mm mesh)) WS, 15 g WS
mixed with 5 g (oven-dry) HF (S+HF), or 19.5 g WS
mixed with 0.5 g (oven-dry) LF (S+LF). Amounts of
HF and LF added to WS were chosen to provide su�-
cient C so that quantities of C and N mineralized from
HF and LF could be detected. The total C content of
S+HF mixtures was 4±9% lower than WS due to the
lower C content of HF than WS, and the total C con-
tent of S+LF mixtures was 7±37% greater than WS,
depending on the treatment. The quantity of LF added
to soil was constrained by the limited quantity of LF
collected from SOM fractionation. The WS, S+HF,
and S+LF mixtures were moistened to 30% (w/w)
gravimetric water content, placed immediately in

sealed 950-ml jars, and incubated in the dark at 252
18C for 28 days. Approximately 10 ml of water was
placed in the bottom of each jar to maintain soil
humidity. Jar lids were equipped with an air-tight
rubber septum for measurement of soil respiration. Jar
headspace was sampled every seventh day and, after
sampling, jars were aerated by removing lids for 10±15
min to re-establish ambient conditions. Gas samples
were injected into vacutainers for storage and CO2±C
production was measured with a Hach Carle Series
100 gas chromatograph equipped with a thermal con-
ductivity detector (Loveland, CO, USA). Net C miner-
alization was the cumulative mg CO2±C produced
during the 28-day incubation per gram of C in the
WS, S+HF or S+LF mixture. Calculations of the
proportion of C mineralized from WS, HF or LF are
outlined in Table 3.

Extractable soil C (dissolved organic C, microbial
biomass C) and soil N (NH4

+±N, NO3
ÿ±N, dissolved

organic N, microbial biomass N) concentrations were
determined on non-incubated samples and 28 days
after the aerobic incubation study was initiated. All
analyses were run on triplicate 10 g samples of non-
incubated and incubated whole soil and soil±SOM
mixtures. Dissolved organic C (DOC) was measured in
0.5 M K2SO4 extracts (1:5, soil:extractant) using a

Table 1

Location, soil types, and land management practices at the sites

Site Location Soil type Land management

Disturbed Disturbed-

minimally

Columbia Basin Agricultural

Research Center

Columbia Basin

Plateau

Typic Haploxeroll (Walla

Walla silt) loam

Winter wheat-fallow rotation

(established 1940)

Native prairie

North Willamette Research and

Extension Center

North

Willamette

Valley

Pachic Ultic Argixeroll

(Willamette silt loam)

Vegetable rotation with winter

fallow (established 1989)

Permanent fescue

sod

H.J. Andrews Experimental Forest Cascade

Mountains

Andic Haplumbrept (un-

named sandy loam)

Clear-cut forest (replanted with

Douglas ®r 1993)

Old-growth

Douglas ®r forest

Table 2

Mean initial concentrations of dissolved organic C (DOC) and N (DON) and microbial biomass C (MBC) and N (MBN) (mg kgÿ1 soil) and

total C and N (g kgÿ1 soil) in soil and SOM fractions of Oregon soilsa

Site Land management DOC MBC DON MBN Total C Total N

Soil HF LF Soil HF LF

Columbia Basin Prairie 187231 6172143 4722 60216 26.722.6 16.721.7 255211 2.120.1 1.520.2 5.220.4

Wheat 107226 4282172 4426 32215 16.920.5 11.720.6 250211 1.320.1 0.820.1 6.220.4

North Willamette Fescue sod 147251 5802178 2726 33215 18.222.8 13.521.0 292218 1.120.1 1.220.3 3.820.5

Vegetable 90231 238277 3225 1625 16.020.2 13.320.5 251210 1.020.1 0.820.1 2.420.2

H.J. Andrews Old-growth 319245 2552126 3526 60216 43.323.8 31.723.0 280229 1.820.1 2.120.7 3.920.4

Replanted 374277 4052139 4529 59214 80.823.0 60.125.2 317223 2.520.2 2.020.3 3.320.3

a Extractable C and N data are mean values2standard errors; n = 9. Total C and N values are the means2standard errors of at least three

replicate analyses on bulked soil and SOM fractions.
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Dohrman DC-190 carbon analyzer (Rosemount Ana-
lytical, Santa Clara, CA, USA). Microbial biomass C
(MBC) was determined using the chloroform fumi-
gation±direct extraction method and calculated as:
(total extractable C after fumigation ÿ total extracta-
ble C before fumigation)/0.45 (Joergensen, 1996).

Inorganic N (NH4
+±N, NO3

ÿ±N) was determined in
0.5 M K2SO4 soil extracts (1:5 soil:extractant) colori-
metrically using the modi®ed indophenol blue tech-
nique (Sims et al., 1995) and measured at 650 nm
using Titertek Multiscan MCC/340 automated micro-
plate reader (Huntsville, AL, USA). Dissolved organic
N (DON) was calculated as the di�erence between the
NO3
ÿ±N concentration in an alkaline persulfate diges-

tion of the soil extract and the inorganic N (NH4
+ and

NO3
ÿ) concentration of the soil extract (Cabrera and

Beare, 1993). Microbial biomass N (MBN) was deter-
mined using the chloroform fumigation±direct extrac-
tion method followed by persulfate digestion (Brookes
et al., 1985) and calculated as: (total extractable N
after fumigation ÿ total extractable N before fumi-
gation)/0.54 (Joergensen and Mueller, 1996). Net N
mineralization was the di�erence in inorganic N
(NH4

+±N + NO3
ÿ±N) between incubated (28 days)

and non-incubated samples. Net N mineralization was
the mg of inorganic N mineralized during incubation
per gram of N in WS, S+HF, or S+LF mixtures.
The proportion of N mineralized from WS, HF or LF
was calculated by substituting values for incubated soil
(g N), incubated SOM (g N) and N mineralization
(mg N gÿ1 N) in the equations outlined in Table 3.

2.4. Statistical analysis

Data were log transformed to equalize variance and
evaluated statistically by ANOVA in a general linear
model (GLM) using SAS software (SAS Institute,
1990). Nutrient dynamics in WS, S+HF and S+LF
treatments were evaluated using a randomized com-
plete block design where the random variables were
the six ®eld plots (blocks) from which composite soil
samples were collected. Treatment means were com-
pared statistically with an LSD test at the 95% con®-
dence level (Steel and Torrie, 1980).

3. Results

Concentrations of extractable C and N in soils col-
lected from the Columbia Basin, North Willamette,
and H.J. Andrews sites were assessed before the miner-
alization study began (Table 2). The extractable C and
N content of WS, S+HF and S+LF treatments did
not di�er signi®cantly, and values presented in Table 2
are averaged across these treatments. The C to N
ratios of dissolved organic matter ranged from 2.4 to

9.1 and tended to be lower in disturbed than mini-
mally-disturbed soils. The DOC pool contained 0.5±
0.7% of total soil C and DON pool contained between
1.8% and 3.4% of total soil N for the sites examined.
The C-to-N ratio of microbial biomass was greater in
disturbed than minimally-disturbed soils from the
Columbia Basin and H.J. Andrews sites, and lower in
disturbed than minimally-disturbed soils from the
North Willamette site. In the agricultural sites, the
MBC pool contained 1.5±3.2% of total soil C, while
in the forest site, about 0.5% of total soil C was in mi-
crobial biomass. In agricultural and forest sites,
between 1.6% and 3.3% of the total soil N was in the
MBN pool.

The C content of WS from the forest sites was
greater than the agricultural sites, regardless of site his-
tory (Table 2). Soil C-to-N ratios were 24 and 32 for
old-growth and replanted forest sites and between 13
and 17 for agricultural sites. The C and N content of
HF tended to be lower than WS and the C-to-N ratios
of HF were similar to the C-to-N ratios of WS. The
LF had 10±16 times more C than WS from agricul-
tural sites and 4±6 times more C than WS from forest
sites (Table 2). There was 2±5 times more N in LF

Fig. 1. Carbon mineralization from whole soil (WS), soil plus heavy

fraction (S+HF) and soil plus light fraction (S+LF) mixtures of dis-

turbed (white bars) and minimally-disturbed (black bars) soils from

(a) Columbia Basin, (b) North Williamette, and (c) H.J. Andrews

sites. Within each site and disturbance regime, means with the same

letter are not statistically di�erent at P<0.05 (LSD).
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than WS from agricultural sites. The C-to-N ratios of
LF ranged from 40 to 105 in agricultural and forest
sites (Table 2).

3.1. Carbon mineralization

Cumulative C mineralization during soil incubation
was often lower in WS and soil±SOM mixtures from
the H.J. Andrews site than the Columbia Basin and
North Willamette sites (Fig. 1). C mineralization was
signi®cantly (P < 0.05, LSD) greater in WS and
S+LF than the S+HF treatment in disturbed soil
from the Columbia Basin site (Fig. 1(a)), but C miner-
alization did not di�er among treatments in disturbed
soils from the North Williamette and H.J. Andrews
sites (Fig. 1(b) and (c)). Signi®cantly (P < 0.05, LSD)
less C was mineralized from S+HF than WS in both
minimally-disturbed soils from agricultural and forest
sites, but there was no di�erence in the quantity of C
mineralized from S+LF and WS for any site
(Fig. 1(a)±(c)). In agricultural sites, between 0.8% and
1.8% of soil C was respired from WS, while in the for-
est sites, 0.8±1.1% of soil C was respired from WS
during incubation (Table 3). The amount of C minera-
lized from HF was negligible for most sites examined,

while ÿ0.3 to 3.2% of the C in LF was mineralized
during the 28-day incubation (Table 3).

3.2. Net N mineralization

Net N mineralization tended to be greater in mini-
mally-disturbed WS than disturbed WS in agricultural
and forest sites (Fig. 2). In minimally-disturbed agri-
cultural and forest sites, between 1.1% and 1.2% of
soil N was mineralized from WS, whereas 0.3% to
0.5% of soil N was mineralized from WS in disturbed
sites (Table 3). Net N mineralization from S + HF
did not di�er signi®cantly from WS for any site exam-
ined (Fig. 2(a)±(c)). Larger proportions of N from HF
were mineralized in S+HF mixtures from disturbed
than minimally-disturbed soils (Table 3). In most treat-
ments examined, N mineralization was depressed in
the S+LF treatment relative to WS (Fig. 2(a)±(c)), but
was signi®cantly lower (P < 0.05) than WS in S+LF
mixtures from the prairie and fescue sod treatments
(Fig. 2(a) and (b). In the agricultural sites, the quantity
of N mineralized from LF ranged from ÿ4.7% to
ÿ19.6%, indicating N immobilization in S+LF mix-
tures (Table 3).

4. Discussion

The C-to-N ratio of LF in agricultural soils has
been reported to range from 13 to 36 (Janzen et al.
1992; Bremmer et al. 1994; Hassink 1995). In forest
soils, the C-to-N ratio of LF may be considerably
higher, and values of 24±86 have been reported
(Strickland and Sollins, 1987; Swanston and Myrold,
1998). The C-to-N ratios of the LF collected in this
study are greater than those reported previously, and
may be due to our method of collecting LF. In other
studies that we are aware of, soils were ®nely sieved
(<2 mm) prior to density fractionation. However, we
considered large organic debris in coarsely-sieved soils
(<1.25 cm) to be a component of LF because, by de®-
nition, LF consists of newly incorporated, partially-
decomposed plant residues. The C-to-N ratio of LF
was three- to seven-fold higher than WS from the agri-
cultural sites and 3-fold higher than WS from the for-
est sites.

4.1. Carbon mineralization from soil and SOM fractions

The initial C-to-N ratio of WS and soluble organic
matter were two- to three-fold higher in forest than
agricultural soils, suggesting di�erences in SOM qual-
ity among the sites. C mineralization tended to be
greater in WS from minimally-disturbed than disturbed
plots in the agricultural and forest sites, but relatively
small proportions of soil C were mineralized during

Fig. 2. Net N mineralization from whole soil (WS), soil plus heavy

fraction (S+HF) and soil plus light fraction (S+LF) mixtures of dis-

turbed (white bars) and minimally-disturbed (black bars) soils from

(a) Columbia Basin, (b) North Williamette, and (c) H.J. Andrews

sites. Within each site and disturbance regime, means with the same

letter are not statistically di�erent at P<0.05 (LSD).
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the study. Only 0.8±1.8% of soil C was mineralized,
which is considerably lower than the 3±21% of soil or-
ganic C mineralized during laboratory incubation that
has been reported (Hassink, 1994; Franzluebbers et al.,
1996). The MBC pool in WS declined during incu-
bation (data not shown), suggesting insu�cient quan-
tities of readily-available C substrates for maintenance
of microbial biomass.

Carbon mineralization was lower in the S+HF
treatment than WS from minimally-disturbed sites and
from the wheat plots at the Columbia Basin site, and
the proportion of C mineralized from HF during incu-
bation was negligible for most sites. While the C-to-N
ratios of WS and HF are similar, the low mineraliz-
ation of C from HF suggests di�erences in the quality
of SOM in WS and HF. The HF component of soils
may contain C that is chemically protected from min-
eralization, which suggests that the HF could be a
major sink for C storage in soils.

Carbon mineralization was not a�ected signi®cantly
by the addition of LF relative to WS at any site exam-
ined. The proportion of C mineralized from LF was
greater from wheat than prairie treatments of the
Columbia Basin site. Since the quality of SOM from
these two sites is similar (C-to-N ratios of LF are
between 40 and 49), these results suggest that LF
would be more physically protected in the disturbed
than minimally-disturbed plots at this site. In the
North Willamette and H.J. Andrews sites, the pro-
portion of C mineralized from LF was greater in the
minimally-disturbed than disturbed plots. The C-to-N
ratios of LF were greater in disturbed than minimally-
disturbed plots from these sites, suggesting more recal-
citrant C in LF from soils of disturbed than mini-
mally-disturbed plots. While the LF component of
soils may be chemically and, to a lesser extent, physi-
cally protected from decomposition, it tends to contain
more C that is potentially mineralizable than the HF
component of soils.

4.2. Net N mineralization from soil and SOM fractions

In agricultural and forest sites, N mineralization
tended to be lower in WS from disturbed than mini-
mally-disturbed plots. N mineralized from HF during
a 7-day anaerobic incubation in forest soils has been
found to range from 2.0% to 3.5% (Sollins et al.,
1984), and our results indicate that as much as 5.2%
of the N in HF can be mineralized during a 28-day
aerobic incubation. Larger proportions of N from HF
were mineralized in disturbed than minimally-disturbed
soils, which suggests greater protection of N in HF of
disturbed soils. Net N mineralization tended to be
lower in S+LF mixtures compared to WS, particularly
in disturbed soils. In most soils, LF additions resulted
in N immobilization rather than N mineralization. Our

results indicate that HF tended to be a source of min-
eral N while LF was a sink for mineral N in the soils
we examined.

Our ®ndings are consistent with data on N mineral-
ization from HF and LF in agricultural and forest
soils which show HF to be the primary source of min-
eral N. The proportion of N mineralized from LF has
been found to range from 1.2% to 2.0% (Sollins et al.,
1984; Barrios et al., 1996; Imhof et al., 1996), and it
has been calculated that N from the LF component
contributes between 2% and 13% of soil N mineraliz-
ation (Boone, 1994). In agroecosystems, LF likely has
a minor role in N mineralization because LF often
represents a small fraction of total OM (<25%),
although in forest systems, where a greater proportion
of total OM may be soil-free plant material, LF may
make a greater contribution to nutrient cycling. The
LF collected in this study had a higher C-to-N ratio
than LF collected in other studies, however, which we
believe to be due to the size of soil-free macroorganic
matter we included in the LF pool. In natural systems
where LF consists of newly-incorporated to partially-
decomposed plant residues and macroorganic matter,
it seems likely that net N immobilization rather than
mineralization would be the initial fate of N in the LF
component of soils.
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