
Applied Soil Ecology 16 (2001) 63–76

Biologically active soil organic matter
fractions in sustainable cropping systems

T.C. Willson∗, E.A. Paul, R.R. Harwood
Department of Crop and Soil Sciences, IPM Program, B17 Food Safety and Toxicology

Bldg., Michigan State University, East Lansing, MI 48824, USA

Received 8 January 1999; received in revised form 29 February 2000; accepted 14 April 2000

Abstract

We sampled corn (Zea maysL.), soybean (Glycine maxL.), and wheat (Triticum aestivumL.) rotations, corn monocultures,
and plant successional experiments in Southwest MI over a 2-year period to study the effects of alternative management
practices on microbial biomass and particulate organic matter (POM) C and N in the top 20 or 25 cm of soil. Microbial
biomass was measured using the chloroform fumigation, incubation method. POM was defined as the organic C and N
content of primary soil particles in the 53–2000mm size class. Microbial C decreased during a drought in 1994, and was
greater in treatments receiving compost rather than inorganic fertilizer in 1995, but was only weakly correlated with N
mineralization in aerobic laboratory incubations. Microbial biomass accounted for an average of 2.6% of soil C and 4.9%
of soil N in all treatments sampled in 1995. Microbial C:N ratio was lower in July and November (6.0) than in April and
September (7.3), and lower in successional treatments without tillage (5.2) than in agronomic treatments (6.7). Changes in
microbial N were large enough to affect short term N availability, but tended to be transitory. POM increased after compost
additions, and was greater in successional plots without tillage than in tilled treatments, but did not increase immediately after
the incorporation of plant residues. POM accounted for 19.7% of C and 14.8% of N in 1995. Its C:N ratio was 20.8 in a never
tilled successional treatment and 16.0 in all other soils. The C:N ratio was 17.0 on average in the 250–2000mm size fraction,
compared to 15.5 in the 53–250mm fraction. There was a strong correlation between POM and N mineralization in 70- and
150-day aerobic incubations, but there was greater N mineralization per unit POM in April and November than in September
or October in both years of the study. These results suggest that POM could be used to estimate N mineralization if combined
with information about recently deposited plant residues. © 2001 Published by Elsevier Science B.V.
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1. Introduction

The need to develop cropping systems that better
synchronize the availability of inorganic N with crop
demand is a major challenge facing farmers and agri-
cultural researchers. Sufficient inorganic N must be
available during the growing season to facilitate high
yields, but an accumulation of excess soil NO3

− can
lead to increased N-loss and environmental contami-

0929-1393/01/$ – see front matter © 2001 Published by Elsevier Science B.V.
PII: S0929-1393(00)00077-9



64 T.C. Willson et al. / Applied Soil Ecology 16 (2001) 63–76

nation, particularly when precipitation exceeds evap-
otranspiration.

The use of inorganic N fertilizer provides a
partial solution to the problem of synchrony in that
the amount and timing of fertilizer applications can
be controlled. However, logistical and economic con-
straints often limit farmers to a single application,
and even when split applications are possible, losses
are inevitable. Jokela and Randall (1997) applied15N
labeled fertilizers at the time of planting and at the
V8-stage in continuous corn in the Northern US Corn
belt and recorded 13–27% losses from the plant–soil
system (depending on application rate), regardless of
the time of application. Similar losses have been re-
ported across a range of crops and conditions (Russelle
et al., 1981; Kitur et al., 1984; Meisinger et al., 1985;
Timmons and Baker, 1992; Reddy and Reddy, 1993).

Fertilizer N is often applied at unnecessarily high
rates, leading to increased N loss. Keeney (1987) and
Meisinger (1984) note that fertilizer recommendations
are often made on the basis of insufficient information
about the supply of N from plant and soil resources.
Hallberg (1986) and Libra et al. (1987a,b) estimate
that 50–80 kg N ha−1 arable land is leached into
groundwater each year in the Big Springs watershed
in Iowa, and attribute much of this flux to a failure to
account for N mineralized from legumes and animal
wastes in estimating crop needs. Existing recommen-
dation systems are often ignored or misused. In a
study of irrigated corn production in Nebraska, Schep-
ers et al. (1986) observed that farmers overestimated
their yield by an average of 32 bu per acre, resulting
in an average over-fertilization of 50 kg N ha−1.
Although Hallberg (1987) notes that farmers are
becoming increasingly aware of the issue of ground-
water contamination, there is usually much more
incentive to prevent under- than over-fertilization.

Biologically based cropping systems use a combina-
tion of organic amendments and biological N2 fixation
to increase the N supplying capacity of the soil. Such
systems have the potential to provide better synchro-
nization with crop demand than conventionally fertil-
ized systems, if only because inorganic N is released
more gradually over the growing season. Mineraliza-
tion is affected by temperature and moisture availabil-
ity, so the supply of inorganic N can be expected to de-
crease under conditions not favorable to plant growth.
However, management practices that increase miner-

alization during periods of high demand may also in-
crease mineralization when demand is low and the po-
tential for loss is high. For example, Dou et al. (1995)
found that the incorporation of hairy vetch (Vicia vil-
losa Roth) as a green manure before corn production
resulted in elevated NO3 levels throughout the sea-
son, and a higher NO3 level at the last fall sample
date than was observed for fertilized corn following
a non-legume fallow. In a similar study, Brown et al.
(1993) found that late fall NO3 levels can increase in
both tilled and no-till systems if the decomposition of
vetch is delayed by lack of soil moisture.

Crop and cover crop sequences can be used to en-
hance the synchrony of both biologically and chem-
ically fertilized systems (McGill and Myers, 1987;
Pierce and Rice, 1988; Myers et al., 1994). Winter
cover crops have been shown to reduce late fall NO3
levels in a variety of systems (Guillard et al., 1995;
Philips and Stopes, 1995; Solberg, 1995), while the
incorporation of these residues may either increase or
decrease spring NO3 levels depending on the extent of
immobilization (Wegger and Mengal, 1988). Crop se-
quences also have consequences on N availability, al-
though increased N availability may account for only
a small portion of the increased yields commonly as-
sociated with rotations that include legumes (Baldock
et al., 1981; Hesterman et al., 1987).

We have defined nitrogen mineralization potential
(NMP) as the intrinsic ability of the soil to supply in-
organic N through mineralization over time. NMP is
constantly changing in response to the accumulation
and decomposition of organic materials, and can be
altered by managing the inputs of organic material, or
by changing the conditions under which decomposi-
tion occurs. It should be possible to manipulate NMP
to improve the synchronization between mineraliza-
tion and crop demand.

In a related paper, (Willson et al., 2001) we mea-
sured NMP based on the accumulation of inorganic N
in 150- and 310-day aerobic incubations of soil from
agricultural and extended fallow treatments at the Kel-
logg Biological Station in Hickory Corners, MI. We
found that NMP was highest in the spring and lowest
in fall, greater in untilled perennial systems than in
tilled annual systems, increased with the addition of
compost, and was greater in rotations including wheat
and legume cover crops than in corn-soybean rotations
without cover crops. These findings confirm that NMP
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varies predictably with the addition and decomposi-
tion of organic materials, and is sensitive to short-term
changes in agricultural management.

In this paper, we use data from the same field
experiments to examine the relationship between
NMP and the C and N content of microbial biomass
and particulate organic matter (POM). Both of these
pools are closely associated with N mineralization:
microbial biomass because N mineralization is a
microbially-mediated process (Paul and Voroney,
1984; Smith and Paul, 1989), and POM, also referred
to as macroorganic matter, because it contains much
of the partially decomposed plant material that fuels
mineralization (Cambardella and Elliott, 1992; Gre-
gorich et al., 1994; Hassink, 1995). The objective of
this paper is to determine how alternative manage-
ment practices alter the size and composition of these
fractions and to determine whether these fractions can
be managed, or used to predict changes in NMP. The
measurements described in this paper are relatively
simple, and could potentially be used as a basis for
fertilizer recommendations.

2. Materials and methods

Soil samples were obtained from experimental treat-
ments at the Living Field Laboratory (LFL) and the
Long Term Ecological Research (LTER) experiment
at Kellogg Biological Station in Hickory Corners, MI
(42◦24′N, 85◦23′W). These experiments are located
adjacent to one another on a mixture of Kalamazoo
loam and Oshtemo sandy loam soils (both Typic Hap-
ludalfs). The Ap horizon of both soils reaches a depth
of 20–30 cm and has an average content of 10 g organic
C kg−1 soil and an average bulk density of 1.3 Mg m−3

to a depth of 20 cm. (Robertson et al., 1997). The only
exception is the LTER never-tilled succession treat-
ment (see below), which is located on a remnant of
the pre-agricultural soil profile, with an average or-
ganic C content of 1.7 g kg−1 soil in the top 20 cm.
The climate is temperate, with warm humid summers
and cool moist winters. Precipitation on site has av-
eraged 880 mm per year (1988–1997), and is evenly
distributed throughout the year.

Composite soil samples, consisting of 12–15 2 cm
diameter cores, were obtained to a depth of 25 cm
in April, June, August, October and November 1994

and to a depth of 20 cm in April, July, September and
November 1995 and April 1996. The samples were
cooled immediately, sieved through a 4 mm screen and
stored at 4◦C during processing (typically 1–3 week).
Because of the change in depth, and because different
treatments were sampled, the 1994 and 1995–1996
datasets are analyzed separately.

The KBS LTER site was established in 1989 to
facilitate cross-disciplinary research on the ecologi-
cal interactions inherent in row-crop agriculture and
related ecosystems in the Midwestern US. Treat-
ments examined in this study include four corn-based
rotations and three successional treatments. The
agronomic treatments included conventionally fertil-
ized, corn-soybean rotations with and without tillage
(conventional tillage (CT) and no-till (NT)), and
corn–soybean–wheat rotations with hairy vetch or
red clover (Trifolium pratenseL.) as green manure
and either reduced fertilization (low-input (LI)) or
no chemical inputs of any kind (zero input (ZI)).
The successional treatments include a mowed, but
never-tilled, successional meadow (NTS), a his-
torically tilled, old-field succession (HTS), and an
annually tilled successional treatment (ATS). All
four corn-based treatments were sampled in 1994,
while CT and the three successional treatments were
sampled in 1995 and April 1996. The agronomic
treatments were planted to soybean in June 1994
and wheat in October 1994 after having been in
corn with or without hairy vetch in 1993. The CT
and NT treatments had not been planted to wheat
prior to 1994. Management protocols for the LTER
main site experiment can be found on the Internet
(http://lter.kbs.msu.edu/Agronomics/protocol.htm)

The LFL was established in 1993 to provide ad-
ditional information about the effects of alternative
management strategies in sustainable agriculture.
The LFL has a factorial design that allows the sep-
aration of important management alternatives such
as rotation versus monoculture, inorganic versus or-
ganic fertilizer (compost), broadcast versus banded
versus non-chemical weed control, and the pres-
ence or absence of cover crops. Each crop in the
corn–corn–soybean–wheat rotation is grown each
year. This prevents the confounding of crop sequence
effects with year-to-year variations and facilitates the
comparison of rotation versus continuous corn (Jones
et al., 1998).
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We sampled 1st year corn, soybean and wheat in
1994, from the Integrated Compost (Compost) and
Integrated Fertilizer (Fertilizer) management types
with and without cover crops. In 1995–1996 we sam-
pled the complete corn–corn–soybean–wheat rotation
along with continuous corn in the Fertilizer manage-
ment type but only first year corn, continuous corn,
and wheat in the Compost management type. The
Fertilizer and Compost management types differ only
in N source; ammonium nitrate fertilizer or dairy
manure–leaf compost. Both utilize reduced tillage
(chisel plow) and a combination of banded herbicides
and mechanical cultivation for weed control. Cover
crops include red clover frost seeded into wheat,
and interseeded into first year corn, annual ryegrass
(Lolium multiflorum Lam.) interseeded into second
year corn and a combination of red clover and annual
ryegrass interseeded into continuous corn.

Microbial biomass was determined using the chlo-
roform fumigation, incubation method described by
Harris et al. (1997), including the partial control sub-
traction equation for microbial C (Eq. (1) developed
empirically by Horwath et al. (1996)

MBC = 1.73 Cf − 0.53 Cc (1)

and the corresponding microbial N Eq. (2) of Harris
et al. (1997)

MBN = MBC

(
0.56

(
(Nf − q Nc)

Cf − p Cc

)
+ 0.095

)
(2)

where Cf and Nf refer to the net CO2–C and NH4–N,
respectively, produced in fumigated soil over a 10-day
incubation at 25◦C, Cc and Nc refer to the net C and
N mineralization in a non-fumigated control under the
same conditions andp andq are the proportion of the
non-microbial C and N in the control incubation that
is consumed in the fumigated sample. The value ofq
andp is assumed to be equal for the purpose of this
analysis, and is derived using Eq. (3) from Horwath
et al. (1996).

p = q = 0.29

(
Cf

Cc

)
+ 0.23 (3)

All CO2–C measurements were made by titration of
NaOH traps, and NO3–N and NH4–N measurements
were made on 1 M KCl extracts using a Lachat auto-
mated colorometric analyzer (Lachat Instruments Inc.,
Milwaukee, WI).

We have defined POM as the total C and N content
of sand-sized (53–2000mm) soil separates. Air dried
soil was dispersed in 5% sodium polyphosphate solu-
tion, shaken for 8 h, and passed through nested sieves
of 2000, 250, and 53mm using a flow of distilled wa-
ter to ensure separation. The material remaining on
the 250 and 53mm sieves was analyzed for total C and
N using a Carlo Erba N A 1500 Series 2 N/C/S an-
alyzer (CE Instruments, Milan, Italy) and defined as
the coarse (250–2000 um) and fine (53–250 um) POM
fractions, respectively.

Treatment and date effects on microbial biomass
and POM were analyzed using Proc Mixed of SAS
(SAS Institute, 1997), given a randomized complete
block design with four blocks at the LTER site, and
a split–split plot, randomized complete block design
with four blocks at the LFL site. In the LFL design,
each management type (Compost or Fertilizer) was ap-
plied to a main plot, which was split into subplots for
each crop in the rotation plus continuous corn. These
subplots were then split for the presence or absence of
cover crop (cover or no-cover). Unfortunately, the lo-
cation of the cover treatment was not randomized, so
cover crop effects could be confounded by positional
effects. Correlations between the microbial biomass
and POM fractions, and between these fractions and
the N mineralization data of Willson et al. (2001)
were analyzed using SAS procedures (SAS Institute,
1988).

3. Results

3.1. Microbial biomass

There were no significant differences in microbial
biomass C due to management in the 1994 dataset,
but there was a pronounced decrease in biomass in the
June sample relative to other sample dates (Fig. 1).
The relatively low June biomass C coincided with a
prolonged drought: the LTER weather station recorded
1.4 cm of precipitation between 1 May and 6 June.
The greatest decrease in biomass C from April to June
(963 kg ha−1 or 70%) occurred in the LTER NT treat-
ment. Additional data taken at the time of sampling
(not shown) shows that this treatment retained more
soil moisture to 25 cm than the other agronomic treat-
ments, but also had the highest proportion of micro-
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Fig. 1. Microbial biomass C in the top 25 cm in the 1995 LTER Soybean treatments. Error bars represent the standard error of the mean
for each treatment. Units are based on an assumed bulk density of 1.3 Mg m−3.

bial biomass near the surface, where it is more likely
to encounter temperature and moisture stress.

The lack of a significant difference in microbial
C between the compost (833 kg ha−1) and fertilizer
(754 kg ha−1) treatments at the LFL is surprising given
the large amounts of compost applied. The 1994 wheat
plots received 3150 kg C ha−1 in October 1993, the
corn plots received 9000 kg C ha−1 in May 1994, and
the soybean plots received 6500 kg C ha−1 in October
1994. (All plots also received 500 kg C ha−1 of com-
post in April 1993.). These additions are larger than
the above ground net primary productivity in these
treatments, and contain 2–7 times as much total N as
was applied in the corresponding fertilizer treatment.

The effect of compost on microbial C was more
pronounced in the 1995–1996 dataset (Fig. 2). There
was an average of 853 kg C ha−1 for the Compost
plots and 648 kg C ha−1 in the Fertilizer plots for
the first year corn, continuous corn and wheat treat-
ments. The difference was greatest in the first year
corn plots (886 kg C ha−1 for Compost, 566 kg C ha−1

for Fertilizer) even though these plots received
the least compost over the life of the experiment
(4950 kg C ha−1, compared to 6960 kg C ha−1 for
wheat and 10800 kg C ha−1 for continuous corn).
Microbial C tended to increase in the warmer months.
It was significantly greater in July or September 1995
than in April 1995 or April 1996 in this dataset.

Microbial C and N were both significantly greater
in the never tilled succession (NTS) than in the other
LTER treatments in the1995–1996 dataset, but this
treatment also had a greater total C content (1.7%) than

the others (1.0%). Expressed per unit C, there were
no significant differences in microbial C or N. The
HTS and NTS treatments had lower microbial C:N
ratios (5.0 and 5.4) than any of the other treatments
(6.3–7.2) in the 1995–1996 dataset (Table 1). The C:N
ratios in the HTS and NTS treatments were relatively
stable whereas those in the tilled treatments were sig-
nificantly lower after tillage in July and after senes-
cence in November than in the other sample dates.
These C:N ratios suggest that the microbial commu-
nity is shifted toward bacterial production when fresh
residues are available (July and November), whereas
there are relatively more fungi at other sample dates.

3.2. Particulate organic matter

The greatest changes in POM in the 1994 dataset
were associated with the large compost inputs be-
fore wheat (October 1993), before first year corn
(May 1994), and following soybean (October 1994)
at the LFL (Fig. 3). Particulate organic matter C
increased by 1300 kg ha−1 and N increased by
50 kg ha−1 in the soybean treatment in November
1994 relative to the April through October sam-
ples. This difference is equivalent to 23% of the
applied compost C and 26% of the applied compost
N. Similarly, there was an increase of 1400 kg ha−1 C
and 115 kg ha−1 N between the April and June sam-
ples in the first year corn plots with compost, which
represents 17 and 19% of the applied compost C
and N in those treatments. The POM content of the
compost itself can explain much of this increase. We
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Fig. 2. Microbial biomass C and N content in the top 20 cm in the 1995–1996 LFL Samples. Error bars represent the standard error of
the mean for each treatment. Units are based on an assumed bulk density of 1.3 Mg m−3.

performed a size fractionation procedure on compost
from the same source as was applied in 1994, and
found that 46% of compost C and 33% of compost
N separated in the 250–2000mm fraction, with an
additional 10% of compost C and 8% of compost N
separating into the 53–250mm fraction. Those treat-
ments that did not receive compost in 1994 averaged
4900 kg POM C ha−1 and showed only small changes

during the season. There were no treatment or date
effects on POM C or N in the 1994 LTER dataset.

Among the four LTER treatments sampled in 1995,
NTS had the highest amount of POM C, and the widest
C:N ratio (Fig. 4). It had about the same amount of
POM N as the HTS treatment. The HTS treatment
had significantly greater POM C and N than either of
the tilled treatments (ATS or CT), but the difference



T.C. Willson et al. / Applied Soil Ecology 16 (2001) 63–76 69

Table 1
Date and treatment effects on microbial C:N ratios in the 1995–1996 dataset

Treatment Month Average

April 1995 July September November April 1996

LTER
NTSa 6.4 bb 5.2 4.8 c 3.8 b 4.5 b 5.0 b
HTS 5.4 b 5.4 6.0 b 5.3 ab 4.9 ab 5.4 b
ATS 7.0 ab 5.6 7.7 a 6.4 ab 5.0 ab 6.3 ab
CT 8.5 a 5.6 7.4 a 6.8 a 7.6 a 7.2 a

LFL
Compost 7.4 6.6 6.5 b 6.0 5.9 a 6.5
Fertilizer 7.9 5.7 7.9 a 6.0 7.3 a 6.9

All data 7.4 Ac 5.9 B 7.0 A 5.9 B 6.3 B 6.6

a Abbreviations: NTS= never tilled succession, HTS= historically tilled succession, ATS= annually tilled succession, CT=
conventionally tilled wheat.

b Values with the same letter are not significantly different (α = 0.05).
c Capital letters indicate comparisons between dates.

was much greater in the coarse fraction (48% more
C and 53% more N) than in the fine fraction (15 and
18%, respectively). The difference in POM C between
the NTS and HTS treatments is primarily in the fine
fraction. The coarse fraction may be more sensitive to
recent changes in management, such as the conversion
from tilled agriculture to succession without tillage,
whereas the fine fraction probably accumulates C and
N more slowly, making it more indicative of long-term
management.

The NTS treatment had significantly wider C:N ra-
tios for both coarse (23.4) and fine (19.0) POM than
the other LTER treatments. The NT soybean treatment
and the other successional treatments (HTS and ATS)
also had higher coarse fraction C:N ratios (17.9, 17.2,
18.5) than the tilled agronomic treatments (16.3 for
CT soybean, 16.9 for CT wheat, 15.7 for LI, and 16.8
for ZI). The two low-input treatments, LI and ZI had
the lowest fine fraction C:N ratios (15.9, 15.6) and the
lowest total POM C:N ratios (15.8, 16.1) at the LTER.
It would appear that the C:N ratio of plant residues
play a role in generating the observed treatment dif-
ferences. The ATS and NTS treatments are dominated
by relatively low diversity of grass species whereas
vegetation in the HTS treatment is more diverse and
has a higher proportion of legumes.

The LFL treatments (Fig. 5) continued to show sig-
nificant effects of compost on POM in 1995–1996.
The compost treatments contained an average of 24%
more POM C and N than the fertilizer treatments. The

coarse fraction accounts for 2/3 of this difference. All
of the treatments in the 1995–1996 dataset show a
sharp decrease in POM in November relative to the
other sample dates. While POM is expected to reach a
minimum in the fall, it is possible that some of this de-
crease was caused by the necessity of removing snow
from the surface of certain treatments before sampling,
which may have removed some of the surface soil.

The C:N ratios or POM at the LFL were extremely
consistent throughout the study. While there were no
significant differences between treatments or dates, the
C:N ratio of the fine fraction (15.28) was significantly
lower than that of the coarse fraction (16.52) and was
less variable (S.D. = 0.82 for fine POM compared to
S.D. = 1.73 for the coarse fraction). These differences
are consistent with the idea that newer POM fragments
may be larger, and have a higher C:N ratio, than older,
finer, POM fragments.

Table 2 shows the coefficient,r, for the correlations
between the organic matter pools discussed in this pa-
per and the N mineralization measurements performed
in Willson et al. (2001). The strongest correlations are
those between POM C (coarse and total) and the accu-
mulation of inorganic N after 150 days of incubation.
POM N is also a good predictor of NMP, but micro-
bial biomass is not. The 10- and 30-day N mineraliza-
tion measurements are poorly correlated with all other
indices, due to the influence of immobilization early
in the incubation. The relationship between POM C
and 150 day N mineralization changes over the sea-
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Fig. 3. Two size classes of POM in the top 25 cm of the 1994 LFL treatments. Error bars represent the standard error of the mean for
each treatment. Units are based on an assumed bulk density of 1.3 Mg m−3.

son as the availability of residue N changes (data not
shown). Nitrogen mineralization per unit POM was
lowest in October and September when most plants
are near peak biomass and highest in November and
April when most plants have senesced. This is simi-
lar to the overall pattern found for NMP in Willson
et al. (2001), and suggests that POM and fresh plant
residues are the two most important sources of min-
eralizable N in these soils.

4. Discussion

4.1. Organic matter fractions in relation to plant
needs

Table 3 relates the N contents of the microbial
biomass and POM fractions in the LFL first year corn,
no cover and LTER NTS treatments to their above
ground plant biomass, yield, and residue N. The ‘min-
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Fig. 4. Two size classes of POM in the top 20 cm of the 1995–1996 LTER wheat and successional treatments. Error bars represent standard
error of the mean for each treatment. Units are based on an assumed bulk density of 1.3 Mg m−3.

imum N required’ is an estimate of the quantity of
inorganic N that must be made available during the
growing season to supply plant needs. It is based on
an overall uptake efficiency of 50% of available inor-
ganic N (50% of fertilizer plus mineralized N is cap-
tured in plant tissue). This is near the upper end of the
range of recovery efficiencies reported in fertilization
studies (e.g. Keeney, 1982; Jokela and Randall, 1997).

Microbial biomass accounts for only 4% of Soil N
in the fertilized first year corn treatment and 8% in
the compost amended and a native succession soils.
The data presented in Fig. 3 shows that microbial N

Table 2
Correlations (r) between biologically active organic matter fractions and cumulative mineralization measurements across all treatments and
dates

Organic matter fraction Inorganic N accumulation

10 days 30 days 70 days 150 days

POM C
Total 0.12 NS 0.39∗∗∗ 0.58∗∗∗ 0.64∗∗∗
250–1000mm 0.17∗ 0.41∗∗∗ 0.59∗∗∗ 0.64∗∗∗
53–250mm 0.03 NS 0.30∗∗∗ 0.47∗∗∗ 0.54∗∗∗

POM N
Total 0.16∗ 0.44∗∗∗ 0.57∗∗∗ 0.59∗∗∗
250–1000mm 0.19∗ 0.45∗∗∗ 0.57∗∗∗ 0.57∗∗∗
53–250mm 0.08 NS 0.36∗∗∗ 0.47∗∗∗ 0.51∗∗∗

Microbial biomass
C −0.13 NS 0.12 NS 0.21∗∗ 0.28∗∗∗
N −0.17∗ −0.12 NS 0.14 NS 0.41∗∗∗

∗ Significance at 0.05 probability level.
∗∗ Significance at 0.01 probability level.
∗∗∗ Significance at 0.001 probability level.

changed substantially between dates in each treat-
ment, with a maximum increase of 120 kg N ha−1

between April and July in the first year corn, Compost
plots, more than doubling the initial N content. Given
that the inorganic N pool never exceeded 45 ppm
(117 kg N ha−1) in the top 20 cm during this study,
microbial immobilization could be very important in
modifying inorganic N availability. The change in mi-
crobial N from April to July was smaller following the
incorporation of red clover in the first year corn, cover
plots in 1995 than following the incorporation of a
higher C:N ratio ‘weedy fallow’ in the no cover plots.
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Fig. 5. Two size classes of POM in the top 20 cm of the 1995–1996 LFL treatments. Error bars represent standard error of the mean for
each treatment. Units are based on an assumed bulk density of 1.3 Mg m−3.

Low C:N ratio cover crops may decrease the extent of
early season immobilization, thereby freeing more in-
organic N for plant uptake. A microbial turnover rate
of 2–3 generations per year (Harris and Paul, 1994)
would result in an average of 250–370 kg N ha−1 cy-
cled through the microbial biomass in the LFL agro-
nomic treatments, which is similar to the minimum

requirement of 240–500 kg N ha−1 needed to produce
the observed crop biomass.

POM represents 20% of soil N in the first year corn,
Compost treatment, and 12 and 13% in the fertilizer
and NTS treatments, respectively. As discussed pre-
viously, there were large increases in POM N asso-
ciated with the large compost additions in 1994, and
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Table 3
Selected N pools in 1995–1996 relative to one another and to soil N

LFL first year corn without cover
(kg N ha−1)

LTER LFL first year corn without cover
(% of soil N)

LTER

Fertilizer Compost NTS Fertilizer Compost NTS

SOMa 2340 2470 2990 100 100 100
Microbial biomass 95 136 239 4.1 5.5 8.0
Fine POM (53–250mm) 135 239 225 5.8 9.7 7.5
Coarse POM (250–2000mm) 154 265 170 6.6 10.7 5.7
Total POM (53–2000mm) 289 504 395 12.4 20.4 13.2
Above ground biomassb 248 209 68 10.6 8.5 2.3
Yield removed 137 125 5.9 5.0
Residue returned (1995) 111 85 68 4.7 3.4 2.3
Fertilizer/compost 134 67 5.7 2.7
Residue input (from 1994) 51 46 79 2.2 1.8 2.6
Minimum N requiredc 496 418 136 21.2 16.9 4.5

a Soil parameters are averaged across sample dates.
b Plant parameters were measured at time of peak biomass (late summer) except yield (late fall).
c The minimum amount of inorganic N required for uptake, assuming 50% efficiency.

there was a temporary decrease in most treatments
in November 1995. Date to date changes were rela-
tively small, otherwise, indicating that the decompo-
sition of POM is balanced by the formation of new
POM for much of the season. The decrease in POM
N in November 1995 was equivalent to 100 kg N ha−1

on average and a maximum of 214 kg N ha−1 in the
first year corn treatment with compost and cover. It
has been estimated that the steady-state turnover time
for POM is 20–40 years. This would imply an an-
nual turnover of 7–25 kg N ha−1 in the treatments de-
scribed in Table 3, which is 6–30% of the total amount
of plant and compost N added to the soil in these
treatments.

4.2. Organic matter fractions as predictors of N
mineralization

Willson et al. (2001) found that NMP was en-
hanced by the addition of compost, the incorpora-
tion of legume residues, and the conversion from
annual to perennial vegetation as in the HTS and
NTS treatments. NMP was greatest in the late spring
(April–June), and lowest in the early fall (September
and October), although it often recovered by Novem-
ber.

Like NMP, POM C and N are enhanced by compost
additions and are much greater in the NTS and HTS
treatments than in either of the tilled treatments. How-

ever, the incorporation of residues did not significantly
change POM C and N during in this study, whereas
the incorporation of legume residues increased spring
and fall NMP in Willson et al. (2001), particularly in
contrast to the low NMP observed in September and
October.

The correlation between POM C and NMP found in
this study, and in Hassink (1995), suggests that POM
C, which Hassink calls macroorganic matter, may be
useful as an aid to fertilizer recommendations, par-
ticularly if combined with information about recently
incorporated residues. The measurement of POM C
should be sufficiently simple to be included in routine
testing, and would provide an objective method for
modifying fertilizer recommendations in cases where
past management has resulted in unusually high or low
N supplying capacity. POM measurements that com-
bine size and density fractionation (Meijboom et al.,
1995; Cadisch et al., 1996; Barios et al., 1996) and the
anaerobic incubation of Waring and Bremner (1964)
have also proven to be excellent indicators of N miner-
alization, but would be more expensive to implement
in routine testing.

Microbial biomass was a less reliable indicator of
changes in substrate availability than either POM or
NMP. Microbial biomass not enhanced by cover crops,
increased with compost only in the 1995–1996 season
and experienced a decline in June 1994 that was not
related to substrate availability.
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4.3. Seasonal changes in microbial biomass

There was a trend toward greater microbial biomass
in the warmer months (July–October) than the cooler
months (April and November). This is consistent with
the data at other moist temperate sites (Kaiser and
Heinemeyer, 1993; Kirchner et al., 1993; Joergensen
et al., 1994; Paul and Harris, 1997). The opposite pat-
tern was found for cool-season production systems in
semi-arid environments (Van Gestel et al., 1992; Bre-
mer and van Kessel, 1992; Collins et al., 1992; Fran-
zluebbers et al., 1994). Maxwell and Coleman (1995)
also report lower microbial biomass in the summer
in a moist riparian habitat, but in that study summer
microbial biomass seems to have been limited by
microfaunal predation. While substrate availability is
usually assumed to be the most important determinant
of microbial biomass, it is clear from these studies
that other factors have a greater influence on patterns
of seasonal change.

We detected significant differences in microbial
C:N in the 1995–1996 dataset, with lower C:N ratios
after tillage and plant senescence (July and November
1995) in the tilled treatments and lower C:N ratios
at all dates in the untilled successional treatments.
The C:N ratio of the microbial biomass should re-
flect the species composition, particularly the ratio
of bacteria:fungi (Jenkinson, 1976; Shen et al., 1984;
Sparling and Zhu, 1993). The C:N ratios of Fungi
range from 4.5:1 to 15:1 while the C:N ratios of bac-
teria tend to be between 3:1 and 5:1 (Paul and Clark,
1996). If one assumes a C:N ratio of 10 for fungi and
4 for bacteria, the bacteria:fungi ratio of the July and
November samples overall would be approximately
2:1 whereas the ratio in April and September would
be 1:1 and the ratio in the NTS treatment would be
approximately 6:1 across all dates. Direct microscopy
of LTER treatments in 1991 and 1993 and of the
LFL in 1994 resulted in bacteria:fungi ratios ranging
from 0.3:1 to 5:1 (Paul and Harris, 1997). The high
relative abundance of bacteria at this site contradicts
the assumption of Anderson and Domsch (1975) that
agricultural soils are dominated by fungi.

4.4. Management implications

In these coarse textured soils, NMP, microbial
biomass and POM all have the capacity to change in

response to inputs of organic material from plants and
external sources. While changes in microbial biomass
N may be important in modifying N availability to
plants at various times of the year (e.g. after tillage
and after plant senescence), the size of the microbial
biomass at any point in time is not a good indicator
of the N supplying capacity of the soil. Apparently,
microbial biomass functions as a catalyst for micro-
bial degradation rather than as a long term source or
sink of mineralizable N in these soils. POM proved
to be a much more reliable indicator of NMP across
treatments, but it did not detect differences in NMP
associated with the use of recently incorporated plant
residues. This suggests that POM measurements could
be used to estimate N mineralization if combined with
information about the previous year’s crop and cover
crop production. Additional testing will be required
to determine whether the observed relationships be-
tween POM and NMP are valid across regions and
soil types.

References

Anderson, T.H., Domsch, K.H., 1975. Measurement of bacterial
and fungal contributions to respiration of selected agricultural
and forest soils. Can. J. Microbiol. 21, 314–322.

Baldock, J.O., Higgs, R.L., Paulson, W.H., Jacobs, J.A., Schrader,
W.D., 1981. Legume and mineral N effects on crop yields in
several crop sequences in the upper Mississippi valley. Agron.
J. 73, 885–890.

Barios, E., Buresh, R.J., Sprent, J.I., 1996. Organic matter in
soil particle size and density fractions from maize and legume
cropping systems. Soil Biol. Biochem. 28, 185–193.

Bremer, E., van Kessel, C., 1992. Seasonal microbial biomass after
addition of lentil and wheat residues. Soil Sci. Soc. Am. J. 56,
1141–1146.

Brown, R.E., Varvel, G.E., Schapiro, C.A., 1993. Residual effects
of interseeded hairy vetch on soil nitrate-nitrogen levels. Soil
Sci. Soc. Am. J. 57, 121–124.

Cadisch, G., Imhof, H., Urquiaga, S., Boddey, R.M., Giller, K.E.,
1996. Carbon turnover and nitrogen mineralization potential of
particulate light soil organic matter after rainforest clearing.
Soil Biol. Biochem. 28, 1555–1567.

Cambardella, C.A., Elliott, E.T., 1992. Particulate soil
organic-matter changes across a grassland cultivation sequence.
Soil Sci. Soc. Am J. 56, 777–783.

Collins, H.P., Rasmussen, P.E., Douglas Jr., C.L., 1992. Crop
rotation and residue management effects on soil carbon and
microbial dynamics. Soil Soc. Am. J. 56, 783–788.

Dou, Z., Fox, R.H., Toth, J.D., 1995. Seasonal soil nitrate dynamics
in corn as affected by tillage and nitrogen source. Soil Sci.
Soc. Am. J. 59, 585–864.



T.C. Willson et al. / Applied Soil Ecology 16 (2001) 63–76 75

Franzluebbers, A.J., Hons, F.M., Zubuerer, D.A., 1994. Seasonal
changes in soil microbial biomass and mineralizable C and N
in wheat management systems. Soil Biol. Biochem. 26, 1469–
1475.

Gregorich, E.G., Carter, M.R., Angers, D.A., Monreal, C.M., Ellert,
B.H., 1994. Towards a minimum data set to assess soil organic
matter quality in agricultural soils. Can. J. Soil Sci. 75, 367–
385.

Guillard, K., Griffen, G.F., Allison, D.W., Yamartino, W.R., Rafey,
M.M., Pietrzyk, S.W., 1995. Nitrogen utilization of selected
cropping systems in the US northeast. II. Soil profile nitrate
distribution. Agron. J. 87, 199–207.

Hallberg, G.R., 1986. From hoes to herbicides: agriculture and
groundwater quality. J. Soil Water Conserv. 41, 357–364.

Hallberg, G.R., 1987. Agricultural chemicals in ground water:
extent and implications. J. Altern. Agric. 2, 3–15.

Harris, D., Paul, E.A., 1994. Measurement of bacterial growth
rates in soil. Appl. Soil Ecol. 1, 277–290.

Harris, D., Varoney, R.P., Paul, E.A., 1997. Measurement of
microbial biomass N:C by chloroform fumigation-incubation.
Can. J. Soil Sci. 77, 507–514.

Hassink, J., 1995. Density fractions of soil macroorganic matter
and microbial biomass as predictors of C and N mineralization.
Soil Biol. Biochem. 27, 1099–1108.

Hesterman, O.B., Russelle, M.P., Schaeffer, C.C., Heichel, G.H.,
1987. Nitrogen utilization from fertilizer and legume residues
in legume-corn rotations. Agron. J. 79, 726–731.

Horwath, W.R., Paul, E.A., Harris, D., Norton, J., Jagger, L.,
Horton, K.A., 1996. Defining a realistic control for the
chloroform fumigation incubation method using microscopic
counting and14C-substrates. Can. J. Soil Sci. 76, 459–467.

Jenkinson, D.S., 1976. The effects of biocidal treatments on
metabolism in soil-IV. The decomposition of fumigated
organisms in soil. Soil Biol. Biochem. 8, 203–208.

Joergensen, R.G., Meyer, B., Mueller, T., 1994. Time-course of
the soil microbial biomass under wheat: a one year field study.
Soil Biol. Biochem. 26, 987–994.

Jokela, W.E., Randall, G.W., 1997. Fate of fertilizer nitrogen as
affected by time and rate of fertilizer application. Soil Sci. Soc.
Am. J. 61, 1695–1703.

Jones, M.E., Harwood, R.R., Dehne, N.C., Smeenk, J., Parker, E.,
1998. Enhancing soil nitrogen mineralization and corn yield
with overseeded cover crops. J. Soil Water Conserv. 53, 241–
249.

Kaiser, E.A., Heinemeyer, O., 1993. Seasonal variations of soil
microbial biomass carbon within the plow layer. Soil Biol.
Biochem. 25, 1649–1655.

Keeney, D.R., 1982. Nitrogen availability indices. In: Page, A.L.,
Miller, R.H., Keeney, D.R. (Eds.), Methods of Soil Analysis,
Part 2, Chemical and Microbiological Properties, 2nd Edition.
Agron. Monogr. 9, ASA and SSSA, Madison, WI. pp. 711–733.

Keeney, D.R., 1987. Nitrate in ground water — agricultural
contribution and control. In: Proceedings of the Conference
On Agricultural Impacts on Ground Water, Omaha, NE, 11–13
August 1986. National Water Well Association, Dublin, OH,
pp. 329–351.

Kirchner, M.J., Wollum II, A.G., King, L.D., 1993. Soil
microbial populations and activities in reduced chemical input
agroecosystems. Soil Sci. Soc. Am. J. 57, 1289–1295.

Kitur, B.K., Smith, M.S., Blevins, R.L., Frye, W.W., 1984. Fate
of 15N-depleted ammonium nitrate applied to no-tillage and
conventional corn. Agron. J. 76, 240–242.

Libra, R.D., Hallberg, G.R., Hoyer, B.E., 1987a. Impacts of
Agricultural chemicals on groundwater quality in Iowa. In:
Fairchild, D.M. (Ed.), Ground Water Quality and Agricultural
Practices. Lewis Publishers, Chelsea, MI, pp. 185–217.

Libra, R.D., Hallberg, G.R., Hoyer, B.E., Johnson, L.G., 1987b.
Agricultural impacts on groundwater quality: The big spring
study, Iowa. In: Proceedings of a Conference On Agricultural
Impacts on Ground Water, Omaha, NE, 11–13 August 1986.
National Water Well Association, Dublin, OH.

Maxwell, R.A., Coleman, D.C., 1995. Seasonal dynamics of
nematode and microbial biomass in soils of riparian-zone forests
of the Southern Appalachians. Soil Biol. Biochem. 27, 79–84.

McGill, W.B., Myers, R.J.K., 1987. Controls on dynamics of soil
and fertilizer nitrogen. In: Soil Fertility and Organic Matter
as Critical Components of Production Systems, SSSA. Special
Publication 19, SSSA, ASA. Madison, WI, pp. 73–99.

Meijboom, F.W., Hassink, J., Van Noordwijk, M., 1995.
Density fractionation of soil macroorganic matter using silica
suspensions. Soil Biol. Biochem 27, 1109–1111.

Meisinger, J.J., 1984. Evaluating plant available nitrogen in
soil–crop systems. In: Nitrogen in Crop Production. ASA,
CSSA, SSSA, Madison, WI, pp. 391–416.

Meisinger, J.J., Bandel, V.A., Stanford, G., Legg, J.O., 1985.
Nitrogen utilization of corn under minimal tillage and
moldboard plow tillage. I. Four-year results using labeled N
fertilizer on an Atlantic coastal plain soil. Agron. J. 77, 602–
611.

Myers, R.J.K., Palm, C.A., Cuevas, E., Gunatilleke, I.U.N.,
Brossard, M., 1994. The synchronization of nutrient
mineralization and plant nutrient demand. In: Woomer, P.L.,
Swift, M.J. (Eds.), The Biological Management of Tropical
Soil Fertility. Tropical Soil Biology and Fertility Programme
(TSBF) and Sayce Publishing, Wiley, New York, Chichester,
UK, pp. 81–116.

Paul, E.A., Clark, F.E., 1996. Soil Microbiology and Biochemistry.
Academic Press, San Diego.

Paul, E.A., Harris, D., 1997. KBS LTER Site Data
Catalog Microbial Biomass (KBS011). Available at
http://lter.kbs.msu.edu/Microbial%20Biomass/index.htm/.
Updated 22 October 1997.

Paul, E.A., Voroney, R.P., 1984. Field interpretation of microbial
biomass activity measurements. In: Klug, M.J., Reddy, C.A.
(Eds.), Current Perspectives in Microbial Ecology. American
Society of Microbiology. Washington, DC, pp. 509–514.

Philips, L., Stopes, C., 1995. The impacts of rotational practice
on nitrate leaching losses in organic farming systems in UK.
In: Nitrogen Leaching in Ecological Agriculture. AB Academic
Publishers, UK, pp. 123–134.

Pierce, F.J., Rice, C.W., 1988. Crop rotation and its impact on
efficiency of water and nitrogen use. In: Cropping Strategies for
Efficient Use of Water and Nitrogen. ASA Special Publication
Number 51, ASA, CSSA, SSSA. Madison, WI, pp. 21–42.



76 T.C. Willson et al. / Applied Soil Ecology 16 (2001) 63–76

Reddy, G.B., Reddy, K.R., 1993. Fate of nitrogen-15 enriched
ammonium nitrate applied to corn. Soil Sci. Soc. Am. J. 57,
111–115.

Robertson, G.P., Klingensmith, K.M., Klug, M.J., Paul, E.A.,
Crum, J.R., Ellis, B.G., 1997. Soil resources, microbial activity,
and primary production across an acricultural ecosystem. Ecol.
Appl. 7, 158–170.

Russelle, M.P., Deibert, E.J., Hauck, R.D., Stevanovic, M., Olson,
R.A., 1981. Effects of water and nitrogen management of yield
and15N-depleted fertilizer-use efficiency of irrigated corn. Soil
Sci. Soc. Am. J. 45, 553–558.

SAS Institute Inc., 1988. SAS/STAT User’s Guide, Version 6, 4th
Edition, Vol. 2. SAS Inst. Inc., Cary, NC.

SAS Institute Inc., 1997. SAS/STAT Software Changes and
Enhancements through Release 6.12. SAS Inst. Inc., Cary NC.

Schepers, J.S., Frank, K.D., Bourg, C., 1986. Effect of yield
goal and residual soil nitrogen considerations on fertilizer
recommendations for irrigated maize in Nebraska. J. Fert. Issues
3, 133–139.

Shen, S.M., Pruden, G., Jenkinson, D.S., 1984. Mineralization
and immobilization of nitrogen in fumigated soil and the
measurement of microbial biomass nitrogen. Soil Biol.
Biochem. 16, 437–444.

Smith, J.L., Paul, E.A., 1989. The significance of soil microbial
biomass estimations in soil. In: Soil Biochemistry, Vol. 6.
Marcel Decker, New York.

Solberg, S.O., 1995. Influence of crops and cultivation management
on the nitrogen leaching potential on ecological farms in east

Norway. Nitrogen Leaching in Ecological Agriculture. AB
Academic Publishers, UK, pp. 115–121.

Sparling, G., Zhu, C., 1993. Evaluation and calibration of
biochemical methods to measure microbial biomass C and N
in soils from Western Australia. Soil Biol. Biochem. 25, 1793–
1801.

Timmons, D.R., Baker, J.L., 1992. Fertilizer management effect
on recovery of labeled nitrogen by continuous no-till. Agron.
J. 84, 490–496.

Van Gestel, M., Ladd, J.N., Amato, M., 1992. Carbon and
nitrogen mineralization from two soils of contrasting texture
and microaggregate stability: influence of sequential fumigation,
drying and storage, drying and storage. Soil Biol. Biochem. 24,
103–111.

Waring, S.A., Bremner, J.M., 1964. Ammonium production in soil
under waterlogged conditions as an index of N availability.
Nature 201, 951–952.

Wegger, M.G., Mengal, D.B., 1988. The role of nonle-
guminous cover crops in the efficient use of water and
nitrogen. In: Cropping Strategies for Efficient Use of
Water and Nitrogen. ASA Special Publication Number
51, ASA, CSSA, SSSA, Madison, WI, pp. 115–
127.

Willson, T.C., Paul, E.A., Harris, D., Schabenberger, O., Harwood,
R.R., 2001. Seasonal changes in nitrogen mineralization
potential in agricultural soils: ANOVA and non-linear regression
analysis of management effects. Soil Science Society of
America (in press).


