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Abstract The impacts of crop rotations and N fertiliza-
tion on microbial biomass C (Cmic) and N (Nmic) were
studied in soils of two long-term field experiments ini-
tiated in 1978 at the Northeast Research Center
(NERC) and in 1954 at the Clarion-Webster Research
Center (CWRC), both in Iowa. Surface soil samples
were taken in 1996 and 1997 from plots of corn (Zea
mays L.), soybeans (Glycine max (L.) Merr.), oats
(Avena sativa L.), or meadow (alfalfa) (Medicago sativa
L.) that had received 0 or 180 kg N ha–1 before corn
and an annual application of 20 kg P and 56 kg K ha–1.
The Cmic and Nmic values were determined by the chlo-
roform-fumigation-extraction method and the chloro-
form-fumigation-incubation method, respectively. The
Cmic and Nmic values were significantly affected
(P~0.05) by crop rotation and plant cover at time of
sampling, but not by N fertilization. In general, the
highest Cmic and Nmic contents were found in the multi-
cropping systems (4-year rotations) taken in oats or
meadow plots, and the lowest values were found in con-
tinuous corn and soybean systems. On average, Cmic
made up about 1.0% of the organic C (Corg), and Nmic

contributed about 2.4% of the total N (Ntot) in soils at
both sites and years of sampling. The Cmic values were
significantly correlated with Corg contents (r60.41**),
whereas the relationship between Cmic and Ntot was sig-
nificant (r^0.53***) only for the samples taken in 1996
at the NERC site. The Cmic :Nmic ratios were, on aver-
age, 4.3 and 6.4 in 1996, and 7.6 and 11.4 in 1997 at the
NERC and CWRC sites, respectively. Crop rotation
significantly (P~0.05) affected this ratio only at the
NERC site, and N fertilization showed no effect at
either site. In general, multicropping systems resulted

in greater Cmic :Corg (1.1%) and Nmic :Ntot (2.6%) ratios
than monocropping systems (0.8% and 2.1%, respec-
tively).
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Introduction

Recent interest in agroecology has been focused on
studying soil and fertilizer management in agricultural
systems to improve soil quality and minimize possible
deleterious effects on the environment (e.g., soil ero-
sion and eutrophication of natural ecosystems). Be-
cause crop residues are primary sources of organic mat-
ter, crop management and fertilizer regime can exert a
significant influence on soil quality (Campbell et al.
1991). Compared with systems involving crop rotations,
soils under monocultural systems, in general, contain
significantly lower concentrations and qualities of soil
organic matter, less soil structural stability, and reduced
amounts of microbial biomass and activities. The posi-
tive effect of crop rotations on physical, chemical, and
biological soil properties are related to higher C inputs
and diversity of plant residues returned to soils (Bie-
derbeck et al. 1984; Havlin et al. 1990; Varvel 1994;
Miller and Dick 1995; Friedel et al. 1996; Robinson et
al. 1996).
Studies on the effect of inorganic N fertilizer appli-

cations on soil biological properties have shown contra-
dictory results. Some have reported increases in the
size of microbial biomass (Fraser et al. 1994; Omay et
al. 1997), whereas others have shown the opposite
(Biederbeck et al. 1984; McAndrew and Malhi 1992;
Ladd et al. 1994). The long-term application of NH4

cor
NH4

c-forming fertilizers may lead to changes in the
structure of soil microbial communities in terms of pro-
moting nitrifying populations, enhancing nitrification
rates, and increasing potential risks of groundwater
contamination with NO3–N (Tabatabai et al. 1992).
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Soil and crop management practices, including crop
rotations and N fertilization, can influence soil biologi-
cal activities through their effects on the quantity, struc-
ture, and distribution of soil organic matter. Systems
with high organic matter inputs and easily available soil
organic matter compounds tend to have higher micro-
bial biomass contents and activities because they are
preferred energy sources for microorganisms (Vaughan
and Malcolm 1985).
The soil microbial biomass is involved in the decom-

position of organic materials and, thus, the cycling of
nutrients in soils. It is also frequently used as an early
indicator of changes in soil chemical and physical prop-
erties resulting from soil management and environmen-
tal stresses in agricultural ecosystems (Brookes 1995;
Jordan et al. 1995; Trasar-Cepeda et al. 1998). Al-
though the soil microbial biomass C (Cmic) constitutes
only 1–3% of total soil C and the biomass N (Nmic) up
to 5% of total soil N, they are the most labile C and N
pools in soils (Jenkinson and Ladd 1981). Therefore,
nutrient availability and productivity of agroecosystems
mainly depend on the size and activity of the microbial
biomass (Friedel et al. 1996). The turnover time for N
immobilized in the microbial biomass was found to be
about ten times faster than that derived from plant ma-
terial (Smith and Paul 1990). The determination of Nmic

is, therefore, important for the quantification of N dy-
namics in agricultural ecosystems because it controls
soil inorganic N availability and loss, especially in high
input systems.
Several methods have been proposed for the deter-

mination of Cmic and Nmic in soils (Horwath and Paul
1994; Alef and Nannipieri 1995; Joergensen 1995). In
general, they can be grouped into direct and indirect
methods. The direct methods involve microscopic pro-
cedures, including plate counting, estimation of biovo-
lume, and culture methods. The indirect methods in-
volve: (1) techniques, including fumigation-incubation
(FI) and fumigation-extraction (FE), (2) estimation of
cell components such as ATP, phospholipids, and catal-
ase and dehydrogenase activities, and (3) substrate-in-
duced activity of microorganisms. Among these, the FI
and FE methods are widely used for estimation of Cmic
and Nmic. Results obtained by these methods are highly
correlated (Brookes et al. 1985). Because of the avail-
ability of sensitive techniques for determination of or-
ganic C in soil extracts, including automated instru-
ments, the FE method for estimating Cmic is widely
used. Similar equipment for determination of total N
(Ntot) in soil extracts, however, is not yet widely availa-
ble, and estimation of Ntot in soil extracts by a semimi-
cro-Kjeldahl method is difficult, time-consuming, and
not accurate. A review of the methods available for es-
timation of Cmic and Nmic in soils led us to the selection
of those used in this study, i.e., FE for estimation of
Cmic and FI for Nmic.
The objectives of this study were to estimate the

sizes of the Cmic and Nmic in 19-year and 44-year-old
field experiments, where different crop rotations and N

fertilization levels have resulted in field plots with sig-
nificant differences in pH, and in soil organic C (Corg)
and Ntot contents.

Materials and methods

Soils

Soils were collected from two long-term cropping systems at the
Northeast Research Center (NERC) in Nashua, Iowa, and the
Clarion-Webster Research Center (CWRC) in Kanawha, Iowa.
Both sites were established to study the influence of crop rotation
and N fertilization on crop yields. The NERC study was initiated
in 1979 on Kenyon (fine-loamy, mixed, mesic Typic Hapludoll)
and Readlyn (fine-loamy, mixed, mesic, Aquic Hapludoll) loams
formed in reworked till sediment, with mean particle-size distri-
butions (BSD) of 22B4.5% clay, 47B5.3% silt, and 31B3.2%
sand. The CWRC site was established in 1954 on a Webster clay
loam (fine-loamy, mixed, mesic Typic Haplaquoll) formed in till-
derived sediments, with mean particle-size distributions of
33B5.1% clay, 43B5.9% silt, and 24B6.2% sand. The past 30-
year average annual precipitation is 711 mm and 813 mm, and the
mean annual temperature is 7.7 7C and 6.9 7C at NERC and
CWRC, respectively. The experimental design at both sites was a
split-plot design, replicated three times at the NERC site and
twice at the CWRC site, with crop rotation as the main plot and N
rate as the subplot (70 m2 and 74 m2 for the NERC and CWRC
sites, respectively). The cropping systems at the NERC sites were
continuous soybean (SbSbSbSb), continuous corn (CCCC),
corn–soybean (CSbCSb), and corn–corn–oat–meadow (CCOM).
The systems at the CWRC site were CCCC, CSbCSb, CCOM,
and corn–oat–meadow–meadow (COMM). The N treatments
chosen for each rotation at both sites were 0 and 180 kg N ha–1,
applied as urea (NH2CONH2) before corn only. All plots re-
ceived an annual fertilization of 20 kg P and 56 kg K ha–1, and the
primary tillage system was chisel plowing in the fall (Robinson et
al. 1996).

Surface soil samples (0–15 cm) were taken in corn (Zea mays
L.), soybean (Glycine max (L.) Merr.), oats (Avena sativa L.), and
meadow plots. The meadow was planted with alfalfa (Medicago
sativa L.) alone or mixed with red clover (Trifolium pratense L.).
The samples from the NERC site were collected in May 1996 and
June 1997, and the samples from the CWRC site were collected in
July 1996 and 1997 by pooling eight cores (diam 7.6 cm) taken
from each plot at random. The field-moist soil samples were
sieved through a 2-mm screen after removing any plant material
and roots, and stored at 4 7C for several days until analysis for
Cmic and Nmic.

Analytical methods

For the properties reported (Tables 1, 2), pH was measured fol-
lowing air-drying by using a combination glass electrode in both
water and 0.01 m CaCl2 solutions (soil : solution ratiop 1 :2.5).
Particle-size distribution was measured by pipette analysis (Kil-
mer and Alexander 1949). A portion of air-dried soil was ground
to pass an 80-mesh (180mm) sieve. Corg and Ntot were determined
by the Mebius method (1960) and by a semimicro-Kjeldahl meth-
od (Bremner and Mulvaney 1982), respectively.

Cmic and Nmic

Soil Cmic was estimated on a 15-g oven-dry equivalent of field-
moist soil sample by the chloroform-fumigation-extraction meth-
od (FE) described by Vance et al. (1987). The concentration of
Corg in the extractant was determined by a carbon analyzer (SHI-
MADZU Model TOC-5050) after acidification with one drop of
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Table 1 Properties of the soils at the Northeast Research Center (NERC) at Nashua, Iowa

Crop rotationa N treatment pHb Corgb Ntot
b

(kg ha–1) – – – – – – – – (g kg–1) – – – – – – – – – –
H2O CaCl2

C-c-c-c 0 6.7 (6.4) 6.2 (5.9) 25.3 (21.2) 1.64 (1.67)
180 6.4 (6.5) 6.1 (6.0) 22.6 (22.6) 1.49 (2.07)

C-sb-c-sb 0 7.1 (7.1) 6.6 (6.5) 17.3 (18.7) 1.21 (1.73)
180 6.6 (7.1) 6.2 (6.3) 17.7 (19.5) 1.32 (1.87)

c-Sb-c-sb 0 7.1 (7.1) 6.6 (6.5) 19.8 (21.4) 1.37 (1.63)
180 7.1 (6.6) 6.5 (6.3) 19.2 (21.9) 1.40 (1.67)

C-c-o-m 0 Pc (6.9) P (6.9) P (22.7) P (1.93)
180 P (6.5) P (6.5) P (20.3) P (1.90)

c-C-o-m 0 7.0 (7.1) 6.5 (7.1) 21.4 (21.6) 1.57 (1.70)
180 6.2 (6.8) 6.0 (6.8) 23.3 (22.4) 1.68 (1.67)

c-c-O-m 0 7.2 (6.8) 6.6 (6.8) 22.0 (22.7) 1.40 (1.67)
180 7.0 (6.7) 6.3 (6.7) 21.4 (23.5) 1.46 (1.90)

c-c-o-M 0 7.0 P 6.5 P 25.5 P 1.79 P
180 6.7 P 6.1 P 23.2 P 1.63 P

Sb-sb-sb-sb 0 7.1 (7.0) 6.5 (7.0) 17.4 (18.6) 1.25 (1.77)
Mean 6.9 (6.8) 6.4 (6.6) 21.2 (20.1) 1.48 (1.78)
LSD P~0.05d 0.5 (0.6) 0.3 (0.5) 1.9 (2.2) 0.11 (0.17)
LSD P~0.05e 0.6 (0.4) 0.2 (0.5) 1.2 (2.5) 0.10 (0.20)

a Capital bold letters indicate crop in which the sample was taken
in 1996. In 1997, the samples were taken in the crop following the
capital bold letter; C corn, Sb soybean, O oats, M meadow
(alfalfa)
bMeans of three field replicates from 1996. Means in parentheses
are data for 1997

c Indicates that sample was not available in the specified crop in
the rotation
d Least significant difference due to crop rotation at 0 N
e Least significant difference due to crop rotation at 180 N

Table 2 Properties of the soils at the Clarion-Webster Research Center (CWRC) at Kanawha, Iowa

Crop rotationa N treatment pHb Corgb Ntot
b

(kg ha–1) – – – – – – – – (g kg–1) – – – – – – – – –
H2O CaCl2

C-c-c-c 0 6.9 (7.0) 6.2 (6.2) 28.2 (29.8) 1.79 (2.00)
180 6.0 (6.0) 5.3 (5.4) 35.2 (35.6) 2.32 (2.20)

C-sb-c-sb 0 7.1 (7.3) 6.5 (6.7) 31.2 (32.9) 2.08 (2.20)
180 6.7 (6.8) 6.2 (6.2) 29.6 (32.1) 1.96 (2.20)

c-Sb-c-sb 0 6.7 (6.7) 6.2 (6.1) 30.6 (34.5) 2.03 (2.25)
180 6.5 (6.3) 5.9 (5.8) 31.8 (33.6) 2.15 (2.15)

C-c-o-m 0 6.2 (6.5) 5.6 (5.7) 29.5 (31.2) 2.05 (1.60)
180 5.8 (6.0) 5.3 (5.3) 34.9 (36.4) 2.42 (1.80)

c-C-o-m 0 6.4 (6.3) 5.8 (5.4) 32.1 (33.9) 2.15 (1.95)
180 5.9 (6.2) 5.4 (5.4) 35.1 (37.7) 2.40 (1.95)

c-c-O-m 0 6.0 (6.0) 5.3 (5.2) 33.1 (35.7) 2.18 (2.35)
180 5.9 (5.8) 5.2 (5.1) 34.2 (36.4) 2.36 (2.30)

c-c-o-M 0 5.9 (5.9) 5.4 (5.2) 38.4 (40.9) 2.50 (2.40)
180 5.7 (5.6) 5.2 (4.9) 37.1 (39.5) 2.45 (2.00)

C-o-m-m 0 5.8 (6.2) 5.2 (5.6) 35.4 (36.1) 2.43 (2.25)
180 5.5 (5.7) 4.9 (4.9) 34.8 (34.5) 2.37 (2.30)

c-O-m-m 0 6.0 (5.9) 5.3 (5.3) 34.5 (35.3) 2.34 (2.50)
180 6.4 (6.4) 5.8 (5.6) 37.0 (44.3) 2.52 (2.85)

c-o-M-m 0 6.2 (6.2) 5.6 (5.5) 30.2 (30.5) 2.12 (2.20)
180 6.1 (5.8) 5.5 (5.1) 32.6 (34.9) 2.24 (2.35)

c-o-m-M 0 5.9 (5.6) 5.3 (5.1) 37.7 (39.2) 2.54 (2.50)
180 5.8 (5.4) 5.2 (4.9) 37.8 (39.1) 2.67 (2.55)

Mean 6.2 (6.1) 5.6 (5.4) 33.7 (35.6) 2.28 (2.22)
LSD P~0.05c 1.1 (1.1) 1.1 (1.2) 4.9 (6.0) 0.33 (0.47)
LSD P~0.05d 1.3 (1.5) 1.4 (1.5) 5.5 (4.9) 0.28 (0.28)

a Capital bold letters indicate crop in which the sample was taken
in 1996. In 1997, the samples were taken in the crop following the
capital bold letter; C corn, Sb soybean, O oats, M meadow
(alfalfa)

bMeans of three field replicates from 1996. Means in parentheses
are data for 1997
c Least significant difference due to crop rotation at 0 N
d Least significant difference due to crop rotation at 180 N
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Table 3 Analysis of variance of effects of cropping systems on chemical and biological properties in soils from the Northeast Research
Center (NERC)

Source of
variation

Chemical properties Biological properties

pH (H2O) pH (CaCl2) Corg Ntot C:N Cmic Nmic (C:N)mic Cmic :Corg Nmic :Ntot

1996
Crop rotation ** n.s. ** ** ** ** ** * ** **
N fertilizer ** * n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Contrastsa

C1 n.s. n.s. * n.s. n.s. ** ** * n.s. n.s.
C2 ** ** * * ** * ** * ** **
C3 ** ** ** ** ** n.s. n.s. * * **
C4 * n.s. ** ** n.s. ** ** n.s. * n.s.
C5 ** ** n.s. n.s. * ** ** * ** **

1997
Crop rotation * ** * * ** * ** ** ** **
N fertilizer n.s. n.s. n.s. ** * n.s. * n.s. n.s. n.s.
Contrastsa

C1 n.s. n.s. ** ** ** n.s. n.s. n.s. * *
C2 ** ** * * n.s. n.s. ** n.s. ** **
C3 ** ** ** ** n.s. n.s. * n.s. n.s. *
C4 * n.s. ** ** n.s. ** * n.s. * *
C5 ** ** n.s. n.s. n.s. * ** n.s. ** **

* and ** are significant at P~0.05 and 0.01 levels, respectively; n.s. not significant
a Contrasts: C1 :CCCC vs. SbSbSbSb, C2 :CCCC vs. multicropping systems, C3 :CCCC vs. 2-year rotation, C4 :2-year rotation vs. 4-
year rotation, C5 :CCCC vs. 4-year rotation

2 M HCl to remove any dissolved carbonate. Biomass C was cal-
culated as follows:

Cmic p EC/kEC

where EC p (organic C extracted from fumigated soil) – (organic
C extracted from non-fumigated soil) and kEC p 0.45, which is
the proportionality factor to convert EC to Cmic (Wu et al.
1990).

Soil Nmic was determined by the chloroform-fumigation-incu-
bation method (FI) as described by Horwath and Paul (1994) us-
ing a 15-g oven-dry equivalent of field-moist soil sample, after ad-
justing the moisture content to 55% of the water-holding capacity
(WHC), estimated by the method of Shaw (1958). Samples were
conditioned for 7 days at 25 7C. The NH4

c-N in the extracts was
determined in a 20-ml aliquot by steam distillation (Keeney and
Nelson 1982). Biomass N was calculated using the equation:

Nmic p EN/kIN

where EN p (flush of NH4
c-N due to fumigation) – (NH4

c-N pro-
duced in the non-fumigated soil during 10 days incubation) and
kIN p 0.57, which is the proportionality factor to convert EN to
Nmic (Jenkinson 1988). The Cmic and Nmic values were determined
on the ~2-mm mesh field-moist samples. All results reported are
averages of duplicated analyses and are expressed on a moisture-
free basis. Moisture was determined after drying at 105 7C for
48 h.

Statistical analyses, including analysis of variance, contrast
comparisons, and separation of means by least significant differ-
ences were performed by using the general linear models (GLM)
procedure in the SAS system (SAS Institute 1996). Non-ortho-
gonal contrast comparisons were selected because we were inter-
ested in the following hypotheses: (1) a system under continuous
corn will differ from that under continuous soybean (contrast 1,
NERC only), (2) a system under continuous corn will differ from
that under multicropping systems (contrast 2), (3) a system under
continuous corn will differ from a 2-year rotation (contrast 3), (4)
a system under a 2-year rotation will differ from that under a 4-
year rotation (contrast 4), and (5) a system under continuous corn
will differ from that under a 4-year rotation (contrast 5, NERC
only). At all data points shown in the figures, the differences be-

tween duplicate laboratory values were smaller than the point
size.

Results and discussion

The differences in chemical properties of soils, such as
pH, Corg, and Ntot, found between the two different
sites and between the four different cropping systems
studied at each of these sites (Tables 1, 2) may have led
to differences in the microbial biomass in these soils.
Crop rotation significantly affected soil pH (H2O), Corg,
Ntot, and C:N ratio in soils at the NERC site, while the
effect of N fertilization was not clear because it varied
between the two years (Table 3). Contrast comparisons
revealed significantly lower soil pH (H2O) in plots un-
der continuous corn compared with the multicropping
systems, probably resulting from the higher frequency
of ammoniacal-N fertilizer additions before corn; as
soybean, oats, and meadow did not receive any N fertil-
izer. The decrease of pH values in N-fertilized soils may
be due to the nitrification of NH4

cand subsequent pro-
duction of Hc ions, thus increasing the soil acidity
(McAndrew and Malhi 1992).
Cmic and Nmic showed, in general, higher values in

the plots at the CWRC site compared with those at the
NERC site. The microbial biomass values were, on av-
erage, 385 and 213 mg Cmic kg–1 soil, and 63 and 51 mg
Nmic kg–1 soil, in the plots at the CWRC and NERC
sites in 1996, respectively. A similar trend was found in
1997, although the values were generally lower. These
findings may be attributed mainly to higher organic C
contents in the soils at CWRC in comparison to those
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Fig. 1 Relationship between
organic C and soil microbial
biomass C of soils at the
NERC site sampled in 1996
and 1997

Table 4 Analysis of variance of effects of cropping systems on chemical and biological properties in soils from the Clarion-Webster
Research Center (CWRC)

Source of
variation

Chemical properties Biological properties

pH (H2O) pH (CaCl2) Corg Ntot C:N Cmic

1996
Crop rotation n.s. n.s. * ** * *
N fertilizer n.s. n.s. * ** * n.s.
Contrastsa

C2 n.s. n.s. n.s. ** * n.s.
C3 n.s. n.s. n.s. n.s. n.s. n.s.
C4 ** ** ** ** ** *

1997
Crop rotation n.s. n.s. * ** ** *
N fertilizer n.s. n.s. ** * n.s. n.s.
Contrastsa

C2 n.s. n.s. * n.s. n.s. **
C3 n.s. n.s. n.s. n.s. n.s. n.s.
C4 * * * * ** n.s.

* and ** are significant at P~0.05 and 0.01 levels, respectively, n.s. not significant
a Contrasts: C2 :CCCC vs. multicropping systems, C3 :CCCC vs. 2-year rotation, C4 :2-year rotation vs. 4-year rotation

in the soils at NERC. The Cmic values obtained in 1996
for the NERC site were significantly correlated with
Corg (r p 0.55***, Fig. 1). The corresponding correla-
tion coefficient for the relationship at the CWRC site
was 0.57***. The same relationship for the samples ob-
tained in 1997 showed rp0.41** for the NERC site
(Fig. 1). No such relationship was found for the CWRC
site in 1997. Similar significant positive linear correla-
tions have been reported between Cmic and Corg for div-
erse soils (Anderson and Domsch 1989; Witter et al.
1993; Joergensen 1995; Weigand et al. 1995). Witter et
al. (1993) reported rp0.905*** for 14 soils from long-
term field experiments under different treatments in
Sweden, whereas Joergensen (1995) showed
rp0.82**** for this relationship in 82 German soils dif-
fering in management practices (arable, pasture, forest
soils).
Analysis of variance showed that Cmic and Nmic val-

ues were significantly (P~0.05) affected by crop rota-
tion and plant cover at sampling time, but not by N fer-

tilizer treatment (Tables 3, 4). At the NERC site, the
highest Cmic values were found in plots of the 4-year
rotation (CCOM) taken in oats or meadow in both
years (Fig. 2). The lowest Cmic values were found in
plots under continuous soybean followed by continuous
corn and corn–soybean rotation (2-year rotation). At
the CWRC site, the Cmic contents followed a similar
trend, with the highest values found in plots of the 4-
year rotations (CCOM, COMM) and the lowest under
the continuous and the 2-year cropping systems
(CCCC, CSbCSb). The highest Nmic values at the
NERC site were found in the 4-year rotation, taken in
meadow and in first year corn, for soils sampled in 1996
and 1997, respectively (Fig. 3), and the lowest values
under the continuous cropping system. At the CWRC
site, no effect of crop rotations on Nmic was found in
either sampling year. Differences in Nmic values be-
tween the years are evident for both sites (Figs. 3, 4).
The reasons for the dramatic variations are unclear.
Temporal fluctuations in Cmic and Nmic values have



205

Fig. 2 Effect of cropping sys-
tems on the soil microbial bio-
mass C at the NERC site.
Capital letter indicates crop at
which samples were taken in
1996. In 1997, the samples
were taken in the crop follow-
ing the capital letter. All re-
sults are the averages of three
field replicates. Within each N
treatment, bars with the same
letter are not significantly dif-
ferent at P~0.05 using the
LSD test (0 N treatment low-
er-case letters; 180 N treatment
upper-case letters)

Fig. 3 Effect of cropping sys-
tems on the soil microbial bio-
mass N at the NERC site.
Capital letter indicates crop for
which samples were taken in
1996. In 1997, the samples
were taken in the crop follow-
ing the capital letter. All re-
sults are the averages of three
field replicates. Within each N
treatment, bars with the same
letter are not significantly dif-
ferent at P~0.05 using the
LSD test (0 N treatment low-
er-case letters; 180 N treatment
upper-case letters)

Fig. 4 Relationship between
microbial biomass C and mi-
crobial biomass N in soils at
the CWRC site, sampled in
1996 and 1997

been reported as a result of variations in soil moisture
and temperature, stage of plant growth, and available
substrate (Insam 1990; Witter et al. 1993; Kaiser et al.
1995; Lovell et al. 1995; Chang and Juma 1996). The
Nmic values show more pronounced temporal fluctua-
tions than those of Cmic (Brookes et al. 1985; Joergen-
sen 1995), because microorganisms differ much more in
their N content than in their C content, depending on

their stage of growth (Anderson and Domsch 1980;
Jenkinson and Ladd 1981). This is one reason for the
larger variations in kN values compared with kC values
found in the literature (Joergensen 1995). Therefore,
small shifts in the structure of the microbial community
can result in large changes in Nmic (Campbell et al.
1991). Close relationships between total N, Nmic and ac-
tive N in soils have been reported by McCarty et al.
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(1995), with correlation coefficients of r10.91*. Al-
though these N pools are highly correlated, the slopes
of the regression lines indicated that Nmic and active N
pools are distinct from the total N pool. This could ex-
plain the lack of influence of N fertilization on the Nmic

values found in this study. The relationship between
Ntot and Nmic was significant, with non-zero intercepts,
for the samples from the NERC site in 1996 only
(rp0.53***), and the slope of the regression line de-
creased substantially between the two years of sam-
pling (not shown). The non-zero intercepts may indi-
cate a pool of largely inert soil-N that obviously did not
have a positive influence on the Nmic values.
The positive effect of the 4-year rotations on micro-

bial biomass compared with the continuous corn and
soybean systems and the 2-year rotation may be due to
several reasons, such as enhanced soil structure, greater
amounts and diversity of residues produced, the nearly
year-around rhizosphere and plant cover, a stabilized
microclimate, and higher root density under diverse
crop rotations. Contrast comparisons revealed that Corg
and Ntot were, generally, lowest in plots under contin-
uous soybean, followed by corn–soybean (2-year) rota-
tion, and highest in CCCC and CCOM (4-year rota-
tion) plots, with no significant difference between the
latter two systems (Tables 3, 4). Varvel (1994) and Hav-
lin et al. (1990) reported lower Corg and N contents in
soils from crop rotations that involved soybean and re-
lated this to the lower amounts of crop residues left af-
ter soybean as compared with those left after the corn
harvest. Higher Cmic values are commonly found in ro-
tations that include high residue-producing crops
(Omay et al. 1997), crops with intensive root growth
and root density (Stone and Buttery 1989; Perfect et al.
1990), and under reduced or no-till systems (Granat-
stein et al. 1987; Campbell et al. 1992). These results
are strongly related to the positive influence of the rhi-
zosphere on soil microbial communities. In addition, it
is known that there are differences in rhizosphere pop-
ulations because of the variations in the concentrations
and types of organic compounds released by the roots
of different plants (Lynch and Bragg 1985). Besides the
effects of rhizosphere and the amounts and diversity of
plant material returned to the soil, the decomposition
rate of these residues is considered to be important for
the accessibility of the organic material to soil microor-
ganisms. A comparison of various plant materials
showed that the amounts of easily decomposable Corg
fractions decreased from alfalfa residues to corn and
soybean residues and, thus, their decomposition rates
varied (Ajwa and Tabatabai 1994).
Linear regression analyses showed that Cmic was sig-

nificantly correlated with Nmic for the soils sampled at
the CWRC site in both years (Fig. 4). A similar correla-
tion was found for the samples from the NERC site in
1996 (rp0.71***, not shown), but not in 1997. A high
correlation coefficient (rp0.80***) has been reported
between Cmic and Nmic for 82 soils under different man-
agement systems (Joergensen 1995). The inconsistency

in the relationship between Cmic and Nmic at both sites
may be a result of the large temporal variation in Nmic

values between the 1996 and 1997 data.
The influence of moisture content of soils on bio-

mass measurements has been a subject of controversy.
A study involving the FI method with soils at 18, 23,
and 33% of the WHC revealed no significant differ-
ences in CO2–C or mineralizable N flush even when
these values were increased to 60% (Ross 1989). Nev-
ertheless, the adjustment of soils at 50–60% WHC is
considered as necessary requirement for a higher accu-
racy of the FI method (Jenkinson 1988). The FE meth-
od was shown to be unaffected by soil water content
(Kaiser et al. 1995; Joergensen 1995). However, the wa-
ter content in the soils studied at sampling time did not
show significant variations between the two years and,
thus, could be excluded as a possible reason for the
changes in Nmic values. It may be inferred that Nmic was
more sensitive to factors that could have influenced the
size and structure of microbial biomass in this study.
These include microclimate, crop rotation, fertilizer
practices, soil pH and structure, and amount and distri-
bution of soil organic matter. Therefore, Nmic seems to
be more labile in soils than Cmic.
The ratio of Cmic :Nmic is often used to describe the

structure and the state of the microbial community. A
high Cmic :Nmic ratio indicates that the microbial bio-
mass contains a higher proportion of fungi, whereas a
low value suggests that bacteria predominate in the mi-
crobial population (Campbell et al. 1991). The
Cmic :Nmic ratios of selected microbial isolates, extracted
from soils or obtained from culture collections, and cul-
tivated under optimal conditions, range from 7 to 12 in
fungi and from 3 to 6 in bacteria (Jenkinson 1976; An-
derson and Domsch 1980). Differences in these ratios
are expected between microbial populations cultivated
under laboratory conditions and those grown under
natural conditions (Joergensen 1995). Joergensen
(1995) reported C:N ratios of the microbial biomass
varying from 5.2 in an arable soil to 20.8 in a forest soil,
with an average of 6.8 for 82 soils. Shen et al. (1984)
and Anderson and Domsch (1980) summarized data
suggesting that the average microbial biomass C :N ra-
tio is 6.7. The Cmic :Nmic ratios of the soils from the two
different experimental sites were, on average, 4.3 and
6.4 in 1996, and 7.6 and 11.4 in 1997 at the NERC and
CWRC sites, respectively (Table 5).
The differences found for these ratios between the

two years are mainly attributed to the variations in Nmic

values already discussed. The Cmic :Nmic ratio is affected
by soil properties such as moisture content, texture,
pH, Cmic :Corg and Nmic :Ntot ratios (i.e., the substrate
availability), N incorporation in fungi and the ratio of
active to dormant microorganisms (Jenkinson 1976;
Anderson and Domsch 1980; Campbell et al. 1991).
However, crop rotations significantly (P^0.05) af-
fected the Cmic :Nmic ratio at the NERC site only,
whereas rotation and N fertilization had no effect on
this ratio at the CWRC site (Tables 3, 4). Results indi-
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Table 5 Values of the microbial biomass C :N ratios in soil sam-
ples of the different cropping systems in 1996 and 1997

Crop
rotationa

N
treat-

Microbial biomass C:N ratiob

ment
(kg ha–1)

NERC site CWRC site

1996 1997 1996 1997

Sb-sb-sb-sb 0 4.0 5.7 P P
C-c-c-c 0 4.4 11.1 5.5 7.6

180 5.2 6.9 6.0 7.7
C-sb-c-sb 0 3.8 6.5 5.9 11.4

180 4.4 7.6 4.7 11.5
c-Sb-c-sb 0 4.6 7.1 5.6 5.2

180 3.8 7.2 6.0 12.6
C-c-o-m 0 Pc 7.0 5.9 11.4

180 P 13.8 7.5 12.3
c-C-o-m 0 4.6 6.8 5.7 10.5

180 4.4 9.9 8.0 16.3
c-c-O-m 0 4.5 5.3 7.0 14.1

180 4.4 4.5 7.0 13.3
c-c-o-M 0 3.6 P 6.0 12.2

180 3.5 P 5.9 13.9
C-o-m-m 0 P P 6.4 13.0

180 P P 9.9 11.2
c-O-m-m 0 P P 6.6 9.9

180 P P 7.3 8.3
c-o-M-m 0 P P 6.1 9.3

180 P P 5.8 10.6
c-o-m-M 0 P P 6.0 14.7

180 P P 6.0 14.7
Mean 4.3 7.6 6.4 11.4
LSD P~0.05d 0.8 3.6 1.4 5.1
LSD P~0.05e 1.3 2.8 3.4 9.0

a Capital bold letters indicate crop in which the sample was taken
in 1996. In 1997, the samples were taken in the crop following the
capital bold letter; C corn, Sb soybean, O oats, M meadow
(alfalfa)
bMeans of three (NERC) and two (CWRC) field replicates
c Indicates that sample was not available in the specified crop in
the rotation

cated that plant cover in the year of sampling had a
particular impact on this ratio, because regardless of
the cropping systems, the values were lowest in plots
under soybean. Contrast comparisons of the 1996 val-
ues showed that plots under continuous corn differed
significantly from those under continuous soybean and
multicropping systems. In 1997 the Cmic :Nmic ratios for
both sites were, in general, about twice as great as those
in 1996. Contradictory results have been reported con-
cerning the response of the Cmic :Nmic ratio to changes
in environmental conditions or soil management prac-
tices. Some researchers found that this ratio is relative-
ly constant in arable soils and independent of soil mois-
ture and temperature, N fertilization, development of
the root system (Joergensen 1995), incorporation of
straw (Ocio et al. 1991) and application of pesticides
(Harden et al. 1993). Others reported significant tem-
poral changes in Cmic :Nmic ratios, depending on the
stage of plant growth (Collins et al. 1992) and plant
cover (Drury et al. 1991). Drury et al. (1991) found that
grass species were associated with a greater Cmic :Nmic

ratio (4.3) than red clover (3.6), alfalfa (2.8), and corn

(2.5). These results are associated with differences in
root density and depth as well as in types of root exu-
dates and, thus, result in differences in soil structure
and rhizosphere populations.
The Cmic and Nmic values, expressed as percentages

of Corg and Ntot, respectively, give an estimation of the
quantities of nutrients in the microbial biomass, sub-
strate availability, and organic matter dynamics in soils
(Sparling 1992). The higher the Cmic :Corg ratio in sys-
tems with similar properties and conditions, the higher
the portion of easily decomposable organic C com-
pared to stable humus compounds (Anderson and
Domsch 1989). On average, Cmic made up about 1.0%
of the Corg, and Nmic contributed about 2.4% to the Ntot

in soils at both sites and years of sampling (Table 6).
Crop rotation significantly (P^0.01) influenced both
ratios in plots at the NERC site in both years, but
showed no effect at the other site (Tables 3, 4). Con-
trast comparisons revealed consistent differences in
Cmic :Corg and Nmic :Ntot ratios between monocropping
and multicropping systems with 4-year rotations, espe-
cially when samples were taken in meadow. Generally,
higher values (Cmic :Corg p 1.1% and
Nmic :Ntot p 2.6%) were found for multicropping than
for monocropping systems (0.8% and 2.1%, respective-
ly). The N fertilizer treatment did not affect these ratios
(Tables 3, 4). A wide range of Cmic :Corg ratios, varying
from 0.27% to 14.0% with an average of 2–3%, are
reported in the literature (Jenkinson and Ladd 1981;
Anderson and Domsch 1989). The ratios of Nmic :Ntot

are generally much greater than those of Cmic :Corg;
they can range from 1% to 7% (Jenkinson 1988; Fauci
and Dick 1994). Average values of 1.7% for the
Cmic :Corg ratio and 2.8% for the Nmic :Ntot ratio for 82
soils under different management systems have been
reported, indicating the varying importance of micro-
bial biomass as a sink for these elements (Joergensen
1995). A survey of the Cmic :Corg ratio of 143 soils from
long-term field experiments in Central Europe revealed
lower ratios in monoculture (2.3%) than in multicrop-
ping systems (2.9%) (Anderson and Domsch 1989).
These results suggest that microbial communities in the
latter systems have evolved a more complex system of
substrate-use efficiency with the heterogeneous input
of organic matter, enabling them to fix a greater pro-
portion of the C in their biomass than those in mono-
cropping systems.

Conclusions

Microbial biomass C and N showed significant re-
sponses to crop rotations and plant cover at sampling
time, mainly attributed to differences in chemical prop-
erties between the four cropping systems studied. Soil
Cmic and Nmic contents were generally greater in 4-year
rotations than in 2-year rotations or with corn or soy-
bean monocultures. Changes in Cmic and Nmic contents
in response to the cropping systems seem to be related
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Table 6 Effect of different cropping systems on Cmic and Nmic values, expressed as percentages of Corg and Ntot, respectively, in 1996
and 1997

Crop rotationa N treatment
(kg ha–1)

Cmic as percentage of Corgb Nmic as percentage of Ntot
b

NERC site CWRC site NERC site CWRC site

Sb-sb-sb-sb 0 0.8 (0.8) P P 2.9 (1.6) P P
C-c-c-c 0 0.8 (1.0) 1.0 (0.7) 2.7 (1.2) 3.0 (1.5)

180 0.9 (0.8) 1.0 (0.5) 2.7 (1.3) 2.6 (1.1)
C-sb-c-sb 0 1.1 (1.0) 1.2 (1.0) 4.3 (1.8) 3.2 (1.3)

180 1.0 (0.9) 1.1 (1.0) 3.1 (1.3) 3.8 (1.3)
c-Sb-c-sb 0 1.0 (1.1) 1.0 (0.5) 3.3 (1.9) 2.8 (1.5)

180 0.9 (0.9) 1.0 (0.8) 3.3 (1.6) 2.5 (1.5)
C-c-o-m 0 Pc (0.8) 1.2 (1.0) Pc (1.5) 3.0 (1.9)

180 P (1.2) 1.1 (0.9) P (0.9) 2.4 (1.6)
c-C-o-m 0 1.1 (1.1) 1.1 (1.0) 3.2 (2.1) 3.1 (1.8)

180 0.9 (1.3) 1.0 (1.1) 3.0 (1.7) 2.0 (1.6)
c-c-O-m 0 1.1 (1.2) 1.2 (1.0) 3.9 (3.1) 2.5 (1.1)

180 1.3 (0.9) 1.0 (0.9) 4.2 (2.5) 2.2 (1.2)
c-c-o-M 0 1.0 P 1.2 (0.8) 4.1 P 3.2 (1.2)

180 1.1 P 1.1 (0.7) 4.5 P 2.8 (1.1)
C-o-m-m 0 P P 1.1 (1.0) P P 2.5 (1.3)

180 P P 0.9 (0.7) - P 1.4 (0.9)
c-O-m-m 0 P P 1.2 (0.9) P P 2.8 (1.3)

180 P P 1.3 (0.8) P P 2.9 (1.6)
c-o-M-m 0 P P 1.4 (1.1) P P 3.4 (1.6)

180 P P 1.3 (1.0) P P 3.3 (1.4)
c-o-m-M 0 P P 1.3 (0.9) P P 3.3 (1.0)

180 P P 1.3 (0.8) P P 3.0 (0.8)
Mean 1.0 (1.0) 1.1 (0.9) 3.5 (1.7) 2.8 (1.3)
LSD P~0.05d 0.3 (0.1) 0.4 (0.3) 0.9 (0.6) 1.2 (1.0)
LSD P~0.05e 0.3 (0.3) 0.4 (0.6) 0.6 (0.4) 2.0 (1.4)

a Capital bold letters indicate crop in which the sample was taken
in 1996. In 1997, the samples were taken in the crop following the
capital bold letter; C corn, Sb soybean, O oats, M meadow
(alfalfa)
bMeans of three (NERC) and two (CWRC) field replicates from
1996. Figures in parentheses are data for 1997

c Indicates that sample was not available in the specified crop in
the rotation
d Least significant difference due to crop rotation at 0 N
e Least significant difference due to crop rotation at 180 N

to the amount and diversity of crop residues, the pro-
portion of easily decomposable organic compounds re-
turned to the soil, root density, microclimate, and soil
structure. N fertilization had no effect on Cmic and Nmic

concentrations. There is evidence that the Nmic pool is a
distinct fraction, although not necessarily related to the
size of the Ntot in soils. Variations between the two
years were less pronounced for Cmic than for Nmic val-
ues. The ratio of Cmic :Nmic seems to be more related to
the plant cover at sampling time than to the cropping
system; the lowest ratios were found in plots under soy-
bean. These findings may indicate a close relationship
between the amount and composition of root exudates
and the structure of the microbial communities in the
rhizosphere. Generally, multicropping systems resulted
in greater Cmic :Corg and Nmic :Ntot ratios than mono-
cropping systems.
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