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Intensive use of N fertilizers in modern agriculture is motivated 
by the economic value of high grain yields and is generally 
perceived to sequester soil organic C by increasing the input of 
crop residues. Th is perception is at odds with a century of soil 
organic C data reported herein for the Morrow Plots, the world’s 
oldest experimental site under continuous corn (Zea mays L.). 
After 40 to 50 yr of synthetic fertilization that exceeded grain N 
removal by 60 to 190%, a net decline occurred in soil C despite 
increasingly massive residue C incorporation, the decline being 
more extensive for a corn–soybean (Glycine max L. Merr.) or 
corn–oats (Avena sativa L.)–hay rotation than for continuous 
corn and of greater intensity for the profi le (0–46 cm) than the 
surface soil. Th ese fi ndings implicate fertilizer N in promoting 
the decomposition of crop residues and soil organic matter and 
are consistent with data from numerous cropping experiments 
involving synthetic N fertilization in the USA Corn Belt and 
elsewhere, although not with the interpretation usually provided. 
Th ere are important implications for soil C sequestration 
because the yield-based input of fertilizer N has commonly 
exceeded grain N removal for corn production on fertile soils 
since the 1960s. To mitigate the ongoing consequences of 
soil deterioration, atmospheric CO2 enrichment, and NO3

– 
pollution of ground and surface waters, N fertilization should be 
managed by site-specifi c assessment of soil N availability. Current 
fertilizer N management practices, if combined with corn 
stover removal for bioenergy production, exacerbate soil C loss.

The Myth of Nitrogen Fertilization for Soil Carbon Sequestration
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THE shift from biological- to chemical-based N management 
that provided the impetus for modern cereal agriculture 

originated during the late 1940s as synthetic N fertilizers became 
more widely available following World War II. By the 1950s, 
traditional legume-based rotations that had long been practiced in 
the Midwestern USA were being replaced by more intensive row 
cropping with corn as the principal source of grain production. 
Th e past fi ve decades have seen a remarkable increase in corn yield 
and in the use of fertilizer N (USDA, 2007).

Despite the use of forage legumes, many Midwestern soils had suf-
fered a serious decline in their content of N and organic matter by the 
mid-twentieth century, except in cases involving regular manuring. 
Th ere was good reason for concern that this decline could adversely 
aff ect agricultural productivity and sustainability because organic 
matter plays a key role in maintaining soil aggregation and aeration, 
hydraulic conductivity, and water availability; cation-exchange and 
buff er capacity; and the supply of mineralizable nutrients. Th ere were 
also important implications for atmospheric CO2 enrichment because 
soils represent the Earth’s major surface C reservoir (Bolin, 1977).

With the introduction of chemical-based N management, a new 
strategy became available for increasing not only grain yield, but 
also the input of crop residues, which was assumed to be of value for 
maintaining soil organic matter (SOM) (Lyon et al., 1952; Melsted, 
1954; Tisdale and Nelson, 1956). Ample fertilizer N was believed to 
promote humus formation by narrowing the C/N ratio of carbona-
ceous residues and by providing a major elemental constituent (Lee 
and Bray, 1949; Millar and Turk, 1951; Melsted, 1954).

Th e eff ectiveness of the new management system could only 
be reliably assessed from long-term cropping experiments, several 
of which were using synthetic N by the 1960s. Among these was 
a study at the Morrow Plots, the oldest experimental fi eld in the 
USA, encompassing the world’s longest period of cropping to 
continuous corn on the most productive soil order (Mollisols). 
Beginning in 1955, fertilization with commercial N, P, and K 
(NPK) was initiated for a series of unreplicated subplots to in-
crease grain yield and to augment production of aboveground 
residues that would subsequently be incorporated rather than 
removed, for sequestering SOM and thereby sustaining agricul-
tural productivity. Th e short-term eff ect was a dramatic yield 

Abbreviations: HI, harvest index; HNPK, high NPK; ISNT, Illinois soil N test; NPK, 
fertilization with commercial N, P, and K; RSR, root-to-shoot ratio; SOC, soil organic C; 
SOM, soil organic matter.
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increase, up to 140% for a previously unfertilized plot under 
continuous corn since 1876 (Russell, 1956).

Th e new direction for the Morrow Plots enhanced their value 
for assessing the long-term impact on soil properties of farming 
practices then coming into use throughout Illinois and the USA 
Corn Belt. Th e same rationale motivated a subsequent change 
during the 1960s, when oats was replaced by soybean in a 2-yr 
rotation with corn, whereas continuous corn was retained along 
with a legume-based rotation of corn, oats, and alfalfa (Medicago 
sativa L.) hay. Th e plots under these three rotations provide a 
valuable opportunity to evaluate the long-term eff ect on soil C 
sequestration after 40 to 50 yr of repeatedly fertilizing corn with 
synthetic N at a 1-, 2-, or 3-yr interval, particularly because sur-
face and subsurface soil was sampled in the spring of 1955 before 
initiation of the new management strategy.

Materials and Methods
Experimental Site

Th e Morrow Plots occupy approximately 0.25 ha on the 
Urbana campus of the University of Illinois (40°06’17” N, 
88°13’34” W). Th e soil type is mapped as Flanagan silt loam, 
a nearly level, somewhat poorly drained, dark-colored prairie 
soil classifi ed as a fi ne, smectitic, mesic Aquic Argiudoll. To 
improve drainage, subsurface tile lines were installed in 1904.

Originally established in 1876 as a three-rotation experiment, 
the Morrow Plots were divided in 1904 with the introduction of 
manure, limestone, and rock phosphate or steamed bonemeal to 

the southern half of each plot. In 1955, the western half of the ex-
perimental area (designated in 1904 as NW and SW) was further 
divided into four subplots per rotation (Fig. 1) (NW was redesig-
nated as NA and NB, and SW as SA and SB). Two of the subplots 
(NB and SB) have since been fertilized with urea (168–224 kg N 
ha−1) whenever cropped to corn, with or without limestone and 
commercial fertilizer (triple superphosphate and KCl) that main-
tain a desired soil test level of pH, P, and K. With the establish-
ment of a corn–soybean rotation in 1967, a high NPK (HNPK) 
treatment was introduced to the SA subplot within each rotation, 
which has subsequently been fertilized with 336 kg N ha−1 (as 
urea) whenever corn is grown. Planting rates for corn have been in-
creased periodically (from 20,000 or 30,000 to 69,000 plants ha−1) 
for the NPK (NB and SB)- and HNPK (SA)-fertilized subplots 
but not for the unfertilized control (NA). Aboveground crop resi-
dues were originally removed from each plot but were incorporated 
beginning in 1955 for all B subplots except 5SB. Since 1967, this 
practice has been applied to all subplots, whereas the primary till-
age practice since 1998 has been chisel instead of moldboard plow-
ing. For additional details concerning the Morrow Plots and their 
management, the reader is referred to articles by Odell et al. (1982, 
1984), Darmody and Peck (1997), and Aref and Wander (1998).

Soil Sampling and Analyses
Th e work reported used surface (0–15 cm) samples of soil col-

lected in 1904, 1933, 1955, 1967, 1980, and 2005 plus subsurface 
(15–30 and 30–46 cm) samples collected in 1955 and 2005. 
Samples from 1904 to 1980 were obtained from an archival collec-
tion maintained by the University of Illinois in individually labeled 
air-tight glass containers. In the case of subplot 3NW, an archival 
sample was unavailable for the 15- to 30-cm depth in 1955, so the 
corresponding sample was obtained from those collected in 1953.

Th e samples used in our work represent 9 of the 12 subplots 
that comprise the west half of the original experimental area, 
currently designated as NA, NB, and SA (see shaded areas in 
Fig. 1). Archived samples from 1904 to 1980 had been collected 
as a composite of at least fi ve cores, whereas in 2005, triplicate 
samples were collected but not composited. In all cases, samples 
were air-dried and screened to <2 mm soon after collection, and 
triplicate analyses were performed for total organic C by the di-
chromate oxidation technique of Mebius (1960). Th is technique 
was adopted to avoid CO3

2– interference in analyzing samples 
from limed subplots and was validated by comparing organic 
C measurements with and without the addition of Cl– at the 
highest concentration determined for NPK-fertilized subplots 
(530 mg kg−1) by titration with AgNO3 (Reitemeier, 1943).

Soil cores (3 cm diam.) for measuring bulk density (Blake 
and Hartge, 1986) were collected from the nine subplots 
studied to a depth of 46 cm after the 2005 growing season. 
Th e cores were oven-dried at 40 to 42°C to constant mass for 
estimating subplot-average bulk densities for depths of 0 to 
15, 15 to 30, and 30 to 46 cm.

A similar approach was adopted in estimating baseline values 
for mass storage of soil organic C (SOC); however, bulk density 
was not measured in 1955, so pedotransfer functions were used 
following the same approach adopted in several previous investiga-

Fig. 1. Map of the Morrow Plots. U, unamended; U-NPK, unamended 
until 1955, currently fertilized for corn with 224 kg N ha−1, Bray-
1 P = 56 kg ha−1, and exchangeable K = 336 kg ha−1; H-NPK, 
treated with manure, limestone, and rock phosphate from 1904–
1966 and subsequently fertilized for corn with 336 kg N ha−1, 
Bray-1 P = 112 kg ha−1, and exchangeable K = 560 kg ha−1; M-
NPK, treated with manure, limestone, and rock phosphate from 
1904–1954 and since fertilized as with the U-NPK treatment; M, 
manured. The subplots studied are shaded.
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tions (e.g., Adams, 1973; Chen et al., 1998; Post and Kwon, 2000; 
De Vos et al., 2005). Bulk density values for each of the upper two 
sampling depths were estimated from the corresponding 1955 
subplot-average SOC concentrations using linear regression func-
tions calibrated with 2005 data (r2 = 0.63 for 0–15 cm and 0.64 
for 15–30 cm). Because of less variability in 2005 SOC data for 
the 30- to 46-cm depth, the pedotransfer function for this depth in 
1955 reverted statistically to a single bulk density (1.45 Mg m−3).

Estimation of Carbon Input for 1955 to 2005
A balance sheet was constructed for 1955 to 2005 by estimat-

ing the cumulative input of above- and belowground C from 
annual yield records for each of the nine subplots studied. Th e re-
turn of residue C was calculated using 1955 to 2003 yield records 
for the Morrow Plots, estimated yields for 2004 to 2005, and 
literature values for harvest index (HI), root-to-shoot ratio (RSR), 
and the percentage of C in stover and root residues. Yields for the 
most recent 2 yr were estimated for each treatment within a rota-
tion by averaging data for 2001 to 2003. Th e yield records used 
were expressed as dry tons acre−1 for alfalfa, or as bushels acre−1 
at a market-standard moisture content of 155 g kg−1 (15.5%) 
for corn (56 lb bushel−1), 130 g kg−1 (13%) for soybean (60 lb 
bushel−1), and 140 g kg−1 (14%) for oats (32 lb bushel−1).

A wide range of HI and RSR estimates can be found in the 
literature, but with no consistent eff ect of hybrid, planting density, 
or N fertilization rate. To avoid overestimating residue C input for 
1955 to 2005, conservative values were used in our work with these 
parameters. Harvest index was estimated at 0.5 for corn (Leask 
and Daynard, 1973; Kiniry et al., 1997; Tollenaar et al., 2004), 
0.4 for soybean (Prince et al., 2001), and 0.5 for oats (Prince et al., 
2001). Each HI value was used to estimate a corresponding total 
aboveground dry matter, whereas for alfalfa, the latter quantity 
was obtained directly from dry matter harvest yield. Th e following 
estimates were used for RSR: 1.0 for fi rst-year alfalfa (Holechek, 
1982) and 0.5 for corn, 0.6 for soybean, and 0.8 for oats (Prince et 
al., 2001; Johnson et al., 2006), assuming an approximately equal 
mass contribution for structural roots and rhizodeposition.

Literature-derived values for crop C composition (mass basis) 
were used to calculate total additions of residue C. Using data pub-
lished by Johnson et al. (2007), the aboveground residue (stover) 
was assumed to contain 437 g C kg−1 for corn and 454 g C kg−1 
for soybean, with 343 g C kg−1 in root residues for corn, 467 g 
C kg−1 for soybean, and 433 g C kg−1 for alfalfa. A single value 
of 440 g C kg−1 was used for oats (Izaurralde et al., 2001). Before 
1967, aboveground residues were removed from subplots that sub-
sequently received HNPK fertilization, and manure was applied to 
the corn crop (?4.5 Mg ha−1 of dry weight as an annual average) 
as a means of returning nutrients removed in the residue. Th is ma-
nure, originating largely from the University’s dairy operation, was 
assumed to contain 470 g C kg−1 (Liao et al., 2006).

Statistical Analyses
Data obtained for SOC and bulk density were analyzed 

statistically with PROC MIXED in SAS (SAS Institute, 2007), 
such that the 2005 data provided an appropriate variance to 
estimate standard error of the mean values obtained as fi ve-core 

composites from 1904 to 1980. Multiple comparison tests of 
SOC concentration and mass diff erences were performed with 
PROC MULTTEST in SAS using the step-down Bonferroni 
adjustment of P values (Hochberg, 1988) for rigorous control 
of false negatives and false positives. Plow-layer SOC concentra-
tions were evaluated over time using the Tukey-Kramer statistic.

Results and Discussion
Nitrogen Fertilization and Soil Carbon Sequestration
Evidence from the Morrow Plots

If the input of C and N promotes accumulation of SOM, 
then treatment eff ects should be apparent within the Morrow 
Plots, which vary in the amount and frequency of these inputs 
but not in soil type, climatic conditions, or tillage. Th ese eff ects 
should be refl ected by Table 1, which compares SOC concentra-
tions for surface (0–15 cm) and subsurface (15–30 and 30–46 
cm) samples collected before and after fi ve decades of continuous 
cropping with or without repeated NPK fertilization.

As opposed to the usual assumption, fertilization was of 
little, if any, benefi t for soil C sequestration (Table 1).  Rather, 
the only signifi cant SOC changes detected were net losses, 
and these tended to be more extensive for the subsurface than 
the surface soil and more serious for the HNPK subplots 
than for the others studied. Both fi ndings are consistent with 
evidence that the addition of N or P is more eff ective for 
stimulating mineralization of SOC in subsurface horizons, 
as compared with surface soil layers (e.g., Rovira and Vallejo, 
1997; Soon and Arshad, 2002; Fierer et al., 2003; Mack et al., 
2004). Unfortunately, current knowledge of SOC sequestra-
tion is based largely on data collected by sampling the surface 
soil but not the profi le.

To better quantify how NPK fertilization has aff ected SOC 
storage in the Morrow Plots, C balance sheets were constructed 
for 1955 to 2005 using bulk density estimates to convert con-
centration data (Table 1) into an equivalent mass per hectare. 
Th e results, summarized by Table 2 for the plow layer (0–15 cm) 
and profi le (0–46 cm), provide no convincing evidence of soil C 
sequestration in fertilized subplots despite the fact that C inputs 
have benefi ted from a considerable increase in corn populations 
since 1955 (from 20,000 or 30,000 to 69,000 plants ha−1). On 
the contrary, a decline usually occurred that was more intensive 
for the profi le as a whole than for the plow layer.

Th e negative profi le C balance observed in Table 2 for 
chemical-based N management is most reasonably interpreted 
as a net loss of the residue C returned within the past 51 
growing seasons accompanied by a substantial decline in the 
native SOC with atmospheric CO2 enrichment. Th is fi nding 
is of particular interest for continuous corn and the corn–soy-
bean rotation and is consistent with data reported in Table 
4 of Odell et al. (1982, 1984), although not with continued 
acceptance of the authors’ interpretations.

A clearer picture emerges when changes in SOC are linked to 
the contrasting management systems imposed on the Morrow 
Plots during the past century. Th e course of such changes for 



1824 Journal of Environmental Quality • Volume 36 • November–December 2007

the plow layer is shown in Fig. 2 for subplots currently receiving 
NPK fertilization, with (solid circles) or without (open circles) a 
history of manure, limestone, and rock phosphate usage. Before 
synthetic N fertilization, crop rotations with corn populations of 
20,000 or 30,000 plants ha−1 showed considerable promise for 
sequestering soil C if accompanied by manuring that compensat-
ed for aboveground residue removal. Th e fi rst decade of commer-
cial fertilization brought a minor increase in soil C for previously 
unamended subplots, but this was followed by a decline despite 
dramatic escalation in the return of above- and belowground 
residues as corn populations were increased progressively to 
69,000 plants ha−1 by 2003. Since 1980, residue inputs to fertil-
ized Morrow Plots under continuous corn or a corn–soybean 
rotation have generated at least 5.4 Mg C ha−1 yr−1, proposed by 

Larson et al. (1972) as a minimal requirement for SOC storage 
with conventional tillage. Yet Fig. 2 provides no evidence of an 
upward trend in SOC concentration during this period, which 
is consistent with several other studies conducted within the past 
25 yr (e.g., Wander et al., 1994; Lesoing and Doran, 1997; Pikul 
et al., 2001; Wilts et al., 2004; Olson et al., 2005; Varvel, 2006).

Th e loss of SOC was more serious with the HNPK than the 
NPK treatment despite a similar residue C input as estimated in 
Table 2. Th is diff erence, which was clearly evident for the plow 
layer but even more dramatic for the profi le, occurred despite 
fertilizer N inputs since 1967 that exceeded those of the NPK 
treatment, when averaged on an annual basis, by 112 kg ha−1 for 
continuous corn, 56 kg ha−1 for the corn–soybean rotation, and 
37 kg ha−1 for the corn–oats–hay rotation. According to Table 1, 
the HNPK treatment substantially increased surface and subsur-
face C losses as compared with the NPK treatment.

Among the three HNPK subplots, the decline in SOC was 
much more extensive for the two rotations than for continuous 
corn, despite a lower frequency of N fertilization. Th is fi nding 
demonstrates the value of a greater input of highly carbonaceous 
corn residue for reducing microbial use of SOC and emphasizes 
the importance of fertilizer N management if corn stover is to be 
harvested for bioenergy production. Special attention is also war-
ranted for the corn–soybean rotation that now dominates the USA 
Corn Belt, in that C accumulation from manuring before intro-
duction of the HNPK treatment had disappeared within the plow 
layer by 2005 (Fig. 2), with substantially greater profi le C depletion 
than for the NPK subplot in this rotation (Table 2). Th is fi nding 
is consistent with previous reports of SOC decline when soils are 
managed for corn and soybean production (Varvel, 1994, 2006; 
Peters et al., 1997; Pikul et al., 2001; Olson et al., 2005).

Th e foregoing observations fully support the value of N 
fertilization at either rate studied for increasing biomass pro-
duction but not for sequestering SOC. Th is disparity would be 
expected if fertilizer N enhances the activities of heterotrophic 
soil microorganisms in using C derived from crop residues or 
SOM. Such an eff ect was recognized long before the modern 
era of synthetic N fertilizers (e.g., Starkey, 1924; White, 1927; 
Waksman and Tenney, 1928) and has been verifi ed more re-
cently in several laboratory and fi eld investigations (Gusser, 
1970; Tóth, 1977; Reinertsen et al., 1984; Janzen and Kucey, 
1988; Green et al., 1995; Vigil and Sparks, 1995; Soon and 
Arshad, 2002; Fierer et al., 2003; Conde et al., 2005).
Evidence from Other Studies

If N fertilization can have a negative eff ect on soil C sequestra-
tion, the same trend observed for the Morrow Plots should be 
readily evident from data collected in fi eld studies elsewhere. Such 
evidence is common in the scientifi c literature but has seldom been 
acknowledged, perhaps because N fertilizer practices have been 
predicated largely on short-term economic gain rather than long-
term sustainability. Within the USA Corn Belt, fertilizer N has of-
ten been found to increase biomass production while being of little 
benefi t to soil C sequestration, according to studies conducted with 
various tillage systems in Indiana (Barber, 1979), Iowa (Russell et 
al., 2005), Kansas (Dodge and Jones, 1948), Kentucky (Blevins et 

Table 1. Eff ect of NPK fertilization on soil organic C concentrations 
measured for the Morrow Plots between 1955 and 2005.

Rotation†
Fertilizer 

treatment‡
Sampling 

depth

Soil organic C§

1955
2005 Net change in 

51 yr¶Mean SD
cm ______________________g kg−1______________________

C-C None 0–15 15.3 15.3 1.5 0
15–30 14.2# 13.0 0.8 –1.2
30–46 11.8 13.2 1.4 +1.4

NPK 0–15 15.3 16.4 1.0 +1.1
15–30 14.2# 15.5 1.1 +1.3
30–46 11.8 9.5 0.7 –2.3*

HNPK 0–15 19.5 18.2 0.2 –1.3*
15–30 19.1 17.1 0.1 –2.0*
30–46 16.2 12.2 1.5 –4.0*

C-O(S) None 0–15 18.6 17.7 0.9 –0.9
15–30 18.7 16.1 0.7 –2.6*
30–46 16.2 14.8 1.6 –1.4*

NPK 0–15 18.6 18.7 0.8 +0.1
15–30 18.7 17.2 0.4 –1.5*
30–46 16.2 14.3 1.9 –1.9*

HNPK 0–15 22.9 18.1 0.6 –4.8*
15–30 20.4 16.4 0.8 –4.0*
30–46 15.2 11.5 1.7 –3.7*

C-O-H None 0–15 20.7 21.0 0.7 +0.3
15–30 19.4 18.3 0.4 –1.1*
30–46 15.8 11.1 1.1 –4.7*

NPK 0–15 20.7 21.2 0.7 +0.5
15–30 19.4 19.8 0.9 +0.4
30–46 15.8 13.6 1.9 –2.2

HNPK 0–15 27.7 24.4 2.0 –3.3
15–30 25.0 20.5 1.4 –4.5*
30–46 18.9 13.0 2.7 –5.9*

* Signifi cant at α = 0.05 by the step-down Bonferroni procedure.
† C, corn; O, oats; S, soybean; H, alfalfa hay. Since 1967, the two-crop 
rotation has involved soybean instead of oats.
‡ NPK, NPK fertilization (168 [1955–1966] or 224 [since 1967] kg N ha-1 
for corn, 28 kg N ha-1 for oats) with no amendment before 1955; HNPK, 
high NPK fertilization (336 kg N ha-1 for corn, 28 kg N ha-1 for oats) since 
1967, after manure, limestone, and rock phosphate application from 
1904 to 1966.
§ Determined by the method of Mebius (1960). Standard deviation 
averaged 0.2 g kg-1 for triplicate determinations of 1955 samples.
¶ Obtained by diff erence.
# Analyses were performed on a sample collected in 1953, representing 
the same management practiced in 1955.
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al., 1983), Michigan (Vitosh et al., 1997), Minnesota (Reicosky et 
al., 2002), Missouri (Smith, 1942), Nebraska (Lesoing and Doran, 
1997), North Dakota (Black and Tanaka, 1997), South Dakota 
(Pikul et al., 2001), and Wisconsin (Motavalli et al., 1992). Th e 
same trend has been documented more widely not only for corn 
(Gusser, 1970; Bloom et al., 1982; Huggins and Fuchs, 1997; 
Peters et al., 1997; Vanotti et al., 1997; Liang et al., 1998; Clapp 
et al., 2000; Brye et al., 2002; Wilts et al., 2004) but also for wheat 
(Triticum aestivum L.) (Dyer, 1902; White, 1927; Rasmussen et 
al., 1980; Campbell et al., 1991; Jenkinson, 1991; Campbell and 
Zentner, 1993, 1997; Rasmussen and Parton, 1994; Dalal et al., 
1995; Nyborg et al., 1995; Rasmussen and Smiley, 1997; Potter 
et al., 1998; Izaurralde et al., 2001; Halvorson et al., 2002; Fol-
lett et al., 2005; Machado et al., 2006), barley (Hordeum vulgare 
L.) (Jenkinson and Johnston, 1977; Johnston, 1997; Machado et 
al., 2006), rice (Oryza sativa L.) (Lal, 1986), cotton (Gossypium 
hirsutum L.) (Cope et al., 1958; Sainju et al., 2005), various mixed 
cropping systems (Draycott et al., 1978; Christensen and Johnston, 
1997; Potter et al., 1998; Sainju et al., 2002, 2006), and pine plan-
tations (Harding and Jokela, 1994; Leggett and Kelting, 2006).

In contrast to the foregoing evidence, reports that N fertiliza-
tion can increase SOC sequestration are by no means uncommon 
in the literature. Typically, such fi ndings do not meet the funda-
mental requirement for baseline data in assessing SOC changes 
over time (e.g., Jenkinson, 1991; Campbell et al., 2000; Vanden-
Bygaart and Angers, 2006) but rely on a comparison relative to an 
unfertilized control (e.g., Larson et al., 1972; Havlin et al., 1990; 
Malhi et al., 1997, 2002; Solberg et al., 1997; Dormaar and Care-
foot, 1998; Raun et al., 1998; Nyborg et al., 1999; Liebig et al., 
2002). Th e same erroneous conclusion could be reached if this ap-
proach were applied to the 2005 data reported in Table 2 because 
soil C content was often greater for fertilized than unfertilized 
subplots. Misinterpretations can also arise when (i) inorganic fertil-
izer inputs are confounded by current or previous manure practices 
(e.g., Liang and MacKenzie, 1992; Darmody and Peck, 1997), (ii) 

SOC data represent only a very limited depth of surface soil (e.g., 
Varvel, 1994; Solberg et al., 1997), or (iii) the study period is in-

Table 2. Eff ect of NPK fertilization on organic C storage in the Morrow Plots between 1955 and 2005.

Rotation†
Fertilizer 

treatment†
Fertilizer N 

input
Residue C 

input‡

Soil organic C§ Net change in soil C 
storage after 51 yr¶0–15 cm (plow layer) 0–46 cm (profi le)

1955 2005 1955 2005 0–15 cm 0–46 cm
___________________________________________________________________Mg ha−1___________________________________________________________________

C-C None 0 81 34.7 34.0 94.3 98.0 –0.7 +3.7
NPK 10.8 276 34.7 36.9 94.3 94.0 +2.2 –0.3
HNPK 13.1 277 42.0 41.7 119.6 108.9 –0.3 –10.7*

C-O(S) None 0 135 40.5 40.4 117.5 111.9 –0.1 –5.6
NPK 5.7 248 40.5 40.2 117.5 112.3 –0.3 –5.2
HNPK 6.7 253 47.3 40.1 124.6 102.7 –7.2* –21.9*

C-O-H None 0 92 43.9 44.5 121.2 109.8 +0.6 –11.4*
NPK 4.1 203 43.9 44.9 121.2 116.4 +1.0 –4.8
HNPK 4.7 221 53.7 50.3 145.0 121.8 –3.4 –23.2*

* Signifi cant at α = 0.05 by the step-down Bonferroni procedure.
† C, corn; O, oats; S, soybean; H, alfalfa hay. Since 1967, the two-crop rotation has involved soybean instead of oats. NPK, NPK fertilization (168 [1955–
1966] or 224 [since 1967] kg N ha-1 for corn, 28 kg N ha-1 for oats) with no amendment before 1955; HNPK, high NPK fertilization (336 kg N ha-1 for corn, 
28 kg N ha-1 for oats) since 1967, after manure, limestone, and rock phosphate application from 1904 to 1966.
‡ Estimated from yield records using published values for HI, RSR, and stover and root C concentrations (for details, see Materials and Methods). Values 
for HNPK include manure C inputs estimated for 1955–1966.
§ Organic C data reported in Table 1 were converted to soil C mass per hectare using bulk density data collected after the 2005 growing season.
¶ Obtained by diff erence.

Fig. 2. A century of changes in organic C concentrations for the plow 
layer in Morrow Plots cropped to continuous corn [C-C], a corn–oats 
(1876–1966) or corn–soybean (since 1967) rotation [C-O(S)], or a 
corn–oats–alfalfa hay rotation [C-O-H]. Open circles represent NB 
subplots with fertilizer and aboveground residue inputs beginning 
in 1955. Solid circles represent SA subplots with manure, limestone, 
and rock phosphate inputs before 1967, subsequently replaced 
by high NPK fertilization and aboveground residue return. Shaded 
boxes indicate the introduction of NPK fertilization. Triplicate 
analyses for organic C were performed by the method of Mebius 
(1960). Using the Tukey-Kramer statistic at α = 0.05, signifi cant 
diff erences must exceed 2.5 g kg−1 within a time series and 
2.9 g kg−1 for comparison of individual values within a chart.
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adequate for detecting SOC changes (e.g., Liang and MacKenzie, 
1992; Varvel, 1994; Dormaar and Carefoot, 1998). Moreover, N 
fertilization can have a positive eff ect on SOC sequestration if acid-
ity generated during NH4

+ oxidation is not controlled, thereby im-
peding C decomposition (e.g., Fog, 1988; McAndrew and Malhi, 
1992; Ismail et al., 1994; Malhi et al., 1997; Vanotti et al., 1997).

Among fi eld studies involving synthetic N fertilization and 
reporting baseline data, the usual fi nding has been a decrease 
over time in SOC storage. Th is is apparent from Table 3, which 
summarizes relevant data sets representing a wide variety of crop-
ping systems, tillage practices, and geographic regions. Th e major 
exceptions occurred in experiments with continuous corn or 
wheat at Sanborn Field in Missouri reported by Buyanovsky and 
Wagner (1998). In their work, sequestration was more extensive 
with no-till than with conventional tillage, as is consistent with 
average estimates of at least 0.5 Mg C ha−1 yr−1 after conversion 
of conventional tillage to no-till (e.g., Lal et al., 1999; West and 
Post, 2002). Such estimates may be questioned in view of the 
SOC decreases observed for no-till when sampling has been done 
to a depth of at least 30 cm (see Table 3), which was identifi ed as 
a major concern in a recent commentary by Baker et al. (2007). 
Also in doubt is the feasibility of using no-till residues as a bioen-
ergy feedstock for ethanol production, a concept currently being 
advocated in preference to other tillage systems that are less eff ec-
tive for erosion control (Graham et al., 2007). Th is strategy may 
be a source of short-term economic gain for producers, but there 
are implications for long-term soil deterioration because residue 
removal would accelerate SOC oxidation, particularly with heavy 
N fertilization. Th e likely impact is evident from Table 3; SOC 
losses were of greater magnitude when corn was grown for silage 
as opposed to grain production.
The Yield-Based Paradigm

With growing dependence on synthetic N fertilizers dur-
ing the past 60 yr, the assertion has often been made that these 
inputs are a positive factor in maintaining or increasing SOM 
because higher yields enhance the input of crop residues (e.g., 
Parker, 1946; Lee and Bray, 1949; Lyon et al., 1952; Melsted, 
1954; Tisdale and Nelson, 1956; Aldrich, 1980; Odell et al., 
1984; Tate, 1987; Reetz et al., 1989; Mitchell et al., 1991; Lal 
et al., 1999; Wolf, 1999; Brady and Weil, 2002; Havlin et al., 
2005; Dobermann et al., 2005). Yield-based recommenda-
tions in common use for corn production during the past 
three decades rely on the premise that fertilization, rather than 
indigenous soil N availability, is the major source for crop up-
take. Yet this premise is inconsistent with considerable evidence 
from 15N-tracer investigations that plant uptake is generally 
more extensive for soil than fertilizer N when corn is grown to 
maturity with typical or even excessive fertilization (e.g., IAEA, 
1970; Chichester and Smith, 1978; Bigeriego et al., 1979; Ger-
wing et al., 1979; Olson, 1980; Kitur et al., 1984; Blackmer 
and Sanchez, 1988; Timmons and Cruse, 1990; Balabane and 
Balesdent, 1992; Reddy and Reddy, 1993; Torbert et al., 1993; 
Jokela and Randall, 1997; Tran et al., 1997; Omay et al., 1998; 
Stevens et al., 2005). Such evidence is substantiated by on-farm 
N-response studies because there is often a limited diff erence, 

if any, between fertilized and unfertilized (check) plot yields 
(e.g., IAEA, 1970; Bundy and Malone, 1988; Blackmer et al., 
1989, 1992; Fox et al., 1989; Meisinger et al., 1992; Schmitt 
and Randall, 1994; Brown, 1996; Khan et al., 2001; Mulvaney 
et al., 2001, 2006; Lory and Scharf, 2003), nor is there a mean-
ingful correlation (r2 < 0.02) between economically optimum 
yield and N rate (Khan et al., 2001; Lory and Scharf, 2003; 
Mulvaney et al., 2006). Regardless, yield-based recommenda-
tions have remained an important aspect of current fertilizer 
N management for corn production in and beyond the USA 
Corn Belt (e.g., Hoeft and Peck, 2002; McFarland et al., 2005). 
In 102 N-response experiments conducted on farmer fi elds in 
Illinois, Mulvaney et al. (2006) found that these recommenda-
tions averaged 154 kg ha−1 as compared with a mean value of 
90 kg ha−1 for the economically optimum N rate.

Importance of Nitrogen Fertilizer Management for Soil 
Carbon Sequestration
Excessive Fertilization with Yield-Based Nitrogen Recommendations

Th e dramatic increase in corn yields for NPK-fertilized 
Morrow Plots is closely correlated (r = 0.89***) with Illinois 
statewide average data (Aref and Wander, 1998). Both can 
be attributed to several interacting factors in addition to N 
fertilization, particularly improved hybrids, herbicide usage, 
and high plant populations (Cardwell, 1982). With yield-
based N management, all of these factors promote consump-
tion of N fertilizers, which have often been advocated as 
insurance against the most common nutrient limitation. So 
convincing has this rationale been that in the state of Illinois 
the input of fertilizer N had surpassed grain N removal by 
1966, and this disparity has been a common occurrence in 
subsequent decades, providing a surplus of almost 50% on 
average (Fig. 3). Th e extent of overfertilization has been far 
more serious because grain N originates largely from the 
soil rather than fertilizer according to numerous 15N-tracer 
investigations cited previously, and particularly so in the case 
of highly productive Mollisols. Th e fi nding that SOC stor-
age tends to be limited for such soils (e.g., Campbell et al., 
1997; Janzen et al., 1997) is consistent with the dramatic 
SOC decline that occurred when the HNPK treatment was 
applied to the most fertile soils in the Morrow Plots (see 
Tables 1 and 2 and Fig. 2), and with a recent series of on-
farm studies by VandenBygaart et al. (2002) documenting a 
net loss of SOC for high-yielding no-till sites under a corn-
soybean-wheat rotation in eastern Canada.

More widespread use of excessive fertilizer N is docu-
mented for the USA Corn Belt by Table 4, which estimates 
the magnitude and cost (at $0.388 kg−1 N) of overfertilization 
and also estimates CO2 emissions associated with manufacture 
and transport of the excess N (1.2 Mg C Mg−1 N). A clear 
pattern exists: N application exceeds grain N removal, except 
in the case of Wisconsin, where fertilizer N consumption is 
reduced by extensive use of forage legumes and manure. Th e 
same pattern applies when corn was grown on the Morrow 
Plots, in that fertilizer N inputs exceeded grain N removal by 
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Table 3. Changes reported in soil organic C storage relative to baseline data, from cropping experiments with N fertilization.†

Location
Cropping 
system‡ Study period

Fertilizer N 
rate§

Sampling 
depth

Soil organic C
Reference(s)Initial Final Net change

kg ha−1 cm ____________Mg ha−1____________

USA
Alabama C-Ct 1926–1942 58 17 5 (8)¶ 5 (4)¶ –0 (4)¶ Cope et al. (1958)
Illinois C-S (NT) 1989–2000 218 75 52.1 47.0 –5.1 Olson et al. (2005)

C-S (CP) 1989–2000 218 75 51.9 43.7 –8.2
C-S (MP) 1989–2000 218 75 51.4 37.7 –13.7

Iowa C-C 1957–1991 200 15 28.6¶ 25.7¶ –2.9¶ Robinson et al. (1996)
C-S 1957–1991 200 15 28.1¶ 23.7¶ –4.4¶

Kansas W-W 1915–1946 16 18 17.2¶ 12.9¶ –4.3¶ Dodge and Jones (1948)
Michigan C-S 1972–1991 179 25 9.3¶# 7.6¶# –1.7¶# Vitosh et al. (1997)

Cs–S 1972–1991 179 25 9.7¶# 6.3¶# –3.4¶#
Minnesota C-C (MP) 1965–1978 83 20 25.8¶ 25.8¶ 0¶ Bloom et al. (1982)††

166 20 24.4¶ 24.9¶ +0.5¶
Cs–Cs (MP) 1965–1978 83 20 26.3¶ 22.5¶ –3.8¶

166 20 24.7¶ 23.7¶ –1.0¶
C-C (NT) 1980–1991 200 30 94 (3) 91 (2) –3 (1) Clapp et al. (2000)‡‡
C-C (MP) 1980–1991 200 30 103 (9) 102 (2) –1 (7)
C-C (MP) 1965–1995 83 30 88.0 76.2 –11.8 Wilts et al. (2004)††

166 30 96.0 79.6 –16.4
Cs–Cs (MP) 1965–1995 83 30 103.3 81.4 –21.9

166 30 99.7 79.2 –20.5
Missouri C-C (NT) 1963–1988 112 20 26.7 37.9 +11.1 Buyanovsky and Wagner (1998)

C-C (MP) 1963–1988 112 20 24.9 32.5 +7.6
W-W 1963–1988 37 20 27.2 36.0 +8.8

Nebraska C-C 1980–1990 93 15 19.1¶ 17.1¶ –2.0¶ Lesoing and Doran (1997)
W-F (NT) 1969–1996 45 30 45.0 33.3 –11.7 Doran et al. (1998)
W-F (MP) 1969–1996 45 30 45.0 30.6 –14.4
C-C 1984–2002 90 30 54.5 49.5 –5.0 Varvel (2006)

180 30 54.5 51.6 –2.9
C-S 1984–2002 90 30 56.0 52.9 –3.1

180 30 56.0 53.1 –2.9
North Dakota W-F (NT) 1985–1991 45 61 12.6¶ 10.8¶ –1.8¶ Black and Tanaka (1997)
Oregon W-F 1932–1986 45 30 49.9 41.4 –8.5 Rasmussen and Parton (1994)

90 30 48.8 41.9 –6.9
Pennsylvania C-S 1981–1990 146 10 22.3¶ 21.3¶ –1.0¶ Wander et al. (1994)
South Dakota C-C, C-S 1989–2000 53 15 19.3¶ 18.3¶ –1.0¶ Pikul et al. (2001)

111 15 19.0¶ 17.8¶ –1.2¶
Wisconsin C-C 1967–1989 56–84 20 16.1¶ 12.2¶ –3.9¶ Vanotti et al. (1997)

112–168 20 16.1¶ 13.6¶ –2.5¶
224–336 20 16.1¶ 13.3¶ –2.8¶

C-C (NT, CP) 1995–1999 180 120 192 153 –39 Brye et al. (2002)
Australia W-F 1965–1990 45–120 15 11.4¶ 9.6¶ –1.8¶ Crocker and Holford (1996)
Canada
Alberta W-F 1938–1990 56 15 13.2¶ 10 7¶ –2.5¶ Izaurralde et al. (2001)
Saskatchewan W-W 1976–1990 30 15 37 (0) 30 (3) –6 (7) Campbell and Zentner (1993, 1997)
Denmark Cereal 1923–1992 72–100 20 17 (2)¶ 14 (3)¶ –2 (9)¶ Christensen (1996)
England B-B 1882–1975 48 23 28.3 25.2 –3.1 Jenkinson and Johnston (1977)

W-W 188(1)-1980 144 23 37 (4) 32 (2) –5 (2) Jenkinson (1991)
Cereal 1929–1992 70–100 20 16 (7)¶ 14 (2)¶ –2 (5)¶ Christensen and Johnston (1997)

105–150 20 17 (7)¶ 14 (1)¶ –3 (6)¶
188(8)-196(5) 48 20 13 (9)¶ 6 (9)¶ –7 (0)¶

† Owing to a lack of yield data in several of the studies cited, N fertilizer eff ects on residue C input have not been estimated. Parentheses indicate 
uncertainty in estimating data reported in fi gures.
‡ C, corn; Ct, cotton; S, soybean; NT, no-tillage; CP, chisel plow; MP, moldboard plow; W, wheat; Cs, corn harvested for silage; F, fallow; B, barley.
§ For rotations, the N rate reported is for the fi rst crop listed (both crops for C-Ct).
¶ Values expressed as g kg-1.
# Values reported as a mean from two treatments diff ering in P and K fertilization.
†† The same site was studied by Bloom et al. (1982) and by Wilts et al. (2004).
‡‡ A marked increase in soil organic C, reported for 0–15 cm with no-till between 1991 and 1993, was not refl ected in the authors’ discussion or 
conclusions, and hence is not represented by the values cited. By including 1993, the net change is +12.8 Mg ha-1 for NT and –7.3 Mg ha-1 for MP.
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a factor of 1.6 to 2.0 for the NPK treatment, whereas a 2.4- 
to 2.9-fold diff erence existed for the HNPK treatment.

Further examination of Table 4 reveals a distinct diff erence 
between the two adjacent states that rank highest in corn pro-
duction, in that Iowa produces more grain with lower fertilizer 
N usage as compared with Illinois. Th is diff erence, refl ected in 
a sixfold reduction in the cost and C emission of excess fertil-

izer N, may be attributed to education programs implemented 
in Iowa during the 1990s that advocated lower N rates with 
spring soil testing for NO3

– (Blackmer et al., 1997).
Potential Value of Soil-Based Nitrogen Management

If the potential benefi ts of N fertilizers are to be fully realized, 
applications must be adequate but not excessive, so as to maximize 
the economic profi tability of crop production while minimizing 
microbial oxidation of residue C and native SOC. Th is strategy 
merits serious consideration because soils hold more than twice as 
much C as the atmosphere, and even a minor change in terrestrial 
CO2 balance could have a signifi cant global impact (Powlson, 
2005). Moreover, fertilization beyond crop N requirement con-
tributes to anthropogenic production of N2O, a potent greenhouse 
gas that has generated concern because of adverse implications for 
stratospheric ozone (McSwiney and Robertson, 2005). Th ere are 
other environmental incentives because excessive fertilizer N pro-
motes NO3

– pollution of ground and surface waters.
A substantial reduction in fertilizer N usage can be achieved 

by accounting for the soil’s capacity to supply plant-available N 
through mineralization. Soil NO3

– testing has been used with some 
success to identify sites where corn is nonresponsive to N fertiliza-
tion (Magdoff  et al., 1984; Bundy and Malone, 1988; Blackmer et 
al., 1989, 1992; Fox et al., 1989; Roth and Fox, 1990; Meisinger 
et al., 1992; Bundy and Meisinger, 1994; Schmitt and Randall, 
1994), although test values are prone to extensive fl uctuations in 
time and space due to numerous N-cycle processes that aff ect soil 
NO3

– concentrations. Recent work suggests that nonresponsive 
sites can be identifi ed with greater reliability on the basis of alkali-
labile organic N, a less dynamic form of soil N that can be esti-
mated with the Illinois soil N test (ISNT) (Khan et al., 2001). In 
102 on-farm N-response experiments, the ISNT was signifi cantly 
related to crop N requirement and was the most powerful predic-
tor of error in yield-based N recommendations (Mulvaney et al., 
2006). Th ere is growing evidence from N-response evaluations 
that the ISNT can be used successfully for manure and fertilizer 
N management (Klapwyck and Ketterings, 2006; Klapwyck et al., 
2006; Ruff o et al., 2006; Williams et al., 2007), although misinter-
pretations have occurred when other factors were neglected that af-
fect crop N uptake or soil N availability, such as plant population, 
residue C input, soil acidity, or a defi ciency of P or K.

Conclusion
A half century of synthetic N fertilization has played a crucial 

role in expanding worldwide grain production, but there has 
been a hidden cost to the soil resource: a net loss of native SOC 
and the residue C inputs. Th is cost has been exacerbated by the 
widespread use of yield-based systems for fertilizer N manage-
ment, which are advocated for the sake of short-term economic 
gain rather than long-term sustainability. Fertilization beyond 
crop N requirements could be reduced substantially by a shift 
from yield- to soil-based N management, ideally implemented on 
a site-specifi c basis. Th is strategy may be of value for reversing the 
ongoing organic matter decline of arable soils, but several decades 
will likely be necessary before any such benefi t can realistically 
be expected to emerge. In the meantime, caution is warranted in 

Fig. 3. Illinois data for fertilizer N input (open square) (Brown, 1955–1963; 
Illinois Department of Agriculture, 1964–2005) and grain N removal 
(solid circle) in corn, wheat, oats, barley, and rye (Secale cereale 
L.), calculated as a 5-yr moving average. Grain N removal was 
estimated using on-line data (USDA, 2007) for hectares harvested 
and mean yield (Mg ha−1), and grain N concentration calculated 
from textbook values for crude protein (Martin et al., 1976), 
assuming 175 (wheat) or 160 (all other crops) g N kg−1 protein.

Table 4. Relationship of annual N fertilization to N removal in corn 
grain during 1994–2001 for 12 states that largely comprise the 
USA Corn Belt.

State
Fertilizer N 

input†
Grain N 

removal‡
Excess fertilizer N

Magnitude§ Cost¶ C emission#
__________________Mg × 103_________________ $ × 106 Mg × 103

Illinois 768.6 569.1 199.5 77.4 239.4
Indiana 377.2 285.0 92.2 35.8 110.6
Iowa 671.7 641.8 29.9 11.6 35.9
Kansas†† 198.9 140.8 58.1 22.5 69.7
Kentucky†† 92.1 51.4 40.7 15.8 48.8
Michigan 120.9 90.1 30.8 12.0 37.0
Minnesota 346.5 337.0 9.5 3.7 11.4
Missouri 178.2 112.2 66.0 25.6 79.2
Nebraska 527.4 418.6 108.8 42.2 130.6
Ohio 246.0 161.2 84.8 33.0 101.8
South Dakota 146.1 134.7 11.4 4.4 13.7
Wisconsin 139.1 142.4 –3.3 –1.2 –4.0
† As reported in USDA (2007).
‡ Estimated as the product of total corn production for the area 
harvested (USDA, 2007) and grain N concentration calculated as 93 g 
crude protein kg-1 (Martin et al., 1976) divided by 6.25.
§ Obtained as the diff erence, fertilizer N input − grain N removal. Values 
reported have not been adjusted to account for corn uptake of N 
derived from soil or previous crop residue nor to account for non-corn 
uptake of residual fertilizer N.
¶ Calculated using the mean price of anhydrous NH3 for 1995–2001 
(USDA, 2007).
# Estimated by assuming a value of 1.2 Mg C Mg-1 N (Schlesinger, 2000) 
for estimation of CO2 emissions during manufacture and transport of 
excess fertilizer N.
†† Data reported as a mean of 6 crop-years (1995, 1996, 1998, 1999, 
2000, 2001) rather than for the entire 8-yr period specifi ed.
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avoiding excessive N fertilization, and especially with the current 
trend toward the use of crop residues for bioenergy production.
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