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Dear Editor,

We appreciate the opportunity to respond to the com-

ments of Dr. Powlson and his colleagues (Powlson et al., 

2010) and to further elaborate a critical but often over-

looked aspect of synthetic N fertilizer usage in response to 

the world’s growing demands for food, fi ber, and energy. 

Th e work reported by Khan et al. (2007a) and Mulvaney 

et al. (2009) was undertaken to evaluate how synthetic 

N fertilization has aff ected soil storage of organic C and 

N, which is directly related to numerous physical, chemi-

cal, and biological processes and ecological functions that 

ultimately determine agricultural sustainability. Long-term 

cropping experiments provide the most reliable means for 

assessing these eff ects.

To adequately investigate a topic with such important 

implications, the utmost care must be taken to ensure data 

integrity. Toward this end, an extensive eff ort was made in 

compiling baseline sets of soil C and N data from published 

cropping experiments. Only data sets involving synthetic N 

fertilization but not manuring were utilized because of their 

relevance to modern input-intensive agriculture, and these 

were documented in all cases with detailed records of crop 

and soil management. Th e Morrow Plots qualify in both 

respects, as the oldest experiment fi eld in the United States. 

Before the introduction of commercial fertilization, a sub-

stantial increase in soil organic C occurred despite mold-

board plowing and the removal of aboveground residues, 

when corn was grown following oats or alfalfa, with a modest 

application of dairy manure that supplied approximately 20 

to 30 kg N and 2 Mg C (roughly equivalent to residue C 

removal) as an annual average per hectare. As documented 

by Fig. 2 of Khan et al. (2007a) and in a subsequent letter 

to the editor (Khan et al., 2008), this buildup reverted to 

decline following the shift to chemical-based management. 

Despite increasingly massive fertilizer (116–161 kg N ha−1 

yr−1 on average) and residue (4.3–5.3 Mg C ha−1 yr−1 on 

average) inputs, there was very little evidence in 2005 of any 

soil C or N buildup or sequestration over time, relative to 

baseline data collected just before the introduction of syn-

thetic N. Rather, the only signifi cant changes were net losses 

that were almost always more extensive for the subsurface 

than for the surface soil. Th ese fi ndings are substantiated 

by baseline data sets from Rothamsted and numerous other 

cropping experiments with ammoniacal fertilization and are 

also consistent with the temporal declines in soil C and N 
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noted by Aref and Wander (1998) for the Morrow Plots and by 

David et al. (2009) for many nonexperimental sites sampled on 

Illinois Mollisols.

A diff erent interpretation, advocated by Dr. Powlson and 

his colleagues (Powlson et al., 2010), leads to a diff erent con-

clusion. Instead of assessing soil C or N changes over time rela-

tive to baseline soil profi le data that also account for temporal 

variations in bulk density, their approach invariably involves 

a comparison of concentration data for surface soils with and 

without a history of synthetic N fertilization, such that any 

positive diff erence for the fertilized versus unfertilized soil is 

attributed to buildup. As well documented in several review 

articles (e.g., Glendining and Powlson, 1995; Paustian et al., 

1997; Johnston et al., 2009), such diff erences are a common 

occurrence and would indeed be expected, for continuous 

cropping without nutrient inputs necessarily limits biomass 

production and leads to soil nutrient depletion.

Unfortunately, this sort of fi nding is immaterial for address-

ing the research question that was the central focus of our 

papers: Does synthetic N fertilization increase or decrease soil 

C or N storage? Th is question was primarily addressed for the 

Morrow Plots using a mass-balance approach with a thorough 

accounting of all inputs and outputs and net profi le changes 

over time, which along with numerous other baseline data sets 

led to the conclusion that synthetic N fertilization predomi-

nately depletes soil C and N.

Th e main justifi cation for long-term cropping experiments 

has always been their fundamental value for monitoring tem-

poral changes in yield and soil properties as related to manage-

ment and sustainability; however, replication is often a limiting 

factor. In such cases, the baseline approach with sequential 

sampling over time provides a much more reliable means of 

assessing treatment eff ects on soil properties as opposed to a 

comparative evaluation (e.g., Powlson, 1994; Campbell et 

al., 2000; VandenBygaart and Angers, 2006; Johnston et al., 

2009). Several studies at Rothamsted have utilized baseline 

data to clearly document trends in yield, pH, P, or K for arable 
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land (e.g., Garner and Dyke, 1969; Johnston and Penny, 1972; 

Johnston, 1988; Jenkinson, 1991; Powlson, 1994; Blake et al., 

1999), which in some cases involved extensive profi le sam-

pling. We are thus at a loss as to why Dr. Powlson and his col-

leagues, sampling only the plow layer, prefer the comparison 

approach for evaluating soil C and N trends as related to syn-

thetic N fertilization, which invariably redirects the focus away 

from an understanding of N fertilizers as a causative factor in 

the gain or loss of soil organic matter. Th e latter eff ect is evi-

dent from Tables 1 and 2 of Glendining and Powlson (1995), 

in which case baseline data were often disregarded in favor of 

a comparative interpretation that transformed soil N depletion 

into buildup.

Th e comparison approach provides justifi cation for another 

misconception advocated by Powlson et al. (2010): Synthetic 

N fertilization becomes more eff ective for building soil organic 

matter when the rate is increased. Th is view has served a profi t-

able purpose for the fertilizer industry in promoting adoption 

of yield-based recommendations that not only maximize syn-

thetic N inputs for the most productive soils with the highest 

indigenous N-supplying power and lowest fertilizer need but 

are also presumed to contribute toward soil enrichment (Smil, 

2001). Th e usual consequence is fertilization beyond grain N 

removal, documented for the U.S. Corn Belt by numerous 

N-response studies (e.g., Lory and Scharf, 2003; Mulvaney et 

al., 2006) and the budgetary analysis presented in Table 4 of 

Khan et al. (2007a).

On a global scale, the past fi ve decades have witnessed an 

eightfold increase in annual fertilizer N consumption, while 

cereal production has tripled. (Besides fertilization, approxi-

mately 50% of this yield increase has been attributed to genetic 

improvements [Stuber et al., 1999; Duvick, 2005], while the 

remainder is due to a twofold increase in land area under irri-

gation and a fourfold increase in pesticide usage [Tilman et 

al., 2001].) One consequence, addressed by Table 6 of our 

recent paper (Mulvaney et al., 2009), has been low fertilizer 

N uptake effi  ciency that reduces profi tability for the producer. 

Much more attention has been paid to the adverse impact of 

fertilizer N losses on air and water quality; however, agricul-

tural sustainability should also be a concern because of baseline 

evidence that synthetic N fertilization does not maintain soil 

C and N and thereby has negative implications for numerous 

soil properties and processes that aff ect food and fi ber produc-

tion. Sustainability is further jeopardized by the high energy 

demand to manufacture fertilizer N (Smil, 2001), by stagnat-

ing or declining grain yields in Southeast Asia (as reported by 

numerous references cited in Mulvaney et al., 2009, p. 2307), 

and by a growing reliance on subsidies as a substitute for eco-

nomic viability (Bansil, 2004; Barah, 2004).

If synthetic N fertilizers are more apt to increase the input 

than soil storage of C and N, then logic dictates that these 

fertilizers must be more eff ective in promoting microbial 

decomposition as opposed to humifi cation. Years before the 

modern agricultural era, this eff ect was linked to soil C and N 

depletion in long-term fertilizer trials (White, 1927; Albrecht, 

1938) and is no less apparent today as evidenced by long-term 

trials in Iowa demonstrating that synthetic N fertilization is 

more eff ective for stimulating C decay than residue C input 

(Russell et al., 2009). Despite the assertion by Powlson et al. 

(2010) to the contrary, the same eff ect is apparent from numer-

ous data sets summarized in Table 3 of Khan et al. (2007a) and 

Table 2 of Mulvaney et al. (2009) and from more recent stud-

ies documenting the loss of organic matter from soils fertilized 

with synthetic N (Schipper et al., 2007; Fening et al., 2009; 

Poirier et al., 2009; Senthilkumar et al., 2009). Th e magnitude 

of these losses will naturally depend on the initial level of soil 

C and N and hence will be greater for the Mollisols of the 

Morrow Plots than for the Broadbalk or Hoosfi eld Alfi sols of 

Rothamsted. Climatic conditions and other factors will also 

infl uence the extent to which synthetic N stimulates microbial 

decomposition, but the universal nature of this phenomenon 

is demonstrated even in tundra where low temperatures limit 

heterotrophic decay (Mack et al., 2004).

By aff ecting the dynamic balance between immobilization 

and mineralization, management practices have a major impact 

on soil C and N levels. As discussed in detail in Mulvaney et al. 

(2009, p. 2301–2303), the modern trend is an overall decline 

in response to intensive cash grain cropping that requires till-

age and numerous chemical inputs, the most extensive being 

synthetic ammoniacal fertilizers. Th ese fertilizers have brought 

about a shift toward microbial decomposition (mineralization), 

evidenced by declining soil C and N in baseline data sets from 

cropping experiments throughout the world, including those 

presented by Dr. Powlson and his colleagues for the Hoosfi eld 

barley and the Broadbalk wheat experiments at Rothamsted. 

Th e soil N data for Hoosfi eld reveal a striking contrast between 

the enriching eff ect of organic N and the depleting eff ect of 

synthetic N (see also Jenkinson and Johnston, 1977; Jenkinson, 

1991; Johnston et al., 2009). Th e same contrast is revealed 

by Broadbalk data (e.g., see Jenkinson, 1982; Rothamsted 

Research, 2006), although not by Fig. 2 in Powlson et al. (2010) 

since the organic N treatment has been omitted. Th e trend in 

soil N for Broadbalk was initially upward following manage-

ment changes in 1968 for plots currently fertilized with 144 or 

192 kg N ha−1. For the plot receiving 144 kg N ha−1 annually 

since 1852, this trend is likely related to the introduction of 

high-yielding varieties that increased the belowground input 

of residue C, causing a shift toward immobilization of fertilizer 

N. Th e resulting accumulation of organic N was, however, a 

temporary occurrence, as would be expected if ammoniacal N 

is more eff ective for stimulating mineralization as compared to 

immobilization. An obvious soil N decline began in the 1990s, 

such that concentrations measured for 1992 to 2005 are lower 

than for 1966 and are also lower than the more erratic levels 

observed for 192 kg N ha−1.

If synthetic N stimulates microbial decomposition, then net 

N mineralization should increase with the rate or frequency 

of N application. Th is has been demonstrated by Glendining 

and Powlson (1990) for continuous wheat on the Broadbalk 

plots at Rothamsted. According to their Tables 1 and 2, total 

soil N after 130 yr of synthetic N fertilization was very similar 

with 96 or 144 kg N ha−1, whereas the higher rate increased 

net mineralization by 17% (see also Jenkinson, 1991). More 

dramatic evidence of the same eff ect was noted 20 yr after the 

N rate was increased from 48 to 192 kg ha−1, in which case the 

net mineralization rate was 28% higher than with 96 kg N ha−1 

despite a somewhat lower soil content of total N (Glendining 

and Powlson, 1990). Th e implication is that intensive inputs of 
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synthetic N do not contribute to a long-term humus increase 

but rather stimulate organic matter mineralization (Johnston 

and Jenkinson, 1989; Shevtsova et al., 2003) that depletes bio-

mass N (Shen et al., 1989; Glendining et al., 1996), thereby 

exacerbating the long-term loss of N-supplying power and 

total N from agricultural soils. Th ere is good reason for con-

cern about global food security, considering the extensive evi-

dence from 15N-tracer (e.g., Vos et al., 1993; Schindler and 

Knighton, 1999; Tran and Tremblay, 2000; Dourado-Neto et 

al., 2010) and N-response studies (see Table 6 of Mulvaney et 

al., 2009) that crop N uptake originates largely from the soil 

rather than fertilizer applied for the current growing season.

Th e Morrow Plots leave no doubt that cropping and man-

agement practices markedly aff ect corn yields, which have long 

been lowest for continuous corn and highest for a corn–oats–

hay rotation (DeTurk et al., 1927; Welch, 1976; Odell et al., 

1982; Aref and Wander, 1998; Khan et al., 2007a,b; Mulvaney 

et al., 2009). Th is diff erence, averaging 33% between 1982 

and 2002, is consistent with soil storage of C and N and has 

persisted despite much more intensive inputs of synthetic N 

and residue C when corn is grown continuously. Such fi ndings 

are hardly surprising, in view of other studies that have docu-

mented the benefi ts of legume- over chemical-based cropping 

systems (Wander et al., 1994; Drinkwater et al., 1998). Th e 

only logical conclusion, as stated in our paper (Mulvaney et 

al., 2009), is that “a transition may be required toward agri-

cultural diversifi cation using legume-based crop rotations, 

which provide a valuable means to reduce the intensity of 

ammoniacal fertilization with the input of less reactive organic 

N.” History leaves little doubt about the manifold benefi ts of 

forage legumes such as clover, which revolutionized European 

landscapes and living standards beginning in the 16th century 

(Kjærgaard, 1995, 2003).

In the modern era of intensifi ed agriculture, soils are gen-

erally managed as a commodity to maximize short-term eco-

nomic gain. Unfortunately, this concept entirely ignores the 

consequences for a vast array of biotic and abiotic soil pro-

cesses that aff ect air and water quality and most important, 

the soil itself. After fi ve decades of agrocentric management, 

the world’s arable soils have been degraded and cereal produc-

tion is increasingly exceeded by grain demand for a burgeoning 

human population. Should not an issue with global economic, 

political, and environmental ramifi cations be taken seriously?
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