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With human population doubling to about 10 billion peo-
ple in 50 yr (Bongaarts, 1995), a number of society’s most 

important scientifi c questions concern the future of the Earth’s soil 
(Arnold et al., 1990; National Research Council, 2001, Wilding and 
Lin, 2006)—questions about how food production can be doubled 
in the next several decades and about how humanity is transforming 
soils and soils’ interactions with the wider environment. We review 
how long-term soil experiments help address these questions, spe-
cifi cally in quantifying decade-scale transformations in soil physics, 
chemistry, and biology (Jenkinson, 1991; Leigh and Johnston, 1994; 
Rasmussen et al., 1998; Richter and Markewitz, 2001; Debreczeni 
and Körschens, 2003; Tirol-Padre and Ladha 2006).

Long-term soil experiments are fi eld experiments with per-
manent plots that are periodically sampled to quantify soil change 
across time scales of decades (Table 1). They are especially valuable if 
their time-series data are accompanied by a sample archive that can 
be analyzed long after sample collection. Management treatments 
are experimentally controlled and, ideally, sampling, archiving, and 
analyses are well documented and statistically rigorous.

Long-running observations of environmental change are 
extremely useful to environmental science, management, and 

education. Long-term records are fundamental to predicting the 
weather, air and water pollution, river fl ows, tectonic activity, wild-
life populations, and changes in vegetation (Baumgardner et al., 
2002; Magnuson, 1990; Palmer, 1968; Park et al., 2005; Robbins 
et al., 1989; Likens, 1989; Leopold et al., 2005; Christensen, 1989; 
Walling and Fang, 2003). Although not many soils are studied for 
more than several years, our scientifi c understanding of the soil is 
greatly infl uenced by a few, highly productive, long-running fi eld 
experiments (Richter and Markewitz, 2001).

Soils are nonlinear systems resulting from high-order 
interactions of physics, chemistry, and biology (Young and 
Crawford, 2004). As such, the details of soil change are not 
readily predictable as they play out over decades, and temporal 
dynamics are studied with several approaches, including short-
term studies in the lab or fi eld, space-for-time substitutions 
(i.e., chronosequences), repeated soil surveys, computer model-
ing, and LTSEs. Some uses and challenges of these approaches 
are summarized in Table 2.

Short-term soil experiments (STSEs) in the lab and fi eld have 
produced much of the data that have built the sciences of soil 
physics, chemistry, and biology. Ironically, STSEs often explore 
soil processes subject to change over decades, topics such as 
aggregation, adsorption, complexation, C dynamics, weather-
ing, microbial activity, redox, and soil fertility itself. Scaling up 
and extrapolation are often a major challenge for STSEs. Small 
changes or small errors extrapolated across many years can readily 
bias long-term projections.
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Although STSEs greatly enrich soil concepts and models, 
most tend to be reductionist, isolating individual components 
and reactions, and do not examine the whole soil, complete 
with its high-order interactions and lag times that become 
apparent only with time. Later in this review, results from four 
LTSEs illustrate how short-term results can contrast greatly 
with longer term trajectories. Even so, if STSEs are performed 
in conjunction with LTSEs, they can provide critical short-
term process data in the context of longer term soil change.

Space-for-time substitutions (SFTSs), also called chronosequence 
studies, are used to effi ciently examine temporal change in soil, eco-
systems, and landscapes (Pickett, 1989; Hotchkiss et al., 2000). For 
questions of how soils change with time, SFTSs sidestep the great 
burden of LTSEs, the need for time to pass. The SFTSs are particu-
larly suited for studies of change over geologic time and as such they 
are widely used to describe soil change over multimillennia (Jenny, 
1980). A well-known example describes soil formation along the 
exquisitely beautiful coastline of Mendocino County, California, 
where land surfaces have been uplifted tectonically on fi ve occasions 
during the Pleistocene (Jenny, 1980). The series of landforms dis-
plays a grand trajectory of soil and ecosystem development over a 
million years.

Space-for-time substitutions are, however, indirect in inquiry, 
purposefully confounding space and time, but thereby leaving open 
the possibility for faulty interpretation. As a hypothetical example, 
a SFTS might overestimate rates of soil formation on acidic mine 
spoils if recent soils are inadvertently composed of materials with 
greater acidity than those used for older soils (Pickett, 1989). Many 
scientists are cautious or critical about the use of SFTSs (Gleason, 
1927; Hotchkiss et al., 2000; Buol et al., 2003). On the other hand, 
only SFTSs can describe many soil changes that operate over many 
centuries and millennia.

Repeated soil surveys (RSSs) are modern soil surveys explic-
itly designed to describe soil variation across both space and time. 
While traditional soil surveys produce spatial soil data, a few sur-
veys are now implemented to describe regional soil change through 
time. Compared with LTSEs, repeated surveys illustrate changes 
in soil properties not under experimental conditions but across 
operational landscapes, and thus have the potential to quantify 
soil change regionally as affected by shifts in regional land uses or 
other environmental conditions. In contrast to LTSEs, manage-
ment practices are not controlled, so RSSs are challenged to inter-
pret causes of observed dynamics. Below we discuss results from 
two notable RSSs that aim to quantify decadal soil change across 
England and Wales (Bellamy et al., 2005) and across Belgium as 
well (van Wesemael et al., 2004).

Computer models offer an approach to understanding soil 
change from the instantaneous to the multimillennial. The role 
and rationale of models are as much heuristic as they are predic-
tive, as they represent refi ned hypotheses and depend on link-
ages with empirical studies. Models are instrumental for making 
progress in understanding soil change, whatever the time scale, 
and are most convincing when simulation results are compared 
with observational data. Whether observations are from STSEs, 
SFTSs, RSSs, or LTSEs, empirical data are critical for gauging 
model competence and performance. Below we discuss how 
Smith et al. (1997) linked soil C models to LTSE data to provide 
a number of new perspectives on soil C change.

Long-term soil experiments provide direct observations for 
addressing a number of questions about how and why soils change 
through time. Yet, the fact that LTSEs are relatively rare is suggestive 
of limitations. The LTSEs are diffi cult to initiate and sustain over 
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time; they require good organization, data management, and col-
laboration among scientists of several generations. The LTSEs may 
be initiated with the best of intentions, but terminated due lack of 
funding, shifts in research priorities, societal instability, or simply 
an absence of interested scientists. The LTSEs that are simple and 
effi cient in design may be more likely to survive, compared with 
complex experiments that require much labor and expense to main-
tain. Scientifi c returns from LTSEs during their early years may be 
few, and attendant cycles of fi eld work, resamplings, and reanalyses 
may grow to seem unproductive. Long-term studies are susceptible 
to neglect or abandonment and even productive LTSEs, such as 
described by Farina et al. (2000a, 2000b) in southern Africa, can be 
summarily terminated.

Long-term soil experiments face technical challenges as well 
(Steiner, 1995). Statistical designs of LTSEs are well worth criticism 
(Loughin, 2006) and sampling soil with precision and accuracy is 
not easy. Some treatments such as cultivation may eventually com-
promise the experiment itself (Sibbesen, 1986). The representative-
ness of LTSEs is not a trivial issue—for example, Debreczeni and 
Körschens (2003) estimated that 70% of the world’s long-term 
fi eld experiments are in Europe. An web-based inventory of LTSEs 
(Richter et al., 2006b) indicates that the vast majority test agricul-
tural objectives, and that >50% are on Alfi sols and Mollisols, soils 
with high native fertility with minimal slope. Steiner (1995) even 
suggested that few long-term experiments test marginal soils due to 
inherent unsustainability of such studies.

In the late 19th century, many fi eld experiments were 
launched due to interests in scientifi c agriculture (Rossiter, 1975), 
specifi cally in soil amendments and agronomic practices that 
improved crop yields and forestalled yield declines. Signifi cantly, 
several were used for purposes much broader than yield estima-
tion (Leigh and Johnston, 1994). By the 1860s, experiments were 
being used to estimate NO3 leaching as a function of N amend-
ment (Goulding et al., 2000). Many 19th century fi eld studies 
have not survived, such as Boussingault’s Alsace Farm in France, 
but a remarkable number continued to contribute to advancing 
soil science and sustainability (Table 1).

Examples of the longest term extant studies include Park Grass 
in England, initiated in 1856 to investigate hayfi eld response to 
soil treatments, once called “the most long-term ecological study” 
by Tilman et al. (1994); the Sanborn Field in Missouri (1888), 
designed to study sustainability of soil-nutrient supply and pro-
ductivity of corn (Zea mays L.) and wheat (Triticum aestivum L.) 
on newly cultivated prairie soils (Brown, 1994); and the Magruder 
Plots in Oklahoma (1892), organized to study the conversion of a 
native prairie soil to cultivation (Webb et al., 1980). Other >100-

yr experiments include the Askov Plots in Denmark (1893) and 
Old Rotation in Alabama (1896), both of which test crop rotations 
(Schjonning et al., 1994; Mitchell et al., 1996), and Bad Lauchstädt 
in Germany (1902), used to quantify fertilizer responses (Körschens 
1994). The Lethbridge and Breton Plots in Alberta, Canada (1910 
and 1930, respectively) test the sustainability of crop production 
and soil change in semiarid climates at high latitude (McGill et al., 
1986), and in Kybybolite, Australia (1919), the effects of crop rota-
tion are quantifi ed on pasture quality, yields, soil organic matter, 
nutrient availability, and pH (Russell, 1960).

While most long-term agricultural experiments are in the 
developed world, a number have been ongoing in the developing 
world for several decades, including in China, India, and Pakistan 
(Abrol et al., 1997; Tirol-Padre and Ladha, 2006). Some of the most 
signifi cant are experiments with intensively managed rice (Oryza 
spp.) that evaluate yield declines and soil change (Bhandari et al., 
2002; Tirol-Padre and Ladha, 2006).

The oldest LTSE that continues today dates from 1843, the 
Broadbalk wheat study in southern England (Jenkinson, 1991). 
Broadbalk is widely known for its data on wheat yields that span 
>160 yr, but it is perhaps most valuable for the breadth of its con-
tribution to the science of soil and environmental change. Many of 
its publications have helped shape soil science, including those that 
have described 100 to 150 yr of change in soil fertility, C sequestra-
tion, acidifi cation, N cycling, NO3 leaching, air pollutant effects, 
and the persistence of potentially toxic compounds (Leigh and 
Johnston, 1994; Smith et al., 1997). The Broadbalk study is dis-
cussed several times in this review, not only because its record of 
soil change encompasses nearly all of the Industrial Age, but also 
because it so clearly demonstrates the wide-ranging application of 
LTSEs in general.

The objective of this review is to evaluate how LTSEs address 
three questions that are vital to the quality of human life and the 
environment, questions that are fundamentally challenging soci-
ety now and in coming decades. The three questions ask how 
humanity can:

· double plant production for food in the coming decades, 
while minimizing adverse effects on soils themselves 
and the wider environment

· better manage C cycling across the diversity of Earth’s soils 
and ecosystems, thus benefi ting soils and diminishing 
negative interactions with the atmosphere

· establish greater management control over soil-nutrient 
circulation, nutrient-use effi ciency, and water quality.

Table 2. Uses and challenges of fi ve major approaches to the science of soil change.

Approach Time scale Uses and strengths Challenges and limitations 

yr

Short-term soil experiments <1–10
fi eld or lab based, experimental control,

versatile, short-term processes
extrapolation to larger scales of space and time,

reductionist

Long-term soil experiments >10
fi eld based, direct soil observation,

experimental control, sample archive
duration before useful data, vulnerable to loss or

neglect, extrapolation to larger scales

Repeated soil surveys >10
fi eld based, direct soil observation,

regional perspective, sample archive
planning and operational details, very few yet

conducted, monitoring

Space-for-time- substitution >10 to >>1000 fi eld based, highly time effi cient space and time confounded

Computer models <1 to >>1000
versatile, heuristic and predictive,

positively interact with all approaches
dependent on observational data
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REVOLUTIONS IN FOOD PRODUCTION

Can Food Production be Doubled within 50 yr, 
while Minimizing Adverse Effects on Soil and 
the Wider Environment?

When the Green Revolution was born in Mexico in the 1940s, 
crop yields in the developing world were low and stagnant. Neo-
Malthusian perspectives were widely held, and the potential pro-
ductivity of Earth’s soils were not well understood (McNeil, 1964). 
The specter of famine drove several teams of scientists, governmental 
agencies, and private foundations to accelerate yields and produc-
tion of wheat, corn, and rice in the developing world (Stakman et 
al., 1967; Conway, 1999). The agricultural intensifi cation focused 
narrowly on “moving up the yield curve,” developing and dis-
seminating high-yielding varieties of wheat, corn, and rice, along 
with management packages of fertilizers, pesticides, and irrigation 
(Conway, 1999; Chandler, 1982; Barker et al., 1985).

The resulting increases in crop yields are human achievements 
among the most impressive in history. In 50 yr, while human popula-
tion more than doubled (Fig. 1), food production in the developing 
world more than tripled (Fig. 2). More impressive still, per capita diets 
across the developing world improved greatly, particularly in East Asia, 
but also in Latin America and South Asia. Twentieth-century rice yields 
illustrate the spread of intensive agriculture among eight Asian nations 
(Fig. 3). The Nobel Peace Prize of 1970 was awarded to a researcher 
and exponent of the Green Revolution, Dr. Norman Borlaug.

Field experiments were instrumental to the Green Revolution 
to test crop growth and yields across soils, climates, and management 
regimes. The experiments continued for more than a few years, and 
although most are now abandoned, a number of rice studies have 
matured into some of the world’s most important fi eld experiments 
(Bhandari et al., 2002; Dawe et al., 2000; Dobermann et al., 2000; 
Olk et al., 1996; Tirol-Padre and Ladha, 2006). These experiments 
now test sustainability of intensive rice management across two to 
four decades, results of which have implications not only for several 
billion Asians, but also for the environmental externalities of >150 
million ha of rice fi elds (FAO, 2005).

One of the best known rice experiments is the Long-Term Continuous 
Cropping Experiment (LTCCE) in the Philippines at the International Rice 
Research Institute (IRRI), the Green Revolution’s center for rice develop-
ment (Chandler, 1982). The LTCCE was initiated in the 1960s, explicitly 
to test the maximum biological potential of rice (Cassman et al., 1995; Olk 
et al., 1996; Dobermann et al., 2000). The experiment features high-yield-
ing varieties, three rice harvests per year, and carefully managed irrigation, 
fertilizers, and pesticides. For the fi rst 6 yr in the 1960s, dry-season yields 
averaged a remarkable 9000 kg ha−1, yields that steadily declined through-
out the 1970s and 1980s, down to 6000 kg ha−1 by the 1990s (Fig. 4).

The LTCCE declines spurred considerable scientifi c interest in 
the soil, especially since the experiment was testing the biological poten-
tial of rice. To date, declines are not fully explained, but are taken to 
be the effects of triple cropping, redox chemistry, and progressive N 
limitation (Dobermann et al., 2000). Management interventions in 
1991, 1993, and 1994 lowered the water table, allowed some soil aera-
tion, and substituted a fallow for a wet-season rice crop, changes that 
were immediately followed by substantial recoveries in dry-season rice 
yields (Fig. 4). Such responses to soil-redox cycling present fascinating 
possibilities for concepts of agronomic sustainability. Soil-N studies by 
Olk et al. (1996) are examples of signifi cant research that can only be 
initiated in an LTSE.

Although rice-yield declines may not be widespread in long-run-
ning double-crop rice experiments (Dawe et al., 2000), both meta-
analysis and random regression coeffi cient analysis indicate that rice 
declines are signifi cant in a number of experiments in South Asia and 
China, despite high levels of management (Tirol-Padre and Ladha, 

Fig. 1. Decadal increments in human population, 1750 to 2150 (modi-
fi ed from Bongaarts, 1995). Black bars of decadal increments illus-
trate a most critical 100 yr for human history and for soil science 
and management as well.

Fig. 2. (A) Global consumption of calories and protein by 
humanity; and (B) relative increases in protein produc-
tion (open triangles and squares), compared with relative 
growth in human population (solid triangles or squares). In 
(B), the year 1961 is taken to be 1.0 (FAO, 2005).
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2006). In rice–wheat rotations, declines occur in rice but not wheat, 
declines attributed to changes in soil physical properties, soil toxici-
ties, diminished soil availability of P, S, B, Mn, and Zn, and changes 
in nighttime temperatures. Much remains to be learned about the 
sustainability of rice management, and long-term rice experiments 
present an enormous potential for LTSE research in the years ahead.

In contrast to rice, long-term wheat experiments lack the active net-
working and cross-site research that exists among rice studies. Nonetheless, 
the world’s oldest LTSE is the aforementioned 160-yr wheat experiment on 
Rothamsted’s Broadbalk Field. Broadbalk’s wheat yields have varied enor-
mously between treatments and with time. Yields have ranged between 500 
kg ha−1 in the unfertilized treatment to 6000 kg ha−1 in treatments receiving 
either inorganic fertilizers or organic manure (Fig. 5). Yields up to 10 000 
kg ha−1 have been attained for wheat immediately after crop rotations 
(Poulton, 2006). Yield variations depend on management inputs, soil fer-
tility, weather, pests, and weeds (Fisher, 1924; Jenkinson, 1991; Johnston, 
1994; Moss et al., 2004). For example, before World War I, Broadbalk was 
hand weeded for many years, but lack of labor during and after the war made 
hand weeding impossible, and wheat yields suffered a two-decade decline 
(Fig. 5). This slide was halted in the 1920s by introducing a fallow with 

plowing, a regime that continues 1 
in every 5 yr (Moss et al., 2004).

Agronomic results from the 
Broadbalk experiment, like those 
of the long-running IRRI experi-
ment, greatly stimulated research 
on soils (Jenkinson, 1991; 
Johnston, 1994), and demon-
strated how sustainability of crop 
yields depends on management 
fl exibility and interventions and 
an understanding of the entire 
agroecosystem, including the soil. 
Starting in the 1950s, new soil 
and crop management practices 
were introduced to all treatments 
of the Broadbalk experiment. 
Liming (post-1950), herbicides 
(post-1960), high-yielding wheat 

varieties (post-1970), and fungicides (post-1980) together doubled 
grain yields in fertilized plots (Fig. 5). The doubling of yields has 
substantially increased demands on the soil’s overall fertility, and thus 
the contemporary Broadbalk study asks fundamentally new questions 
about the soil–crop ecosystem: What are the physical, chemical, and 
biological limits and consequences of such intensifi cation? For how 
long can even the fertile Broadbalk soils support greatly elevated yields? 
How does intensifi ed management alter soil C, nutrient cycling, and 
physical–biological–chemical soil dynamics, and externalities as well?

These are the new and highly signifi cant questions for all of 
21st-century agriculture. Certainly Broadbalk’s specifi c results will be 
important to understanding such questions, but the most valuable les-
sons from Broadbalk may be its ability to demonstrate how well-man-
aged, productive LTSEs can contribute to a broad sweep of questions 
about soil and ecosystem change.

LTSEs and Future Revolutions of Food Production
Most impressive are suggestions that Earth’s soils now produce 

food in such abundance that feeding humanity has more to do with 
food distribution than with the soil’s ability to produce food (Lappé et 
al., 1998). In fact, recent approaches to combat malnutrition appear 

Fig. 3. Trends in eight nations’ rice yields, 1961 to 2004 (FAO, 2005). China, Indonesia, Laos, and the 
Philippines increased yields by threefold or more, India and Pakistan about double. Pakistan is 
more variable through time; Vietnam has a most impressive takeoff after 1980; and Cambodia 
has low stagnant yields until the mid-1990s.

Fig. 4. Dry-season rice yields during 25 yr in two experimental 
treatments of the long-term continuous cropping experi-
ment at IRRI in Los Baños, Philippines. The treatments are 
with and without added fertilizer N.

Fig. 5. Wheat yields for >150 yr in three experimental treat-
ments of the Broadbalk wheat experiment at Rothamsted 
Research, Harpenden, UK. The three treatments are: no 
fertilizer amendments (unmanured), inorganic fertilizer 
at 144 kg N ha−1yr−1, and organic farmyard manure that 
currently averages 240 kg N ha−1yr−1.
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to deemphasize food production in favor of improving access to food, 
health care, sanitation, education, hygiene, and nutritional practices 
(Sánchez and Swaminathan, 2005; U.N. Millennium Project, 2005).

Such approaches to combating malnutrition make important assump-
tions about the sine qua non of agroecosystems, i.e., the soil and its sus-
tainability under intensive management. We are, after all, already working 
Earth’s soil at an intensity and geographic scale never before attempted. Of 
13 billion ha of soil on Earth, which includes vast deserts, mountain lands, 
and high latitudes, nearly fi ve billion are cultivated and managed in per-
manent crops or pastures, with about two billion more periodically logged 
for wood (FAO, 2005). To suggest that food production be deemphasized 
underestimates the demands that doubling world food production by 2050 
will place on soils and the environmental change that will certainly follow.

Long-term soil experiments have three key roles to play in improv-
ing food production and soil management in the coming decades. First, 
LTSEs can help test new cropping systems that minimize adverse effects 
on the wider environment (Rasmussen et al., 1998). These LTSEs 
include those that are ongoing, but new experiments as well. New 
LTSEs continue to be initiated, experiments that explicitly test crop-
yield quantity and quality, soil sustainability, and environmental effects 
as well (e.g., Tu et al., 2006; Denison et al., 2004).

Second, LTSEs can provide early warning capabilities to detect threats 
to future crop production (Barnett et al., 1995). Long-term agricultural 
and forestry experiments serve as leading indicators of sustainability and 
early warning indicators of yield declines, and give scientists opportuni-
ties to investigate factors governing trends in productivity before they are 
observed in farmers’ fi elds. The IRRI’s LTCCE illustrates how declines 
were discovered in triple-cropped rice (Fig. 4), how researchers responded 
with process-based studies, and how ideas about rice management and 
soil change interacted through the agricultural community.

In addition to promoting sustainable increases in crop yields and 
serving as indicators of crop sustainability, LTSEs have a third role in the 
coming decades, one that is currently not well developed. The LTSEs 
can be aimed squarely at boosting soil productivity in regions where 
hunger is pervasive and soil fertility is in demonstrable decline.

LTSEs and Improved Soil Management in
Hunger-Prone Regions

Although the Green Revolution impressively increased 
crop yields across the developing world, decreasing human 
malnourishment from 33 to 18% in about 40 yr, the 
harsh reality is that nearly 900 million people remain sig-
nifi cantly undernourished in Africa, Latin America, the 
Caribbean, and Asia. Our gravest concerns are with sub-
Saharan Africa, a region where soil fertility is degraded 
across enormous areas.

Soil fertility and water management are now recognized 
as major factors limiting food production in sub-Saharan Africa 
(Buresh et al., 1997; Hilhorst and Muchena, 2000; Sánchez 
and Swaminathan, 2005). Nutrient amendments are not used 
by many farmers, and continued harvests of grains and residues 
are primary causes for fertility depletions. Because organic mat-
ter is also diminished by soil use, the sub-Sahara’s sparse and 
variable rainfall challenges soil management with infertility and 
drought stress. To help reverse current trends, LTSEs can test 
and promote simultaneous improvement of yields and soil fer-
tility, and contribute to a larger strategy of agricultural develop-
ment in the sub-Sahara.

Many LTSEs have historically operated in Africa and the recog-
nition that degraded soil fertility is a main factor limiting agriculture 
in the sub-Sahara has increased interest in African LTSEs (Bekunda et 
al., 1997). Even today, however, productive African LTSEs are unfor-
tunately being abandoned, including at least one that provides insight 
into improving soil fertility in diffi cult-to-manage acid soils (Farina 
et al., 2000a, 2000b). Novel agroforestry and water-harvesting tech-
niques might provide a focus to help catalyze a regional network of 
LTSEs that addresses the twin needs of crop yields and soil fertility 
(Sánchez and Swaminathan, 2005). Although the task is complex, a 
network of effi ciently run LTSEs could help demonstrate and facili-
tate agricultural development. Across a range of sub-Saharan man-
agement systems, soils, climates, and human–soil interactions, LTSEs 
could promote what these experiments have long been designed to 
do: sustainably increase crop yields and quality, and serve as leading 
indicators of crop, soil, and environmental sustainability.

LTSES AND THE GLOBAL CARBON CYCLE

Can Humanity Better Manage Carbon Cycling 
across the Diversity of Earth’s Soils?

For most of the last 1000 yr, atmospheric CO2 varied little and 
averaged about 280 uL L−1. In about 1800, however, atmospheric 
CO2 started increasing—slowly at fi rst and then progressively faster, 
surpassing about 370 uL L−1 in 2000 (Etheridge et al., 1996). The 
increase is caused by the growing pace of industrial activity, deforesta-
tion, and soil cultivation (Houghton, 2003), which together transfer 
enormous amounts of CO2 to the global atmosphere (Fig. 6). This 
fundamental shift in the global C cycle is important to scientists and 
policy analysts alike, as atmospheric CO2 affects plant photosynthe-
sis, ecosystem C cycling, and the biosphere’s radiation balance as well 
(International Panel on Climate Change, 2001).

Where Has All the Carbon Dioxide Gone?
Although much remains to be learned, a proliferation of recent C 

research has advanced our understanding of global C fl uxes. Of the CO2 
added by humanity to the atmosphere (Fig. 6), fossil fuel combustion 

Fig. 6. Global C budgets for the 1990s (Houghton and Goodale, 2004). Based on 
fossil-fuel combustion and land-use change releases, total sources to the atmo-
sphere were estimated at 11.5 Pg yr−1. Sinks were estimated directly except 
for the residual terrestrial C sink that is estimated by difference of sources and 
sinks. Citations are for land-use change release and uptake, and residual ter-
restrial sink (Houghton, 2003; Houghton and Goodale, 2004; R.A. Houghton, 
personal communication, 2006); fossil fuel emissions and atmospheric increase 
(Prentice et al., 2001); and ocean uptake (Plattner et al., 2002).
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and other industrial activities account for 6.3 Pg CO2–C yr−1 (Prentice 
et al., 2001). Land-use changes that include deforestation and soil cultiva-
tion also oxidize massive amounts of dead vegetation and soil organic C 
to CO2, emissions typically reported as a net release from land-use change 
(International Panel on Climate Change, 2001), currently estimated at 
2.2 Pg CO2–C yr−1 (Houghton and Goodale, 2004). This net release 
masks the dual nature of land-use change effects on the global C cycle 
(Fig. 6), that is, that 5.2 Pg CO2–C yr−1 is estimated to be released from 
ecosystems losing C (e.g., forests converted to agricultural fi elds), whereas 
3.0 Pg CO2–C yr−1 is taken up by ecosystems accruing C in biomass and 
soil (e.g., abandoned fi elds growing secondary forests). The global C budget 
in Fig. 6 divides land-use change into component sources and sinks (R.A. 
Houghton, personal communication, 2006).

The additions of CO2 cycle prominently through Earth’s bio-
sphere, and especially through terrestrial ecosystems (Fig. 6). Of the 
11.5 Pg CO2–C yr−1 released (Fig. 6), 28% accumulates in the atmo-
sphere (3.2 Pg C), 26% is taken up by plant and soil processes in sec-
ondary successional ecosystems (3.0 Pg C), 25% cycles into the residual 
terrestrial C sink (2.9 Pg C), and 21% is taken up by oceans (2.4 Pg C). 
Figure 6 suggests that about 50% of the modern human-affected releases 
of CO2 is being sequestered in terrestrial ecosystems.

Estimates of global C fl uxes (Fig. 6) have relatively large uncertain-
ties (International Panel on Climate Change, 2001; Schimel et al., 2001; 
Houghton, 2003; Houghton and Goodale, 2004), an attribute clearly 
intended in the title of Ralston’s (1979) paper, “Where has all the carbon 
gone”? Although a number of scientifi c approaches are being used to con-
strain the global C cycle (some of which are described in Table 2), LTSEs 
play a special role in the scientifi c quest to understand and quantify ter-
restrial dynamics of the global C cycle. Data of LTSEs are instrumental in 
estimating land-use changes on C releases and accruals, and in improving 
model performance (Smith et al., 1997). They may also be important 
in addressing one of the great scientifi c mysteries of our age, the residual 

terrestrial C sink (Fig. 6), previously known as “the missing C sink,” still 
in need of conclusive data.

Long-term soil experiments are not only important to estimating 
the C cycle, but also to understanding how soils and ecosystems respond 
to elevated CO2 and climate change. Below, the results of LTSEs dem-
onstrate their importance to scientifi c understanding of contemporary 
C cycles, rising atmospheric CO2, and global warming.

LTSEs to Estimate Contemporary Carbon Cycles
To date, LTSEs that directly estimate C accumulations on time 

scales of decades have not found soils to be a large fraction of the ter-
restrial ecosystem C sink for C (Richter et al., 1999; Gaudinski et al., 
2000; Barford et al., 2001; Schlesinger and Lichter, 2001; Houghton, 
2003; Poulton et al., 2003; Bellamy et al., 2005). However, the few 
whole-ecosystem LTSEs (studies combining plants and soil) that esti-
mate C uptake, can hardly be regarded as presenting a defi nitive esti-
mate of soil C sequestration worthy of global extrapolation (Clark, 
2002). Relatively few forested LTSEs directly estimate decadal-scale 
changes of above- and belowground C.

One exception is the Calhoun LTSE in South Carolina, which has 
estimated changes in C above- and belowground during fi ve decades of 
loblolly pine (Pinus taeda L.) forest development, from seedlings to mature 
trees, all following long-term cultivation of cotton (Gossypium hirsutum L.; 
Richter et al., 1999). In the surfi cial 30 cm of mineral soil, nearby unculti-
vated hardwood forests with similar coarse- to medium-textured soils had 
40% (1.3 kg m−2) more C than that in the previously cultivated soils now 
under secondary pine forests (Richter and Markewitz, 2001). To estimate 
rates of C gains in soil and trees during reforestation (land-use change 
uptake in Fig. 6), samples were collected periodically from permanent 
plots, with soil samples archived on seven occasions between 1962 and 
2005 (Fig. 7). From an ecosystem perspective, C accumulation has been 
most rapid in aggrading tree biomass, averaging about 371 g m−2 yr−1 
during the fi rst four decades of forest growth (Richter et al., 1999). The 
soil, too, accumulated considerable C during the initial four decades of 
reforestation, with the most rapid accumulations in the surfi cial forest 
fl oor, where 95 g m−2 yr−1 of C was sequestered in O horizons. Recovery 
rates of organic C in the previously cultivated upper 15 cm of mineral soil 
were slower that in the O horizons, and lagged for at least a decade after 
forest establishment in 1957 (Fig. 7). Despite nonlinearity, between 1962 
and 2005, C accrual averaged about 8 g m−2 yr−1 in surfi cial layers.

Most studies that estimate changes in soil C focus only on the sur-
face mineral soil. Although the direct estimates of C accrual in Calhoun 
A horizons demonstrate the value of the Calhoun LTSE, signifi cant 
losses of C in lower lying layers may be even more instructive. During 
the same period of reforestation, signifi cant decreases in organic C were 
observed in upper B horizons at 35- to 60-cm depths (Fig. 7), decreases 
that amounted to about 10 g m−2 yr−1 between 1962 and 2005. These 
decreases are ecologically signifi cant as the C balance in the 0- to 60-cm 
of mineral soil appears slightly negative between 1962 and 2005 (43 yr 
of reforestation effected a loss of about 2 g m−2 yr−1 in the upper 60-cm 
mineral soil). The decreases in subsoil C are hypothesized to have resulted 
from slow decomposition of agriculturally derived C in lower lying hori-
zons (Richter et al., 1999). Forests transpire much more water from sub-
soils than annual crops (Dunne and Leopold, 1978), especially in the 
warm-temperate climate of South Carolina, thus losses of subsoil C are 
attributed to greater aeration of B horizons, accelerating net decomposi-
tion under trees compared with that under cotton (Richter et al., 1999).

Below 60 cm, soil C dynamics at Calhoun are more intriguing still. 
In mid- to lower B horizons at 80 and 150 cm, rhizospheres (soil micro-

Fig. 7. Mineral-soil C (1962–2005) in old cotton fi elds planted 
in 1957 with loblolly pine (Pinus taeda L.) seedlings at the 
Calhoun Experimental Forest, South Carolina (Richter et al., 
1999). Error bars depict spatial standard errors among the 
eight or 16 permanent plots (depending on year of sampling).
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sites surrounding roots) appear to have accumulated substantial C dur-
ing fi ve decades of reforestation. For these estimates, soil was analyzed 
for its organic C and radiocarbon concentrations (Richter et al., 2006c; 
Fimmen et al., unpublished data, 2006), which in these deep rhizospheres 
were strikingly more modern than the ancient organic C in surrounding 
bulk subsoils. Taken together, data on organic C, soil 14C, and volumetric 
estimates suggest that C accumulated in deep subsoils at >20 g m−2 yr−1 
during nearly fi ve decades of forest growth, an increment of C that has an 
estimated Δ14C of +32.7‰, in stark contrast with the old soil C found in 
nonrhizosphere soils of the same depths (Δ14C of −658‰). These data 
indicate that subsoils can be at least as signifi cant as surface soils in con-
trolling C uptake and release from ecosystems. Results also indicate that 
our understanding of subsoil C is in great need of improvement.

In research that parallels the Calhoun study, two forests in the United 
Kingdom accumulated C in old arable soils that had reverted to decidu-
ous woodland during a period of 120 yr at the Geescroft and Broadbalk 
Wildernesses at Rothamsted (Poulton et al., 2003). Results are in accord 
with those at Calhoun in that C accumulation was much greater in trees 
than in soil. In the Geescroft Wilderness, mean rates of C accumulation in 
litter plus mineral soil to a depth of 69 cm was 38 g m−2 yr−1, whereas C 
accumulation in trees, including roots, was about 162 g m−2 yr−1. Unlike 
the Calhoun results, however, there was no indication of any decline in 
organic C in the clayey subsoils. The quantity of organic C in the 23- to 26- 
and 46- to 69-cm layers increased at both Geescroft and Broadbalk forests. 
At Rothamsted, additional water use by trees seems less likely to increase the 
decomposition of soil C; in fact, greater drying may slow decomposition. 
The contrasting dynamics in subsoil C under Calhoun and Rothamsted 
forests may refl ect differences in species, soils, or climates; the results also 
suggest cross-site studies among LTSEs to explore subsoil C more fully.

Although the Calhoun Forest and the Geescroft and Broadbalk 
Wildernesses are some of the few forest LTSEs to quantify above- and 
belowground C accruals, worldwide there are >160 LTSEs across 
a variety of land uses, a number of which can contribute data on 
decades-scale C dynamics. Smith et al. (1997) coupled observational 
C data from seven LTSEs of arable crops, grasslands, and woodlands 
with nine ecosystem C models and concluded that greater use and 
linkage of LTSE data and C models would help address questions 
about soil C that have global signifi cance. The potential for cross-site 
studies to investigate changes in soil and subsoil C is large.

Repeated soil surveys have recently been used to quantify decadal 
changes in soil C at regional scales (Bellamy et al., 2005; van Wesemael 
et al., 2004). Like the Calhoun, Geescroft, and Broadbalk LTSEs, these 
studies indicate that soil C is rarely at steady state. Bellamy et al. (2005) 
used a RSS of England and Wales to assess decadal soil-C changes, the 
fi rst survey accomplished in 1978 to 1983 (McGrath and Loveland, 
1992), and repeated at periods 12 to 25 yr thereafter. Management and 
environmental factors were suggested to infl uence soil C across different 
time scales, but overall, soil C decreased in a number of soils during this 
period, releasing soil CO2 to the atmosphere at rates signifi cant on a large 
scale. Decreases in soil C were attributed to climate change, management 
factors such as decreases in grasses within crop rotations, and overgrazing 
of pastures. Similarly, a RSS in Belgium described soil C change in several 
agricultural regions, soil-C declines attributed to decreased animal densi-
ties, reduced manure inputs in pastures, and more intensive and deeper 
cultivation (van Wesemael et al., 2004). These two RSS studies illustrate 
the potential value of repeating soil surveys in operational landscapes; they 
also illustrate differences with LTSEs, in which management is experi-
mentally controlled. The two approaches are entirely complementary, 

and should in the future provide insights into soil dynamics at a range of 
spatial and temporal scales.

And fi nally, how to examine C dynamics of massive land distur-
bances without LTSEs or RSSs, for example, of tropical forest defor-
estation or boreal-zone wildfi res that extensively burn Gelisols? While 
LTSEs might in the future quantify the C dynamics of these distur-
bances, in the meantime, space-for-time substitutions can be used at 
least to initially estimate fl uxes.

Tropical deforestation has a major impact on the global C budget 
and since few, if any, LTSEs directly estimate C dynamics following 
tropical deforestation, Cerri et al. (2003) used a SFTS with 20 sites 
of differing pasture age in Rodônia, in Brazil’s western Amazonia, to 
indirectly estimate decadal changes in soil and ecosystem C. Forests 
had been cleared 2 to 88 yr previously and, after establishing soil and 
climatic similarity among sites, soil C was found to be lower in pas-
tures several years after deforestation, but in long-managed pastures, 
C was much greater than that in the original forest. Initial soil-C 
stocks were 3.4 kg m−2 to the 30-cm depth under forest, but were 
>5.0 kg m−2 in the 88-yr-old pasture. The pasture’s recovery of soil C 
did not compensate for C lost in trees (>10.0 kg m−2), yet soil C gains 
were signifi cant to the overall ecosystem C budget.

Boreal-zone forests periodically burned by wildfi res release large 
quantities of CO2 to the atmosphere both during the fi res and in the 
post-fi re years by decreasing albedo, warming soil (even melting perma-
frost), and accelerating soil respiration. Although permafrost-affected 
Gelisols contain up to a third of the Earth’s soil C (Dixon et al., 1994), 
few, if any, LTSEs estimate decadal dynamics of Gelisol C. O’Neill et al. 
(2003) used a SFTS with six major wildfi res up to 150 yr in age in the 
Tanana River Valley of Alaska. Soil C appears to reaccumulate slowly 
in the fi rst decades following fi res, due to accelerated decomposition, 
but thereafter C may accrue at relatively high rates for many decades, 
at between 30 and 60 g m−2 yr−1. Both the tropical and boreal SFTS 
studies used models to greatly facilitate these investigations.

LTSEs Test Effects of Rising Atmospheric Carbon Dixoide 
and a Warming Environment

How rising CO2 and temperature interact with soil C and bio-
geochemical processes is rapidly evolving as a major environmental 
issue, which remains remarkably unresolved. Dozens of experiments 
worldwide, not a few of which can be considered LTSEs, are testing the 
responses of ecosystems to elevated atmospheric CO2 and soil warming. 
Given the large content of C stored in global soils (>2000 Gt, Bolin 
and Sukuma, 2000), even small C exchanges between the atmosphere 
and soil can impact atmospheric CO2 and mitigate or exacerbate global 
warming. These issues require resolution if we are to advance global-
change science and predict future concentrations of atmospheric CO2.

Elevated Carbon Dioxide Effects
The effects of elevated CO2 on ecosystems are tested with cham-

berless Free-Air Carbon Dioxide Exchange experiments, known as 
FACE studies. The longest-running FACE studies were initiated in 
the late 1980s, and the gradual accumulation of FACE data is greatly 
increasing our understanding of soil, ecosystem, and global-change 
sciences (Long et al., 2006).

A recent review of FACE studies in four forests with CO2 elevated 
to about 550 uL L−1 indicated that the response of net primary pro-
ductivity (NPP) to elevated CO2 was remarkably similar: the median 
stimulation of NPP was 23 ± 2% (Norby et al., 2005). Elevated CO2 in 
FACE studies accelerates photosynthesis; allocation of photosynthates 
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to roots, rhizospheres, and soil (Pregitzer et al., 1995; Matamala and 
Schlesinger, 2000; King et al., 2001; Norby et al., 2004; Bernhardt et 
al., 2006); and overall ecosystem NPP (Norby et al., 2005).

Much of the CO2–enhanced NPP is allocated belowground 
to roots (Pregitzer et al., 1995; Matamala and Schlesinger, 2000; 
Bernhardt et al., 2006), but is ephemeral, cycling rapidly through fi ne 
roots, nonwoody roots, and symbiotic fungi. Fine roots and associated 
rhizosphere biota are important regulators of biogeochemical cycling 
and their turnover is important to soil C. Most newly allocated below-
ground C may be respired, but a fraction has the potential to accrue in 
more long-standing root and soil humic pools.

An example of a FACE experiment maturing to become an invalu-
able LTSE is in northern Wisconsin. The study tested deciduous forest 
response to elevated CO2. Elevated CO2 stimulated fi ne-root biomass 
greatly—from 217 g m−2 in controls to 436 g m−2 under elevated CO2 
(King et al., 2001; Pregitzer et al., 2006). Elevated CO2 treatments 
increased soil respiration by 26 to 39%, depending on sampling date. 
Soil organic 13C was rapidly affected by elevated CO2 (Pregitzer et al., 
2006), demonstrating the intimate relations between atmospheric CO2, 
roots, and soil C. Elevated CO2 was also incorporated into soil humics 
generally considered to be recalcitrant (Loya et al., 2003).

Meta-analyses of FACE results detected soil-C accrual even 2 
to 9 yr after CO2 was elevated aboveground (Jastrow et al., 2005). 
The rate of C accrual in the 0- to 5-cm-depth soil had a median of 
19 g m−2 yr−1 under elevated CO2 compared with controls. Because 
the fi rst FACE studies date from the late 1980s, FACE LTSEs will 
produce critical data in the years ahead.

Soil Carbon in a Warming World
Because temperature is a primary driver of decomposition (Jenny, 

1980; Burke et al., 1989; Townsend et al., 1995), global warming’s 
effects on soil C might seem straightforward, especially compared with 
the interaction of elevated CO2 and soil C. Indeed, soil-warming LTSEs 
indicate that elevated temperature accelerates soil respiration and such 
results create concerns about a positive feedback between temperature 
and soil C of global signifi cance. A meta-analysis of >12 warming 
experiments indicates that warming of <3°C increased soil respiration 
by 20%, net N mineralization by 46%, and plant productivity by 19% 
in temperate forests, grasslands, and tundra (Rustad et al., 2001).

How warming affects soil C over decades’ time is now recog-
nized to be a matter of great complexity. Not only are we challenged 
to predict future climate, the duration of most soil-warming LTSEs 
is not yet two decades, and warming treatments that initially respire 
labile C may, over decades, result in diminished temperature response. 
Melillo et al. (2002) suggested that because labile fractions of soil C 
are limited in pool size, temperature effects would be short lived and 
small in magnitude. Giardina and Ryan (2000) also suggested limited 
and minor global warming effects on decomposition.

Recent studies, however, have rather forcefully argued that 
decomposition of slowly cycling organic C may be just as or more 
temperature dependent than labile fractions (Bosatta and Ågren, 
1999; Knorr et al., 2005; Fang et al., 2005; Powlson, 2005). Knorr 
et al. (2005) and Fang et al. (2005) presented model simulations and 
experimental results, respectively, with both studies based on LTSE 
warming studies, and concluded that warming accelerates decom-
position of labile and recalcitrant fractions of C. The fact that soil-
warming studies initially accelerate CO2 effl ux, which subsequently 
and quickly returns to prewarming rates, may entirely mask warming 
effects on recalcitrant fractions of soil C. For even if turnover rates 

of recalcitrant fractions are much more temperature dependent than 
labile pools, experiments with relatively short durations can hardly 
reveal these signifi cant changes (Knorr et al., 2005). Signifi cant feed-
backs between soil warming, decomposition, and climate remain an 
entirely reasonable hypothesis. Jones et al. (2005) linked soil C and 
climate models, and estimated that a climate–soil–atmosphere feed-
back might transfer >50 Pg C to the atmosphere in 140 yr, not dis-
similar to that simulated by Cox et al. (2000).

Results from LTSEs show how we are taking initial steps toward 
understanding interactions between soils and the global environment. 
From this brief review, it is clear that LTSEs are critically important to 
the future of global-change research.

LTSES AND NUTRIENT CYCLING

Can Humanity Establish Greater Management 
Control over Soil-Nutrient Circulation?

Archeologists use soil P to characterize ancient villages and ara-
ble fi elds (Eidt, 1977), thus demonstrating the long-lasting effects of 
humanity on soil-nutrient cycling. Low solubility makes P a useful 
marker of historic land use. In recent decades, humanity has trans-
formed cycling of macro- and micronutrients on local to global scales, 
and in coming decades, management of nutrient circulation will 
become increasingly important to establish.

The establishment of greater management control over global 
nutrient capital and cycling can benefi t from LTSEs that quantify 
decadal rates of soil-nutrient retention and recycling, and soil-nutrient 
release to plants, the atmosphere, and drainage waters. The variety of 
ways that LTSEs facilitate the understanding and management of nutri-
ent cycling and nutrient-use effi ciency is reviewed using N, P, and S.

LTSEs and Soil Nitrogen
Nitrogen-use effi ciency (NUE), the fraction of fertilizer N taken up 

by crops and removed in harvest, averages about 33% for the world’s cereals 
(Raun and Johnson, 1999). In many river basins, N not taken up by plants 
or retained by the soil leaches into drainage waters, runs off with sediments, 
volatilizes to the atmosphere, and contributes to eutrophication or hypoxia 
in aquatic systems (Diaz and Rosenberg, 1995; McIsaac et al., 2001).

Because NUE has a large interannual variability due to the weather 
(Goulding et al., 2000), LTSEs are well suited to the task of quantify-
ing and increasing NUE on time scales of decades. Many LTSEs can 
estimate and help increase NUE, and such data are particularly impor-
tant because sustainably doubling food production in the coming 
decades will require increasing N uptake and NUE. While the Green 
Revolution relied heavily on increasing crop N uptake by increasing N 
inputs, future doubling of crop production is challenged to boost both 
N uptake and NUE, reducing N released to the environment.

Nitrogen-use effi ciency can be increased, a conclusion demonstrated 
by a number of LTSEs, for example, the 110-yr-old Old Rotation LTSE 
in Alabama. The NUE of Old Rotation’s major treatments ranged from 20 
to 70% (Table 3), even when calculating NUE with an estimate of total N 
inputs. Nitrogen cycling effi ciency was greatly affected by climate and man-
agement of plants and soil.

Even in the 19th century, when LTSEs mainly estimated crop 
responses to inputs, they were used to estimate relationships between 
N amendments and NO3 leaching. Between the 1840s and the 1880s, 
both LTSEs and STSEs explored whether manure could be soil applied 
throughout the year or whether it would best be saved for the growing 
season when plant N uptake was highest and N loss to leaching mini-
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mized (Way, 1850; Johnston, 1994; Goulding et al., 2000). In the 1990s, 
NO3 concentrations were much lower in water draining from the same 
Broadbalk plots and tile drains measured in the 1860s and 1870s, a result 
ascribed to the much higher N uptake of modern, high-yielding varieties 
of wheat (Goulding et al., 2000). In this latter study, when N fertilizer 
was applied in spring to wheat sown the previous fall, leaching was rela-
tively small for N amendments up to those giving maximum crop yield 
(about 150 kg N ha−1) and only slightly more than that from unfertil-
ized plots (Goulding et al., 2000). Results are corroborated by those from 
15N-labeling studies that have shown less N loss when N was applied in 
the spring than the fall (Powlson et al., 1986a, 1986b) due to improved 
synchrony of N availability and crop uptake. 

Glendining and Powlson (1995) reviewed data from LTSEs world-
wide to quantify the long-term impacts of N fertilizers on soil N cycling. 
Across LTSEs, N applications increased N recycling from crop residues 
and root turnover and exudates. Initially, these increased inputs infl uenced 
mainly labile fractions of soil N, but over years and decades they affected 
more slowly cycling fractions of soil organic N as well. The LTSEs are well 
suited to elucidating mechanisms that operate across such time scales.

These examples illustrate well a major use for LTSEs in the decades 
ahead, for research aimed at improving N-use effi ciency and minimizing N 
loss to the environment.

LTSEs and Soil Phosphorus
The cycling and management of P contrasts with that of N, as P 

and N cycle through soil with different rates and reactions. Whereas N 
is associated mainly with organic matter, P is associated with organic 
matter, Fe- and Al-oxides, and Ca compounds as well. While N has a 
prominent atmospheric cycle via biological fi xation and air pollution, 
P is largely a terrestrial element, although with notable exceptions 
(Chadwick et al., 1999). If oxidized to NO3, N readily enters soil 
water as a solute, whereas P is generally considered relatively immo-
bile, except when erosion transports particulate-bound P.

Long-term soil experiments are making two major contribu-
tions to advancing the understanding and management of soil P. First, 
LTSEs are demonstrating the ecologic signifi cance of slowly cycling 
fractions of P, and second, LTSEs are documenting that P may be 
much more mobile within soils than we have suspected, specifi cally in 
soils receiving long-term or heavy inputs of P in fertilizers or organic 
matter (Hesketh and Brookes, 2000).

A large number of scientifi c studies that include some assessment 
of bioavailability of soil P consider only the most labile fractions of 
P, neglecting entirely lower solubility organic P (Po) and inorganic P 
(Pi). Soil chemists fi rst described slowly cycling P fractions (Chang 

and Jackson, 1957; Hedley et al., 1982), and a number of LTSEs now 
demonstrate the ecological signifi cance and bioavailability of slowly 
mineralizable Po, Pi associated with Fe- and Al-oxides, and Ca-associ-
ated Pi as well (Goh and Condron, 1989; Tiessen et al., 1992; Beck 
and Sánchez, 1994; Richter et al., 2006a; Blake et al., 2000). Research 
at LTSEs has developed several quantitative approaches to estimating 
the bioavailability of slowly cycling P (Schmidt et al., 1996).

In a 17-yr study to examine the bioavailability of slowly cycling P, 
Schmidt et al. (1996) alternated corn and soybean [Glycine max (L.) Merr.] 
on two Ultisols, added P at four rates for 11 yr, and curtailed P inputs for 
the subsequent six. Samplings of soil were made throughout, which clearly 
indicated how plant uptake of P came not only from the most labile P, but 
also from more recalcitrant Po and strongly sorbed Pi. Remarkably, slowly 
cycling fractions of Pi and Po are extracted only by extreme chemical treat-
ment, e.g., 16-hr extractions with 0.1 M NaOH. The researchers consid-
ered the Pi and Po fractions extracted by NaOH to be an important part of 
the soil’s “biodynamic P,” a slowly cycling long-term source of P, and even an 
index of “a potential return on an investment in P fertilizer.”

Phosphorus mobility in soils is now an important environmental 
issue, due in large part to results from LTSEs. Heckrath et al. (1995) 
reported unexpectedly high P concentrations in drainage waters of long-
fertilized Broadbalk soils, and at three European LTSEs, Bad Lauchstädt, 
Skierniewice, and Broadbalk, 30-yr P budgets suggested signifi cant P 
leaching from surface soils into underlying layers (Blake et al., 2000). In 
Wisconsin, P leaching was markedly higher under corn long managed 
with inorganic fertilizers than in nearby formerly cultivated and fertilized 
soils that had been converted to tall-grass prairie about two decades before 
(Brye et al., 2002). Much remains to be learned about management and 
process control over P leaching. Although P is well known to be leach-
able in fertilized sands or organic soils (Duxbury and Peverley, 1978), 
preferential fl ow paths appear to be the active conduits for mobile P in 
heavily fertilized, fi ne-textured soils (Hesketh and Brookes, 2000; van Es 
et al., 2004). Although soluble P may be attenuated after drainage from 
root zones, P in drainage waters may remain elevated for decades after P 
fertilization is curtailed (Brye et al., 2002).

LTSEs and Atmospheric Sulfur
Throughout the 1950s to the 1980s, S oxide pollutants greatly affected 

European and North American atmospheres, as industrial emissions grew 
more rapidly than their control. Similar phenomena occur in industrializing 
regions of the developing world today. Pollutant SO2 is transported hun-
dreds to thousands of kilometers downwind of industrial emissions, where 
S is deposited and oxidized to H2SO4, potentially effecting substantial 
acidifi cation in poorly buffered soils (Hüttl and Bellmann, 1998).

Table 3. Six-year N budgets for fi ve cotton systems in Old Rotation in Alabama (Mitchell et al., 1996). Nitrogen use effi ciency (NUE) 
ranges between 20 and 70% of N input, even accounting for full N input from fertilizer, N2 fi xation, and atmospheric N deposition.

Cropping system
N inputs from

N in crop harvests NUE†
Legumes Fertilizers

—————— kg ha−1 (6 yr)−1 —————— %

Continuous cotton with no N inputs 0 0 72 –

Continuous cotton with N fertilizer 0 720 240 32

Continuous cotton with winter legume 696 0 228 31

Cotton–corn rotation with winter legume 692 0 238 33

Cotton–corn rotation with winter legume and N fertilization 692 716 280 19

Cotton–corn–soybean with winter legume and winter rye 640 120 550 70

† Additional N input is derived from atmospheric deposition, which totals about 30 kg N ha-1 per 6-yr rotation. Nitrogen-use effi ciency 
is expressed as a fraction of total N input (legume, fertilizer, and atmospheric deposition). Seed cotton yields averaged 930, 1860, 
2230, 2290, 2560, and 2240 kg ha-1 yr-1 for the six cropping systems, respectively.
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The rate at which air pollutants acidifi ed nonagricultural soil proved 
diffi cult to quantify, due in part  to a notable absence of LTSEs. Not only 
are acid-neutralizing reactions poorly quantifi ed (Johnson and Lindberg, 
1992), but acidifi cation models, semiquantitative concepts, and short-term 
experiments (Driscoll and Likens, 1982; Richter et al., 1983; Reuss and 
Johnson, 1986; Lindberg et al., 1986; Likens et al., 1992) were not able 
to be compared with direct observations of soil acidifi cation from LTSEs. 
Ironically, the intimacy with which soils are associated with atmospheric 
processes has been well demonstrated by a number of LTSEs (Johnston et 
al., 1986; Markewitz et al., 1998; Zhao et al., 2003, Palmer et al., 2004), 
two of which are described here.

In ecosystems receiving pollutant S deposition, S circulates between 
plants and soil, excess S incorporated into organic matter, and SO4

2− 
adsorbed to soil oxides and leached from soil (Johnson and Lindberg, 1992). 
Long-archived plant and soil samples at Rothamsted document pollutant 
effects on S cycling from nearly the birth of the Industrial Revolution. The 
isotopic composition of S in English coals was estimated to average −10‰ 
δ34S, which is greatly depleted in 34S relative to soil organic S, estimated 
in Rothamsted’s archived soil from 1865 to be about +8.2‰ δ34S (Zhao 
et al., 2003). The rise and fall of S pollution during the 19th and 20th 
centuries in southern England is illustrated well in Fig. 8, complete with a 
relatively short lag time between air, plants, and soils, due to the cycling of 
residual pollutant S through the ecosystem.

Decadal effects of S pollution control are recorded also in soil-water 
chemistry of an LTSE at Hubbard Brook Experimental Forest in New 
Hampshire (Palmer et al., 2004). Soil water from three Spodosols was col-
lected for 14 yr, from 1982 to 1998, when atmospheric S was being reduced 
across eastern North America. Declines in solution SO4 were signifi cant in 
all three soils—declines accompanied by decreases in solution base cations 
in Oa and Bs horizons. At two of three sites, increases were observed in 
solution acid-neutralizing capacity and decreases in inorganic monomeric 
Al. Reductions in SO4 deposition effected little change in drainage-water 
pH, due to effective pH buffering of soil waters, probably controlled by 
Al hydrolysis and deprotonation of weak organic acids. Such long-term 
observations greatly facilitate modeling and strengthen interpretations of 
short-term experiments.

CONCLUSIONS
Strong irony permeates our era’s thinking about soil and eco-

system sustainability. On the one hand, the scientifi c community 

seems of one mind in recognizing the importance of ecologically 
sound soil management. Yet, with notable exceptions, this commu-
nity has yet to marshal the organization and resources needed to 
substantiate the scientifi c meaning of sustainable soil management, 
an effort to which LTSEs can uniquely contribute. In a world that 
is required to double food production in a few decades, all while 
diminishing adverse effects on the wider environment, it is incum-
bent on us to get the most from LTSEs already under way, promot-
ing reviews, cross-site research, and meta-analyses of topics such as 
long-term trends in agronomic and silvicultural yields (Tirol-Padre 
and Ladha, 2006; Dobermann et al., 2000), C cycling and seques-
tration (Smith et al., 2000; Jastrow et al., 2005), NO3 and P leach-
ing (Goulding et al., 2000, Blake et al., 2000), management effects 
on assemblages and functions of soil biota (Hendrix et al., 1986; 
Holland and Coleman, 1987), P fractions and chemistry (Schmidt 
et al., 1996; Richter et al., 2006a), micronutrient bioavailability, and 
soil architecture, drainage, and aeration.

Although it may be understandable why some scientists are 
reluctant to initiate new LTSEs (e.g., Stone, 1975), it can hardly 
be denied that during the next 50 to 100 yr, an understanding of 
long-term soil trends is required if soils are to be managed in ways 
that sustain their full range of functions. In the past, LTSEs have 
demonstrated their ability to provide important data and guidance 
to improve soil management. In the future, LTSEs can expand our 
understanding of interactions between soil management and the 
wider environment, and enlighten policy and regulatory frame-
works. A key to achieving these goals is to comprehensively inven-
tory and review the long-term soil research base, and to establish 
an international network to scientifi cally address the many critical 
issues that involve soil management and global soil change.

ACKNOWLEDGMENTS
The work was supported by the USDA-NRI (Soil Processes), 

NSF (LTREB, RCN, EAR), Duke University (CGC), Andrew W. 
Mellon Foundation, USDA Forest Service, and the University of 
Aberdeen. Rothamsted Research receives grant aided support from 
the UK Biotechnology and Biological Sciences Research Council 
(BBSRC). We thank K. Brye for manuscript reviews, and S.A. Billings, 
P. Cada, R.A. Houghton, D. Markewitz, M.A. Mobley, W.M. Post, 
K.S. Pregitzer, F.G. Sanchez, W.H. Schlesinger, and S. Williams for 
discussions on the manuscript.

REFERENCES
Abrol, I.P., K.F. Bronson, J.M. Duxbury, and R.K. Gupta. 1997. Long-term 

soil fertility experiments in rice–wheat cropping systems. p. 14–15. In 
I.P. Abrol et al. (ed.) Long-term soil fertility experiments with rice–wheat 
rotations in South Asia. Rice–Wheat Consortium Pap. Ser. 1. Rice–
Wheat Consortium for the Indo-Gangetic Plains, New Dehli.

Arnold, R.W., I. Zaboles, and V.C. Targulian. 1990. Global soil change. U.N. 
Environ. Prog. and Int. Inst. for Appl. Syst. Anal., Laxenburg, Austria.

Barford, C.C., S.C. Wofsy, M.L. Goulden, J.W. Munger, E.H. Pyle, S.P. 
Urbanski, L. Hutyra, S.R. Saleska, D. Fitzjarrald, and K. Moore. 2001. 
Factors controlling long- and short-term sequestration of atmospheric 
CO2 in a midlatitude forest. Science 294:1688–1691.

Barker, R., R.W. Herdt, and B. Rose. 1985. The rice economy of Asia. 
Resources for the Future, Washington, DC.

Barnett, V., R. Payne, and R. Steiner. 1995. Agricultural sustainability. John 
Wiley & Sons, New York.

Baumgardner, R.E., T.F. Lavery, C.M. Rogers, and S.S. Isil. 2002. Estimates of 
the atmospheric deposition of sulfur and nitrogen species: Clean air status 
and trends network, 1990–2000. Environ. Sci. Technol. 36:2614–2629.

Beck, M.A., and P.A. Sánchez. 1994. Soil phosphorus fraction dynamics during 18 
years of cultivation on a Typic Paleudult. Soil Sci. Soc. Am. J. 58:1424–1431.

Fig. 8. Wheat grain δ34S from Broadbalk control plots compared 
with annual emissions of SO2 from the UK.



SSSAJ: Volume 71: Number 2• March –April 2007         277 

Bekunda, M.A., A. Bationo, and H. Ssali. 1997. Soil fertility management in 
Africa: A review of selected research trials. p. 63–79. In R. Buresh et al. 
(ed.) Replenishing soil fertility in Africa. SSSA Spec. Publ. 51. SSSA and 
ASA, Madison, WI.

Bellamy, P.A., P.J. Loveland, R.I. Bradley, R.M. Lark, and G.J.D. Kirk. 2005. 
Carbon losses from all soils across England and Wales, 1978–2003. 
Nature 437:245–248.

Bernhardt, E.S., J.J. Barber, J.S. Pippen, L. Taneva, J.A. Andrews, and W.H. 
Schlesinger. 2006. Long-term effects of free air CO2 enrichment (FACE) 
on soil respiration. Biogeochemistry 77:91–116.

Bhandari, A.L., J.K. Ladha, H. Pathak, A.T. Padre, D. Dawe, and R.K. Gupta. 
2002. Yield and soil nutrient changes in a long-term rice–wheat rotation 
in India. Soil Sci. Soc. Am. J. 66:162–170.

Blake, L., S. Mercik, M. Körschens, S. Moskal, P.R. Poulton, K.W.T. Goulding, 
A. Weigel, and D.S. Powlson. 2000. Phosphorus content in soil, uptake 
by plants and balance in three European long-term fi eld experiments. 
Nutr. Cycling Agroecosyst. 56:263–275.

Bolin, B., and R. Sukuma. 2000. Global perspective. p. 23–51. In R.T. Watson 
(ed.) Land use, land-use change, and forestry: A special report of the 
IPCC. Cambridge Univ. Press, Cambridge, UK.

Bongaarts, J. 1995. Global and regional population projections to 2025. p. 
7–16. In N. Islam (ed.) Population and food in the early twenty fi rst 
century. Int. Food Policy Res. Inst., Washington, DC.

Bosatta, E., and G.I. Ågren. 1999. Soil organic matter quality interpreted 
thermodynamically. Soil Biol. Biochem. 31:1889–1891.

Brown, J.R. 1994. The Sanborn Field experiment. p. 39–52. In R.A. Leigh and 
A.E. Johnston (ed.) Long-term experiments in agriculture and ecological 
sciences. CAB Int., Wallingford, UK.

Brye, K.R., T.W. Andraski, W.M. Jarrell, L.G. Bundy, and J.M. Norman. 
2002. Phosphorus leaching under a restored tall grass prairie and corn 
ecosystems. J. Environ. Qual. 31:769–781.

Buol, S.A., R.J. Southard, R.C. Graham, and P.A. McDaniel. 2003. Soil 
genesis and classifi cation. Blackwell Publ., Oxford, UK.

Buresh, R.J., P.A. Sánchez, and F. Calhoun (ed.). 1997. Replenishing soil 
fertility in Africa. SSSA Spec. Publ. 51. SSSA and ASA, Madison, WI.

Burke, I.C., C.M. Yonker, W.J. Parton, C.V. Cole, K. Flach, and D.S. Schimel. 
1989. Texture, climate, and cultivation effects on soil organic matter 
content in U.S. grassland soils. Soil Sci. Soc. Am. J. 53:800–805.

Cassman, K.G., S.K. De Datta, D.C. Olk, J. Alcantara, and M. Dixon. 1995. 
Yield decline and the nitrogen economy of long-term experiments on 
continuous irrigated rice systems in the tropics. p. 181–222. In R. Lal and 
B.A. Stewart (ed.) Soil management: Experimental basis for sustainability 
and environmental quality. CRC/Lewis Publ., Boca Raton, FL.

Cerri, C.E.P., K. Coleman, D.S. Jenkinson, M. Bernoux, R. Victoria, and C.C. 
Cerri. 2003. Modeling soil carbon from forest and pasture ecosystems of 
Amazon, Brazil. Soil Sci. Soc. Am. J. 67:1879–1887.

Chadwick, O.A., L.A. Derry, P.M. Vitousek, B.J. Huebert, and L.O. Hedin. 
1999. Changing sources of nutrients during four million years of 
ecosystem development. Nature 397:491–497.

Chandler, R.F. 1982. An adventure in applied science: A history of the 
International Rice Research Institute. IRRI, Los Baños, Philippines.

Chang, S.C., and M.L. Jackson. 1957. Fractionation of soil phosphorus. Soil 
Sci. 84:133–144.

Christensen, N.L. 1989. Landscape history and ecological change. J. For. Hist. 
33:116–124.

Clark, D.A. 2002. Are tropical forests an important carbon sink? Reanalysis of 
the long-term plot data. Ecol. Appl. 12:3–7.

Conway, G. 1999. The doubly Green Revolution: Food for all in the 21st 
century. Cornell Univ. Press, Ithaca, NY.

Cox, P.M., R.A. Betts, C.D. Jones, S.A. Spall, and I.J. Totterdell. 2000. 
Acceleration of global warming due to carbon-cycle feedbacks in a 
coupled climate model. Nature 408:184–187.

Dawe, D., A. Dobermann, P. Moya, S. Abdulrachman, Bijay Singh, P. Lal et al. 
2000. How widespread are yield declines in long-term rice experiments 
in Asia? Field Crops Res. 66: 175–193.

Debreczeni, K., and M. Körschens. 2003. Long-term fi eld experiments of the 
world. Arch. Acker-Pfl anzenbau Bodenkd. 49:465–483.

Denison, R.F., D.C. Bryant, and T.E. Kearney. 2004. Crop yields over the fi rst 
nine years of LTRAS, a long-term comparison of fi eld crop systems in a 
Mediterranean climate. Field Crops Res. 86:267–277.

Diaz, R.J., and R. Rosenberg. 1995. Marine benthic hypoxia: A review of its 
ecological effects and the behavioral responses of benthic macrofauna. 
Oceanogr. Marine Biol. 33:245–303.

Dick, W.A., and J.T. Durkalski. 1997. No-tillage production agriculture and 
carbon sequestration in a Typic Fragiudalf soil of northeastern Ohio. p. 
59–71. In R. Lal et al. (ed.) Management of carbon sequestration in soil. 
CRC Press, Boca Raton, FL.

Dixon, R.K., S. Brown, R.A. Houghton, A.M. Solomon, M.C. Trexler, and 
J. Wisniewski. 1994. Carbon pools and fl ux in global forest ecosystems. 
Science 263:185–190.

Dobermann, A., D. Dawe, R.P. Roetter, and K.G. Cassman. 2000. Reversal 
of rice yield decline in a long-term continuous cropping experiment. 
Agron. J. 92:633–643.

Driscoll, C.T., and G.E. Likens. 1982. Hydrogen ion budget of an aggrading 
forest ecosystem. Tellus 34:283–292.

Dunne, T., and L.B. Leopold. 1978. Water in environmental planning. W.H. 
Freeman, New York.

Duxbury, J.M., and J.H. Peverley. 1978. Nitrogen and phosphorus losses from 
organic soils. J. Environ. Qual. 7:566–570.

Eidt, R.C. 1977. Detection and examination of Anthrosols by phosphate 
analysis. Science 197:1327–1333.

Etheridge, D.M., L.P. Steele, R.L. Langenfelds, R.J. Francey, J.-M. Barnola, 
and V.I. Morgan. 1996. Natural and anthropogenic changes in 
atmospheric CO2 over the last 1000 years from air in Antarctic ice and 
fi rn. J. Geophys. Res. 101:4115–4128.

Fang, C., P. Smith, J.B. Moncrieff, and J.U. Smith. 2005. Similar response of 
labile and resistant soil organic matter pools to changes in temperature. 
Nature 433:57–59.

FAO. 2005. FAOSTAT database. Available at faostat.fao.org/ (verifi ed 12 Nov. 
2006). FAO, Rome.

Farina, M.P.W., P. Channon, and G.R. Thibaud. 2000a. A comparison of 
strategies for ameliorating subsoil acidity: I. Long-term growth effects. 
Soil Sci. Soc. Am. J. 64:646–651.

Farina, M.P.W., P. Channon, and G.R. Thibaud. 2000b. A comparison of 
strategies for ameliorating subsoil acidity: II. Long-term soil effects. Soil 
Sci. Soc. Am. J. 64:652–658.

Fisher, R.A. 1924. Studies in crop variation: III. The infl uence of rainfall on the yield 
of wheat at Rothamsted. Philos. Trans. R. Soc. London, Ser. B 213:89–142.

Gaudinski, J.B., S.E. Trumbore, E.A. Davidson, and S. Zheng. 2000. Soil 
carbon cycling in a temperate forest: Radiocarbon-based estimates 
of residence times, sequestration rates and partitioning of fl uxes. 
Biogeochemistry 51:33–69.

Giardina, C.P., and M.G. Ryan. 2000. Evidence that decomposition rates of organic 
carbon in mineral soil do not vary with temperature. Nature 404:858–861.

Gleason, H.A. 1927. Further views on the succession concept. Ecology 8:299–326.
Glendining, M.J., and D.S. Powlson. 1995. The effects of long-continued 

applications of inorganic nitrogen fertilizer on soil organic nitrogen—A 
review. p. 385–446. In R. Lal and B.A. Stewart (ed.) Soil management: 
Experimental basis for sustainability and environmental quality. Adv. 
Soil Sci. Ser. Lewis Publ., Boca Raton, FL.

Goh, K.M., and L.M. Condron. 1989. Plant availability of phosphorus 
accumulated from long-term applications of superphosphate and effl uent 
to irrigated pastures. N.Z. J. Agric. Res. 32:45–51.

Goulding, K.W.T., P.R. Poulton, C.P. Webster, and M.T. Howe. 2000. Nitrate 
leaching from the Broadbalk Wheat Experiment, Rothamsted, UK, as 
infl uenced by fertilizer and manure inputs and the weather. Soil Use 
Manage. 16:244–250.

Gupta, A.P., R.P. Narwal, R.S. Antil, and S. Dev. 1992. Sustaining soil fertility 
with organic C, N, P, and K by using farmyard manure and fertility-N in 
a semiarid zone: A long-term study. Arid Soil Res. Rehabil. 6:243–251.

Heckrath, G., P.C. Brookes, P.R. Poulton, and K.W.T. Goulding. 1995. Phosphorus 
leaching from soils containing different phosphorus concentrations in the 
Broadbalk experiment. J. Environ. Qual. 24:904–910.

Hedley, M.J., J.W.B. Stewart, and B.S. Chauhan. 1982. Changes in the inorganic 
and organic soil phosphorus fractions induced by cultivation practices and 
by laboratory incubations. Soil Sci. Soc. Am. J. 46:970–976.

Hendrix, P.F., R.W. Parmelee, D.A. Crossley, D.C. Coleman, E.P. Odum, and 
P.M. Groffman. 1986. Detritus food webs in conventional and no-tillage 
agroecosystems. Bioscience 36:374–380.

Hesketh, N., and P.C. Brookes. 2000. Development of an indicator for risk of 



278 SSSAJ: Volume 71: Number 2  •  March –April 2007

phosphorus leaching. J. Environ. Qual. 29:105–110.
Hilhorst, T., and F. Muchena. 2000. Nutrients on the move: Soil fertility dynamics 

in African farming systems. Int. Inst. for Environ. Dev., London.
Holford, I.C.R. 1981. Changes in nitrogen and organic carbon of wheat-

growing soils after various periods of grazed lucerne, extended fallowing 
and continuous wheat. Aust. J. Soil Res. 31:239–249.

Holland, E.A., and D.C. Coleman. 1987. Litter placement effects on microbial 
and organic matter dynamics in an agroecosystem. Ecology 68:425–433.

Hotchkiss, S., P.M. Vitousek, O.A. Chadwick, and J. Price. 2000. Climate 
cycles, geomorphological change, and the interpretation of soil and 
ecosystem development. Ecosystems 3:523–533.

Houghton, R.A. 2003. Revised estimates of the annual net fl ux of carbon to 
the atmosphere from changes in land use and land management, 1850–
2000. Tellus 55B:378–390.

Houghton, R.A., and C.L. Goodale. 2004. Effects of land-use change on the 
carbon balance of terrestrial ecosystems. p. 85–98. In R.S. DeFries et al. (ed.) 
Ecosystems and land use change. Am. Geophys. Union, Washington, DC.

Hüttl, R.F., and K. Bellmann. 1998. Changes in atmospheric chemistry and effects 
on forest ecosystems. Kluwer Acad. Publ., Dordrecht, the Netherlands.

International Panel on Climate Change. 2001. Climate Change: 2001. 
Cambridge Univ. Press, Cambridge, UK.

Jastrow, J., R.M. Miller, R. Matamala, R.J. Norby, T.W. Boutton, C.W. Rice, 
and C.E. Owens. 2005. Elevated atmospheric carbon dioxide increases 
soil carbon. Global Change Biol. 11:2057–2064.

Jenkinson, D.S. 1991. The Rothamsted classical experiments: Are they still of 
use? Agron. J. 83:2–10.

Jenny, H. 1980. The soil resource. Ecol. Stud. 37. Springer-Verlag, New York.
Johnson, D.W., and S.E. Lindberg. 1992. Atmospheric deposition and nutrient 

cycling in forest ecosystems. Springer-Verlag, New York.
Johnston, A.E. 1994. The Rothamsted classical experiments. p. 9–37. In R.A. 

Leigh and A.E. Johnston (ed.) Long-term experiments in agriculture and 
ecological sciences. CAB Int., Wallingford, UK.

Johnston, A.E., K.W.T. Goulding, and P.R. Poulton. 1986. Soil acidifi cation 
during more than 100 years under permanent pasture and woodland. 
Soil Use Manage. 2:3–10.

Jones, C., C. McConnell, K. Coleman, P. Cox, P. Falloon, D. Jenkinson, 
and D. Powlson. 2005. Global climate change and soil carbon stocks: 
Predictions from two contrasting models for the turnover of organic 
carbon in soil. Global Change Biol. 11:154–166.

King, J.S., K.S. Pregitzer, D.R. Zak, J. Sober, J.G. Isebrands, R.E. Dickson, G.R. 
Hendrey, and D.F. Karnosky. 2001. Fine-root biomass and fl uxes of soil 
carbon in young paper birch and trembling aspen as affected by elevated 
atmospheric CO2 and tropospheric O3. Oecologia 128:237–250.

Knorr, W., I.C. Prentice, J.I. House, and E.A. Holland. 2005. Long-term sensitivity 
of soil carbon turnover to global warming. Nature 433:298–301.

Körschens, M. (ed.). 1994. Der statische Duengungsversuch Bad Lauchstädt nach 
90 jahren. B.G. Teubner Verlagsgesellschaft, Stuttgart-Leipzig, Germany.

Lappé, F.M., J. Collins, and P. Rosset. 1998. World hunger: 12 myths. Grove 
Press, New York.

Leigh, R.A., and A.E. Johnston (ed.). 1994. Long-term experiments in 
agricultural and ecological sciences. CAB Int., Wallingford, UK.

Leopold, L.B., R. Huppman, and A. Miller. 2005. Geomorphic effects of urbanization 
in forty-one years of observation. Proc. Am. Philos. Soc. 149:349–371.

Likens, G.E. (ed.). 1989. Long-term studies in ecology: Approaches and 
alternatives. Springer-Verlag, New York.

Likens, G.E., C.T. Driscoll, and D.C. Buso. 1992. Long-term effects of acid 
rain: Response and recovery of a forest ecosystem. Science 272:244–246.

Lindberg, S.E., G.M. Lovette, D.D. Richter, and D.W. Johnson. 1986. 
Atmospheric deposition and canopy interactions of major ions in a 
forest. Science 231:141–145.

Long, S.P., E.A. Ainsworth, A.D.B. Leakey, J. Nösberger, and D.R. Ort. 2006. 
Food for thought: Lower-than-expected crop yield stimulation with 
rising CO2 concentrations. Science 312:1918–1921.

Loughin, T.M. 2006. Improved experimental design and analysis for long-
term experiments. Crop Sci. 46:2492–2502.

Loya, W.M., K.S. Pregitzer, N.J. Karberg, J.S. King, and C.P. Giardina. 
2003. Reduction of soil carbon formation by tropospheric ozone under 
increased carbon dioxide levels. Nature 425:705–707.

Magnuson, J.J. 1990. The invisible present. Bioscience 40:495–501.
Markewitz, D., D.D. Richter, H.L. Allen, and J.B. Urrego. 1998. Three decades 

of observed soil acidifi cation at the Calhoun Experimental Forest: Has 
acid rain made a difference? Soil Sci. Soc. Am. J. 62:1428–1439.

Matamala, R., and W.H. Schlesinger. 2000. Effects of elevated atmospheric 
CO2 on fi ne root production and activity in a temperate forest ecosystem. 
Global Change Biol. 6:967–980.

McGill, W.B., K.R. Cannon, J.A. Robertson, and F.D. Cook. 1986. Dynamics 
of soil microbial biomass and water-soluble organic C in Breton after 50 
years of cropping to two rotations. Can. J. Soil Sci. 66:1–19.

McGrath, S.P., and P.J. Loveland. 1992. Soil geochemical atlas of England and 
Wales. Blackie Publ., London.

McIsaac, G.F., M.B. David, G.Z. Gertner, and D.A. Goolsby. 2001. Nitrate 
fl ux in the Mississippi River. Nature 414:166–167.

McNeil, M. 1964. Lateritic soils. Sci. Am. 21:96–102.
Melillo, J.M., P.A. Steudler, J.D. Aber, K. Newkirk, H. Lux, F.P. Bowles, C. 

Catricala, A. Magill, T. Ahrens, and S. Morrisseau. 2002. Soil warming and 
carbon-cycle feedbacks to the climate system. Science 298:2173–2176.

Mitchell, C.C., F.J. Arriaga, J.A. Entry, J.L. Novak, W.R. Goodman, D.W. 
Reeves, M.W. Runge, and G.J. Traxler. 1996. The Old Rotation. Auburn 
Univ. Agric. Exp. Stn., Auburn, AL.

Moss, S.R., J. Storkey, J.W. Cussans, S.A.M. Perryman, and M.V. Hewitt. 
2004. The Broadbalk long-term experiment at Rothamsted: What has it 
told us about weeds? Weed Sci. 52:864–873.

National Research Council. 2001. Basic research opportunities in earth science. 
Natl. Acad. Press, Washington, DC

Norby, R.J., E.H. DeLucia, B. Gielen, C. Calfapietra, C.P. Giardina, J.S. King 
et al. 2005. Forest response to elevated CO2 is conserved across a broad 
range of productivity. Proc. Natl. Acad. Sci. 102:18052–18056.

Norby, R.J., J. Ledford, C.D. Reilly, N.E. Miller, and E.G. O’Neill. 2004. Fine-
root production dominates response of a deciduous forest to atmospheric 
CO2 enrichment. Proc. Natl. Acad. Sci. 101:9689–9693.

Olk, D.C., K.G. Cassman, E.W. Randall, P. Kinchesh, L.J. Sanger, and J.M. 
Anderson. 1996. Changes in chemical properties of organic matter with 
intensifi ed rice cropping in tropical lowland soil. Eur. J. Soil Sci. 47:293–303.

O’Neill, K.P., E.S. Kasischke, and D.D. Richter. 2003. Seasonal and decadal 
patterns of soil carbon uptake and emission along an age sequence 
of burned black spruce stands in interior Alaska. J. Geophys. Res. 
108(D1):8155, doi:10.1029/2001JD000443.

Palmer, S.M., C.T. Driscoll, and C.E. Johnson. 2004. Long-term trends in soil 
solution and stream water chemistry at the Hubbard Brook Experimental 
Forest: Relationship with landscape position. Biogeochemistry 68:51–70.

Palmer, W.C. 1968. Keeping track of crop moisture conditions nationwide: 
The new crop moisture index. Weatherwise 21:156–161.

Park, J., K. Anderson, R. Aster, R. Butler, T. Lay, and D. Simpson. 2005. 
Global Seismographic Network records the Great Sumatra–Andaman 
Earthquake. Eos, Trans. Am. Geophys. Union 86:57–64.

Pickett, S.T.A. 1989. Space-for-time substitution as an alternative to long-term 
studies. p. 110–135. In G.E. Likens (ed.) Long-term studies in ecology: 
Approaches and alternatives. Springer-Verlag, New York.

Plattner, G., F. Joos, and T.F. Stocker. 2002. Revision of the global carbon 
budget due to changing air–sea oxygen fl uxes. Global Biogeochem. 
Cycles 16(4):1096, doi:1029/2001GB001746.

Poulton, P.R. 2006. Rothamsted research: Guide to the classical and other 
long-term experiments, datasets and sample archive. Lawes Agric. Trust 
Co., Harpenden, UK.

Poulton, P.R., E. Pye, P.R. Hargreaves, and D.S. Jenkinson. 2003. Accumulation 
of carbon and nitrogen by old arable land reverting to woodland. Global 
Change Biol. 9:942–955.

Powers, R.F., D.A. Scott, F.G. Sanchez, R.A. Voldseth, D.Page-Dmroese, 
J.D. Elioff, D.M. Stone. 2006. The North American long-term soil 
productivity experiment. Findings from the fi rst decade of research. 
Forest Ecol. Manage. 220: 17–30

Powlson, D. 2005. Will soil amplify climate change? Nature 433:204–205.
Powlson, D.S., P.B.S. Hart, G. Pruden, and D.S. Jenkinson. 1986a. Recovery 

of N-15-labelled fertilizer applied in autumn to winter wheat at four sites 
in eastern England. J. Agric. Sci. 107:611–620.

Powlson, D.S., G. Pruden, A.E. Johnston, and D.S. Jenkinson. 1986b. The 
nitrogen cycle in the Broadbalk wheat experiment—Recovery and losses 
of N-15-labelled fertilizer applied in spring and inputs of nitrogen from 
the atmosphere. J. Agric. Sci. 107:591–609.

Pregitzer, K.S., W. Loya, M. Kubiske, and D. Zak. 2006. Soil respiration in 



SSSAJ: Volume 71: Number 2• March –April 2007         279 

northern forests exposed to elevated atmospheric carbon dioxide and 
ozone. Oecologia 148:503–516.

Pregitzer, K.S., D.R. Zak, P.S. Curtis, M.E. Kubiske, J.A. Teeri, and C.S. Vogel. 
1995. Atmospheric CO2, soil nitrogen, and turnover of fi ne roots. New 
Phytol. 129:579–585.

Prentice, I.C., G.D. Farquhar, M.J.R. Fasham, M.L. Goulden, M. Heimann, V.J. 
Jaramillo, H.S. Kheshgi, C. LeQuere, R.J. Scholes, and D.W.R. Wallace. 
2001. The carbon cycle and atmospheric carbon dioxide. p. 183–237. In 
Climate change: 2001. Cambridge Univ. Press, Cambridge, UK.

Ralston, C.W. 1979. Where has all the carbon gone? Science 204:1345–1346.
Rasmussen, P.E., K.W.T. Goulding, J.R. Brown, P.R. Grace, H.H. Janzen, and 

M. Körschens. 1998. Long-term agroecosystem experiments: Assessing 
agricultural sustainability and global change. Science 282:893–896.

Raun, W.R., and G.V. Johnson. 1999. Improving nitrogen use effi ciency in 
cereal production. Agron. J. 91:357–363.

Reuss, J.O., and D.W. Johnson. 1986. Acid deposition and the acidifi cation of 
soils. Springer-Verlag, New York.

Richter, D.D., H.L. Allen, J.W. Li, D. Markewitz, and J. Raikes. 2006a. Bioavailability 
of slowly cycling soil phosphorus: Major restructuring of soil-P fractions over 
four decades in an aggrading forest. Oecologia 150:259–271.

Richter, D.D., M. Hofmockel, D. Powlson, and P. Smith. 2006b. LTSEs: The 
fi rst global inventory. Available at ltse.env.duke.edu (verifi ed 12 Nov. 
2006). Duke Univ., Durham, NC.

Richter, D.D., D.W. Johnson, and D.E. Todd. 1983. Atmospheric sulfur 
deposition, neutralization, and ion leaching in two deciduous forest 
ecosystems. J. Environ. Qual. 12:263–270.

Richter, D.D., and D. Markewitz. 2001. Understanding soil change. 
Cambridge Univ. Press, Cambridge, UK.

Richter, D.D., D. Markewitz, S.A. Trumbore, and C.G. Wells. 1999. Rapid 
accumulation and turnover of soil carbon in a re-establishing forest. 
Nature 400:56–58.

Richter, D.D., N.H. Oh, R.L. Fimmen, and J.A. Jackson. 2006c. The rhizosphere 
and soil formation. In Z. Cardone and J. Whitbeck (ed.). The rhizosphere—
An ecological perspective. Springer-Verlag, New York (in press).

Robbins, C.S., J.R. Sauer, R.S. Greenberg, and S. Droege. 1989. Population 
declines in North American birds that migrate to the neotropics. Proc. 
Natl. Acad. Sci. 86:7658–7662.

Rossiter, M.W. 1975. The emergence of agricultural science: Justus Liebig and 
the Americans. Yale Univ. Press, New Haven, CT.

Russell, J.S. 1960. Soil fertility changes in the long-term experimental plots at 
Kybybolite, South Australia: II. Changes in phosphorus. Aust. J. Agric. 
Res. 11:926–947.

Rustad, L.E., J.L. Campbell, G.M. Marion, R.J. Norby, M.J. Mitchell, A.E. 
Hartley, J.H.C. Cornelissen, and J. Gurevitch. 2001. A meta-analysis of the 
response of soil respiration, net nitrogen mineralization, and aboveground 
plant growth to experimental ecosystem warming. Oecologia 126:543–562.

Sánchez, P.A., and M.S. Swaminathan. 2005. Hunger in Africa: The link 
between unhealthy people and unhealthy soils. Lancet 365:442–444.

Schimel, D.S., J.I. House, K.A. Hibbard, P. Bousquet, P. Ciais, P. Peylin et al. 
2001. Recent patterns and mechanisms of carbon exchange by terrestrial 
ecosystems. Nature 414:169–172.

Schjonning, P., B.T. Christensen, and B. Carstensen. 1994. Physical and 
chemical properties of a sandy loam receiving animal manure, mineral 
fertilizer or no fertilizer for 90 years. Eur. J. Soil Sci. 45:257–268.

Schlesinger, W.H., and J. Lichter. 2001. Limited carbon storage in soil and 
litter of experimental forest plots under increased atmospheric CO2. 
Nature 411:466–469.

Schmidt, J.P., S.W. Buol, and E.J. Kamprath. 1996. Soil phosphorus dynamics 
during seventeen years of continuous cultivation: Fractionation analyses. 
Soil Sci. Soc. Am. J. 60:1168–1172.

Sibbesen, E. 1986. Soil movement in long-term fi eld experiments. Plant Soil 

91:73–85.
Smith, P., D.S. Powlson, J.U. Smith, and E.T. Elliott. (ed.) 1997. Evaluation 

and comparison of soil organic matter models using datasets from seven 
long-term experiments. Geoderma 81:1–225.

Smith, P., D.S. Powlson, J.U. Smith, P.D. Falloon, and K. Coleman. 2000. Meeting 
Europe’s climate change commitments: Quantitative estimates of the potential 
for carbon mitigation by agriculture. Global Change Biol. 6:525–539.

Smyth, T.J., and D.K. Cassel. 1995. Synthesis of long-term soil management 
research on Ultisols and Oxisols in the Amazon. p. 13–60. In R. Lal and 
B.A. Stewart (ed.) Soil management: Experimental basis for sustainability 
and environmental quality. Lewis Publ., Boca Raton, FL.

Soil Survey Staff. 1998. Keys to Soil Taxonomy. 8th ed. NRCS, Washington, DC.
Stakman, E.C., R. Bradfi eld, and P.C. Mangelsdorf. 1967. Campaigns against 

hunger. Harvard Univ. Press, Cambridge, MA.
Steiner, R.A. 1995. Long-term experiments and their choice for the research 

study. p. 15–21. In V. Barnett et al. (ed.) Agricultural sustainability: 
Economic, environmental, and statistical considerations. John Wiley & 
Sons, Chichester, UK.

Stone, E.L. 1975. Effects of species on nutrient cycles and soil change. Phil. 
Trans. R. Soc. London, Ser. B 271:149–162.

Thornley, J.H.M., and M.G.R. Cannell. 2001. Soil carbon storage response to 
temperature: An hypothesis. Ann. Bot. 87:591–598.

Tiessen, H., I.H. Salced, and E.V.S.B. Sampaio. 1992. Nutrient and soil organic 
matter dynamics under shifting cultivation in semi-arid northeastern 
Brazil. Agric. Ecosyst. Environ. 38:139–151.

Tilman, D., M.E. Dodd, J. Silvertown, P.R. Poulton, A.E. Johnston, and M.J. 
Crawley. 1994. The Park Grass experiment: Insights from the most long-
term ecological study. p. 287–303. In R.A. Leigh and A.E. Johnston (ed.) 
Long-term experiments in agricultural and ecological sciences. CAB Int., 
Wallingford, UK.

Tirol-Padre, A., and J.K. Ladha. 2006. Integrating rice and wheat productivity 
trends using the SAS mixed-procedure and meta-analysis. Field Crops 
Res. 95:75–88.

Townsend, A.R., P.M. Vitousek, and S.E. Trumbore. 1995. Soil organic matter 
dynamics along gradients in temperature and land-use on the island of 
Hawaii. Ecology 76:721–733.

Tu, C., F.J. Louws, N.G. Creamer, J.P. Mueller, C. Brownie, K. Fager, M. Bell, 
and S. Hu. 2006. Responses of soil microbial biomass and N availability 
to transition strategies from conventional to organic farming systems. 
Agric. Ecosyst. Environ. 113:206–215.

U.N. Millennium Project. 2005. Halving hunger. The Earth Inst., Columbia 
Univ., New York.

van Es, H.M., R.R. Schindelbeck, and W.E. Jokela. 2004. Effect of manure 
application on timing, crop, and soil type on phosphorus leaching. J. 
Environ. Qual. 33:1070–1080.

van Wesemael, B., S. Lettens, C. Roelandt, and J. Van Orshoven. 2004. 
Changes in soil carbon stocks from 1960 to 2000 in the main Belgian 
cropland areas. Biotechnol. Agron. Soc. Environ. 8:133–139.

Walling, D.E., and D. Fang. 2003. Recent trends in the suspended sediment 
loads of the world’s rivers. Global Planet. Change 39:111–126.

Way, J.T. 1850. On the power of soils to absorb manure. J. R. Agric. Soc. 
11:313–379.

Webb, B.B., B.B. Tucker, and R.L. Westerman. 1980. The Magruder plots: Taming 
the prairie through research. Bull. B-750. Okla. Agric. Exp. Stn., Stillwater.

Wilding, L.P., and H. Lin. 2006. Advancing the frontiers of soil science towards 
geoscience. Geoderma 131:257–274.

Young, I.M., and J.W. Crawford. 2004. Interactions and self-organization in 
the soil–microbe complex. Science 304:1634–1637.

Zhao, F.J., J.S. Knights, Z.Y. Hu, and S.P. McGrath. 2003. Stable sulfur isotope 
ratio indicates long-term changes in sulfur deposition in the Broadbalk 
experiment since 1845. J. Environ. Qual. 32:33–39.


