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Main Messages

An adequate and balanced supply of elements necessary for life, pro-
vided through the ecological processes of nutrient cycling, underpins all
other ecosystem services. The cycles of several key elements—phosphorus,
nitrogen, sulfur, carbon, and possibly iron and silicon—have been substantially
altered by human activities over the past two centuries, with important positive
and negative consequences for a range of other ecosystem services and for
human well-being.

In preindustrial times, the annual flux of nitrogen from the atmosphere to the
land and aquatic ecosystems was 90–130 teragrams (million tons) per year.
This was more or less balanced by a reverse ‘‘denitrification’’ flux. Production
and use of synthetic nitrogen fertilizer, expanded planting of nitrogen-
fixing crops, and the deposition of nitrogen-containing air pollutants
have together created an additional flux of about 200 teragrams a year,
only part of which is denitrified. The resultant N accumulation on land and
in waters has permitted a large increase in food production, but at the cost
of increased emissions of greenhouse gases and a frequent deterioration in
freshwater and coastal ecosystem services, including water quality, fisheries,
and amenity value.

Phosphorus is also accumulating in ecosystems at a rate of 10.5–15.5
teragrams per year, which compares with the preindustrial rate of 1–6
teragrams of phosphorus a year, mainly as a result of the use of mined
P in agriculture. Most of this accumulation is occurring in soils, which may
then be eroded into freshwater systems, causing deterioration of ecosystem
services. This tendency is likely to spread and worsen over the next decades,
since large amounts of P have accumulated on land and their transport to
water systems is slow and difficult to prevent.

Sulfur emissions have been progressively reduced in Europe and North
America but not yet in the emerging industrial areas of the world: China,
India, South Africa, and the southern parts of South America. A global
assessment of acid deposition threats suggests that tropical ecosystems are
at high risk. Human-induced alteration of the iron and silicon cycles is less well
understood, but it is believed, with medium certainty, to be a significant factor
in altering the productivity of the ocean. This may be a significant benefit to
the service of carbon sequestration.

Human actions, many associated with agriculture, have increased the
‘‘leakiness’’ of ecosystems with respect to nutrients. Tillage often dam-
ages soil structure, and pesticides may decrease useful nontarget organisms,
increasing nutrient leaching. Simplification of the landscape and destruction of
riparian forests, wetlands, and estuaries allow unbuffered flows of nutrients
between terrestrial and aquatic ecosystems. Specific forms of biodiversity are
critical to the performance of the buffering mechanisms that ensure the efficient
use and cycling of nutrients in ecosystems.

In contrast to the issues associated with nutrient oversupply, there re-
main large parts of Earth, notably in Africa and Latin America, where
harvesting without nutrient replacement has led to a depletion of soil
fertility, with serious consequences for human nutrition and the environ-
ment.

12.1 Introduction
Nutrients comprise the 22 or so chemical elements known to be
essential for the growth of living organisms. (See Table 12.1.)
The list varies somewhat because some elements are only needed
in very specific groups of organisms or specific circumstances.
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This chapter deals mainly with nitrogen, sulfur, phosphorus, and
carbon—all elements needed in relatively large quantities (the so-
called macronutrients), and with cycles that have been substan-
tially altered by human activities. Emerging issues related to iron
and silicon will also be addressed.

Broadly speaking, nutrients can occur in gaseous form (such
as N2, CO2), mineral form (such as apatite, the main P-containing
mineral), inorganic ionic form (NH4

�, NO3
�, SO4

2�, H2PO4�),
and organic form (bound into various C-based compounds in liv-
ing or dead organisms or their products). Nutrients are mostly
taken up by plants in the ionic form and by animals in organic
forms through consumption of living or dead tissues; microorgan-
isms in general may use nutrients in any mineral or organic form,
with sometimes high degrees of specialization at the guild or spe-
cies level. The interconversion between forms is mediated by the
ecosystem.

Nutrient cycling describes the movement within and between
the various biotic or abiotic entities in which nutrients occur in the
global environment. These elements can be extracted from their
mineral or atmospheric sources or recycled from their organic
forms by converting them to the ionic form, enabling uptake to
occur and ultimately returning them to the atmosphere or soil.
Nutrient cycling is enabled by a great diversity of organisms and
leads to creation of a number of physical structures and mecha-
nisms that regulate the fluxes of nutrients among compartments.
These structures and processes act as buffers to limit losses and
transfers to other ecosystems, as described later. Nutrients are dis-
tributed among a large number of living or dead compartments,
and their relative abundance among these compartments is typical
of certain ecosystems. For example, this is the case in terrestrial
ecosystems, where nutrients may be greatly concentrated in living
biomass (such as tropical rainforests) or in humus and soil organic
matter (such as tundra ecosystems) (Lavelle and Spain 2001).

Fertility is the potential of the soil, sediment, or water system
to supply nutrient elements in the quantity, form, and proportion
required to support optimum plant growth (implicitly, in the con-
text of ecosystem services, for human benefit). The largest flux
of nutrients is their release from organic materials, as a result of
decomposition by microbial communities. This flux may not be
measurable, as part of it may be immediately reincorporated in
microbial biomass. Microbial activity depends primarily on the
availability of a food source and on regional and local climatic,
edaphic, or hydrological factors. Locally, biological parameters
such as the chemical composition of the organic material (which
depends in turn on the plant community that produced it) and
the soil invertebrates present act as proximate determinants.

The maintenance of fertility is a supporting service for the
production of food, timber, fiber, and fuel. It is also necessary for
ecological processes such as succession and for the persistence and
stability of ecosystems. In systems intensively managed by hu-
mans, such as cultivated systems, the inherent fertility of ecosys-
tems is supplemented through fertilization and management
practices, such as the use of N-fixing plants, the acceleration of
microbial processes by tillage, the addition of suitable organic in-
puts to the soil, and, in many parts of the world, biomass burning.

Fertilization is the input of nutrients to a system by humans,
deliberately or as an unintended consequence of other activities.
It includes supplements of N, P, S, potassium, calcium, magne-
sium, and micronutrients for agriculture; atmospheric N and S
deposition; and the effects of elevated CO2 in the atmosphere.
Iron fertilization in the ocean has been performed experimentally
(Coale et al. 1996; Moore et al. 2001).

It is possible to have an excessive supply of nutrients. In
aquatic systems, this condition is known as eutrophication. Eutro-
phication, usually resulting from leaching of nutrients from soils
managed for agriculture, is a form of nonvoluntary fertilization of
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Table 12.1. Major Elements Needed for Plant Growth and Their Concentrations in Plants, the Upper Meter of Soil, and Ocean Water
(Fortescue 1980; Bohn et al. 1979)

Element

Content in Elemental Form (μg/g )

Major Forms Biological Function/SourcePlant Soil Ocean
Macronutrients (>0.1 % of dry mass)

C 454,000 20,000 28 CO2 in organic molecules; photosynthesis/atm.CO2; OM

O 410,000 490,000 857,000 O2 in organic molecules; cellular respiration/water; OM

H 55,000 650 108,000 H2O in organic molecules/water; OM

N 30,000 1,000 0.5 NO3
– or NH4

+ in proteins, nucleic acids, and chlorophyll/biol. fix of N2;
OM mineralization; atm. deposition 

K 14,000 10,000 380 K+ principal positive ion inside cells; control of stomatal aperture;
enzyme activity/OM mineralization; weathering

P 2,300 800 0.07 H2PO4
– or HPO4

2– in nucleic acids, phospholipids, and electron carriers in 
chloroplasts and mitochondria/OM mineralization; weathering 

Ca 18,000 10,000 400 Ca2+ in adhesive compounds in cell walls; control of membrane 
permeability; enzyme activation/weathering; OM mineralization

Mg 3,200 6,000 1,350 Mg2+ component of chlorophyll; enzyme activation; ribosome 
stability/weathering; OM mineralization 

S 3,400 500 885 SO4
2– component of proteins and many coenzymes/OM mineralization;

atm. deposition
Cl 2,000 100 19,000 Cl– in photosynthesis/OM mineralization; atm. deposition

Micronutrients (<0.2 % of dry mass)
Fe 140 40,000 0.01 Fe2+ or Fe3+ needed for synthesis of chlorophyll; component of many 

electron carriers 
Mn 630 800 0.002 Mn2+ in photosynthesis; enzyme activation 

Mo 0.05 3 3 MoO4
– – in nitrogen metabolism, required for nitrogen fixation 

Cu 14 20 0.003 Cu2+ enzyme activation; component of electron carriers in chloroplasts 

Zn 100 50 0.01 Zn2+ enzyme activation; protein synthesis; hormone synthesis 

Bo 50 10 4.6 H2Bo3
– involved in sugar transport 

Ni Ni2+ nitrogen metabolism cofactor 

Si 1,000 330,000 3 Si (OH)4 support tissues

Co 0.5 8 0.0003 Co2+ required by N-fixing plants

Na 1,200 7,000 10,500 Na+ beneficial to higher plants

Se 0.05 0.01 H2Se03
– beneficial to higher plants

I 0.005 5 I– beneficial to higher plants

Note: OM = Dead organic matter

inland and coastal waters. Increase in nutrients in sewage effluent
is another form of cultural eutrophication related to increases in
human population.

Fertility can also be decreased by human activities, through
soil erosion, nutrient mining (harvesting of nutrients at a rate in
excess of their rate of replenishment), alteration of the soil biota
or structure, salinization through poorly managed irrigation, acid-
ification through inappropriate fertilization, deposition of acidify-
ing pollutants, or excessive use of N-fixing crops.

Life on Earth is closely regulated by the efficient cycling and
availability of nutrients. Human manipulation of this service has
greatly affected all ecosystems. Climate regulation is affected by
decomposition and nutrient cycling at regional or continental
scales through the release of greenhouse gases and carbon seques-
tration in ecosystems. When nutrient cycling is impaired, the aes-
thetic and recreational value of freshwater and marine ecosystems
may decrease significantly.

Nutrient cycling requires a large number of different organ-
isms from diverse functional groups. It is a prime example of
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‘‘functional biodiversity’’ in action. Conversely, dysfunctions in
nutrient cycling, leading, for example, to eutrophication, have
severe negative effects on biodiversity.

Nutrient cycling occurs everywhere, being a necessary part of
the function of all ecosystems, but at widely varying rates. The
specific ecosystem service of fertility is unevenly distributed
around the land and oceans of the world. The most fertile soils—
for instance, the deep, dark, loamy soils of the Eurasian steppes,
the North American prairies and the South American pampas—
have mostly been converted from grasslands to intensive agroeco-
systems over the past two centuries. Agriculture is currently
expanding into areas with soils of inherently lower fertility, such
as the old, red soils of tropical Africa, South America, and South-
east Asia (Wood et al. 2000).

The world’s oceans contain vast reservoirs of nutrients. How-
ever, these are found primarily at depths below about 200 meters,
where there is insufficient light for (net) photosynthesis (Dugdale
1976). As a consequence, high levels of marine primary produc-
tion require the uplifting of nutrients from deeper water into the
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euphotic zone (Summerhayes et al. 1995). Along the west coast
of the continents, equator-ward trade winds drive surface water
away from the coast to be replaced by water rich in nutrients from
the sub-euphotic zone. These coastal upwelling systems constitute
only about 1% of the ocean surface but contribute about 50% of
the world’s fisheries (Ryther 1969), due to not only high new
production rates but also to a short food chain in which much of
the phytoplankton production is eaten directly by fish. The cen-
tral oceans and seas, especially in tropical regions, are generally
low in nutrients and productivity.

Human activities have resulted in large-scale changes in nutri-
ent cycles over the last two centuries, which have occurred at an
accelerated rate since about 1950. Specifically, shifts in land use
patterns, increased fertilization associated with high-yield crops,
and lateral transfer of nutrients across ecosystem boundaries have
dramatically changed the rate, pathways, and efficiency of nutri-
ent cycling. Traditional small-scale, low-input cultivation prac-
tices generally lead to nutrient depletion when fallow periods are
shortened. On the other hand, the sustainability of soil fertility
under large-scale, high-input intensive agriculture is still in ques-
tion, given that this form of agriculture is only a few decades old.

The increase in demand for food, fuel, and fiber during the
last 50 years has led to supplementation of the natural nutrient
supply in agroecosystems by artificial sources, and the global an-
nual nitrogen and phosphorus input to ecosystems has more than
doubled in this period (Vitousek et al. 1997; Smil 2000; Falkow-
ski et al. 2000).

All over the world, the complex regulation mechanisms in
natural systems and biological controls operated by plants and
invertebrates across many scales have been severely impaired,
wherever food production has increased through the input of ad-
ditional nutrients and use of tillage. Large-scale additions of nutri-
ents in agroecosystems can no longer be retained and recycled
locally. Undesired transfers from terrestrial to aquatic ecosystems
have become a serious and growing problem worldwide (How-
arth et al. 2000). At the same time, deposition from the atmo-
sphere of nutrients, originating from industry, agriculture, biomass
fires, and wind erosion, is spreading unprecedented quantities of
N, P, and possibly Fe and Si to downwind ecosystems over large
regions (Brasseur et al. 2003).

In contrast, severe nutrient depletion is observed in soils in
some regions, notably in sub-Saharan Africa (Sanchez 2002). In
these areas, particularly where the inherent soil fertility is low for
geological and ecological reasons and fertilizer inputs are limited
by economic constraints, the nutrient stock in croplands is de-
creasing. (See Tables 12.2 and 12.3.) This is having a serious im-
pact on human food security in the region.

Some of the important questions addressed in this chapter in-
clude: What will be the consequences for ecosystems and human
well-being of the expected 30% increase in the human contribu-
tion to fixed N and other nutrients over the next 30 years? (See
also Chapter 9 of the Policy Responses volume). Is the increasing
frequency and extent of eutrophication observed in fresh and ma-
rine waters likely to be stopped or reversed? How will these
changes in the natural nutrient cycling system affect other ecosys-
tem services?

12.2 Important Issues Common to All Nutrient
Cycles

12.2.1 Ecosystem Stoichiometry: The Balance
between Nutrients

Living organisms tend to contain a relatively constant proportion
of elements, especially carbon, nitrogen, and phosphorus. In
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Table 12.2. Total Nutrient Balance in Africa (Henao 2002)

Country

Year (Average)

1981–85 1986–90 1991–95 1996–99

(NPK–kg/ha)

Algeria 9.2 2.9 34.7 45.3

Angola –33.9 –27.9 –36.5 –50.1

Benin –55.7 –63.9 –57.9 –53.3

Botswana –6.8 –15.8 –11.8 1.9

Burkina Faso –46.6 –51.1 –56.2 –55.6

Burundi –65.4 –62.7 –93.0 –87.4

Cameroon –34.5 –44.5 –51.5 –54.2

Cape Verde –91.5 –52.8 –42.0 –41.7

Central Africa –54.3 –64.5 –62.3 –66.9

Chad –56.7 –59.0 –58.8 –62.6

Comoros –92.6 –87.5 –86.7 –89.3

Congo DR –61.3 –64.4 –63.8 –63.2

Congo PR –78.0 –80.5 –85.6 –76.5

Djibuti –104.6 –79.1 –99.5 –101.8

Egypt 19.0 7.9 –49.7 –54.0

Equatorial Guinea –63.9 –65.6 –68.8 –61.4

Eritrea –48.1 –51.3

Ethiopia –74.4 –69.8 –62.7 –63.6

Gabon –47.0 –54.7 –64.4 –67.9

Kenya –72.7 –72.6 –74.3 –60.5

Lesotho –31.5 –41.4 –25.1 –52.1

Libya 71.6 69.2 101.8 29.6

Madagascar –65.4 –72.2 –73.2 –75.1

Malawi –71.5 –64.6 –62.3 –83.8

Morocco –36.9 –63.6 -49.5 –59.4

Mozambique –44.5 –43.1 -43.3 –61.6

Namibia –60.5 –69.8 –47.4 –52.0

Reunion 208.1 199.6 149.1 23.9

Rwanda –151.5 –136.3 –128.4 –123.8

Seychelles –98.7 –107.0 –68.1 –55.4

Somalia –78.7 –87.9 –61.9 –58.8

South Africa 27.0 –12.0 3.1 –18.6

Sudan –61.5 –57.7 –59.2 –58.3

Swaziland –78.4 –85.0 –89.2 –86.1

Tanzania –64.5 –55.6 –63.4 –66.2

Tunisia –13.6 –6.7 –23.2 –28.0

Uganda –70.8 –74.5 –76.9 –74.9

Zambia –16.0 –41.2 –21.7 –47.3

Zimbabwe –35.6 –51.4 –27.1 –45.8
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Table 12.3. Total Nutrient Balance in Latin America
and in Central America and the Caribbean (Henao 2002)

Country

Year (Average)

1981–85 1986–90 1991–95 1996–99

(NPK–kg/ha)

Argentina –109.1 –108.8 –105.4 –98.9

Belize –189.6 –106.3 –125.5 –143.7

Bolivia –97.4 –105.1 –132.7 –142.9

Brazil –67.7 –72.3 –79.7 –79.5

Chile –54.7 –21.1 24.5 101.7

Colombia –87.7 –55.3 –68.3 –66.0

Costa Rica –50.4 –22.7 –18.8 63.2

Dominican Rep –133.6 –85.8 –83.6 –70.0

Ecuador –68.5 –76.4 –85.4 –63.1

El Salvador –80.5 –63.9 –83.5 –78.6

French Guiana 109.6 –24.8 –86.6 –69.4

Guatemala –91.7 –77.8 –88.5 –96.1

Guyana –150.0 –108.4 –137.9 –132.0

Honduras –133.7 –132.1 –136.8 –72.9

Jamaica –120.2 –76.5 –91.2 –90.7

Mexico –33.2 –27.2 –47.1 –47.4

Nicaragua –105.5 –76.8 –93.9 –92.8

Panama –118.6 –74.1 –89.1 –67.5

Paraguay –88.7 –98.9 –116.2 –117.1

Peru –97.3 –59.2 –80.2 –63.8

Suriname –97.2 –121.7 –151.9 –83.5

Trinidad & Tobago –110.9 –163.0 –131.8 –98.5

Uruguay –35.9 –33.9 –35.8 –2.6

Venezuela 12.1 113.3 6.3 –29.2

freshwater microalgae, the elemental contents expressed as molar
stoichiometric ratios are C (125), N (19), and P (1) (Reynolds
1990), the same order of magnitude as the Redfield ratio
(106:16:1) proposed for suspended particulate matter in oceans
(Redfield 1958). The average proportions for land plants are
about 200:13:1 (although these can be much wider for woody
plants) because the need for structural tissue drives up the C con-
tent. Since the proportions of various functional groups of plants
are also relatively fixed, ecosystems too have broad proportional-
ity in their nutrient content. This has major implications: for in-
stance, it means that the cycles are inextricably linked through
shared organic molecules produced by living organisms. A pertur-
bation to one cycle is a perturbation to all.

In response to an unbalanced composition of nutrients in their
food, organisms tend to either eliminate excess nutrients or de-
velop strategies to better capture nutrients that limit their growth.
For example, in large water bodies, the efficiency of remineraliza-
tion is higher for P than for N. This causes a shift in the N/P ratio
of the available nutrients. This shift may be corrected by natural
nutrient inputs, or further modified by inputs from human activi-
ties in the watershed. The result may be twofold: first, a new
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phytoplankton community may develop, with species more
aligned to the new N/P nutrient ratio and concentration, and,
second, the C/N/P composition of the phytoplankton may
change, affecting its nutritional value for the primary consumers
and energy transfer efficiency in the food chain.

Up to the 1980s, N was considered the nutrient that limits
primary production of the world oceans. The ‘‘North Atlantic
paradigm’’—the view that oceanic primary production is under
control of dissolved inorganic N—was established on the basis of
studies mostly conducted in the North Atlantic Ocean, where
most of the marine stations were situated. However, this view of
the world oceans’ biogeochemistry has proved to be incorrect.
Multidisciplinary studies in a wider range of locations and situa-
tions have revealed the important role of other nutrients (Dugdale
et al. 1995). (See Boxes 12.1 and 12.2.) For instance, silicon is
essential for diatoms, the workhorses of the marine ecosystem,
and may be quickly depleted as an excess of N and P becomes
available. Phosphorus is required for all phytoplankton, including
for N fixation (described later), and so does not have a fixed stoi-
chiometric ratio. Interaction of the biota with the great nutrient
cycles in the oceans makes it necessary to consider each situation
with regard to potential nutrient limitation.

12.2.2 The Role of Organic Matter

Organic matter (that is, C-based compounds of biological origin)
plays several pivotal roles in determining nutrient availability to
plants. The largest labile stock of nutrients in soils, sediments, and
waters is typically contained in organic compounds. Since uptake
by plants is almost exclusively in the inorganic form, the biologi-
cally mediated process of organic matter decomposition is crucial
to nutrient availability (Parton et al. 1988).

Soil and sediment organic matter is a heterogeneous mix of
particles of partly decayed plant and animal tissues; the living bio-
mass of microbes (principally fungi and bacteria); amorphous,
decomposition-resistant high molecular weight C polymers known
as humic substances; and a small quantity of simpler, less recalci-
trant organic molecules, such as carbohydrates, amino acids, and
lipids.

BOX 12.1

Iron as an Essential Fertilizer in Oceans

A number of trace metals are required for plant growth. Most appear
to be present in sufficient quantities. However, iron is a special case
for ocean organisms as it is required in many enzyme systems, includ-
ing those in photosynthesis and in the processing of inorganic and
gaseous nitrogen. A shortage of Fe has been shown to influence the
uptake kinetics of Si(OH)4—reducing, for example, the maximal uptake
rate (Leynaert et al. 2001). Open ocean Fe enrichment experiments
found Fe to affect the initial slope of the light versus carbon uptake
curve in primary production (Barber et al. 1996).

The distribution of Fe in the oceans is poorly known due in part to
the difficulty of obtaining uncontaminated samples, as the techniques
for obtaining clean samples were developed only recently. However,
the vertical profiles of Fe often follow the same pattern as NO3 (Martin
1992). Since the NO3 profiles are the result of biological production
and regeneration, it appears that biological processes to a large extent
control the distribution of Fe also. Input of Fe from the atmosphere is
an important source of Fe, and some regions of the open ocean may
experience enhanced productivity from the occurrence of remote dust
events.
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BOX 12.2

Silicon: A Key Element Linking Land to Ocean Ecosystems

Silicon, like iron, has its major sources on land but is a critical element
in marine ecosystems. Dust atmospheric deposits allow transport from
land to oceans and other continents, with significant effects on trans-
fers of carbon to the deep ocean and neoformation of clay minerals
that regulate nutrient cycling in terrestrial ecosystems.

Sustained C storage in the ocean requires a mechanism known as
the ‘‘biological pump’’—the export of particulate organic C to the deep
ocean (Buesseler 1998). Si(OH)4 is required for building the frustule of
diatoms, the most productive and fastest growing of the phytoplankton
(Smetacek 2000). Diatoms contribute as much as 75% of the annual
primary production in coastal upwellings and Antarctic waters and
about 40 % of the global marine annual primary production (Nelson et
al. 1995) Where Si is in short supply, the plankton community is domi-
nated by small-bodied algae, whose primary production simply cycles
within the surface waters. To sink into the deep ocean waters, and thus
be sequestered for useful periods of time, C must be in larger, heavier
bodies, such as diatoms (Dugdale et al. 1995). Large areas on the
fringe of the Southern Ocean are apparently Si-limited at certain times
of the year. If we are to better understand and model the marine cycle
of C, Si has to be taken into consideration by marine biogeochemists
(Tréguer and Pondaven 2000; Ridgwell et al. 2002).

During the last decade, the Si budget of the world ocean and of
key marine regions has been revised (Tréguer et al. 1995; Nelson et
al. 1995; Tréguer and Pondaven 2000; De Master 2002). Our present
best estimate for the annual production of the biogenic Si deposited in
diatom frustules is 240 ( 40 Tmol per year for the world ocean (Nelson
et al. 1995). The estimates of the net export of biogenic Si range
between 120 and 129 teramoles (1012 moles) per year (Tréguer et al.
1995; Ridgwell et al. 2002).

In Amazonia, recycling of Si by plants allows neosynthesis of soil
clay minerals that accumulate at the soil surface forming thick micropo-
rous horizons of microcrystalline kaolinite where aluminum oxide hori-
zon should have normally formed (Lucas et al. 1993). A similar
mechanism has been observed in Mexican paramo with a perennial
grass cover (Dubroeucq et al. 2002). In that case, allophane is formed
instead of imogolite, an aluminium-rich colloid that is toxic at high con-
centrations. Soil fauna then redistribute these minerals in the upper
part of the soil profile.

Organic matter provides energy for all microbial and faunal
activities and thus allows them to build the microaggregate struc-
tures that control soil hydraulic properties and serve to further
conserve organic matter. For example, deposition of straw on the
soil surface of degraded soils of the Sahelian region attracts ter-
mites that feed on this resource and significantly improve water
infiltration and storage in the galleries and porous constructions
(Mando et al. 1997). The amorphous polymers act as reserves of
nutrients, which are sequestered in their chemical structures for
periods of centuries to millennia. Since its surface bears a signifi-
cant electrical charge, organic matter (along with clay) is the main
location on which the cationic and anionic forms of plant nutri-
ents are retained prior to uptake, without being leached out of
the soil (Jenkinson and Rayner 1977; Schlesinger 1997; Lavelle
and Spain 2001).

Agricultural practices and the policies that accompany their
evolution may have a significant impact on the role and dynamics
of organic matter in the provision of soil ecosystem services. For
example, the prohibition against burning sugarcane crop residues
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in some tropical countries will probably have an impact on the
storage of C in soils. Pasture rotation practiced in some areas aims
to reconstitute organic stocks by the annual crops by inserting
perennial grass lays that will increase organic matter stocks (Franz-
luebbers et al. 2000).

12.2.3 Nutrient Retention in Ecosystems: Buffers
and Safety Nets at All Scales

In natural ecosystems, regulation of nutrient cycling operates at
different scales of time and space, allowing the flow of nutrients
released by microbial activities to adjust to plant demand, thus
limiting losses to other parts of the ecosystems or to different eco-
systems. In natural ecosystems, this ‘‘synchrony’’ between release
of nutrients and their use by microorganisms and plants is deter-
mined by complex interactions among physical, chemical, and
biological processes. It is rarely achieved to a comparable degree
in agroecosystems, which as a result lose nutrients to aquatic eco-
systems or to the atmosphere (Cadisch and Giller 1997).

Regulation of nutrient fluxes occurs in biological structures
(‘‘self-organizing systems,’’ according to Perry 1995), which can
be observed at seven different scales, ranging from microbial ag-
gregates (Scales 1 and 2), through ecosystems (Scales 3 and 4) to
landscapes (Scales 5 and 6) and the entire biosphere (Scale 7) (La-
velle and Spain 2001; Lavelle et al. 2004), as follows.

Scale 1, microbial communities in microbial aggregates and bio-
films—At this scale, highly diverse microbial populations may
control some transformations, whereas others that rely on a low
number of species are vulnerable. For example, this is the case for
microorganisms that control nitrification (the transformation of
ammonia into nitrate, a form usable by plants), a critical step in N
cycling. The functionality of these communities is rarely impaired
by ecosystem degradations in spite of decreases in microbial diver-
sity reported in some cases. The most sensitive function may be
nitrification, since it is operated by a relatively small, diverse
group of microbes. The risk to this function seems to be very
limited, although it is speculated that threshold effects might be
observed in some conditions.

Scale 2, microbial loops involving microbes and their micro-predators
in soil and sediment aggregates, leaf packs, and freshwater systems or
water columns—These are rarely severely impaired, although
changes in soil nematode communities, and in microbial abun-
dance and composition, have been observed in response to ag-
gressive land use practices such as agricultural intensification
(Bongers 1990; Yeates 1994). When larger-scale regulating sys-
tems are impaired, the diversity and abundance of the micro-
predator food web (protozoa, nematodes, and acari in soils;
specific invertebrate microplancton in fresh water and seas) may
affect parameters of nutrient cycling, such as C and N mineraliza-
tion (DeRuiter et al. 1993), through changes in their regulation
of microbial activities. An index of soil ‘‘maturity’’ has been pro-
posed to evaluate the functionality of this compartment (Bongers
1990). Clear changes in its communities have been observed, al-
though effects on nutrient cycling have been reported only in
laboratory experiments.

Scale 3, physical structures of animals and roots that have an impact
on sediments and soils by their bioturbation effects—Mutually beneficial
interactions with microflora and indirect effects of organisms that
create the soil architecture by producing solid bricks of associated
soil particles (called aggregates) and pores of different sizes and
shapes (such as galleries, burrows, and interaggregate voids) allow
regulations of nutrient cycling at different nested scales of time
and space (Lavelle and Spain 2001).
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For example, digestion of soil organic matter in earthworm
guts is largely performed by the microflora that was ingested with
the soil and further stimulated during the gut transit. In the case
of the tropical geophagous earthworm Millsonia anomala, 90% of
the energy thus assimilated by the worm is further spent on me-
chanical activities—the transit of huge amounts of soil (up to 20
times the weight of the worm daily; 1,000 milligrams of dry soil
per hectare per year for an earthworm community). Soil that has
transited through the earthworm guts is deposited in the soil and
at the surface in the form of globular casts that are the stable aggre-
gates that constitute most of the soil in the upper horizon. These
aggregates are microsites where C-sequestration and nutrient
conservation are active. Porosity created by these biological activ-
ities participates in water infiltration and storage and in soil aera-
tion (Lavelle and Spain 2001).

Diversity of plants and soil invertebrates may influence nutri-
ent cycling and prevent nutrient losses at the ecosystem scale,
although the generality of this process has not yet been demon-
strated nor have underlying mechanisms been clearly identified
(Chauvel et al. 1999; Tilman and Downing 1994). The function-
ality of the nutrient buffer provided by biodiversity can be evalu-
ated through indicators of soil and sediment quality based on
invertebrate communities (Velasquez 2004; Ruiz 2004). Direct
and indirect effects of soil bioturbators on nutrient cycling are
reasonably well understood, and their use as indicators of soil
quality is now well established.

Scale 4, ecosystems as mosaics of physical domains of different species
of plants and animals—Excess nutrients released in a patch may
diffuse away and be absorbed in adjacent nutrient-depleted
patches. This feature is deliberately manipulated in most agro-
forestry and agricultural systems with plants that are associated
with high nutrient needs (such as an annual crop of cereals)
planted in patches or bands to capture excess nutrients (such as
legume shrubs). Secondary successions in forests may also rely on
different timing and rates of accumulation of nutrients in adjacent
patches (Bernier and Ponge 1994). Research has proved the value
of having a mosaic of patches at different stages of the succession
(that is, a combination of patches with young, mature, and senes-
cent groups of trees), although models suggesting optimal combi-
nations of these patches do not exist.

Scale 5, landscapes or seascapes—At this scale, nutrients released
in excess from nutrient-rich ecosystem patches may be absorbed
by adjacent nutrient-poor patches. For instance, riparian forests
may absorb nutrients leaking from crop areas and thus prevent
them from entering a river system. On the River Seine in France,
25–55% of the N coming from below the root zone of agricul-
tural land or from aquifers is retained or eliminated by riparian
forest or wetlands before reaching surface waters (Billen and Gar-
nier 1999). More generally, it is estimated that wetlands on aver-
age intercept 80% of N flowing from terrestrial systems (although
figures vary due to temperature and size of the area; see Chapter
7). Again, there is ample empirical evidence of the efficiency of
these buffers, although predictive models do not exist (Krug 1993;
Haycock et al. 1993).

Scale 6, river basins, oceanic biogeochemical provinces, terrestrial bi-
omes—At this scale, climatic factors (such as ambient temperature
or the level of water in terrestrial systems) regulate the overall
rates of biological activities and chemical transformations. Or-
ganic matter produced in warm surface layers of aquatic bodies
descends to cold, deep strata, where consumers are not active due
the lack of light. Specific mechanisms of thermal convection and
deep ocean currents driven by temperature-, salinity-, and density-
induced gradients move nutrient-rich deep ocean water to the
surface, where potential consumers are active.
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Scale 7, the biosphere—Global atmospheric and oceanic circula-
tion created by the redistribution of energy at the Earth’s surface
determines distribution of nutrients through various mechanisms,
including deposition of atmospheric dust and nutrient conveyer
belts associated with major currents in the oceans. The variation
in nutrient concentrations in different basins of the world’s oceans
has its origin in the circulation of the water between the ocean
basins, driven by changes in heat input at the ocean surface and
changes in salinity from variations in river inputs to the different
basins. The macro-circulation of the oceans has been described as
a ‘‘conveyer belt’’ (Broecker and Peng 1982), wherein deep water
formed in the north Atlantic sinks and makes its way through the
Antarctic and then north into the Pacific and Indian Oceans. As
it flows, it receives organic particles formed by primary produc-
tion and fecal pellets formed by grazing by zooplankton that are
traveling in the opposite direction. This counter-current ex-
change mechanism results in increasing nutrient concentrations in
the deep water as it travels westward from the Atlantic Ocean.

The scale structure is hierarchical, with each scale comprising
the sum of the elements present in smaller scales. Effects at small
scales are accumulative, and their effects are additive at larger
scales. Impairment of services at one scale is likely to be caused,
at least in part, by changes at a smaller scale, and it is at these
smaller scales that interventions are most effectively targeted in
order to tackle the causes of large-scale trends. Interventions at
larger scales generally are only able to mitigate the effects of
change in the short term.

The existence of different levels of buffers at nested scales also
has the potential to reduce the vulnerability of nutrient cycling
services, since different options exist to support the services.
Damage occurring at lower scales, such as accidental loss of soil
fauna that aerate soil (earthworms, for instance), may not have
immediate or lasting effects, since soil structures created by these
invertebrates may last long enough to enable populations to be
restored if the disturbance is not too severe.

However, sometimes disturbances have multiple effects that
accumulate over time and space, causing the system to collapse.
Highly intensive land management for crop production, for ex-
ample, can have detrimental effects at Scales 2–5, reducing soil
fauna and root diversity (Scales 2 and 3) through use of pesticides
and tillage (Lavelle and Spain 2001), homogenizing the ecosystem
at plot scale (Scale 4) through use of monocultures, and simplify-
ing the landscape composition through the use of fewer crop vari-
eties (Scale 5). Precise data on the degree and duration of impacts
that will lead to irreversible effects, such as soil and sediment ero-
sion or replacement of native by invasive species of invertebrates,
and other severe consequences for biodiversity and the vulnera-
bility of the system are currently lacking. At present, only indica-
tors of soil quality allow us to compare different sites and states
and to evaluate trends.

12.2.4 Soil Erosion

Soil erosion is one of the key processes underlying land degrada-
tion and desertification. Erosion affects nutrient cycling and re-
duces the fertility of the soil through a reduction in the pool of
available nutrients. Soil erosion results in drastic modifications to
the structure as well as the biological and chemical properties of
the soil matrix. The resulting dust and sediments have off-site
impacts that may be as large, or larger, than the loss of production
sustained on the eroded site. Persistently high rates of erosion
affect more than 1.1 billion hectares of land worldwide (Berc et
al. 2003; Jacinthe and Lal 2001), redistributing 75 billion tons of
soil (Pimente et al. 1995) with 1.5 to 5.0% C-content (Lal 2001).
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When nutrient-rich topsoil is transported from one place to an-
other, nutrients are redistributed over the landscape. In the proc-
ess, some is lost to riverine systems and eventually to the ocean,
with major off-site economic and human well-being conse-
quences, such as silting of reservoirs and eutrophication of lakes.
On the other hand, dust deposits transported in the high atmo-
sphere from Africa to North America are likely to stimulate the
formation of new clay minerals in highly weathered soils and con-
tribute (in other regions) to fertilization of nutrient-deficient ma-
rine areas. (See Figure 12.1.)

Erosion reduces the potential to sequester atmospheric CO2 in
soils by reducing the primary productivity. Exposure of subsurface
layers to near-surface environments results in acidification of carbon-
containing layers in most soils (Lal 2003). Soil erosion is the main
way in which stable, mineral-associated soil organic C is translo-
cated in large quantities into aquatic systems (Starr et al. 2000).
The organic matter can end up in anoxic environments, where it
is better protected than on land, and the accompanying nutrient
fluxes may increase aquatic primary productivity. Thus not all C
in eroded soil is returned to the atmosphere immediately, but the
net effect is likely to be carbon emissions.

12.2.5 Input and Output Processes

Ecosystem nutrient balance is the net result of inputs minus out-
puts. Negative and positive balances are ultimately unsustainable.
The magnitude and duration of nutrient imbalance that can be
tolerated is determined by an ecosystem’s buffering capacity. This

Figure 12.1. Global Dust Deposition. Estimates of global dust emissions can be derived from dust cycle models combine with remote
sensing. The output of one such model, GOCART, is shown here, along with validation data for 16 locations. The estimates from a variety of
models range from about 1,000 TG/yr (Tegen and Miller 1998) to 3,000 Tg/yr (Mahowald et al. 1999), for particles with radii of less than
10�m. The often-cited wider range of global dust emissions of 60–3,000 Tg/yr (Duce 1995) is partly based on such model estimates, and
partly on extrapolations from very limited regional measurements. A central value of 2,000 Mt/yr global dust deposition appears reasonable.
It excludes the small-scale transport of larger soil particles, which do not remain airborne for long. To obtain estimates of nutrient deposition
from these, the dust deposition can be multiplied with the crustal abundance of the elements: O : 46.6%; Si : 27.7%; Al : 8.1%; Fe : 5.0%;
Ca 3.6%; Na : 2.8%; K : 2.6%; and Mg 2.1%. These averages neglect regional variability, which is not well determined for dust aerosol. For
the nutrients deposited with the dust, the bioavailability of the substances in the dust must also be considered, which in the case of iron is
estimated to range between 1 and 10% (e.g., Fung et al. 2000). Thus the upper limit of biologically active Fe transport from land to the
oceans as dust is 2,000 x 0.05 x 0.1� 10 TgFe/yr, and the lower limit is probably around 0.5 TgFe/yr. (Tg � 1012g)
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is roughly indexed to the size of the nutrient stocks, divided by
the normal net flux, which gives the turnover time.

Input of nutrients to ecosystems occurs through five processes.
First, weathering from geological sources generally produces rela-
tively small quantities of nutrients over long periods of time but
is nevertheless an important input mechanism that sustains the
levels of P, potassium, iron, aluminum, sodium, and silicon in
natural ecosystems. The nature and composition of bedrock, in
interaction with the climate, largely determines the flux. In all
cases, this flux decreases with the age of the weathering surface.
The rate at which anions are liberated through weathering deter-
mines the long-term capacity of ecosystems to absorb acid deposi-
tion, an ecosystem service of major importance in regions
downwind of anthropogenic sources of NOx and SO2.

Second, atmospheric input of nutrients can occur through wet
or dry deposition of elements previously released to the atmo-
sphere by fires (biomass or combustion of fossil fuels), intensive
farming practices (such as pig farms or cattle feedlots), and wind
erosion. Atmospheric inputs have been substantially increased by
human activities.

Third, biological processes include the fixation of atmospheric
C (CO2) through photosynthesis, and atmospheric N (N2)
through biological N fixation.

Fourth, nutrients can be released from the biomass of mobile
organisms that enter an ecosystem and suffer mortality. This also
occurs through the lateral transfer of nutrients, primarily in water
flows. The burgeoning human trade in agricultural and forest
products is now a significant pathway of nutrient transfer glob-
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ally—some of it from the nutrient-depleted developing world to
the nutrient-saturated industrial world and, on a smaller scale, be-
tween rural and urban ecosystems.

Fifth, direct anthropogenic inputs occur through fertilization
practices used in intensive agriculture and through the release of
human sewage and livestock wastes.

The output of nutrients from ecosystems also involves five
processes. Soil erosion is the main mechanism whereby nutrients
are transported in large quantities from terrestrial to aquatic eco-
systems. Although a natural process of soil rejuvenation, erosion
is typically accelerated to many times above the long-term ‘‘natu-
ral’’ rate in systems where cultivation, overgrazing, and vegetation
clearance are practiced. The essential nutrients that are most af-
fected by erosion are C, P, K, and N.

Second, leaching is the vertical flow of water in the soil profile
that transports significant amounts of nutrients in solution from
the soil system into groundwater and thence laterally to rivers,
lakes, and oceans. Leaching losses of nutrients are highest in culti-
vated or disturbed systems.

Third, gaseous emissions of CO2, CH4, and CO (among other
gases) to the atmosphere result from the decomposition of organic
matter, including digestion by animals, and the vastly accelerated
decomposition that occurs in fires. Processes related to the con-
version between inorganic forms of N lead to emissions of N2,
N2O, NO, and NH3. Phosphorus has no significant gaseous forms
in most ecosystems. Anthropogenic activities, such as ploughing,
fertilization, fossil fuel burning, flooding, drainage, deforestation,
and changes to fire regimes, have altered the amounts and propor-
tions of emissions of nutrients to the atmosphere. This is the ulti-
mate underlying cause of contemporary climate change and air
quality deterioration.

The fourth output source is the emigration of fauna or the
harvest of crop, forest, fish, or livestock. As noted earlier, export
from one ecosystem generally means import to another.

Fifth, the effective permanent removal of nutrients from the
biosphere only occurs at a slow rate and through a small number
of processes. For instance, for the atmospheric concentration of
CO2 to stabilize at levels that will not cause dangerous climate
changes, anthropogenic carbon emissions must drop, within the
next few centuries, to a level determined by the long-term se-
questration sinks to a few teragrams (million tons) of carbon per
year (Prentice et al. 2001).

12.3 Global Nutrient Cycles

12.3.1 The Global Nitrogen Cycle

There have been extremely significant changes in the global ni-
trogen cycle in the last two centuries, and N inputs to the global
cycle have approximately doubled in this time. (See Figures 12.2
here and 12.3 in Appendix A.) Although most aspects of this bal-
ance have been assessed with a high level of accuracy (fertilizer
inputs, atmospheric deposition, inland N fixation), a large uncer-
tainty remains regarding the extent of N fixation in oceans, as
explained later. Three processes are primarily responsible for the
increased flows of N in the global cycle.

First, industrial-era combustion, especially of fossil fuels, has
increased the emission of reactive N gases (NOy) to the atmo-
sphere, where they participate in the production of tropospheric
ozone (the main harmful component of air pollution) before de-
positing, as a gas, as nitric acid dissolved in precipitation, or as dry
aerosols on land or sea. Because of the reactivity of the gases, the
impact is restricted to a region of up to about 1,000 kilometers
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downwind of the source. Worldwide deposition of N as wet or
dry deposits, in the form of NO3

� or NH4
� ions, is especially

concentrated in regions with farm cattle production. Highest de-
position rates reach 50 kilograms per hectare per year, with local
maximums of up to 100 kilograms in Europe, North America,
China, and India, as well as Southwest America, Colombia, and a
few regions in Africa (see Chapter 9). In other places, the recent
rise in deposition (compared with the beginning of the twentieth
century) has remained limited.

Initially, N deposition stimulates net primary productivity,
since N is the most widely limiting nutrient in terrestrial ecosys-
tems (largely because it is so readily lost by gaseous emission or
leaching). Once the capacity of the recipient ecosystem for N
inputs is reached (a point known as N saturation, indicated by a
sudden increase in nitrates in water draining from the system),
the excess is leached into adjacent rivers, lakes, and coastal zones,
causing eutrophication. This can lead to biodiversity loss in both
terrestrial and aquatic ecosystems, and, in severe cases, net primary
production may decline (Schulze et al. 1989). However, given the
moderate rise in N use predicted, the minor contribution to plant
growth that Nadelhoffer et al. (1999) have calculated should re-
main limited. According to Frink et al. (2001), this should pose
little hazard to biodiversity.

Second, the invention of the Haber-Bosch process for con-
verting atmospheric N2 to ammonia laid the foundation for the
exponential growth in N fertilizer use in the second half of the
twentieth century. It enabled the high-yielding crops of the
Green Revolution, which brought about a large increase in the
production of relatively cheap food and improved the well-being
of millions of people. However, less than half of the applied N
fertilizer finds its way into the crop plant. The remainder leaches
into water bodies or returns to the atmosphere, most benignly as
N2, but some as the powerful and long-lived greenhouse gas N2O,
which is also involved in stratospheric ozone depletion. The at-
mospheric concentration of N2O has been rising by roughly 0.8
parts per trillion per year (0.25%) during the industrial era, largely
through this mechanism. In 1998, it averaged 314 ppt, up from a
preindustrial level of 270 ppt (Prather et al. 2001). (See also Policy
Responses volume, Chapter 9.) The present trend indicates a pla-
teau may have been reached, although some models predict future
increases. Whichever model is correct, no decrease is expected,
since human population seems to have already exceeded the max-
imum number that can be supported without chemical fertilizers.

Third, the natural process of biological N fixation has been
harnessed for agricultural purposes. Worldwide plantings of N-
fixing crops, such as soybeans, now capture about 40 teragrams of
nitrogen a year, an ecosystem service worth several billion dollars
annually in avoided fertilizer costs and contributing substantially
to human nutrition. The negative consequences are ultimately
similar to those resulting from industrial N fixation: increased
emissions of N2O and leaching of N from the land into water
bodies once organic N has been mineralized. In addition, severe
acidification of soils following repeated harvests of N-fixing crops
can occur, unless balancing quantities of cations are added (Pate
1968). Increase in N fixation is still considered important for sus-
tained agricultural production, and is set to continue.

In marine ecosystems, estimates of N fixation by organisms
vary by more than tenfold, ranging from less than 30 to more
than 300 teragrams per year (Vitousek et al. 1997). There is spec-
ulation, supported by some evidence, that biological N fixation
through the cyanobacterium Trichodesmium has increased during
the modern era as a result of increased iron fertilization by wind-
borne dust (Moore et al. 2001).
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Figure 12.2. Key Pools, Fluxes, and Turnover Times in the Global Nitrogen Cycle as Modified by Human Activity. The turnover times
are represented in parentheses. The size of the pools (i.e., the stocks in a particular form) are all expressed as TgN, which equals 1012g of
nitrogen in elemental form, or a million tons. The fluxes or flows between pools are in TgN/yr. Pools where the flows in and out are small
relative to the size of the stock have a slow turnover time—in other words, they change slowly, but are also slow to mend once altered. The
solid arrows represent the basic ‘‘natural’’ (i.e., preindustrial) cycle. The grey arrows and boxes represent the new or enhanced flows and
accumulations caused by human activity. The width of the arrows is approximately proportional to the flux rates. It is clear that the addition
of a major new flux from atmosphere to land, by way of industrial and crop nitrogen fixation, has created an imbalance leading to increased
flow to the ocean, in the process contributing to eutrophication of rivers and lakes. Some of the nitrogen oversupply leads to increased
emissions of N2O and NOy, which are increasing in the atmosphere, contributing to global warming, tropospheric pollution, and stratospheric
ozone depletion. (Reeburgh 1997; Prather et al. 2001; Brasseur et al. 2003)

Part of the accumulated N is eliminated in gaseous forms
through the denitrification process. Although it resembles a natu-
ral mitigation of eutrophication, nitrous oxides produced from
fertilizer denitrification account for 6.9 teragrams of N per year,
representing a flux of 56% increase in total denitrification from
terrestrial ecosystems. Furthermore, 20–32 teragrams in gaseous
forms are released to the air each year through combustion, creat-
ing atmospheric pollution. (See Chapter 13.)

The overall N budget on Earth has thus been significantly
modified. In preindustrial times, the annual flux of nitrogen from
the atmosphere to the land and aquatic ecosystems was estimated
at 90–140 teragrams of N per year. This was more-or-less bal-
anced by a reverse ‘‘denitrification’’ flux. Production and use of
synthetic nitrogen fertilizer, expanded planting of nitrogen-fixing
crops, and deposition of nitrogen-containing air pollutants to-
gether create an additional flux of about 210 teragrams a year,
only part of which is denitrified (Vitousek et al. 1997). This 210-
teragram increase can be attributed to chemical fertilizers (80),
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biomass burning (40), N-fixation in legume crops (40), fossil fuel
combustion (20), land clearing (20), and wetland drainage (10).

12.3.2 The Global Phosphorus Cycle

The lithosphere is the ultimate source of all phosphorus in the
biosphere. (See Figure 12.4.) Paradoxically, while apatite (the nat-
urally occurring phosphate rock) is one of the most easily weath-
ered primary minerals, P is amongst the least biologically available
major nutrients. This is because the forms of phosphorus in the
biosphere are poorly soluble, immobile, or otherwise inaccessible.

As a result, P occurs in sufficient supply in young, arid, and
neutral soils, although with some exceptions, depending on the
nature of the parent material. On the other hand, P often co-
limits (with N) plant and animal production on old, highly
weathered soils, such as those that dominate tropical Africa, South
America, and Australia. Since NH4

� and NO3
� are both more

readily leached out of soils than phosphate, freshwater and some
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Figure 12.4. Schematic Diagram of Main Parts of Global Phosphorus Cycle. Pools are in TgP, fluxes in TgP/yr, and turnover times are
in years. The grey arrows are the fluxes that are entirely or partly anthropogenic. P is building up in terrestrial soils as a result of P fertilizers,
and is leaking into rivers, lakes, and coastal waters, where it is the main driver of eutrophication. (Reeburgh 1997; Carpenter et al. 1999)

coastal ecosystems are typically more responsive to increases of P
than of N, making P the principal driver of eutrophication in
lakes and estuaries. Phosphorus is transported principally adsorbed
onto or absorbed into soil particles rather than in solution. In
addition, where intensive animal husbandry is practiced, P can be
lost in large quantities in surface runoff. As such, phosphorus in
fact does not strictly cycle (other than in very long geological
time frames) but follows a one-way path from terrestrial to aquatic
systems. Return from marine systems to land in the form of bird
guano, although sometimes locally important, is a very minor flux
in total.

The availability of P in landscapes where it is scarce is greatly
enhanced by biological processes. Specialized symbiotic fungi,
known as mycorrhizae, transfer P from inaccessible forms to the
plant and help to reduce leakage of P from the system. There is
widespread empirical evidence that low P availability constrains
biological N fixation (Smith 1992) contributing to the co-limitation
just mentioned. However, the mechanism resulting in this con-
straint remains poorly understood (Vitousek et al. 2002).

Figure 12.4 shows the contemporary and preindustrial global
P cycles. The contemporary cycle is not in balance. As a result of
the large P inputs from the lithosphere, mainly through phosphate
mining, and accelerated weathering as deep soil is exposed as a
result of surface erosion, P is accumulating in terrestrial ecosys-
tems in both the industrial and developing world (with some con-
spicuous exceptions, such as most of sub-Saharan Africa). The
main mechanism by which the P leaves the land and enters fresh-
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water ecosystems is soil erosion. Agricultural P is the principal
driver of eutrophication. P concentrated in sewage effluents and
animal and industrial wastes, including P-containing detergents,
makes a relatively small global contribution (Bennett et al. 2001),
although it may be important locally. For example in the United
States 36% of sewage sludge is applied to the land, with the rest
going to landfills, incineration, or other ‘‘surface disposal’’
methods.

Because the amount of P accumulated on land is large, and
the processes of release are relatively slow but hard to prevent,
this problem is highly likely to grow substantially in the coming
decades. However, the rapid increase in no-till agricultural sys-
tems in several parts of the world and an increasing trend to incor-
porate buffer strips or hedgerows in agricultural landscapes may
help to mitigate the problem significantly in some areas. For ex-
ample, in the United States in 1989, 3% of cropland was no-till;
in 1998 it was 16.3% (20 million hectares). In Brazil, 3% of crop-
land was no-till in 1990 and in 1998 it was 25% (10 million hect-
ares). In Argentina, the figure was 2% in 1990 and 28% (6 million
hectares) in 1998. And in Australia, the no-till area jumped from
0.1% in 1990 to 50% (10 million hectares) in 1998. (Eutrophica-
tion is dealt with extensively later in this chapter.)

12.3.3 The Global Sulfur Cycle

In many respects the sulfur cycle parallels the nitrogen cycle, ex-
cept for a significant input from the lithosphere via volcanic activ-
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ity and the absence of a biological process of S fixation from the
atmosphere to the land or water. (See Figure 12.5.) The main
human perturbation to the global S cycle is the release of SOx

(SO2 plus a small amount of SO3) to the atmosphere as a result of
burning S-containing coal and oil and the smelting of sulfite ores.

SOx gas impairs respiration in humans at high concentrations
and is moderately toxic to plants. Other S gases, such as H2S and
mercaptans (sulfur-containing organic chemical substances), are
not very toxic but are highly offensive to human olfaction even at
low concentrations. Consequently, S-containing gases are usually
vented from tall smokestacks in order to be widely diluted at
ground level. Coupled with the simultaneous removal of ash par-
ticles from the smoke, this contributed greatly to the emergence
of the ‘‘acid rain’’ deposition problem in the twentieth century
(Smil 1997). Sulfuric acid is one of the major components of acid
deposition, along with nitric acid, carbonic acid, and various or-
ganic acids. In preindustrial times it was largely neutralized by
the simultaneous deposition of alkaline ash. High increase in S
deposition (22–47 teragrams per year) has led to a situation where
this compensation is no longer operating.

In the atmosphere SOx forms SO4
2�, a crystalline aerosol that

acts as a powerful nucleus for cloud condensation and helps to
retard climate change. The sulfate dissolves in rainwater, forming
dilute sulfuric acid, and is deposited on Earth’s surface in wet
or dry form, the proportions of which depend on the prevailing
climate.

Figure 12.5. Main Pools and Fluxes in Global Sulfur Cycle. Pools are in TgS, fluxes in TgS/yr, and turnover times in years. The solid
arrows represent the preindustrial cycle, while the grey arrows and boxes show the human additions, circa 2000. Emissions of S from burning
fossil fuels and smelting ores are the main causes of increased S deposition, which accumulates in soils, leading to acidification of the soils
and particularly of poorly buffered freshwater bodies draining from them. (Reeburgh 1997; Brasseur et al. 2003)
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Damage to ecosystems results not so much from the direct
effects of acid, SOx, or SO4

2� on plants (S, in small doses, is a
fertilizer), but from the direct effect of leaching of SO4

2� from soil
in drainage. To maintain electrical neutrality of drainage, cations,
principally Ca2�, are lost; the resulting acidification brings Al3�

and H� into solution (Galloway 2003). The Al3� ion impairs nu-
trient absorption, especially phosphorus uptake, by the roots of all
but a very specialized group of plants. It is also highly detrimental
to aquatic organisms and ecosystems. Soil, river, and lake acidifi-
cation is extremely difficult and expensive to remedy. The buffer-
ing capacity of the ecosystem, which is related to soil depth, soil
chemistry, and weathering rate, provides an ecosystem service
worth billions of dollars, both in avoided damage and mitigation
actions. The capacity of this service is, however, finite and easily
exceeded.

As a result of severe human health problems associated with
SO2 in urban smog and concerns regarding ecosystem health in
areas exposed to high loadings of acid deposition, sulfur has been
progressively reduced or eliminated from industrial, domestic, and
transport sector emissions in Europe and North America. This has
been achieved by switching from high-S coal and oil to lower-S
fuels and by installing flue-gas desulfurization equipment. This has
been so successful that S deposition has declined to such an extent
that sulfur is now becoming a limiting nutrient in many parts of
Europe. The result is that N deposition, resulting from vehicular,
industrial, and agricultural emissions, has now become the major
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component of acid deposition in these regions. A perverse conse-
quence of this is that global warming will increase by about 0.3
watts per square meter (about 10%) as the anti-greenhouse effects
of sulfate aerosols diminish (Ramaswamy et al. 2001).

However, sulfur emission reduction is not widely practiced in
the emerging industrial areas of the world: China, India, South
Africa, and the southern parts of South America. A global assess-
ment of acid deposition threats (Kuylenstierna et al. 2001), based
on a combination of emission locations, wind transport patterns,
and the buffering capacity of soils in the receiving regions, sug-
gests that tropical ecosystems in the developing world are at high
risk of acidification. (See Figure 12.6 in Appendix A.)

12.3.4 The Global Carbon Cycle

The global carbon cycle has been assessed recently and compre-
hensively by the Intergovernmental Panel on Climate Change
(Prentice et al. 2001) because of its centrality to the issue of global
climate change. This chapter will not repeat that work nor the
discussion of C-climate interactions covered in Chapter 13 on air
quality and climate. Suffice to say here that the global C cycle is
currently out of balance (see Table 12.4), principally as a result of
the burning of fossil fuels, but also due to the conversion of high
C-density natural ecosystems, such as forests and grasslands, to
lower C-density agroecosystems. It should be noted that the C
cycle has been perturbed by about 13% relative to its preindustrial
state, compared with figures of 100% or more for the N, P, and S
cycles (Falkowski et al. 2000).

There is an important interconnectivity between the cycles of
N, P, S, Fe, and Si and the C cycle (Mackenzie et al. 2002).

Table 12.4. Stocks of Carbon in Major Compartments of the Earth System and Their Residence Times. The Table indicates change in
carbon stocks per year in the 1990s as a result of imbalances in the cycle caused by human emissions of 6.4 � .6 PgC from the burning of
fossil fuels, and 1.4–3.0 PgC from land use change. (Reeburgh 1997; Prentice et al. 2001)

Components Stock Residence Time Accumulation Rate 
(PgC) (years) (Pg/year)

Atmosphere CO2 750 3–5 3.2 ± 0.2

Land biota plants 550–680 50 land net uptake 
1.4 ± 0.7Soil peat 360 >105

inorganic carbonates 1220

microbial biomass 15–30 <10

POC 250–500 <102

amorphous polymers 600–800 102–105

Lakes and rivers sediments 150 10–1–103 ?

Lithosphere kerogen 15 x 106 >>106

methane clathrates 11 x 103 –

limestone 60 x 106 –

Ocean: surface DOC 40 – oceanic net 
uptake 1.7 ± 0.5POC 5 –

living biomass 2 10–1–101

Ocean: deep DIC 38,000 ~2 x 103

DOC 700 5 x 103

POC 20–30 101–102

sediments 150

Notes: 1 Pg = 1015g = 1 billion tons
Kerogen consists of coal, oil, gas, and other lower-grade fossil carbons such as lignite and oil shales.
Clathrates are a solid form of methane hydrates found at depth in ocean sediments.
DIC: dissolved inorganic C; DOC: dissolved organic C; POC: particulate organic C.
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Human actions have significantly perturbed those cycles, and this
has knock-on effects on the C cycle due to considerations of stoi-
chiometry and the co-limitation or regulation of key processes.
Mechanisms such as N fertilization and the sequestration of C in
deep oceans through the ‘‘biological pump’’ contribute an uncer-
tain but large proportion of the � 4 billion tons per year carbon
storage service that the biosphere currently provides (Prentice et
al. 2001). Some key processes, such as N and CO2 fertilization of
terrestrial ecosystems, are highly likely to reach saturation, possi-
bly during this century (Scholes et al. 2000).

The global fixation of carbon through photosynthesis has been
suggested as a general index of the health of both terrestrial and
aquatic ecosystems, all other conditions of temperature, moisture,
and nutrient supply being equal (Schlesinger 1997). Global indices
of this type (such as the Normalized Differential Vegetation
Index) are now available and show an increase in biomass in the
high northern hemisphere latitudes, consistent with climate
change, and no overall trend (but high interannual variability) in
the sub-tropical deserts. They also reveal large areas of algal
blooms in coastal areas, especially those that are semi-enclosed,
such as the China Sea, indicating eutrophication.

12.4 Consequences of Changes to Nutrient
Cycles
Alterations of nutrient cycling include situations of nutrient ex-
cess, leading to eutrophication of soils and water bodies, and nu-
trient deficiency linked to soil exhaustion and some specific
natural situations in oceans.
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12.4.1 Nutrient Excess in Fresh and Marine Waters

As noted earlier, a major consequence of fertilizer inputs and at-
mospheric deposits, and of impairment of buffers and regulatory
mechanisms at all scales, is eutrophication of aquatic systems—
both fresh and saline waters. (See Chapters 19 and 20 for more on
coastal and inland water systems.)

12.4.1.1 Eutrophication of Aquatic Ecosystems
Eutrophication is the fertilization of surface waters by nutrients
that were previously scarce (Carpenter et al. 1999). In the 1960s
it became obvious that a change was occurring in many lakes
and reservoirs, especially in industrial countries, resulting from an
increase in their nutrient load. This was a consequence of human
activity, with increased inputs of urban and industrial wastewater
and agricultural runoff containing mainly C, N, and P. The prob-
lem is now apparent in many coastal areas as well. Eutrophication
is regarded as the most widespread water quality problem in many
countries (OECD 1982; NRC 1992; Nixon 1995; Carpenter et
al. 1998; Howarth et al. 2000). (See also Box 12.3.)

Eutrophication leads to many changes in the structure and
function of aquatic ecosystems and thus the services they provide.
The symptoms of eutrophication are well known: increase in
phytoplankton, benthic, and epiphytic algae and bacterial bio-
mass; shifts in composition to bloom-forming algae, which may
be toxic or inedible; development of rooted macrophytes and
macroalgae along the shores; anoxia (oxygen depletion) in deep
waters; increased incidence of fish and shellfish mortality; de-
creases in water transparency; taste, odor, and water treatment
problems; and in coastal areas, coral mortality. Such characteristics
are detrimental to many water uses, including for drinking, fish-
eries, and recreation. Although possible, remediation measures are
costly, and mostly consist of reducing the inputs of nutrients to
tolerable levels.

Most attention has focused on P inputs rather that on N or C,
because P is often the element limiting the growth of aquatic
biota in temperate freshwater environments. Phosphorus is less
abundant than N in fresh waters relative to plant needs, and its
concentrations are reduced to very low levels by uptake during
the growing season. It is therefore P that often regulates the extent
of algal and other plant development in the aquatic environment.

BOX 12.3

Case Study of Eutrophication of Inland Waters: Lake
Victoria, East Africa

Observations in 1990–91 in the center of Lake Victoria have been
compared with data from 1960–61 (Hecky et al. 1994). The results
indicated a stronger stratification, with less oxygen in a greater part of
the deep zone of the lake. This eutrophication process results mainly
from an increase of human activities in the watershed, with increased
inputs of nutrients linked with urbanization, deforestation, and cultiva-
tion. Some shift in the phytoplankton population has also occurred. The
increase in nutrients first led to an increase in diatoms. The resulting
depletion in dissolved silicon promoted a shift in the diatom species
and finally the establishment of blue-green alga (Cyanophycea)
(Verschuren et al. 1998). Introduction of alien fish species such as
Lates niloticus (Nile perch) and four species of Oreochromis (tilapia)
also contributed to a strong modification of the trophic food web, with
probable feedback on the phytoplankton community, as well as the fish
community, with a strong decrease in the number of the endemic cich-
lids species (Lévêque and Paugy 1999).
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A debate took place during the 1970s on the possible reduc-
tion or ban of P in detergents as a means of reducing the eutrophi-
cation of lakes. The pro-P argument relied on the small fraction
of P load resulting from the detergents as compared with other
urban or agricultural sources (Lee and Jones 1986). While phos-
phorus use has been totally banned in some countries (in Switzer-
land and some states of the United States), and partial restrictions
occur in others, the use of high-P detergents is unrestricted in a
number of other countries.

Agricultural production in some countries is not keeping pace
with the increase in food demand. (See Chapter 8 for more on
food production). Although in sub-Saharan Africa and Latin
America a significant part of the required increase in cereal pro-
duction could result from an increase in the cultivated area, the
increase would transform land that is currently supplying other
ecosystem services. Increase in food production is also possible
from higher yields in existing agricultural areas (Pinstrup-Anderson
1999). This will require the development of more-sustainable
practices making a better use of natural biological processes (Swift
and Woomer 1994) and an increased use of fertilizers, which
could be mitigated by an improvement in the efficiency of their
use.

In Western Europe or North America, the quantity of fertil-
izer applied today is the same as it was in 1970, whereas the aver-
age yield of wheat, for example, has more than doubled.
Assuming a slowdown in the growth of world population and
crop production and an improvement in fertilizer use efficiency,
it is forecast that total fertilizer use will have to increase from the
present level of 140 million tons N�P2O5�K2O to 167–199
million tons per year by 2030, meaning annual growth rates of
0.7–1.3%. This compares with an annual rate of increase over the
past 30 years of 2.4% (FAO 2000). A significant part of the in-
crease in P fertilizers may enter the aquatic reservoir if conserva-
tion practices and erosion control are not implemented on a very
large scale.

12.4.1.2 Eutrophication and Carbon Sequestration

Elevated net primary production associated with eutrophication
would seem to favor carbon sequestration. However, when re-
cycling of C through decomposer chains prevails on sedimenta-
tion in rivers and lakes, these systems behave as sources of CO2

since their CO2 partial pressure (pCO2) is higher than that of the
atmosphere. In a survey of pCO2 in the surface water of 1,835
lakes around the world, 87 % of the samples were supersaturated
(mean pCO2 : 1,034 (atm) (Cole et al. 1994). In highly polluted
aquatic systems, the pCO2 may reach higher values, such as 5,700
(atm in the upper estuary of the Scheldt River, which receives
industrial and urban wastes from France, Belgium, and the Neth-
erlands (Frankignoulle et al. 1996).

The net global C budget of inland waters has been approached
from a different point of view. From their measurements on lakes,
Cole et al. (1994) have estimated the potential release of CO2

from lakes at about 0.14 billion tons of carbon per year, which is
about half as large as riverine transport of organic and inorganic
C to the ocean. This indicates that terrestrial systems, among
which forests are usually considered as C sinks, export some or-
ganic matter that later contributes to CO2 emission. From consid-
erations of primary production, Dean and Gorham (1998)
estimated that lakes are currently accumulating organic C at an
annual rate of about 42 teragrams a year. Most of the C in all but
the most oligotrophic of these lakes is primary production in the
lakes themselves. The sediments of reservoirs accumulate an addi-
tional 160 teragrams annually, and peatlands contribute 96 tera-
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grams annually. These three C pools collectively cover less than
2% of Earth’s surface and constitute a C sink of about 300 tera-
grams a year.

12.4.1.3 Marine Dead Zones

Low oxygen conditions in coastal marine waters are primarily the
result of enrichment in nitrogen with consequent enhanced
growth of phytoplankton. These nitrogen-fed phytoplankton sink
to the sea floor when they die, and the organic matter is regener-
ated by bacterial activity, consuming oxygen. At low oxygen con-
centrations, most marine life is unable to survive, leading to the
designation of ‘‘marine dead zones.’’ The size of these reaches up
to 70,000 square kilometers (Brian et al. 2004), and they have
been reported off South America, Japan, China, Australia, New
Zealand, and the west coast of North America. The number of
such areas has doubled every decade as more and more artificially
produced nitrogen fertilizers are used in agriculture and as human
population increases result in increased nitrogen containing sew-
age effluent.

The hypoxic conditions are seasonal in some regions, such as
the Gulf of Mexico (fed by nutrients from the Mississippi River)
and off the coast of Oregon, where low oxygen conditions have
appeared in recent years. The Oregon events are related to up-
welling conditions when north winds displace surface waters and
deep waters rise as replacements. These deep waters have high
nutrients, but in recent years have also had low oxygen content.
Benthic populations, such as crabs, are quickly affected by such
conditions and can provide useful indicators for early warning of
low oxygen.

The occurrence of dead zones and their size appears to be a
function of nitrogen inputs, which continue to grow in most parts
of the world. Denitrification (which returns nitrate to the atmo-
sphere as N2 and N oxides) takes effect only when oxygen con-
centrations are already low and so becomes effective only after
the dead zone phenomenon has occurred. In the future, this phe-
nomenon may be as important as overfishing in the decline of
fisheries. (See Chapter 18 for more on marine fisheries.)

12.4.2 Nutrient Deficiencies

A significant proportion of agricultural soils, mainly located in
developing countries, are suffering nutrient deficiencies. Similar
situations may occur in coastal and marine systems as a result of
shortage of water flow from terrestrial systems, or naturally in the
high nutrient, low chlorophyll zones, where deficiencies in Si and
Fe limit primary production.

12.4.2.1 Agricultural Soils

The fertility of any soil will decline if the nutrient content of the
harvest removed from the system (as grain, timber, livestock, and
so on) exceeds the nutrient input from natural and anthropogenic
sources. In general, the nutrient balances in the industrial world
are positive, especially for N, as crops use less than half of the
applied fertilizer, leading to the eutrophication problem just de-
scribed. In large areas of South America (Wood et al. 2000) and
Africa (Smaling et al. 1997; Sanchez 2002), on the other hand,
the nutrient balance is negative, leading to declining soil fertility.
In the case of South America, the magnitude of the imbalance
appears to be decreasing as incomes rise and farmers can afford
more fertilizer. In Africa, the cost of fertilizer to low-income
farmers is usually prohibitive.

The situation is exacerbated by two factors: ecological features
and farmers’ perception of risk in many of the poorest developing
regions. First, much of the agricultural population in nutrient-
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deficient areas lives on soils derived from basement rocks, on very
old, stable land surfaces. The P and base cation content of these
soils is inherently low; as a result, natural biological N fixation is
also low. Because the soils are sandy and low in organic C, they
lose N through leaching. Their low N status leads them to be
burned frequently (since the grass that grows on them is too low
in N for cattle to digest in the wintertime), causing further N loss.
Nitrogen is the key component of protein, and it is precisely these
areas that show a steady decline in per capita protein consump-
tion, to levels well below the recommended daily intake. The
same areas also show high levels of stunted growth associated with
malnutrition (Scholes and Biggs, in press).

Where farmers perceive that there is a risk of not achieving an
acceptable level of yield at harvest (perhaps because of drought)
to cover their input costs, they are often unwilling to invest in
fertilizers to replace nutrients like P and K removed in the har-
vested produce.

12.4.2.2 High Nutrient, Low Chlorophyll Regions of the Ocean

Large parts of the ocean are characterized by the presence of ade-
quate N and P in the euphotic zone but low phytoplankton bio-
mass and low primary and new production (Minas et al. 1986).
The best known of these regions are between the coast of Ecua-
dor out to the Galapagos Islands, the equatorial Pacific out to
the dateline, the northeast Pacific, and portions of the Southern
Ocean.

Open ocean fertilization experiments have shown the first of
these to be limited by Fe (Coale et al. 1996). Responses to Fe
additions have been observed in the Southern Ocean as well, but
with limited effects on phytoplankton productivity and growth
rates. The equatorial Pacific is chronically low in Si(OH)4 with
some secondary effects due to the relatively low Fe concentrations
(Ku et al. 1995). The Southern Ocean north of the polar front
has been identified as a low Si(OH)4 region (Dugdale et al. 1995).
The origin of this condition is now understood as the result of a
seasonal drawdown of Si(OH)4 by diatoms, which proceeds
southward over the course of the austral summer. Drawdown of
NO3 is small compared to the uptake of Si(OH)4, a condition that
may be related to low Fe (Takeda 1998). However, unusually high
Si(OH)4 uptake by diatoms can result from other processes that
slow their growth (Claquin et al. 2002).

The interest in high nutrient, low chlorophyll regions has
been sparked by the possibility of increasing their productivity
through fertilization, with relatively small quantities of Fe and/or
Si. This has been suggested as an option for slowing the increase
in atmospheric CO2. However, the scientific understanding of the
consequences of full-scale implementation of such an action re-
mains insufficient for adequate assessment.

12.4.3 Threats to the Global Marine Nutrient
Cycling System

Global marine nutrient cycling is beginning to be understood in
spite of the complex interactions among physical, chemical, and
biological processes that occur across the moving boundaries of
water masses. Several processes require examination, as each may
be a significant source of increased or decreased services in the
future.

First, N fixation seems to be enhanced when Fe and P are
added (Beherenfeld and Kolber 1999; Bidigare and Ondrusek
1996; Sanudo Wilhelmy et al. 2001; Karl et al. 1997, 2002). Since
the expansion of the Sahara in the early 1970s, the dust load has
increased nearly fourfold (Prospero and Nees 1986). Furthermore,
Tegen and Fung (1995) have shown that about half the dust
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reaching the Equatorial Atlantic is due to disturbed soil condi-
tions, and this dust contains more Fe than undisturbed desert dust.
Increased N availability is likely to increase C fixation and its
further sequestration in sediments and would therefore constitute
a positive contribution to mitigation of climate change.

Second, denitrification is considered a useful process in the
elimination of part of the N burden in estuaries and coastal areas,
whereas it may limit production in N-limited areas, as N fixation
is severely limited by Fe and Si availability (Naqvi et al. 2000;
Codispoti and Christensen 1985). This is thought to be the cur-
rent state of the world’s oceans. If so, this would imply that oce-
anic biological processes (as distinguished from the physical
dissolution of CO2 into water due to increased partial pressures of
CO2 in the atmosphere) are actually adding C to the atmosphere
instead of removing it (e.g., Falkowski 1997).

Third, increased NH4
� from terrestrial effluents inhibits the

ability of diatoms to use NO3
�. In San Francisco Bay, a long-

term decline in productivity has been ascribed to increased NH4

concentrations of anthropogenic origin (Karl et al. 2001). How-
ever, the Anamnox process (oxidization of NH4 into free N by
reaction with nitrite) is likely to mitigate the problem in anoxic
areas (Devol 2003).

Fourth, decreased productivity is linked to reduced inputs of
Si and Fe from terrestrial sources. Changes in the input of
Si(OH)4 from rivers as a result of damming and changes in farm
practices may also have an impact on the productivity of marine
diatoms (Leynaert et al. 2001). When Si(OH)4 concentrations fall
below about 2 �M, other algal groups are able to outcompete
diatoms, potentially leading to the dominance of less desirable or
even toxic bloom species.

12.5 Monitoring and Assessment
Given the large diversity of mechanisms, pools, and fluxes in-
volved in nutrient cycling, decision-makers face a large number
of different, although closely related issues. (See Table 12.5.) For
example, eutrophication of fresh water, which is mainly a conse-
quence of excessive nutrient inputs and mismanagement of wastes
at the landscape scale, is aggravated by atmospheric N deposits
and by the reduction of plant cover and biodiversity at the plot
and landscape scales. Once the pools, fluxes, or mechanisms rele-
vant to the particular issue have been identified, adequate indica-
tors or descriptors of their sizes or intensity can be identified and
monitored. (See Table 12.6.)

Although alterations in nutrient cycling are generally observed
at scales from plot to landscape and region, the mechanisms in-
volved are generally operating at much smaller scales. Efforts to
improve the general quality of nutrient cycling could improve
from fine-tuning the inputs to the needs of cultivated plants as
much as possible, in order to limit the risk of leakage from terres-
trial ecosystems to groundwater and to freshwater and marine sys-
tems, and through greater attention to the state of the various
buffering systems described earlier.

In practice, the best indicators of nutrient cycling efficiency
will be measured at the plot level (diversity and cover of plants
and indicators of quality based on soil fauna communities) and at
the landscape level (density and distribution of buffering zones
such as riparian forests, diversity of land use types in mosaics).
Links between diversity at these two scales and adequate nutrient
cycling have been observed in a number of studies (Wardle et al.
1999; Niklaus et al. 2001; Reich et al. 2001; Tilman et al. 2001).
Cover crops, diversification of land use types in time (rotations)
and space, no-tillage practices at the plot scale, and the use of
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hedgerows, riparian forests, and wetlands have all been shown to
improve the tight cycling of nutrients (Nair 1993; Palm 1995;
Entry and Emmingham 1996; Inamdar et al. 1999; Fassbender et
al. 2000).

However, with a few exceptions, the mechanisms that link
measurements of landscape features and plant and invertebrate di-
versities and so on to nutrient cycles have not been established
satisfactorily, nor have thresholds for degradation of their diversity
been established. This is in part due to a lack of extensive datasets
that would allow statistical relationships to be established. How-
ever, the apparently large time lag between the loss of biological
diversity and the impairment of soil functions might obscure sig-
nificant statistical relationships (Lavelle et al. 2004).

12.6 Implications of Altered Nutrient Cycles for
Human Well-being
Nutrient cycling and soil or water fertility play key roles in terres-
trial and aquatic systems, and these roles benefit many segments
of society. Substantial human benefits are derived directly and in-
directly from nutrient cycling and fertility services.

Principally, millions of people earn their living from the pro-
duction of commodities, such as food and other products, yielded
by terrestrial and aquatic systems. The livelihoods of many rural
households in developing countries in particular are highly de-
pendent on direct harvesting of wild foods and non-food prod-
ucts. (See Chapters 18 and 26 for more on livelihoods based on
food production.) More generally, benefits are derived directly
from the use of noncommercialized ecosystem products generated
by the fertility service of terrestrial and aquatic systems, such as
biodiversity and its services. Thus nutrient cycling and fertility are
essential for supporting the supply of farmed and wild products
and the benefits people derive from their consumption and use.

Various approaches and methods have been developed to
value nutrient cycling and fertility services. These methods can be
grouped into two broad categories: benefit-based and cost-based
approaches. (See Chapter 2.) The most commonly used benefit-
based method is the production function approach that measures
the marginal contribution of fertility to the total value of gener-
ated products after accounting for the marginal contribution of all
other inputs and factors used in the production process. Examples
of studies that have used such an approach to quantify relation-
ships include yield reduction (productivity loss) versus land degra-
dation (Aune and Lal 1995; Lal 1995). The most researched land
degradation factors are soil erosion and nutrient mining in the
United States (Hertzler et al. 1985; Burt 1981; Pierce et al. 1984),
Mali (Bishop and Allen 1989), Zimbabwe (Grohs 1994), and
Ethiopia (Sutcliffe 1993).

In principle, this method is applicable to both commercialized
and noncommercial products of terrestrial and aquatic systems.
However, it is relatively easier to apply to situations where prod-
ucts are commercially exploited and marketed and where the
value of products directly harvested from the wild for noncom-
mercial use is usually calculated using prices and values of similar
products exchanged in the market. But the accuracy and realism
of figures derived from the production function approach is ques-
tionable. A fundamental assumption of this method is that the
market prices of agricultural outputs reflect their marginal costs of
production; in most economies, market distortions (such as U.S.
and European farming subsidies) ensure that market prices are not
equal to marginal costs.

Among the most commonly used cost-based approaches is the
replacement cost method. This uses the value of commercial fer-
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Table 12.5. Problems in Ecosystem Functioning Linked to Nutrient Cycling Dysfunctions and Indicators to Assist Diagnostic.
Numbers of scales in the first column relate to classification of scales made in section 12.2.3.

Scales Dysfunction Observed Possible Diagnostic Indicators
Terrestrial 
1–2: Micro plant growth limited by unex-

pected nutrient deficiencies
microbial diversity modified

beneficial or key microorganisms (N-fixers; mycorrhizae;
white rot fungi) absent

diversity in microfoodwebs communities
(micro- and meso-fauna)

nodulation in legumes

fungal or bacterial diseases impairment of soil structure preventing optimal function of
foodweb controls

Maturity Index (Bongers 1990)

3–4 Ecosystem soil compaction and erosion

deficient water infiltration

C losses

abundance and functional diversity of plants and soil natural tillers
(earthworms, termites, ants) insufficient to allow adequate regulation of
microbial communities and soil structure

synthetic indices of soil quality (Vélasquez
2004; Ruiz-Camacho 2004)

5: Landscape groundwater and adjacent
freshwater systems loaded with
nitrates and phosphates

erosion

leakage due to dysfunction of  regulations at scales 1—4 not mitigated
by the presence of suitable buffer zones for nutrient absorption and
refugia for useful soil fauna

insufficient C supply for faunal activities

landscape metrics given by analysis of com-
position and structure of landscape

6: Global soil nutrient depletion at large
scales

unbalanced nutrient budgets for terrestrial biomes
inadequate management options

lack of formation and financial support

erosion, indices of soil quality
crop production

indicators of human development

Fresh Water

1–2: Micro algal blooms eutrophication (nutrient excess loading) OECD trophic levels (based on total P,
chlorophyll, transparency in lake water)

3–4: Ecosystem changes in fish communities

fish kills

aquatic habitat destruction; increased input of suspended solids from
land erosion

eutrophication; excess nutrient and organic matter load, pollution by
pesticides or other humanmade substances

in rivers, changes in water regime; natural
habitat diversity; invertebrates  and fish
communities structure

low oxygen in rivers and anoxia  in deep lay-
ers of lakes

in lakes, changes in hydrological
seasonality

5: Landscape decrease in inland fisheries decrease in water quality and in self-epuration capacity; increased con-
trol on river flows (dam construction, canals, regulated river, etc.)

pollution (nutrients and chemicals)

decrease in aquatic biodiversity and in
habitat diversity
changes in riparian vegetation

total N and P in water

6: Global decrease in availability of fresh
water (drinking water)

alteration of the self-epuration capacity total N and P in water

Marine and Coastal

1–2: Micro algal blooms
fish kills

changes in N-cycling microbial communities due to sewage effluents
(nutrients and heavy metals)

changes in microbial communities

3–4: Ecosystem algal blooms
fish kills
decreases in productivity;
decreased fish catches

organic matter loading producing hypoxia

reduced water and nutrient flows from
terrestrial ecosystems (damming, irrigation, industrial use of water)

low oxygen concentration

low chlorophyll concentration

5: Landscape eutrophication (algal blooms
fish kills)

habitat disturbance (landfill, mangrove/seagrasses clearing/disruption
of estuaries)

impaired regulation of populations of primary producers by fishes due
to overfishing

habitat structure in coastal environments

decreasing trend in fish catches

6: Global eutrophication in non-directly
affected areas

nutrient overloading of major current systems nutrient load in water
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Table 12.6. Biophysical Structures That Allow Regulation of Nutrient Cycling at Different Scales, Processes Involved, and Indicators
of Their Functionality

Scale

Biophysical
Structures 
(self-organizing 
systems) Process Indicators of Service Human Alterations Indicator of Alteration

Micro soil + sediments:
microaggregates
waters: water 
column

micro-
foodweb 
effects

soils: maturity index
(Bongers 1990)

all: diversity in microfood-
webs communities (micro-
and meso fauna)

organic and 
chemical 
contamination

fertilizer and 
pesticide 
application

Ecosystem biogenic structures creat-
ed by roots and bioturba-
tors

herbivory, foodweb
effects

saprophagy, comminution

incorporation in stable
aggregates

habitat creation

modified access 
to resources

regulation of hydraulic proper-
ties and organic matter dynam-
ics

acceleration of nutrient release
from living plant biomass

CH4 production in cattle guts

changes in decomposition
rates

organic matter sequestered

physical structure of soils
and sediments

bioindicators of soil quality
(Ruiz-Camacho 2004,
Vélasquez 2004)

bioindicators of 
fresh water quality
(AFNOR 1992) 

nutrient balances at plot
level

monitoring at plot level

monitoring decomposition
rates

invertebrate communities
(bioindicators of soil quality)

distribution of  organic mat-
ter in particle size fractions

organic and chemical con-
tamination

physical disruption (tillage)

conversion of natural and
crop systems to pastures

organic and chemical con-
tamination

fertilizer and pesticide
application

description of tillage and
other practices

grazing pressure

land use practices

quality of organic matter
produced by primary pro-
ducers

texture and structure of
soils and sediments; vari-
ations in ecosystem and
landscape

influence rates and pathways
of nutrient cycling and release

regulation of nutrient 
storage and release

chemical analysis of plant
material: C: nutrient ratios,
phenolic compounds

texture, nature of clay min-
erals, effective calcium car-
bonate

porosity, aggregation

change in plant cover

fertilization

sedimentation and dust
deposits

physical disruption, com-
paction of soils and sedi-
ments

N–-fixing primary 
producers; ligneous vs.
herbaceous

external inputs (fertilizers,
deposits, importation) 

texture, formation of dunes
(desert ecosystems)

tillage, grazing pressure

(continues over)

tilizers needed to maintain stable levels of productivity (or natural
fertility) as a proxy for the value of this ecosystem service. How-
ever, the replacement cost method generally underestimates the
marginal contribution of natural fertility to production, as it as-
sumes perfect substitutability between natural and manufactured
fertility. It is known that this is not the case, although economic
theory struggles to suggest the replacement value of natural proc-
esses for which no human-made process is a full substitute (see
Freeman 1993 for a further discussion of this issue).

As an illustrative approximation, the nitrogen made available
through cycling and nonagricultural biological nitrogen fixation
on land totals around 5,000 teragrams a year. Hence, at a global
average price of nitrogen fertilizer ($1,100 per ton of nitrogen),
its annual replacement value is $5.5 trillion. Even if only the cy-
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cling on agricultural fields is considered, the total annual replace-
ment value is around $1.1 trillion. Similarly, the estimate for
phosphorus is 60 teragrams a year on land, with a annual replace-
ment value of $240 billion, and of $48 billion for agricultural lands
only. As marine systems are not deliberately fertilized, such an
approach does not apply, but nutrient cycling is essential in sup-
port of coastal and ocean fisheries.

More-recent approaches to the valuation of the nutrient cy-
cling service, such as the Habitat Equivalent Analysis, although
they have not yet been applied in a comprehensive manner,
would certainly provide much lower figures (Huguenin et al. in
press). Other measures of the value of soil nutrients stocks include
user cost or resource rent estimated as the dynamic price or pro-
duction value lost to future generations from a unit of the nutri-
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Table 12.6. continued

Scale

Biophysical
Structures 
(self-organizing
systems) Process Indicators of Service Human Alterations Indicator of Alteration

Landscape vertical distribution 
in soils and water
columns

mosaic of ecosys-
tems (patches, eco-
tones, and buffering
zones)

transfers and losses

buffering zones regulating
transfer of nutrient
between domains 
(terrestrial to aquatic)

transfer from continent 
to rivers and oceans

monitoring concentrations
along soil profiles and water
columns and sediments

composition of
landscape/seascape as
assessed by remote sensing
techniques (fragmentation, 
homogeneity, shape etc.
indices)

eutrophication

erosion rates, stream discharge

intensification of agricul-
ture and forestry

urbanization

pollution

changes in landscape composition
and structure (remote sensing)

fertilizer application

detergent use

N–-fixation in agriculture and
forestry

population density

socioeconomic 
indicators (education, wealth)

Global homeostatic interac-
tions among atmo-
sphere, lithosphere,
and biosphere on
Earth

transport across oceans
(conveyer belts) and 
continents (dust deposi-
tions)

remote sensing 
measurement of dust clouds

ocean stream 
monitoring

climate change global climatic 
parameters 

ents’ stock depleted today (Hertzler et al. 1985; Brekke et al.
1999; Nakhumwa 2004).

Nutrient cycling and fertility also generate noncommercial
but nevertheless important benefits for various groups in society.
They increase the risk-buffering capacity of agroecosystems—that
is, the capacity of these systems to respond to environmental, cli-
matic, and economic risks by adapting to these stresses without
decreasing their productive capacities. The specific ecological
mechanisms through which this occurs have not been fully docu-
mented, but it appears that belowground biodiversity plays an im-
portant role in this regard (Lavelle et al. 2004). Small-scale farmers
in developing countries are particularly exposed and vulnerable to
these forms of risk (Izac 2003). It is particularly difficult, both
conceptually and empirically, to calculate the economic value of
this enhanced capacity to manage risks. This enhanced capacity
can also be thought of as a contribution to the long-term mainte-
nance of the productive capacity of a system or to its sustainable
use, so future generations will also benefit from this.

There are other issues related to the negative effects of service
impairment that occur outside the immediate area where fertility
is declining. For instance, soil erosion is particularly important
and creates on-site and off-site (externality) effects, and economic
evaluation of soil erosion is therefore not complete without the
inclusion of costs and benefits for both on- and off-site effects.
These may include the cost of dredging silted dams and of restor-
ing impaired inland and coastal aquatic systems, in addition to
the direct cost of fertilizer applications. Generally only anecdotal
evidence is available concerning the costs of impaired aquatic sys-
tems, although estimates of the benefits and costs of nutrient load-
ing for specific fisheries have been provided (UNEP 2002)

The historical changes in nutrient cycling and fertility ana-
lyzed in this chapter affect human well-being in two different
ways. The first is directly, through changes in the perceived bene-
fits or values of these ecosystem services from an anthropogenic
perspective. Some of these changes in well-being are relatively
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easy to quantify in monetary terms; others are much more diffi-
cult to assess in this way, but nevertheless affect extremely impor-
tant dimensions of human livelihoods. The second way in which
human well-being is affected by these changes is through specific
benefits that are currently not explicitly valued by society but that
may have significant future ecological and welfare implications,
such as the capacity of organisms involved in the marine nitrogen
cycle to respond to global environmental changes.

In the case of terrestrial systems, negative trends in fertility and
nutrient cycling have historically been remedied by greater and
greater applications of fertilizers (inorganic and organic). How-
ever, such remedies can mask the effects of these trends only to a
degree and can also result in increased costs of production. World
fertilizer consumption increased rapidly in the 1970s and 1980s
but slowed down in the 1990s, partly due to environmental legis-
lation in industrial countries. (See Chapter 26.)

In the case of coastal and marine systems, high anthropogenic
nutrient loads have resulted in anoxia and loss of fisheries, changes
in the composition of inorganic nitrogen, declining productivity
in some estuaries, and changes in species composition of the phy-
toplankton. (See Chapter 19.) These undesirable effects are di-
rectly related to agricultural fertilization and animal husbandry
practices and to human population increases. Although many in-
dustrial countries are able to mitigate some of these effects
through sewage treatment practices and in some cases control of
agricultural practices, such mitigation is not universal.

Many countries have coped with the decreasing profitability
of agriculture, caused in part by the necessity to supplement the
natural nutrient cycle with fertilizers, by providing direct public
subsidies to primary producers. Although low crop productivity
across sub-Saharan Africa cannot be attributed entirely to in-
creased costs of production, it is clear that deterioration in ecosys-
tem services related to fertility has had a direct impact on
productivity and subsequent rural livelihoods. Claims that fertility
depletion is the single most important cause of poverty in sub-
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Saharan Africa have not been supported by empirical evidence
and failed to consider the myriad of other factors that also contrib-
ute to the highest rural poverty in the world. It is, however, unde-
niable that a net loss in nutrient cycling services that are essential
for primary production has a negative effect on the financial situa-
tion of the rural poor.

One consequence of the changes documented in this chapter
is the loss of sustainability, or resilience, in production systems.
This is mainly, but not uniquely, through a loss of nutrient stocks,
sequestered carbon, and biodiversity. This consequence is particu-
larly important for future generations of farmers and particularly
so in cases where threshold levels of irreversibility seem to have
been reached. In these cases, this generation’s running down of
natural capital is either increasing costs of production for future
generations of farmers or, in some cases, is closing off future pro-
duction options altogether.
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