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Second Travis P. Hignett
Memorial Lecture

The Travis P. Hignett Memorial Lecture Series was
initiated during 1994 by the International Fertilizer De-
velopment Center to honor a distinguished chemist,
chemical technologist and devel oper, author, and admin-
istrator. Mr. Hignett (1907-89) received global recogni-
tion for hismany accomplishmentsin thefertilizer world
over a period of some 50 years. After a 35-year career
with the Tennessee Valley Authority, Hignett served asa
specia consultant at IFDC for more than a decade. Of-
ten referred to as the “Father of Fertilizer Technology,”
Hignett held 15 patents and was the author of approxi-
mately 150 publications. Hereceived anumber of awards,
including the Francis New Memorial Medal from the
Fertiliser Society of London in 1969. This lecture series
Isbeing sponsored by the Hignett Memorial Fund, which
was established in 1987 to honor Mr. Hignett.
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L ong-Range Per spectives
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VACLAV SMIL
University Distinguished Professor
University of Manitoba

We are at the end of the first century of increasing agricultural
dependence on inorganic fertilizers, in general, and on synthetic
nitrogenous compounds, in particular. Certainly the most remark-
able consequence of this dependenceis the fact that about 40% of
today’s 6 billion people are alive thanks to the Haber-Bosch syn-
thesis of ammonia. Briefly tracing the rise of this dependence and
presenting its quantitative estimates will be the focus of the first
part of this lecture.

Continuing growth of the world's population and the transfor-
mation of typical diets are the two powerful factorsthat will result
in higher demand for inorganic fertilizers. Fortunately, there are
adequate resources of both minerals and energy to satisfy this de-
mand. However, no critical assessment of long-term prospects can
ignore possible consequences of intensive fertilizer applications
for human health and for the quality of the environment, espe-
cially when such concerns are already limiting the use of N and P
compounds in some countries. That iswhy the last part of the lec-
ture will examine key environmental factors that may influence
the use of inorganic fertilizers during the coming generations.

Past Achievements

The beginnings of our dependence oninorganic fertilizer can be
traced back to before the middle of the 19th century, to the pio-
neering era in chemistry and agronomy when Justus von Liebig
and Jean-Baptiste Boussingault laid down thetheoretical foundations



of anew science of crop production and when John Bennett L awes
began producing ordinary superphosphate.! At the sametime, dur-
ing the 1840s, shipmentsof Chilean nitrate began arrivingin larger
guantities to European and North American ports.

The beginning production of concentrated potassium fertilizers
from mine spoils at Stassfurt during the 1860s, Chile's 1883 vic-
tory in the war with Boliviaand Peru, which resulted in the annex-
ation of nitrate-rich provinces of Antofagasta and Tarapaca, and
the start of Florida phosphates' extraction in the late 1880s were
the most important events promoting the use of inorganic fertiliz-
ers during the second half of the 19th century. However, organic
fertilizers were still dominant by the century’s end.

My reconstructions of harvests and nutrient inputs show that in
1900 the global crop harvest assimilated about 11 million tonnes
(Mt) N, 2 Mt B, and 9 Mt K. At the same time extraction of phos-
phates produced no more than 0.5 Mt P, German shipments of
potassium salts delivered about 0.2 Mt K; and a combination of
Chilean nitrates and recovery of ammonium sulfate from coke pro-
duction supplied less than 0.4 Mt of inorganic N.? Typical fertil-
izer recovery rates at that timewerewell bel ow 50%, which means
that at the beginning of the 20th century inorganic compounds sup-
plied only between 1% and 2% of the three macronutrients assimi-
lated by harvested crops and their residues and that farming had to
rely on acombination of recycled organic wastes, atmospheric depo-
sition, weathering of rocks and the biofixation of nitrogen by legu-
minous crops and green manures.

The first decade of the new century brought a fundamental sci-
entific breakthrough that was followed by arapid commercializa-
tion of the invention. In July 1909 Fritz Haber demonstrated in his
laboratory at the Technische Hochschule in Karslruhe the synthe-
sis of ammonia from its elements. Only four years later—in Sep-
tember 1913—the BASF, thanks largely to innovative solutions
and bold leadership provided by Carl Bosch, began operation of
theworld'sfirst ammoniaplant at Oppau near the company’s Head-
guarters in Ludwigshafen.? One year later French geologists dis-
covered huge deposits of sedimentary hydroxyapatite in Morocco,
which remain the world's largest easily exploitable accumulation
of the mineral.



World War | actually accel erated the development of ammonia
synthesis because the compound became the feedstock for the
German production of nitrates used for explosives. German syn-
thesisof ammoniagrew rapidly after itsreversion to peaceful uses,
and the early 1920s a so saw thefirst wave of adoption of the Haber-
Bosch processor its modifications by George Claude, Luigi Casale,
Giacomo Fauser and Friedrich Uhde. Extraction of Moroccan phos-
phates also began shortly after World War | in 1921, and world-
wide potassium shipments rose by 25% during the early 1920s.
However, this expansion of the fertilizer industries was soon ar-
rested by the global economic crisis and then, after a brief recov-
ery, by World War 11.

Thus, it has been only during the second half of the 20th century
that the applications of nitrogen derived from synthetic ammonia,
superphosphates, potash, and of a growing variety of mixed com-
pounds have become an indispensable, and increasingly impor-
tant, component of modern cropping. Two notable examples
illustrate this rapid shift. In 1950 fewer than 50% of U.S. corn
fields were receiving any inorganic nitrogen, but today therate is
above 99%. In 1950 China's use of inorganic nitrogen fertilizers
provided less than 2% of the nutrient’s total supply, but today it
amounts to 75% of the total (Figure 1)!
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Figure 1. Nitrogen Inputsinto China's Crop-
ping, 1952-96.



The two powerful driving forces behind this rise are obvious:
growing populations and their greater affluence. The global popu-
lation increased from 2.5 billion people in 1950 to dightly more
than 6 billion people today. Even if the average diets remained the
same, the global food output would have to become more than
twice aslargein just two generations—a chall enge unprecedented
in human history. However, the growing affluence has been ac-
companied by a relatively fast dietary transition marked, on one
hand, by sharp declinesin eating of legumes and by lower intakes
of staple cereals and tubers, and on the other hand, by higher con-
sumption of animal foods, fruits, and vegetables.* These trends
can be seenin al high-income nations and in rapidly modernizing
low- and middle-income countries. Satisfying this rising demand
has required a steady intensification of cropping, a processimpos-
sible without higher nutrient supplies.

In ng our dependence on inorganic fertilizers, | will con-
centrate on nitrogen and phosphorus—the two macronutrientsthat
most commonly limit crop production. Although potassium removal
by many high-yielding cropsis equal to, or even larger than, their
assimilation of nitrogen, the nutrient is much more readily avail-
able from the natural weathering of parental rocks. Because it is
primarily incorporated in crop residues rather than in edible tis-
sues, proper recycling of straws and stalks can return, unlike in the
case of N or P, avery large share of the subsequent crop’sK needs
(and as | will show later, deposits of extractable K are no cause of
any long-term supply concerns).>

The World’'s Dependence on Inorganic Fertilizers

The agronomic means of producing the requisite amount of food
and feed are well known under a misleading term of the Green
Revolution. Like so many other grand transformations in human
history, thisrevolution hasbeen gradual; it has progressed unevenly
in different parts of the world; and it has not been without unin-
tended, unforeseen and undesirable consequences. However, there
can be no doubt about its overall positive effect (Figure 2), and the
role of inorganic fertilizersin its success has been essential. | can
do no better than to quote Norman Borlaug, one of the leadersin
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developing and diffusing new high-yielding cultivars, who summed
up theimportance of fertilizer nitrogen in his speech accepting the
Nobel Prize for Peace in 1970 by using a memorable Kinetic
analogy:®

If the high-yielding dwarf wheat and rice varieties are the cata-
lysts that have ignited The Green Revolution, then chemical
fertilizer isthe fuel that has powered its forward thrust...

Compared to 1950 the recent global use of fertilizersisabout 23
times higher in the case of nitrogen, ailmost eight times higher for
phosphorus, and more than four times higher for potassium (Fig-
ure 3). Of course, these global means hide enormous inter- and
intranational differences, and there are also great disparitiesin fer-
tilizer applicationsto primary crops.” Consegquently, amore mean-
ingful approach is to use the world's major crops or the most
intensively cultivated regions for longitudinal comparisons.
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Fertilizers, 1950-2000.

Using a prime North American example, in 1950 the U.S. corn,
not all of it seeded with hybrid varieties, received lessthan 8 kg N,
5 kg P, and about 6 kg K per planted hectare, and it yielded less
than 2.5t/ha. Today theall-hybrid and partially transgenically modi-
fied crop averages 8 t/ha, and it receives, respectively, 140, 60 and
70 kg N, P and K .8 China’'s most productive double-cropped pad-
diesin Hunan or Jiangsu, which received no inorganic fertilizer in
1950 and yielded less than 2.5 t/ha, now receive more than 400 kg
N/ha, and a single crop produces over 6 t/ha.°

| have prepared a detailed account of nitrogen flows in global
agriculture, which shows that during the mid-1990s about 85% of
all nitrogeninfood proteins available for human consumption (21
out of 24.5 Mt N) came directly in plant foods or indirectly via
animal products from the world's cropland; the rest comes from
pastures and from aquatic foods (Figure 4).2° Because synthetic
nitrogen fertilizers provided about half of the nutrient in harvested
crops (the most likely range of my calculations is 44%-51%),
roughly 40% (37%-43%) of the world’s dietary protein supply in
the mid-1990s originated in the Haber-Bosch synthesisof ammonia.
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This global mean both overestimates and underestimates the de-
gree of our dependence on the Haber-Bosch process because the
applications of nitrogen in affluent nations have a very different
role from the nutrient’s use in low-income countries.

Current global per capita mean of the dietary protein supply—
about 73 g/day—is composed of two disparate parts: (1) a huge
excess in the rich world (per capita mean of almost 100 g/day,
including about 55 g from animal foods) and (2) a much less com-
fortableratein the low-income countries of Asia, Africaand Latin
America, wherethe 1996 per capitamean was about 66 g/day, with
only about 18 g coming from animal foods.**

Clearly, protein supply has not been a concern in affluent na-
tions where higher use of fertilizers during the latter half of the
20th century has merely added more meat and dairy products to
dietsthat were already sufficient in animal protein. However, pro-
tein supply is till achallengein most of the low-income countries




(Figure 5).12 Estimating the share of dietary protein derived from
nitrogen fertilizers that are applied in low-income countries pro-
vides agood idea of the extent of atruly existential dependenceon
the Haber-Bosch synthesis.

Low-income countries now consume about two-thirds of the
world’s nitrogen fertilizers, which provided about 55% of thetotal
nutrient supply reaching their fields.1® Because no less than 92%
of their food proteins were derived from crops, inorganic fertiliz-
ers supplied at least half of all nitrogen in their diets. This would
be an equivalent of feeding no lessthan 2.2 billion people or roughly
40% of the world's 1996 total population: these people now de-
pend on the Haber-Bosch synthesis for what is, on the average, a
barely sufficient supply of their basic food needs, that is, for their
very survival.
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Another estimate of our dependence on ammonia synthesis can
be obtained by an entirely different approach—nby calculating the
population totals supportable by specified diets. In 1900 the virtu-
aly fertilizer-free agriculture was able to sustain 1.625 billion
people by acombination of extensive cultivation and organic farm-
ing on thetotal of about 850 Mha. The same combination of agro-
nomic practices extended to today’s 1.5 hillion haof cropland would
feed about 2.9 billion people or about 3.2 billion when adding the
food derived from grazing and fisheries. This means that without
nitrogen fertilizers no more than 53% of today’s population could
be fed at a generally inadequate per capita level of 1900 diets. If
wewereto providetoday’saverage per capitafood supply with the
1900 level of agricultural productivity, we could feed only about
2.4 billion people or just 40% of today’s total.

The range of our dependence on the Haber-Bosch synthesis of
ammonia is thus as follows: for about 40% of humanity it now
provides the very means of survival; only half as many people as
are alivetoday could be supplied by pre-fertilizer agriculture with
very basic, overwhelmingly vegetarian, diets; and pre-fertilizer
farming could provide today’s average diets to only about 40% of
the existing population.

Theonly way thisglobal dependence on nitrogen fertilizer could
be lowered would be to adopt an unprecedented degree of sharing
and restraint. Because the world's mean daily protein supply of
nearly 75 g/capita is well above the heeded minimum, equitable
distribution of available food among the planet’s 6 billion people
who are content to subsist on frugal, but adequate, diets would
provide enough protein even if the global food harvests wereto be
some 10% lower than they are today.

In such aworld the populations of affluent countrieswould have
to reduce their meat consumption since hundreds of millions of
people would haveto revert to simpler diets containing more cere-
als and legumes. Realistic chances of this dietary transformation,
running directly against the long-term trend of global nutritional
transitions, are extremely slim, but even in such an atruistic and
frugal world, ammoniasynthesiswould still haveto supply at least
one-third of all nitrogen assimilated by the globa food harvest!
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However, in the absence of any altruistic sharing, the only way to
eliminate the existing stunting and malnutrition caused by protein
shortages among hundreds of millions of disadvantaged peasants
and the poorest urban dwellersin low-income countriesisto inten-
sify global food production and, hence, to increase theworld's de-
pendence on fertilizers.

Growing Dependence During the 21st Century

High absolute rates of global population growth will remain by
far the most important reason for the increased used of inorganic
fertilizers. There can be no doubt that the transition to low fertil-
ity—a shift completely accomplished in all affluent countries and
well advanced in much of Asiaand Latin America—is now under
way even in sub-Saharan Africa, the largest remaining region of
very high birth rates. As a result, the world's population growth
has recently begun declining even in absolute terms. Depending
on the more distant, and as yet uncertain, course of the fertility
decline, global population may be between 7.3 and 10.7 billion
people by the year 2050. The United Nations' latest medium fore-
cast isabout 8.9 billion, and thistotal may not increase very much
afterwards (Figure 6).14
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The conclusion that yet another doubling of world populationis
unlikely is most welcome news, but it is still a great reason for
concern regarding the future food production. The U.N.’s fore-
casts actually foresee that the rich world’s population in 2050 will
be dightly below the 2000 total, which meansthat virtually all net
population growth between 2000 and 2050 will be in today’s low-
income countries. According to the U.N.’s medium forecast, this
global growth would amount to about 3 billion people, surpassing
the total of 2.8 billion people added throughout the poor world
during the past 50 years. We may be moving toward a stabilized
global population faster than anticipated, but the challenge of pro-
viding basic existential requirements for the world’s poor will be-
come greater, not smaller, in absolute terms.

About 40% of the world’s population growth during the next
two generations will originate in only a handful of large countries,
and at least athird of the total increment will be added in Africa.
Among the five countries with the largest population increases,
three are in Asia—India (with aimost 550 million more people),
China (about 220 million), and Pakistan (almost 200 million)—
and two are in Africa: Nigeriawill add nearly 140 million people
and Ethiopia about 110 million.

While some African and Latin American countries may be able
to expand their cultivated area—albeit at the price of additional
significant loss of tropical forests—worldwide opportunitiesfor a
more widespread practice of extensive farming are limited. The
need for further intensification of farming will be particularly acute
in Asia; with a single exception the continent contains al low-
income countries that share or approach China’s high dependence
on nitrogen fertilizer (Figure 7). These countries have populations
larger than 50 million people, and their arable land is limited to
less than 0.2 ha/capita. Moreover, losses of farmland to nonagri-
cultura uses and the declining quality of arable land will add to
the naturally decreasing per capita availability of cultivable soils.

Besides China (currently with about 0.11 ha/capita), these coun-
tries include Bangladesh (0.09 ha), Indonesia (0.12), Pakistan
(0.19), the Philippines (0.13), and India (0.18 ha/capita). The non-
Asian exception is Egypt, which has amere 0.05 ha/capita, and in
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spite of its very intensive cultivation needs high food imports.'®
Inevitably, during the coming decades the globa dependence on
nitrogen fertilizers would grow even if these countries merely
maintained their current average per capita food supply.

That should not be enough. Nationwide means of per capitapro-
tein and food energy consumption are above the existential mini-
mal in most low-income countries; in many of them thereishardly
any safety margin; and in all of them distribution inequalitiesmean
that protein malnutrition continues to be widespread. Moreover,
the future increase of food demand throughout the modernizing
world will not belimited merely to satisfying basic nutritional needs
of every person.

Thedesireto eat more animal foodsisauniversal one, and many
studies of long-term trends in the rich countries demonstrate an
unmistakable correlation between rising incomes and dietary tran-
sitions from high levels of direct consumption of cereals, tubers,
and legumesto arising demand for meat and dairy products. Initial
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phases of this transition are now clearly noticeable in many
relatively better-off, low-income countries. Although the poor
world'sdaily per capitaavailability of animal protein remains|ow,
it had doubled between 1970 and 1995 and has nearly tripled in
China since the beginning of the country’s modernization drivein
the early 1980s.16

Another important consideration that will affect future demand
for fertilizer nitrogen isthe well-appreciated declining response of
crop yields with increasing nutrient applications. Finaly, environ-
mental change—ranging from higher concentrationsof tropospheric
ozone to possibly rapid global warming and from excessive soil
erosion to growing regional shortages of water—will further in-
creasethe need for intensive, high-yield cropping on the diminish-
ing amount of prime farmland.t” Quantifying the effects of various
forms of environmental pollution and ecosystemic change is ex-
tremely uncertain; although there will be some positive effects, it
ismost likely that the overall impact would be somewhat negative.

A plausible conservative case of the future dependence on the
Haber-Bosch synthesis is not difficult to construct. Low-income
countries adding 2.9 billion people would have to use 60% more
nitrogen fertilizer than they do today merely to maintain their av-
erage, and inadequate, diets. Adding 30%-40% to this minimum
total to reduce the extent of malnutrition and stunting, to compen-
sate for the declining response to higher applications, and to pro-
duce more animal foods would increase their nitrogen fertilizer
consumption by as much as 85%. With unchanged food consump-
tion in affluent countries, the world might be using about 125 Mt
N in synthetic fertilizers by the year 2050; phosphorus demand
rising in tandem would then be between 21 and 22 Mt Plyear. A
case can bemadefor higher consumption: Steen’smost likely range
for the year 2050 is 25-26 Mt Plyear.18

Slower decline of fertilitiesin low-income countries, more meaty
diets, and the necessity to compensate for the harvest losses due to
the environmental change could further raise the dependence on
inorganic compounds, but faster demographic transition, more ef-
ficient use of fertilizers, and lower food waste could reduce it ap-
preciably. Even more unpredictable, but potentially no less
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important, istheimpact of future transgenic crops, which might be
able to use nitrogen much more efficiently.

In the presence of high concentrations of nitrogen, green alga
Chlorella sorokiniana competes with bacteria by producing high
levels of glutamate dehydrogenase (GDH); the enzyme converts
ammonium directly into glutamate, which isthen used in avariety
of metabolic processes. Transgenic wheat-producing high levels
of GDH yielded up to 29% more with the same amount of nitrogen
fertilizer than did the normal crop.*® Other transgenic crops with
high GDH capacity are under development, but it is still unclear
how and when Monsanto will release any commercial cultivars,
and, of course, how they will be accepted and how they will per-
formin field conditions in the long run.

These redlities and arich testimony of notable failures of past
long-range forecasts argue against offering any elaborate quantita-
tive predictions. All that we can say with certainty is that our de-
pendence on the Haber-Bosch synthesis of ammonia and on the
extraction and treatment of phosphates will rise appreciably dur-
ing the next two generations, but its actual level will be determined
by acomplex interplay of our rising, and all too often more waste-
ful, needs and of our innovative and more efficient uses.

Natural Resourcesfor Fertilizer Production

Adequacy of requisite natural resourcesisthe most obvious con-
cern when facing a substantial increase in future demand. Two
separate matters arisein the case of inorganic fertilizers: sufficiency
of raw materials and availability of energy to convert them into
final products. Once again, potassiumisof theleast concern among
the three macronutrients. Not only isthe element abundantly present
in the Earth’s crust, but also it can be found in conveniently con-
centrated depositsin both deeply buried and near-surface sediments.
Even the most conservative reserve base estimates show areserve/
production (R/P) ratio on the order of 500 years at the level of the
late 1990s production.2 Mining, crushing and beneficiation of pot-
ash usually does not cost more than 10 gigajoules (GJ)/t of the
nutrient, energy demand comparable to making cement, and arate
much lower than the preparation of superphosphates and synthesis
of nitrogenous compounds.
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Depending onthefina product, energy costsof phosphatic fertil-
izersrange from about 18 to 32 GJ/t P. Even when assuming ahigh
average rate of about 30 GJ/t P, today’s global production of phos-
phorus fertilizers claims about 10-11 million tonnes of oil equiva
lent (Mtoe), atotal no higher than roughly 40% of the recent annual
fuel and electricity consumption by all branches of the U.S. mili-
tary (more than half of the 25 Mtoe used isjet fudl).

Phosphate deposits are not as abundant as those of potassium
minerals; recently published totals range between 1.5-3.5 hillion
tonnes (Gt) Pfor reserves, 4.7-9.5 Gt P for potential reserves, and
about 13 Gt P for resources.? At the current rate of extraction
global reserves would last about 80 years, and the estimated re-
sources could support the recent rate of application for nearly 250
years. These are R/P horizon far more distant than for most of the
minerals used by modern civilizations, and they can surely be ex-
tended by tapping less accessible (but plentiful) depositsat ahigher
price.

Nitrogen supply for ammonia synthesis is truly inexhaustible
since the atmosphere con-
tains3.8 quadrilliontonnes  '®
of the element. Various 90
feedstocks can be used to
obtain hydrogen, and im-
proving efficiency of those
processes has been one of
the key reasons why the
energy costs of ammonia
synthesis have been de-
clining for the past 85 w0
years (F| gure 8) 2 Naturd Stoichiometric requirements (20.0 GJ/t NH, )
gas is the preferred feed-  *° :
stock, and the best natural 104
gas-based plants how use ,
less than 27 GJ/it NH; (or 1910 1940 1970 " 2000
32-33 GJ/t N; thestoichio-
metric energy requirement Figure 8. Energy Cost of Ammonia
for ammonia synthesis is Synthesis, 1913-2000.
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20.9 GJt NHs). The global mean, which is affected by more en-
ergy-intensive reforming of heavier hydrocarbonsand coal, isnow
between 40-45 GJ/t NH3, roughly half of the level prevailing dur-
ing the early 1950s.

Even with these huge improvements synthesis of ammonia re-
mains a relatively energy-intensive process, at least as costly per
tonne as making steel from iron ore or fine writing paper from
standing timber. Annual output of fertilizer ammonianow requires
an equivalent of about 100 Mtoe, but because only asmall part of
synthesized ammoniais used directly as afertilizer, the additional
energy cost of producing various solid and liquid compoundsraises
the total to about 135 Mtoe.2® This means that the global produc-
tion of nitrogenous fertilizers requires about ten times as much
energy as the combined output of P and K compounds (assuming
average costs of about 20 GJ/it P and 10 GJ/t K).

Even if dl of the energy needed to fix the fertilizer nitrogen
would comefrom natural gas, it would still be only lessthan 7% of
the recent annual global consumption of the fuel and less than 2%
of all energy derived from fossil fuels.>* Clearly, thereislittle rea-
son to be anxious about either the current needs or the future sup-
plies of energy for nitrogen fixation. Moreover, there is no doubt
that higher absolute energy needs caused by rising demand for ni-
trogen fertilizerswill be partially offset by lower requirements for
nitrogen fixation and by higher efficiencies of fertilizer use. Be-
cause today's low-income countries will experience much faster
growth of energy needsin sectors other than the fertilizer industry,
the share of global fossil fuel consumption claimed by nitrogen
fixation by the middle of the 21st century may be only marginally
higher than it is today.

Although the world has abundant natural gasresources, they are
conservatively estimated to be between 1.1-1.7 times as large as
al the natural gasthat hasalready been extracted or foundin proven
reserves.?> Nitrogen fixation could proceed easily (albeit more
costly) evenin the world devoid of any gas by tapping theworld's
enormous coal deposits or using a variety of biomass feedstocks.
Moreover, if a concerted international action aimed at moderating
therate of potentially risky global warming would call for agreater
energy saving, nothing would be easier than to release energy
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equivalent to today’s demand for nitrogen fixation by improve-
ments to many nonessential energy conversions.

Automotive transportation is the most obvious source of such
efficiency gains. Replacing the current North American private car
fleet (averaging about 22 mpg) by cars whose performance would
equal the corporate average fuel economy of Honda Company
(about 33 mpg) would save about 70 Mtoe ayear—enough to pro-
duce about half of the world’s nitrogen fertilizers!?® The conclu-
sion is obvious: whatever its actual energy claim might be, future
nitrogen fixation needed to produce enough food during the next
two generations will not be limited by energy and feedstock
supplies.

However, it would be a sign of naiveté and of intellectual irre-
sponsibility to suggest that with no serious resource obstacles ahead
of usthe future of global fertilizer use will be a case of unimpeded
growth. Futureredities, afew of their harbingersalready very much
with us, will have to reckon with a much less benevolent public
and regulatory acceptance of fertilizer use and with heightened
concerns about the consequences that heavy applications of nitro-
gen and phosphorus may have for human health and for the integ-
rity of ecosystems.

Fertilizersand Human Health

Thirty yearsago health risks posed by waterborne nitrates|eached
from heavily fertilized fields were used by Barry Commoner to
attract attention to his dire warnings about the degradation of the
U.S. environment. He believed that the country’s nitrogen cycle
was serioudly out of balance, and in his opinion the rising nitrate
levelsin the Corn Belt's rivers posed such health risks that limits
on application rates, economically devastating for many farmers,
should be adopted to avert further deterioration.?’

Average applications in the Corn Belt and in parts of Europe
and Asia have risen appreciably since the late 1960s and so have
concentrations of waterborne nitrates. Average levelsof nitratesin
the most affected European rivers—the Thames, Rhine, Meuse,
and Elbe—are now two orders of magnitude above the mean of
unpolluted streams, and many European rivers had NO3™ levels
above the maximum contaminant limit of 50 mg NO3/L.% Nitrate
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levels in the Mississippi River have risen nearly four-fold since
1900, and they areincreasing in both of China stwo largest rivers,
the Huang He and Yangtze (Figure 9).%°

Sources of this nitrogen cannot be precisely quantified, but there
is no doubt that fertilizer-derived nitrates comprise a large, and
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Figure 9. Nitrate Concentrationsin Four Major Rivers.

often the dominant portion of the nutrient. For example, no less
than 87% of nitrates accumulated in ground waters of the coun-
tries of the European Union have been leached from agricultural
s0ils.® |n addition, a substantial share of leaching from non-agri-
cultura lands is also caused indirectly through the nitrification of
deposited ammonia, which was volatilized from fertilized fields
and from the wastes of farm animals.

And yet elevated nitrate levels have not had any serious conse-
guences for human health. Nitrate itself is not toxic to humansin
concentrations encountered even in fairly polluted waters; only
after its bacterial conversion to nitrite does it pose an acute life
threat to infants and a possible chronic risk to adults. However, no
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new cases of infant methemoglobinemia have been recently re-
ported in any affluent country although that acute disease remains
arisk in low-income countries where many wells already contain
nitrate levels well above 50 mg/L .3! Thus far, improper handling
of human and animal wastes, rather than the leaching of fertilizers,
has been overwhelmingly responsible for this contamination, but a
rapidly growing use of nitrogen applicationswill obviously increase
the overal risk in the future.

A suspected link between drinking nitrate-contaminated water
and a higher incidence of some cancersin adults has been difficult
to prove. An epidemiological association between high nitrate in-
take and oral, esophageal, gastric and intestinal cancers was first
reported in Chilein 1970.32 A number of studies done subsequently
in Europe, North America and Asia offered some confirmation of
such links and some evidence of inverse relationship between ni-
trate intakes and various cancers.

Evenif nitrateswereto be unequivocally implicated inthe etiol -
ogy of some cancers, their intake in drinking water isonly apart of
the problem. Most of the nitrate that we take in (about 4/5 of the
total daily intake in the United States) does not come from water
but rather from vegetables, primarily from beets, celery, lettuce,
radishes and spinach, and our bodies may synthesize daily an
amount that matches that total or even surpassesit.

Moreover, a British study, which measured nitrate levelsin sa
liva, found that their concentrations were significantly higher in
areas where the risk of stomach cancer was low.3* Perhaps most
reassuringly, workersin fertilizer factories exposed to nitrate-con-
taining dust do not have ahigher incidence of stomach cancer, and
the cancer has been declining throughout the Western world just
asnitrogen applications and nitrate concentrationsin drinking water
have undergone unprecedented increases.®®> The most recent re-
view of the epidemiological evidence merely extends the incon-
clusive judgment: although no firm links have been found between
dietary intakes of nitrate and stomach, brain, esophageal and na-
sopharyngeal cancers, an association cannot be ruled out.36

Publicly much less well known but potentially fairly trouble-
some is the problem of heavy metals, particularly of cadmium,
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which isthe most enriched element in phosphate rocks, occurring
in concentrations almost 70 times higher than in average shale.3”
Global average of Cd levelsin phosphatesisabout 21 mg Cd/kg of
rock, but some Maroccan rocks have up to 40 mg and phosphates
from Togo and Tunisiacontain up to 50-55 mg Cd/kg.*® AsFlorida
phosphates, which have some of the lowest Cd concentrations (av-
erage just around 9 ppm Cd for Central and 6 ppm Cd for North
Florida deposits), become depl eted, the average content of Cd and
other potentially hazardous trace elements in the global output of
phosphate rock will increase. This may lead to restrictions or ban-
ning of some ores by countries trying to regulate the introduction
of Cd into their environment.

The World Health Organization (WHQO) suggests that the maxi-
mum daily intake should not exceed 1 pg/kg of body weight or
between 50 and 70 pg/day for most adults while the recent Euro-
pean intakes are already as high as 40 pg Cd/day. Consequently,
about adozen countries (including Australia, Denmark, Germany,
Japan and the Netherlands) have already enacted Cd limits for P
fertilizers, but a universal ban on high-Cd ores would eliminate a
substantial share of potential extraction from the world market.
Depositsin North Carolina, Senegal, Togo, Tunisiaand, aboveall,
in Morocco would be entirely or largely affected.3?

Removing the trace metals is possible but costly, and different
processes would also increase the energy cost of P fertilizers and
generate hazardouswastes. The Cd problem goes beyond inorganic
fertilizers: disposal of sewage sludge can cause heavy loadings of
Cd, which is very persistent in soils, and Cd in anima manures
(particularly where the animals are given P supplements) can add
considerably to Cd field burden. At thistimeit isimpossible to say
if the Cd problem will remain a moderately worrisome but man-
ageable complication or if it will rise to a greater prominence in
the society, which is always in search of new bad news.

Environmental Concerns

These concerns are understandable. Nutrients not assimilated
by plants and not fixed for extended periods of time in soil escape
into ground and surface waters. Denitrification and volatilization
also put highly variable shares of fertilizer nitrogen into the
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atmosphere where one of those compounds contributes to global
warming, and the other oneaddsto the nitrogen enrichment of terrestria
ecosysems

The only truly global effect of inorganic fertilizersis dueto in-
creased generation of nitrous oxide (N,O), an inevitable conse-
guence of denitrification of fertilizer nitrates.*° The process of
denitrification is, of course, essential and most welcome; it is the
closing arm of nitrogen’s grand biospheric cycle returning fixed,
reactive nitrogen in nitrates to the inert dinitrogen in the atmo-
sphere. Because the conversions are not always completed, the bac-
teria denitrification generatessmall but far from negligibleamounts
of N,O—the gas whose atmospheric concentrations have been in-
creasing (Figure 10) and which is, mole for mole, about 200 times
as effective an absorber of the outgoing long-wave radiation asis
CO,—themost abundant of anthropogenic greenhouse gases. More-
over, thegasisalsoinvolved in the depl etion of stratospheric ozone.

Sources and sinks of N,O are poorly known, but there is no
doubt that fertilizer applications are the single largest man-made
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Figure 10. Increasing Concentrations of Atmospheric
N.O.
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source of the gas. Emissions of N,O can account for <0.5%-5% of
theinitially applied fertilizer nitrogen. Because N,O from synthetic
fertilizers accounts for less than 10% of all emissions of the gas
and because N,O is currently responsible for less than 10% of the
global greenhouse effect, even the most liberal estimate must as-
cribe less than 1% of the global warming effect to N,O released
from denitrification of nitrogen fertilizers—hardly a major threat
to the integrity of the global environment.

Eutrophication of streams, fresh water bodies, and coastal eco-
systems caused by releases of nitrates and by smaller, but often
even more harmful, escapes of phosphates is a more serious mat-
ter. Numerous effects of aquatic eutrophication have been studied
extensively since the late 1960s.4* Eutrophic waters have high pri-
mary productivity because large amounts of phytoplankton make
them turbid and limit their transparency to less than 50 cm. Ad-
vanced eutrophication is marked by blooms of cyanobacteria and
siliceous algae, as well as growths of scum-forming and poten-
tially toxic algae.

Eventual decomposition of this phytomass creates hypoxic or
anoxic conditions near the bottom or through a shallow water col-
umn. These deoxygenated waters can drive away or kill aquatic
animals, particularly the bottom dwellers (shellfish, mollusca). Af-
fected waters may also have offensive taste and odor (requiring
expensive treatment before consumption), and formation of
trihalomethanes during water chlorination is a serious health haz-
ard to livestock and people, as is ingestion soluble neuro- and
hepatotoxinsreleased by decomposing algal blooms.*2 Another par-
ticularly offensive consequence of eutrophication includes the
growth of thick coats of algae on any submerged substrates, in-
cluding aguatic plants, stones, docks, or boats.

Eutrophication can also serioudly disrupt coastal ecosystemsin
regionsreceiving high N and P inputs. Perhaps no other instanceis
asworrisome astheeffects of nutrient dischargesfrom Queensland's
growing population and agriculture, which now rel ease about four
times as much P and ten times as much N as they did in the early
1950s.%3 Resulting eutrophication threatens parts of the Great Bar-
rier Reef, theworld'slargest coral formation, by smothering it with
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algae and by promoting the survival and growth of the larvae of
Acanthaster planci, the crown-of-thorns starfish, which hasrecently
destroyed large areas of the reef.

Asthe Baltic unfortunately demonstrates, in the absence of vig-
orous water exchange with the open ocean even a whole sea can
become eutrophic. In 1990 the seareceived about 80,000t P, which
is eight timesthe rate in 1900, and the nutrient’s concentrationsin
its water averaged about four times higher than in 1950. Nitrogen
enrichment, though not as large in relative terms, was also sub-
stantial.* Asaresult, athird of the seabottom of the Baltic proper,
the southern part of the sea, is how intermittently deprived of oxy-
gen, the condition which also results in formation of toxic H,S by
S-reducing bacteria and precludes the survival of previously very
common mussels and bottom fish. On the other hand, increased
phytoplanktonic production on shallow bottomswith well-oxygen-
ated water has provided more food for herring and sprat.

The productivity of plant and algae speciesin most estuariesin
North America—including the Long Island Sound, San Francisco
Bay, and the mid-Chesapeake Bay—is limited by nitrogen, rather
than by phosphorus. Hence, these water bodies are particul arly sus-
ceptible to nitrate-induced eutrophication.*® By far the worst af-
fected offshore zonein North Americaisalarge region of the Gulf
of Mexico, wherethe nitrogen load brought by the Mississippi and
Atchafalya Rivers has doubled since 1965 and where eutrophica-
tion creates every spring alarge hypoxic zone that kills many bot-
tom-dwelling species and drives away fish.

Terrestrial eutrophication due to the atmospheric deposition of
ammoniaand nitratesisyet another environmental changeinwhich
fertilizers are implicated and one that has been receiving recently
agreat deal of attention.*6 Introduction of relatively large external
inputs of nitrogen must be expected to change the productivity of
most land ecosystems, whose growth isusually N-limited, and the
modes of their nitrogen storage and composition of their species.
Nitrogen input to some natural ecosystems is now occurring on
such unprecedented scales that it has become significant even by
agricultural standards; parts of eastern North America, Northwest-
ern Europe, and East Asia receive between 20 and 60 kg N/ha a
year, and the peaks, in the Netherlands, are over 80 kg N/haayear.#

25



Rates of about 60 kg N/ha are as high as average fertilizer appli-
cationsto North American spring wheat, and they are much higher
than the fertilization means in most African countries! For most
forests such rates are an order of magnitude higher than the means
of the preindustrial world, and they equal or surpass the quantity
of the element made available through net mineralization of or-
ganic matter intheforest floor. Given the widespread nitrogen short-
ages in natural ecosystems, especially in temperate and boreal
forests, which have devel oped under constant nitrogen stress, such
an enrichment should initially stimulate photosynthesis and appre-
ciably increase the carbon and nitrogen stored in plants, litter, and
soil organic matter.

However, thisresponseis salf-limiting: total nutrient inputseven-
tually surpass the combined plant and microbial demand, and ni-
trogen saturation of an ecosystem leadsto the element’ stransfer to
waters and its emissions to the atmosphere. The production (and
storage) phaseisfollowed by adestabilization phase (nitrogen satu-
ration can lead to significant changes in ecosystem composition
and diversity) and then by a decline (nutrient release) phase (Fig-
ure 11).%8 In view of these complexities it is difficult to estimate

what effect the nitro-
; genenrichment hasal-
foliarN | ready had and what

_ | N mineralization._ _ o
200 B future impact it might
\ have on the additional
150 i i

= storage of carbon in
net primary;

250

c
§ productivity! theterredtrid phytomess
8 100- | Naturally, nutrients
| ca:Alang , responsiblefor aquatic
50 {Mg:N rafios ’ eutrophication do not

nitrificjy originate only ininor-
~Teaching  ganic fertilizers: they

o N comealsofromanimal

limited sufficient saturated
excessve  MANUIES, urban wastes,
industrial processes,
Figure11. Stagesof an Ecosystem Re- and atmospheric depo-
sponseto Nitrogen Inputs. sition, but in most

0 e

N supply

26



cases we do not have enough information to assign these causes
with a high degree of certainty. For example, nitrogen fertilizers
are estimated to account for 56% of the nutrient’s presence in the
Mississippi’s discharge to the Gulf of Mexico, manures for 25%
and municipal wastewater for only 6%, but this estimate omits
entirely the considerabl e contribution of the atmospheric deposition.

There is a general correlation between a watershed's average
rate of nitrogen fertilization and the riverine transport of the nutri-
ent (Figure 12).4° Because the streams or ground waters gather
these inputs from large areas, nitrogen additionsto coastal ecosys-
tems may be 10 times and even more than a 100 times higher per
unit of their areathan they arein fairly heavily fertilized fields.>°

Substantial local differencesin the origin of water-borne nitro-
gen are illustrated by two recently prepared nutrient budgets for

16

North Sea
Northwest
. European Coast

12-1 Northeast

5
e
Q :
§ United States
2 1 East Gulf
X of Mexico
= 77 Southeast United Stat
o)
L Mississippi
g Baltic Southwest
£ 4TSt European Coast
0 Lawrence
[ _
North Canada
0 T T T T T T T T T T T
0 10 20 30 40 50 60

Fertilizer application (kg N/ha year)

Figure 12. Correlation Between Nitrogen Fertil-
izer Applicationsand Riverine Flux of
Nitrogen.

27



two polluted watersheds.5! Nitrogen in the Waquoit Bay in Massa
chusetts comes largely from wastewater (48%) and atmospheric
deposition (30%), and only 15% of it originates in fertilizers. In
contrast, in a Norwegian catchment dominated by farming, atmo-
spheric deposition accounted for only 3% of total nitrogen inputs
and nitrogen fertilizers for 70 % (manures supplied the rest).

Estimating the contributions of nitrogen fertilizersto atmospheric
deposition can be done only in very approximate fashion. Global
total of anthropogeni c gaseous emissions of reactive nitrogen com-
pounds (NO, and NH,) has been recently almost 80 Mt N/year,
with between 10-15 Mt N coming from inorganic fertilizers (mostly
as volatilized ammonia).>? With more than 20 Mt N/year, releases
of NO, from fossil fuel combustion remain the largest and grow-
ing source of reactive nitrogen and the one that could be readily
reduced by more efficient transportation.

However, higher efficiencies of fertilizer applications are also
needed to ensure that future impacts of nutrient losses from fertil-
izerswill not be simply proportional to therising nutritional needs
of larger global populations. There are many effectivewaysto im-
prove the efficiency of fertilizer applications, ranging from better
agronomic practices to modified diets; their detailed discussion
would make afine topic for another Hignett lecture.

Success of some of these measures has been aready well dem-
onstrated by rising recovery rates of N and P during the past gen-
eration. Of course, the quest can be carried only so far: field
cropping can never be done without some nutrient | osses, and some
ecosystems might beinevitably affected. For example, acorn field
receiving annually 40-65 kg P/haand losing lessthan 0.2 kg/ha (or
no more than 0.5%) as soluble P will be releasing water with con-
centrations of only 0.2-0.5 mg P/L, but because of an extremely
low threshold of algal response to P enrichment, particularly in
shallow lakes with long hydraulic residence times, such levels are
high enough to precipitate eutrophication.

This means that even the best agronomic practices may not al-
ways be able to prevent eutrophication of sensitive waters or other
environmental changes. On the other hand, we can remove virtu-
aly al P from urban sewage, which is generally a much larger
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source of dissolved phosphorus. Similarly, we will never be able
to prevent all nitrate leaching or ammonia volatilization from ap-
plied fertilizers, but we can do a much better job of reducing their
releases by cities, transportation, industries and huge feedl ots. Crop-
ping should follow manufacturing by striving for precision and
higher efficiency, but it can never achieve acomparable degree of
control and some environmental impacts are unavoidable. The al-
ternative—cropping without fertilizers—is fine for afew nations
with plenty of farmland, but it is not an option to feed most of the
world’'s six billion people demanding better diets.
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