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Phosphorus Economics — a Review
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Adding mineral Phosphorus fertilizers to fields has fueled the Green revolution since the early
1960ies. The formerly limited yields could be enhanced by factor 3 or more using the same area but
fertilizing the arable land. Ecologists observed that P accumulates in soils and in surface and coastal
waters causing environmental disturbances such as eutrophication and oxygen depletion e.g. in the Baltic
Sea and the Chesapeake Bay already in the late 1980ies. Environmental and ecological economists saw
in these developments a new example for external effects causing social costs that should be avoided.
Scientists from various disciplines dealt with the effects to the environment and how these impacts can
be mitigated. Whereas the rate of P application to fields stagnates due to over-fertilization in the Europe
already in the 1990ies and continues on a lower rate the use of P in other parts of the world still let the
demand on P increase by about 1.4 percent annually. Economists observed price spikes in P fertilizers
twice in the 60 years history of exploitation of the P rock reserves in the 1970ies and 2008. According to
economic theory increasing prices may indicate a beginning shortage of the resource. If P is getting
scarce the Green Revolution would end, the yields may drop down and there would not be enough food
to the increasing world population and to feed the livestock and dairy stock. In case of scarcity and
allocation of the remaining reserves extends the P problem from the environmental to the economic
sphere. The paper deals with the importance of P to life, the broken P cycle, the peak P model, the
dimension of the P related food problem, the inefficient P use, the uneconomic P fertilization in fields,
new P stocks and solutions to avoid food shortage in future due to the predicted P endowment.

Key words: P stocks and flows, peak phosphorus, inefficient P use, uneconomic P fertilization, P
pollution, relocation of P stocks by human impact, phosphorus recycling, no P shortage by best
agricultural practice, re-closing the P cycle.
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1 P and the cycle of life

P is essential for almost all life processes. DNA, RNA, fatty acids, teeth, bones and on the
cellular scales the mitochondrial energy system converting ADP into ADP and vice versa, all
these processes require or base on the availability of various species of P. Thus, P is not
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substitutable (e.g., Ashley et al., 2011; Childers et al., 2011; Smil, 2000). Hence, too much P
may harm human health (Razzaque, 20114; Huffmann, 2015) or ecosystem resilience.

Ecosystems recycle P and thus sustaining themselves. They accumulate P in stocks that
buffer the demand — supply mechanisms within the system maintaining the P flow within the
ecosystem parts. The flows of P in ecosystems or their subsystems can be separated into the
composition of biomass by primary producers mainly driven by light in photosynthesis, the
transfer through the food web and the decomposition of biomass by destruents such as bacteria
and fungi. The later process may contribute to an enhancement of the stock quantity but also
remobilize P for the plant/algae growth. Some P, however, will not stay within the subsystem
itself. The losses are accumulated in downstream systems such as the marine deposits in the
oceans or are in part biologically recycled by the coastal marine ecosystems as deposits like
guano (Fig. 1).
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Fig. 1 P cycle — stocks and flows in natural ecosystems

If humans interfere in the natural cycle by taking food from the system, the loss of the
inherent P needs to be compensated by recycling or adding P, which promotes the system
sustaining its balance and productivity. Therefore, the human impact induces a secondary
cycle to the system. The P stock of the soil system permits and sustains the secondary cycle as
long as the output is compensated by returning P regionally to the system or the P stock in the
soil is not over-exploited (Fig. 2).

Organic fertilizers served as the P source in almost closed farmland cycles until the 1950s,
when manure, sewer, teeth and bone meal or other organic wastes delivered P. Smil (2000)
estimated the annual supply to 5-10 kg organic P per hectare and the loss along with the grain
harvest respectively to 3 kg per hectare and ton before 1950s.

In the stock — flow model given so far the P is total P although the different P-species are
of different bioavailability and not all P species are easily available for primary production.
The conditions in the soil (e. g. redox potential, % of P-fixing minerals) and soil micro-
organisms can convert fixed P compound into plant available P and vice versa (Fig. 3, Kucey
et al., 1989; Gholamhoseini et al., 2013; Battini et al., 2014; Kruse et al., 2015).

MexaHi3m peryntoBaHHs ekoHOMiku, 2017, Ne 1 7



. Kvon, /1. 3immep, I1. Jleinseoep. «Dochopnar exonomika — 02110

uphill femestrial P slock Tempeary P expor to stagles
leaches 1o surface walers /'.v P beck fofields \
Temestnial ecosystems cyclsflows _ _~ .
useP from downskpe drain Cropyselds cn fields & —r

i~

being part of tesrestrial ecosystem, .
e |

T\ HumanP excrela
toy,
7%
Teenesial ecosystems accumudate &
. P - sols Coastal ecosysiems recsive P
Sails blasphere remabilze P on plants demand for the systems flow
P losses from plankton sedimentate suppoding

benthos commundies and eventually adding to seafloor P slock
Fig. 2 P cycle — stocks and flows due to the secondary P cycle

P export to cities P mineral fertilizerimport

Bacteria
Archaea
Fungi

il i :
oy b S0il P reservoir
MICro-Organisms

' organicP ,

Protozoa dsorped, humic-assag A

Nematoda

Macrofauna m w inre
pd-rometals and clay,

precipitated

Fig. 3 Storage, release and stock — flow mechanisms in soils

Plant available P is the solved phosphate ion. This implies that P from mineral fertilizers
organically bound phosphate as part of organic matter has to be converted into phosphate to
support plants growth. That is the “up-Stream” path of P. In the down-stream path P is being
mineralized or sorbed or precipitated to e.g. Fe-oxides or soil organic matter or being once
more used by organisms incorporated in organic P forms. However P can also be “lost” from
soil either by harvest of plants or by leaching to ground water or surface erosion of P loaded
soil particles.
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Moreover, different P species exist in soil, which can be differentiated by their potential
bioavailability and/or in more detail by their chemical identity. Wet chemical extraction
techniques such as P fractionation by Hedley et al. (1982) differentiate P for example by their
solubility in extracts such as labile P (extracted by water and/or anion exchange resin, or
NaHCOs), moderate labile P (extracted by NaOH and assumed to be sorbed to Al- and Fe-
oxids and soil organic matter) or “not” plant available P (extracted by HCI or H,SO,, being
interpreted as Ca-bound P). Deeper insights to chemical P species in soil can be provided by
spectroscopic techniques such as *!P-NMR, P-XANES, IR spectroscopy or different mass
spectroscopic techniques (cf. Kruse et al., 2015).

2 P —a resource of growing interest

The agricultural revolution induced a threefold growth in food production in the developed
countries in the last 50 to 75 years. Along with the increasing crop yield the demand of
fertilizers (nitrogen, phosphorus and potassium) grew simultaneously. An exponential growth
in the demand on P fertilizers was reported mainly in the US, Canada and (Western) Europe
from the 1960s to the 1990s (Munson et al., 1959; Smil, 2000; Childers et al., 2011; Jat et al.,
2012). Today, only four countries consume 64 percent of the phosphorus fertilizer worldwide:
China, India, USA and Brazil and the EU states consume another 10 percent. However,
around 80 percent of P is lost along the path from mine to fork to plate. Eventually only about
one-fifth of the pure P extracted from phosphate rock is consumed as food (Neset et al., 2012).

Schroder et al. (2010) report an application rate on arable land of 10 to 13 kg P per hectare
and year in Asia and Northern America, 6 in Europe, and 2 in Africa. In the 1990s scientists
report on an over-supply of P, which is at least accumulated in the soil (Harenz, 1991).
Consequently, the demand of P stagnated especially in Europe. As a consequence, the demand
of phosphate fertilizers shifted from the developed towards the developing regions such as SE
Asia or Africa now (Sanchez et al., 1997; Motsara, 2002; Amanullah, 2011; Jat et al., 2012;
Ryan et al., 2012). Thus, the total demand on P fertilizers is still increasing globally at about
1.4 percent per year (Heffer et al., 2014; Zhang et al., 2008).

3 P reserves and resource stocks

There are at least three resource stocks to distinct:

1. A biological flow-stock that renews within short times (mainly years and decades).
2. A magmatic stock depending on magmatic occasions.
3. A marine sediment stock accumulated in geological times.

The biological stock is almost ever in flow. It includes all P in living organisms, in
decomposition processes, in animal bones or in excreta (manure, sewer or guano). Renewable
or "biological" phosphate reserves like guano (P fixed in a biological stock) were always
relatively rare compared to the P hunger in the world. It accounts only to 0.3 percent to the
worldwide phosphate resources (Killiches, 2013). This amount does not even compare to the
huge demand of industrial agriculture nowadays (Heffer et al., 2014).

In the first period of P fertilizer use Nauru guano was the main source for P. Guano is a
final product of the marine food web. Algae accumulate P, zooplankton feeds algae, small fish
feed on zooplankton, seabird feed fish and lose their excrements on their nesting places,
onshore cliffs and islands. The Nauru guano was gone within a mining period of just 50 to 70
years. Nauru was a paradise for sale (Gowdy et al., 2000), provided high quality “clean”
organic P fertilizer (Weikard et al., 2009). Today, organic P enters the agricultural cycle by
another way, by-passing guano. About 80 percent of the World’s fish production is converted

MexaHi3m peryntoBaHHs ekoHOMiku, 2017, Ne 1 9



. Kvon, JI. 3inmep, I1. Jleinseoep. « Dochopnar ekonomika — 02110

into fish meal feeding livestock (mostly poultry) or fish in aquaculture and thus returning to
fields as manure far away from its geographical origin (FAO, 2017).

The two mineral P resource stocks are apatite ore of magmatic origin and marine
sedimentary phosphate ore. Both result from long-time geochemical and geophysical cycles
(Cordell, 2010; Filippelli, 2011; Killiches, 2013). For this reason, the mineral P resources are
an almost non-renewable resource, although phosphogenesis takes place in the oceans also on
a low rate at present (Filipilli, 2011). Both geological phosphates exist as apatite. Apatite
consists of different calcium phosphates accompanied by almost all stable Earth elements.
Thus, these resources are not as “clean” as the biological P sources and need to be treated if
one wants to avoid spraying those “pollutants” along with P fertilizers on fields. According to
Chen et al. (2015) phosphate rock can host 63 elements but the elemental composition of the
ores depends on their geological history and varies substantially. Beside P, the most common
elements in phosphate rock are Si, Ca, Fe, and Al, with median abundances of 53.3 wt%, 30.0
wt%, 13.6 wt% and 8.0 wt%, respectivel (Chen et al., 2015). However, also some rare and
toxic earth elements such as Cd, Sh, Se and U can have a ten times or higher abundance in
phosphate rock compared to their natural abundance in earth crust (Chen et al., 2015). This
contamination of rock phosphates with toxic elements causes the contamination of the P
fertilizers and following the accumulation in soil and food chain.

Generally, ninety percent of the phosphate is of marine-sedimentary origin. The P content
in marine sediments is higher than in the magmatic ores as well as the portion of contaminants
is (Killiches, 2013). Generally, most of the P was deposited on the sea floor in extensive layers
covering thousands of square miles. The extension of the P mines exploration producing P
fertilizers mainly and applying it to fields is part of a P shift from mine to field to food and
finally back to the ocean. In this way, a “new” geo-cycle for marine sedimentary ore has been
started by humans’ activity in particular by industrial agriculture measures inducing a steadily
increased P run-off to the coastal seas by factor three within the last 50 years (Moss, 1998;
Smil, 2000). The second main source of P run-off is untreated and treated wastewater from
municipalities in the drainage basins. The eutrophication process induced by additional P
loads is well documented especially for the drainage basins of the Chesapeake Bay, the North
Sea or the Baltic Sea (e.g., BEACON, 2014; Costanza et al., 1995; K6éhn, 1999; Laane et al.,
2005; Smil, 2000; Turner et al., 1999). Hence, these huge amounts of P cannot be recycled to
human uses today. Their addition to the marine sediment stocks, enhance the recipient
systems’ entropy and can stress the ecosystem.

As for the new marine sediment stock, the most of the mineral P resources can not
contribute to the P reserves still sit in the deep ocean are unavailable for human usage because
of lacking technologies and unaffordable prices (Smil, 2000). However, geological processes
may up-lift the seafloor phosphate rock above sea level within geological time spans making
the resource technical and economical exploitable.

In addition to the problems of its today mine ability, phosphate rock ores are unevenly
distributed around the world. Huge phosphate deposits were discovered in Florida (1870s), in
Morocco (1910s) and Russia (1930s) and laid the foundation for the rapid post-World War 11
expansion of the fertilizer industry (Smil, 2002a). The worlds” known reserves of phosphate
rock are located in Western Sahara (Morocco), China, South Africa, the US and Jordan mainly
(Fig. 4). These countries host about eighty-five percent of the world mineral P reserves
(Schroder et al., 2010). Thus, the supply market of mineral P is an oligopolistic one if one
neglects manmade stocks (Fig. 5). Moreover, the resources of the world largest supplier
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Morocco are still due to dispute about the Western Sahara political status (Lewis, 2014). Thus,
political conflict may interfere in the phosphate rock market too.

The high exploitation rate of mineral P rocks may picture a thread of the world’s food
security when phosphate rock once is gone. Nowadays, resource economists are aware that the
Western Sahara with its mineral P reserves may share the fate of Nauru with its totally
exploited biological P stocks (Schroder et al., 2010; Lewis, 2014; Deutschlandfunk, 2016).

Savdli Ardrd p o

i

Fig. 4 The distribution of global phosphate reserves,
data were taken from U.S. Geological Survey (2016)

4 The demand on P fertilizers

In natural terrestrial ecosystems, P, as most of the other nutrients, is mainly provided by
weathering of original lithogenic material and recycling of organic P from regional dead
biomass. Some P can be lost downstream by surface run off and leaching to ground water
being at least transported to limnic or marine ecosystems (Kruse et al., 2015). Therefore, the
terrestrial ecosystems are more or less stabilized by the balance of again and again recycled
nutrients such as P, input from upstream ecosystems and losses to downstream ecosystems
(see Fig. 1).

If, along with crops, more P is exported as the system itself and the up- and downstream
system can deliver these losses need to be compensated “artificially”. As long as the
production — consumption — decomposition cycles were local or regional ones, the P simply
was returned with human or animal faces or compost. However, the cycles are broken if crop
(and animal) exports from farmland to cities exceeded the return of nutrients with food waste
and sewage, which creates an open nutrients chain to downstream environments (Fig. 5). This
way of P losses grew exponentially since the end of the 19" century. Until then only about 30
percent of the world’s population lived in urban areas. The situation changed in Europe
respectively within only 30 to 50 years. At the beginning of the 20™ century almost 70 percent
of the population had their homes in cities or agglomerations (Bahr, 2007). Such a change
induced completely different matter and energy flows and thus, decoupled regional cycles
(Cordell et al., 2015b; Thitanuwat et al., 2015; Wu et al., 2015).
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Mineral fertilizers compensated the losses due to the decoupling of regional cycles starting
in the 1950s and 1960s. Predominantly, the nutrient imports to farmland were generally higher
than the P exports with the crop to the cities (Zhang et al., 2008; van Dijk et al., 2016).
Additionally, animal farming was and is often concentrated in some regions whereas arable
farming is concentrated in another. The decoupling of regional cycles is the main reason for
1. asteadily growing hunger for mineral fertilizers from P mining,

2. the “new” P stocks accumulating in landfills, that hardly can be recycled for economic
reasons today,

3. P stocks in manure from livestock staples too far from farmland, where it can be applied as
organic fertilizer and

4. the P flows to the downstream environments (e.g. coastal zones).

Zhang et al. (2014) demonstrate the dimension of the economic problem in agricultural P
use. Whereas the mineral P input increased by factor of 20 over the last 50 years in China the
crop Yield grew by a factor of 3.8 only. Thus, the P efficiency in the agricultural production
system along the food chain is as low as 7 percent. They estimate the losses to the
environment to 20 kg P ha™ year™. The authors conclude that P demand could be reduced by
one third without harming crop yields. Their conclusions are in line with those in Europe and
Northern America where the overall P input decreased by more than 20 percent starting in the
1990ies due to better management practices and environmental regulations (Smil, 2000;
Schroder et al., 2010).

However, the public as well as the scientific dispute suppose P as a scarce resource that
need to be added to field to fight the hunger in the world (Cordell et al., 2009, 2015a). Today,
the agricultural demand on P fertilizers is greater than the biological renewal rate, thus, it is
supposed that the high consumption rate can only be met by mining and converting the
mineral and non-renewable phosphate rock into P fertilizers. The global annual production of
phosphate rock almost doubled from 1970 to 2010 (Prud’homme, 2010). The demand on
phosphorus still increases by about 1.4 percent annually (Heffer et al., 2014).

The application of inorganic phosphorus as fertilizer is still seen of paramount importance
in agricultural industry. More than 90 percent of the globally mined phosphate rocks are used
in the agrarian sector. 82 percent fertilize farmland and 9 percent add to animal feed.
Phosphorus is considered indispensable for food and feed production sustaining food security
(Shakhramanyan et al., 2012).

In addition, the feed production demands more land and thus P than the production for
human (vegetarian) food (WRI, 1994). The livestock — around the world is too high that arable
land may support them in a sustainable manner. In addition, P shortage in feed may harm
substantially livestock health, especially during the lactation period in dairy (Griinberg et al.,
2015). Moreover, special crops such as soya or oil plants demand even higher application rates
of P fertilizer. The transition from oil and coal based energy production towards bio-energy
caused another pressure on P demand (Schréder et al., 2010).

5 The supply of P in the ecosystem and by fertilizers

Originally, P as well as other nutrients is supplied for primary producers/organisms by
weathering of the lithogenic material during pedogenis. Some of the resulting P in soil
solution can directly be used by organisms, some may be sorbed (again) by soil minerals and
soil organic matter and some may be leached to ground water or transported by surface run off
downstream (Kruse et al., 2015). Some of the temporarily fixed P can be mobilized again for
plant growth by plant roots, (symbiotic) fungi and bacteria as studies on crop plants
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demonstrated (Palomo et al., 2006; Richardson et al., 2009; Hunter et al., 2014; Battani et al.,
2014). Thus, terrestrial ecosystems organisms form P stocks in soil and these P stocks in soils
nourish the ecosystems organisms when P is scarce, which at least retards P draining to the
sea. Different studies tried to estimate annual P loss from differentially used soils. Because P
losses from soil is affected by for example hill slope, precipitation, soil type, soil texture, P-
saturation and vegetation cover and P loss occurs predominantly by surface run off but also by
sub surface leaching of solved and colloidal P, difficulties exist to estimate real P loss from
soils. Generally, erosion of lithogenic or pedogenic material and therefore leaching of P will
be higher in regions with higher hill slope (especially mountains) compared to low lands and
also higher from areas without vegetation cover compared to those with dense vegetation.

In low lands McColl et al. (1977) for example detected an annual total P (TP) loss of 71 to
201 g ha! y* from different forests and of 293 g ha™ y™ from fertilized hill pasture by run off.
Similarly, Verheyen et al. (2015) detected a P loss of 80 to 280 g dissolved reactive P (DRP)
ha® y* from arable and pasture soils and 14 to 22 g DRP ha™ y* from forest soils. Therefore,
they detected an up to 11-fold higher DRP loss from arable and pasture soil compared to forest
soils. This fact pointed to the predominant influence of vegetation cover and P saturation of
the soil. Assessing TP concentrations in arable soil of around 400 mg per kg soil in a depth of
0...30 cm (Zimmer et al., 2016) and an average soil density of 1.6 g cm™, a P stock of around
1,920 kg TP can be assumed in 1 ha of arable soil (only in a depth of 0...30 cm). McColl et al.
(1977) estimated a loss of around 300 g TP ha™ y™*. This figure confirms a loss of only 0.016
% of the TP stock in the upper soil levels (0...30 cm) lost to water bodies by run-off.
However, this low amounts in relation to the soil TP stock can have disastrous effects on water
bodies.

For example, TP concentrations in streams and drain water from arable soils vary from
0.036 and 0.044 mg I™' (Tiemeyeret al., 2009) to 0.4 mg TP I (Gentry et al., 2007).
Therefore, the quality of water from arable fields can be classified mostly as ‘moderately
polluted” according to the water quality class Il according to LAWA (1998). For a general
orientation, concentrations of 0.05 mg TP I reflect the shift from a ,,very good ecological
status“ to a ,,good ecological status and 0.1 mg TP 1™ that from a ,,good ecological status* to
a ,,moderate ecological status“ in lowland rivers according to LAWA (2007). Therefore, TP
concentrations >0.1 mg TP I* can generally be assumed as anthropogenically increased
eutrophication of water bodies. This is especially true if the N:P ratio exceed 16:1 because the
N concentration is normally much higher than the P concentration and therefore algal growth
is restricted by P (Redfield, 1958).

Therefore, if higher P loads are transported to lakes and the sea by rivers it stimulates
primary producers in the littoral zone of the rivers and of the lakes and the oceans as well.
This increase in primary producers supports the whole food web and add biomass and as well
as P to the limnic and marine sediments. From a short-term point of view, these limnic and
marine sediments act as final sink for P. In sediment fixed P, mostly as organic or Fe sorbed P,
can be reactivated to water soluble and “algal” available phosphate if anaerobe zones occur
within the water column/sediment (e.g., Mort et al., 2010; Rydin et al., 2011; Mérz et al.,
2008). Such anaerobe events can result in reductive dissolution of P and a repeated P recycling
from the sediment into the water column (e.g., Mort et al., 2010; Rydin et al., 2011; Mérz et
al., 2008). Gustafson et al. (2012) demonstrated in long-term studies in the Baltic Sea that
within anaerobic periods the Redfield ratio of C:N:P may drift substantially towards a fivefold
higher turnover rate of biological production due to the P effect than the Redfield ratio
predicts.
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Humans firstly interacted directly with soils during Neolithic revolution starting around
12,000 to 10,000 years before present when societies shifted from forager to producer
societies with domestification of plants and animals in different regions of the world (e.g.,
Butzer, 1976; Barker, 2009; Bocquet-Appel, 2011). For centuries soils were
cultivated/fertilized e.g by swidden farming, aboriculture, wetland cultivation (Fedick and
Ford, 1990), usage of alluvial soils in floodplains which are regularly flooded with fertile
sediments (Butzer, 1976), by life stock manure (Cunfer and Krausmann, 2009; Hughes, 1992),
by domestic waste (Bakels, 1997), by plagging of manure enriched grass sods etc. (Conry,
1971; Davidson and Simpson, 1984), and by e.g. seaweed input in coastal areas (Davidson and
Simpson, 1984; Acksel et al., submitted). These ways of fertilization were characterised more
or less by a regional character and therefore a regional nutrient especially P cycle. After the
second world war, especially the western agriculture was intensified (so called green
revolution) and shifted therefore from an extensive regional use of “organic” phosphorus to a
global “cycle” defined by anthropogenic mined rock phosphate (e.g., Ringvale et al., 2014).

In the meantime the business as usual mineral P imports mined from the World’s reserves
(Fig. 4) will still feed the market and the fear of economists that one day the P reserves are
gone (Cordell, 2010). Moreover, the P “problem” will further worsen, since
1. the phosphorus content in the phosphate rock is decreasing (Smil, 2000; Zhang et al.,

2008),

2. the costs for exploration, mining and processing per ton phosphorus fertilizers and the

amount of waste of the fertilizers processing are exploding (Zhang et al., 2008),

3. the number and amount of contaminants in the rock and in the finished fertilizer is

increasing (Chen et al., 2015),
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4. the loads of unwanted substances such as cadmium and uranium to the environment (and

consequently to feed and food) grow (Knolle, 2008; Schnug et al., 2014).

To summarize, although the P demand is still increasing due to political will, neglecting
scientific and technological, e.g. recycling, knowledge as well as using arable landscapes for
unwanted wastes (P wastes from uranium enrichment) respectively better and sustainable
options and management practices the costs for an ecosystem renewal grow unattainably. The
“cooperation” with the ecosystems capabilities especially the soil biosphere may prevent the
system against the collapse. This conclusion, however, includes a regional recycling of the P
taken from the fields by harvest and transferred to the urban centers.

There are only some occasions in the World that still need a further supply of plant
available P at present (Jat et al., 2012). In the most other regions the demand on P can be met
by applying better P and soil management as well as in changing consumption modes (Smil,
2002h, 2014; Syers et al., 2011; Neset et al., 2012).

6 Peak phosphorus?

Most of the P reserves are unevenly distributed around the world and therefore form
oligopols on the supply side of the market. Only a handful (in some cases state owned)
suppliers may override the market, dictate prices or shorten quantities. The situation makes the
prices for P very volatile as seen between 1974-5 (peak prices were above 1.800 $/t) and in
2008, when prices jumped of 800 to 900 percent (peak prices 1.200 $/t). The market price for
P at mine is about 200 $/t on average and almost constant during the last decades (farm gate
prices are higher and depend from many other aspects). The 2008 price shock called
economists to study P markets and to assess how long P still can be used (Cordell et al., 2009,
2011; Heckenmiiller et al., 2014; Schroder et al., 2010).

Since P prices are very volatile and oil crops require considerably high amounts of the
fertilizer to achieve and sustain high yields this impact can be seen reasonable for the price
spike in the early 2000ies (e.g., Smil, 2000). Clift et al. (2012) assumed that policy induced
the price jump in the phosphorus market. The political target to substitute as much as possible
fossil fuel by biological ones for climate change reasons may have caused that market players
speculated on increasing phosphorus demands. The more the first price jump in P in 1974-75
occurred always simultaneously between the two oil price shocks. The oil market shows very
similar economic properties (Heckenmiiller et al., 2014).

Cordell et al. (2009) introduced the peak P concept illustrating the shortage of the P
reserves. Their model bases on the presently known stock, today’s exploitation rates and
expectations on future demand growth. They estimated that the global peak for P mining and
fertilizer production is likely to occur as early as 2033. They defined the term “peak
phosphorus™ a point at which the production of P from phosphate rock reaches its maximum
due to the decreasing availability rock deposits, the declining P content of the rock, assuming
a steadily high or growing demand on the resource.

Cordell et al. (2009) used the a Hubbert styled resource model to assess the longevity of
the resource assuming that P might be behave similar to the oil resources (Hubbert, 1979).
Cordell et al. (2011, 2015a) corrected their estimates, according to their calculations, peak P
may occur some years later — in 2070 or after 2300. If the demand of a non-substitutable,
essential and non-renewable resource clearly is larger than its supply in the long run we are
faced with a phenomenon economists call a “cake eating problem” (Hotelling, 1931).

The cake — P — can be eaten up only once. By the end the resource, the cake, is gone
completely. Those models such as the cake eating one may illustrate the scarcity of a resource
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using prices as indicators for an economic scarcity. The simple economic theory truth is, “The
higher the price of a (normal) good the more scarce the resource is”.

Hence, economic scarcity concept does not only include the physical shortness of a
resource but also is it worth or economically feasible and viable to continue extracting P from
the rock. The part worth to exploit forms the presently known reserve. However, one may
influence the rate of consumption from the reserve stock by various political or economic
measures. Whereas new P rock locations might be detected worth to be exploited other models
show that various strategies and technologies may reduce the consumption rate, thus the
remaining reserves last longer. Moreover, P is a waste of nuclear power industry or mining of
rare Earth elements, it is recyclable (Drangert, 2012) and the exploitation of the P reserves and
their translocation formed new stocks in arable soils. The new soil stocks may prevent under
certain circumstances P fertilization at all.

Giraud (2011) argued for some reason that a Hubbert-style analysis, the tool used by
Cordell et al. (various papers), depend on a set of specific conditions that are not apply to P.
He argued that there are two important qualitative differences between P and carbon-based
fossil fuels: (1) P is in principle recoverable after use but (2) P is not substitutable by any other
resource because it is an essential element for almost all life-forms (quoted in Clift et al.,
2012). Vaccari et al. (2011) show that a Hubbert analysis cannot be used in this case since
there is no substitute for P.

In general, there is no substitute for P as long as we assume that P is a clean and pure
product. In the context that P is used as a fertilizer, P is not such a good. P fertilizers are
“polluted” by many other elements in some cases P fertilizers are wastes from other industries
(Chen et al., 2015). Moreover, P rock mining causes unconceivable piles of waste at a rate of 1
(P fertilizer) to ten (P waste) and larger. These piles still contain P but the remains are that
toxic that they are not permitted to other uses than waste (Smil, 2000; Zhang et al., 2008). The
peak P dispute neglects that the relocation of P from mine to dumpsites and to soil stocks offer
new reserves.

In addition, there are enormous losses along the mining, processing and application line
that can be avoided. Therefore, “peak P rather is a concept to draw attention and awareness
on this resource than P a finite physical resource is (Smil, 2002a; Scholz et al., 2013). If P is
handled efficiently it will last forever (Drangert, 2012).

More dynamic models contradict at least in part the peak P model and shift the awareness
of the P scarcity discussion to other important aspects of the issue. Scholz et al. (2013) show
in their analysis that the P resources are underestimated, that many aspects a Hubbert analysis
requires are not fulfilled in the case of P (such as innovations, various markets, many
stakeholders etc.) and that the reserve stocks in P are rather high compared to other resources.

However, the peak P dispute made economists and politicians aware of a resource and its
un-efficient use and losses to the environment discussed for long by natural science according
to negative impacts to the environment (see for instance Costanza et al., 1995; K6hn, 1999;
Turner et al., 1999). The peak P dispute opened the floor for transdisciplinary research along
the broken P cycle and the P chain from mine to fork (and human health) and back to the
oceans. Almost 90 percent of P is lost along the application line to the environment (Clift et
al., 2012). There are no or only little economic incentives to change this chain into a close
cycle for a sustainable use of P (Molinos-Senante et al., 2011).

7 Balancing demand and supply of P
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Ott et al. (2012) found the annual net per capita P use was 4.7 kg, of which only 1.2 kg
reached the consumer, only about one quarter. After use there was little recycling (0.77 kg
P/calyear) in the EU-15. According to their calculations large fractions of the surplus P
accumulated in agricultural soils (2.9 kg P/calyear) were sequestrated in landfills (1.4 kg
P/calyear) and were emitted to the hydrosphere (0.55 kg P/cal/year). That means, more than
half of P imports is accumulated in soils and one eighth is discharged indirect or direct to
surface waters. In other words, three quarters of the P import does not provide any economic
benefit but,

1. is accumulated in stocks that may support crop growth in future if the stock can re-
mobilized from the soil by the soil biosphere,

2. forms stocks in landfills that maybe never ever can be recycled, or

3. enhance eutrophication of surface waters and will be once add to marine sediment P stock
unavailable for economic use.

Van Dijk (2016) provided another mass balance calculation for P in the EU countries using
2005 data. Their results show that the mineral P fertilizer import still is necessary if the mode
of production will not be changed also in Europe. They calculated the inputs — outputs and
losses of P within the farm gate to fork chain based on national statistics in the EU-27. In
summary, about 50 percent of the P inputs are lost along the P chain. The main part of losses
is added to the P stock in arable soils — about 40 percent in 2005. Another huge part of P ends
on landfills or in surface waters after human consumption. Thus, two third of the P imports are
whether lost or add to soil stocks that one may use by alternative land use practices or through
recycling.

In consequence, one may reduce the demand on mineral P fertilizers by some 40 — 60
percent without harming crop yields if
1. plants may assimilate almost all the supplied P (plant available P) due to improved

fertilizer formulations and application schemes (Bridger et al., 1962; Valente et al., 1982;

Helyar, 1998; Burns et al., 2002; Romer, 2006; Meyer et al., 2014; Suriyagoda et al., 2014;

Hasler et al., 2015),

2. losses to the soil P stock are reduced and the P soil matrix can be re-mobilised for plant
production by soil microbes (Kucey et al., 1989; Wang et al., 2008; Battini et al., 2014;
Bahri-Esfahani et al., 2014; Kaur et al., 2015),

3. animal production will be restricted to an extent that the region may support the livestock,
that means: reducing also feed production substantially, balancing the regional ecological
balance and the regional consumption of dairy and meat, allowing for an economic short
distance transportation manure return to fields as organic fertilizer (Bolan et al., 2004;
Dolman et al., 2014; Machovina et al., 2015; Petrovic et al., 2015),

4. P losses to the environment are avoided (De Wit et al., 1999; Laane et al., 2005; Innes,
2013; Carliell-Marquet et al., 2014),

5. leaks within the P transformation chain within the society are closed, thus P remains within
a regional input — output cycle (Withers et al., 2015),

6. wastes containing P are recycled and cleaned from pollutants not adding longer to the
“new” P stocks on landfills (Ashley et al., 2011; Drangert, 2012),

7. the overall societal efficiency will be improved (Li et al., 2014; Allievi et al., 2015;
Cordell, 2015 b; Metson et al., 2015).

A reduction of two thirds of mineral P fertilizers annually would cause costs savings for
the fertilizers purchase but also for the mitigation costs P leakage causes to the environment
and will reduce the inputs of pollutants coming along with P fertilizers to fields and the

MexaHi3m peryntoBaHHs ekoHOMiku, 2017, Ne 1 17



. Kvon, JI. 3inmep, I1. Jleinseoep. « Dochopnar ekonomika — 02110

groundwater. Let us assume that farmers may spend the same budget as now for buying P

fertilizers but applying only one third of improved and cleaned P from accompanying

pollutants such as cadmium, uranium and other the environmental costs will diminish further.

Moreover, since the quoted calculations based on an annual flow data for P input but

1. P fertilizers applications have been already reduced in the last twenty years in Europe,

2. the “old” P stocks in the soils remain, and

3. a lower application rate of only plant available and clean P from re-cycling the stocks may
be balanced efficiently.

Further, one may assume that the soil stocks may support high crop yields for long if
immobile stocks accumulated in the last decades in soil are remobilised by “living” soils.
Kucey et al. (1989) and other showed that the microbial biosphere in the soil provides crop
plants with the “right” amount and the “right” quality of P thus serves the system on demand.
In summary, the knowledge, the bio-technology at competitive prices for an improved P
management are already at hand (Baum et al.,, 2013, own market desk search for
endomycorrhizal bacteria and fungi and application reports). Best agricultural management
practices also include to apply as much as (in small amounts) and as often as (according to the
growth phases of the crop plant) phosphorus as the plants can take-up as being part of
precision farming (Helyar, 1998; Iho et al., 2012; Maine et al., 2007). The old thinking “if you
apply more, you will harvest more” needed to rethink, since after an optimum of fertilization
yields decrease after passing a species specific threshold of optimum (Jiao et al., 2014;
Nyborg et al., 1999). Thus, reducing the oversupply may be beneficial to the crop yield,
farmers’ budget and the environment (Buckley et al., 2013). However, Scholz et al. (2015 &, b)
doubt that institutional settings assuring those strategies can be introduced in near future.

8 Summary — a better P economy

The Green Revolution induced an ever increasing demand on P fertilizers. The crop yield
did not increase simultaneously to the input of P fertilizers. The main part of the mineral P is
accumulated in the soils or after human consumption in sewage and landfills or is directly
discharged to water bodies. Consequently, these losses formed “new” stocks and caused huge
economic deficiencies. Therefore, the economically best P strategy is to minimize or to stop
the mineral fertilization. This strategy includes:

1. a substantial reduction of the import of P fertilizers may it be from apatite mines or from
nuclear enrichment wastes,

2. an activation of the “new” P soil stocks from 50 years of accumulation nourishing crops in
the coming years,

3. the mitigation of external effects to the environment by avoiding the losses to soil and
surface waters, and

4. the closing of regional “clean” P fertilizer cycles.

The strategy is almost neutral if not socially beneficial in costs if the external costs of the
business as usual are accounted in the balance sheet. If those costs would be included in the P
fertilizer price to apply the polluter pays principle, no farmer would afford those prices. P
fertilization would stop immediately since P fertilization goes along with polluting the
environment with toxic elements and compounds. These compounds really harm food
security, drinking water and human health. Thus, P fertilization is a matter of P fertilizers
cleanness also not limited on quantitative aspects.
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In conclusion, the expected shortage of P harming humans’ food security due to an
extinction of P reserves in the world may happen if and only if humans will follow the
inefficient and uneconomic paths of P use they went the last sixty years.

References

1. Acksel, A., Kappenberg, A., Kiihn, P., Leinweber, P. Humus-rich topsoils around the Baltic Sea, a
product of human activity. Submitted to Geoderma regional.

2. Allievi, F., Vinnari, M., Luukkanen, J., 2015. Meat consumption and production — analysis of
efficiency, sufficiency and consistency of global trends. Journal of Cleaner Production 92, 142—
151.

3. Amanullah, M. W. K., 2011. Interactive Effect of Potassium and Phosphorus on Grain Quality and
Profitability of Sunflower in Northwest Pakistan. Pedosphere 21, 532-538.

4.  Ashley, K., Cordell, D., Mavinic, D., 2011. The Phosphorus Cycle. A brief history of phosphorus:
From the philosopher’s stone to nutrient recovery and reuse. Chemosphere 84, 737-746.

5. Bihr, J.,, 2007. Entwicklung von Urbanisierung. Berlin Institut fiir Bevolkerung und Entwicklung,
Berlin 1-6, http://www.berlin-
institut.org/fileadmin/user_upload/handbuch_texte/pdf Baehr Entwicklung_Urbani-sierung.pdf.

6. Bahri-Esfahani, J., George, T. S., Gadd, G. M., 2014. From A to B: mechanisms in A (Aspergillus)
to phosphate release for B (Barley). 4™ Sustainable Phosphorus Summit, Montpellier, France, 1-3
September 2014, Book of Abstracts.

7. Bakels, C. C., 1997. The beginnings of manuring in western Europe. Antiquity 71, 442-5

8.  Barker, G., 2009. The Agricultural Revolution in Prehistory: Why did Foragers become Farmers?
Oxford University Press. ISBN 978-0-19-955995-4.

9. Battini, F., Cristani, C., Agnolucci, M., Giovannetti, M., 2014. Phosphate solubilizing bacteria
associated with arbuscular mycorrhizal fungi, beneficial symbionts of crop plants. 4™ Sustainable
Phosphorus Summit, Montpellier, France, 1-3 September 2014, Book of Abstracts.

10. Baum, C., Kahle, P., Kohn, J., Leinweber, P., 2013. Boden- und sozio-6kologische Auswirkungen
von Kurzumtriebsplantagen. In: Giilzower Fachgespriche 43, Agrarholzkongress 2013, Berlin, 19—
20 Februar 2013, ISBN 978-3-942147-12-5, 334-343.

11. BEACON 2014. A Scenario Analysis of the Potential Costs of Implementing the Phosphorus
Management Tool on the Eastern Shore of Maryland. Salisbury University, 1-43.

12. Bocquet-Appel, J. P., 2011. When the World’s Population Took Off: The Springboard of the
Neolithic Demographic Transition. Science 333, 560-561.

13. Bolan, N. S., Wong, L., Adriano, D. C., 2004. Nutrient removal from farm effluents. Bioresource
Technology 94, 251-260.

14. Bridger, G-L., Salutsky, M. L., Starostka, R. W., 1962. Micronutrient Sources, Metal Ammonium
Phosphates as Fertilizers J Agric Food Chem 10, 181-188.

15. Buckley, C., Carney, P., 2013. The potential to reduce the risk of diffuse pollution from agriculture
while improving economic performance at farm level. Environmental Science Policy 25, 118-126.

16. Burns, R. T., Moody, L. B., 2002. Phosphorus recovery from animal manures using optimized
struvite precipitation. Proceedings of Coagulants and Flocculants: Global Market and Technical
Opportunities for Water Treatment Chemicals, Chicago.

17. Butzer, K. L., 1976. Early Hydraulic Civilization in Egypt. Chicago: University of Chicago. Press.

18. Carliell-Marquet, C. M., Cooper, J., 2014. Towards closed loop phosphorus management: The UK
Water Industry. 4™ Sustainable Phosphorus Summit, Montpellier, France, 1-3 September 2014,
Book of Abstracts.

19. Chen, M., Graedel, T. E., 2015. The potential for mining trace elements from phosphate rock. J
Cleaner Production 91, 337-346.

20. Childers, D. L., Corman, J., Edwards, M., Elser, J. J., 2011. Sustainability Challenges of
Phosphorus and Food: Solutions from Closing the Human Phosphorus Cycle. BioScience 61, 2,
117-124.

MexaHi3m peryntoBaHHs ekoHOMiku, 2017, Ne 1 19


http://www.sciencedirect.com/science/journal/09596526
http://www.sciencedirect.com/science/journal/10020160
http://www.sciencedirect.com/science/journal/00456535
http://www.berlin-institut.org/fileadmin/user_upload/handbuch_texte/
http://www.berlin-institut.org/fileadmin/user_upload/handbuch_texte/
https://books.google.com/books?id=fkifXu2gx4YC
https://en.wikipedia.org/wiki/International_Standard_Book_Number
http://www.sciencedirect.com/science/article/pii/S1462901112001736
http://www.sciencedirect.com/science/article/pii/S1462901112001736

. Kvon, JI. 3inmep, I1. Jleinseoep. « Dochopnar ekonomika — 02110

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

20

Clift, R., Shaw, H., 2012. An Industrial Ecology Approach to the Use of Phosphorus. Procedia
Engineering 46, 39-44.

Conry, M. J., 1971, Irish plaggen soils-their distribution, origin, and properties. J Soil Science, 22,
401-416.

Cordell, D., White, S., 2015a. Tracking phosphorus security: Indicators of phosphorus
vulnerability in the global food system. Food Security 7, 337-350.

Cordell, D., 2010. The story of phosphorus. Sustainability implications of global phosphorus
scarcity for food security. PhD-thesis, Linkoping University.

Cordell, D., Drangert, J-O, White, S., 2009. The story of phosphorus: Global food security and
food for thought. Global Environmental Change 19, 292-305.

Cordell, D., Rosemarin, A., Schrdder, J. J., Smit, A. L., 2011. Towards global phosphorus security:
A systemic framework for phosphorus recovery and reuse options, Chemosphere Special Issue on
Phosphorus 84, 747-758.

Cordell, D., Turner, A., Chong, J., 2015. The hidden cost of phosphorus fertilizers: mapping multi-
stakeholder supply chain risks and impacts from mine to fork. Global Change, Peace Security 27,
323-343.

Costanza, R., Greer, J., 1995. The Chesapeake Bay and its watershed: A model for sustainable
ecosystem management? in Gunderson, L. H., Holling, C. S., Light, S. S., 1995 eds. Barriers and
Bridges to the renewal of ecosystem and institutions. Columbia University Press, New York, 169—
213.

Cunfer, G., Krausmann, F., 2009. Sustaining Soil Fertility: Agricultural Practice in the Old and
New Worlds. Global Environment 2, 8-47.

Davidson, D. A., Simpson, I. A., 1984. The formation of deep topsoils in Orkney. Earth Surface
Processes and Landforms, 9, 75-81.

De Wit, M., Behrendt, H., 1999. Nitrogen and phosphorus emissions from soil to surface water in
the Rhine and Elbe basins. Water Science and Technology, 39, 109-116.

Deutschlandfunk 2016. Handel mit Afrikas letzter Kolonie. http://www.deutschlandfunk.de/eu-
marokko-und-der-westsahara-konflikt-handel-mit-afrikas.724.de.html?dram:article_id=366913.
Accessed 14 Jan 2017.

Dolman, M. A., Sonneveld, M. P. W., Mollenhorst, H., de Boer, I. J. M., 2014. Benchmarking the
economic, environmental and societal performance of Dutch dairy farms aiming at internal
recycling of nutrients. J Cleaner Production 73, 245-252.

Drangert, J-O., 2012. Phosphorus — a limited resource that could be made limitless. Procedia
Engineering 46, SYMPHOS 2011 — 1st International Symposium on Innovation and Technology in
the Phosphate Industry, Mohamed, A. ed., 228-233.

FAO 2011. Global food losses and food waste — Extent, causes and prevention.
http://www.fao.org/docrep/014/mb060e/mb060e00.htm. Accessed 12 Jan 2017.

FAO 2017. Fishery and Aquaculture Country Profiles. The Republic of Peru.
http://www.fao.org/fishery/facp/PER/en, Accessed 1 Feb 2017.

Fedick, S. L., Ford, A., 1990. The Prehistoric Agricultural Landscape of the Central Maya
Lowlands: An Examination of Local Variability in a Regional Context. World Archaeology, 22, 1,
Soils and Early Agriculture, 18-33.

Filippelli, G. M., 2011. Phosphate rock formation and marine phosphorus geochemistry: The deep
time perspective. The Phosphorus Cycle. Chemosphere 84, 759-766.

Gentry, L. E., David, M. B., Royer, T. V., Mitchell, C. A, Starks, K. M., 2007.
Phosphorustransport pathways to streams in tile-drained agricultural watersheds. J Environ Qual
36, 408-415.

Gholamhoseini, M., Ghalavand, A., Khodaei-Joghan, A., Dolatabadian, A., Zakikhani, H.,
Farmanbar, E., 2013. Zeolite-amended cattle manure effects on sunflower yield, seed quality, water
use efficiency and nutrient leaching. Soil and Tillage Research 126, 193-202.

Gilliam, J. W., 1995. Phosphorus control strategies. Ecological Engineering 5, Phosphorus
dynamics in the Lake Okeechobee Watershed, Florida, 405-414.

MexaHi3m peryntoBaHHs ekoHOMiku, 2017, Ne 1


http://www.sciencedirect.com/science/article/pii/S1877705812045067
http://www.sciencedirect.com/science/article/pii/S1877705812045067
http://www.sciencedirect.com/science/article/pii/S1877705812045067
http://www.deutschlandfunk.de/eu-marokko-und-der-westsahara-konflikt-handel-mit-afrikas.724.de.html?dram:article_id=366913
http://www.deutschlandfunk.de/eu-marokko-und-der-westsahara-konflikt-handel-mit-afrikas.724.de.html?dram:article_id=366913
http://www.sciencedirect.com/science/article/pii/S0959652614001899
http://www.sciencedirect.com/science/article/pii/S0959652614001899
http://www.sciencedirect.com/science/article/pii/S0959652614001899
http://www.sciencedirect.com/science/article/pii/S0959652614001899
http://www.sciencedirect.com/science/journal/18777058
http://www.sciencedirect.com/science/journal/18777058
http://www.fao.org/fishery/facp/PER/en
http://www.sciencedirect.com/science/article/pii/S0167198712001626
http://www.sciencedirect.com/science/article/pii/S0167198712001626
http://www.sciencedirect.com/science/article/pii/S0167198712001626
http://www.sciencedirect.com/science/article/pii/S0167198712001626
http://www.sciencedirect.com/science/article/pii/S0167198712001626
http://www.sciencedirect.com/science/journal/01671987
http://www.sciencedirect.com/science/article/pii/0925857495000356
http://www.sciencedirect.com/science/journal/09258574

Jirg Kohn, Dana Zimmer, Peter Leinweber. Phosphorus Economics — a Review

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Giraud, P-N., 2011. A note on Hubbert’s hypotheses and techniques. Working Paper 2011-03,
Cerna, MINES, Paris Tech.

Gowdy, J. M., McDaniel, C., 2000. Paradise for Sale: A Parable of Nature. University of California
Press.

Griinberg, W., Scherpenisse, P., Dobbelaar, P., Idink, M. J., Wijnberg, I. D., 2015. The effect of
transient, moderate dietary phosphorus deprivation on phosphorus metabolism, muscle content of
different phosphorus-containing compounds, and muscle function in dairy cows. J Dairy Science
98, 5385-5400.

Gustafsson, B. G., Schenk, F., Bleckner, T., Eilola, K., Meier, H. E. M., Miiller-Karulis, B.,
Neumann, T., Ruoho-Airola, T., Savchuk, O. P., Zorita, E., 2012. Reconstructing the development
of Baltic Sea eutrophication 1850-2006. Ambio 41, 534-548.

Habashi, F., 1960. Die Vorginge bei der Gewinnung von Uran aus Phosphorséure. J Inorganic and
Nuclear Chemistry 13, 125-137.

Harenz, H., 1991. Permanente Phosphoranreicherung der Béden der DDR — eine Ursache der
zunehmenden Phosphorbelastung der Gewdsser aus diffusen Quellen. in: Erste Nationale
Konferenz zum Schutz der Meeresumwelt der Ostsee. Umweltbundesamt Texte 14/91, 93-106.
Hasler, K., Broring, S., Omta, S. W. F., OIfs, H-W., 2015. Life cycle assessment (LCA) of
different fertilizer product types. European J Agronomy 69, 41-51.

Heckenmiiller, M., Narita, D., Klepper, G., 2014. Global Availability of Phosphorus and lIts
Implications for Global Food Supply: An Economic Overview. Kiel Working Paper No. 1897, 1—
26.

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

Heffer, P., Prud’homme, M., 2014. Fertilizer outlook 2014-2018. 82. IFA Annual Conference.
http://www.fertilizer.org/imis20/images/Library Downloads/2014_ifa_sydney

summary.pdf.

Helyar, K. R., 1998. Efficiency of nutrient utilization and sustaining soil fertility with particular
reference to phosphorus. Nutrient use efficiency in rice cropping systems. Field Crops Research
56, 187-195.

Hotelling, H., 1931. The Economics of Exhaustible Resources. Journal of Political Economy,
39(2), 137-175.

Hubbert, M. K., 1979. Hubbert estimates from 1956 to 1974 of US oil and gas. Methods and
Models for Assessing Energy Resources. Grenon, M. ed., First IIASA Conference on Energy
Resources, May 20-21, 1975, 370-383.

Huffmann, M. M., 2015. Food and environmental allergies. Primary Care: Clinics in Office
Practice, 42, Primary Care for School-Aged Children, McClain, E. K., ed., 113-128.

Hughes, J. D., 1992. Sustainable agriculture in ancient Egypt. Agricultural History, 12-22.

Hunter, P. J., Teakle, G. R., Bending, G. D., 2014. Root traits and microbialcommunity
interactions in relation to phosphorus availability and acquisition, with particular reference to
Brassica. Frontiers in Plant Science 5, 1-18.

lho, A., Laukkanen, M., 2012. Precision phosphorus management and agricultural phosphorus
loading. Ecological Economics, Volume 77, 91-102.

Innes, R., 2013. Economics of agricultural residuals and overfertilization: Chemical fertilizer use,
livestock waste, manure management, and environmental impacts. Shogren, J. F. ed. Reference
Module in Earth Systems and Environmental Sciences. Encyclopedia of Energy, Natural Resource,
and Environmental Economics, 2, Resources, 50-57.

Jat, M. L., Kumar, D., Majumdar, K., Kumar, A., Shahi, V., Satyanarayana, T., Pampolino, M.,
Gupta, N., Singh, V., Dwivedi, B. S., Singh, V. K., Singh, V., Kamboj, B. R., Sidhu, H. S,
Johnston, A., 2012. Crop response and economics of phosphorus fertiliser application in rice,
wheat and maize in the indo-gangetic plains. Indian J. Fert., Vol. 8, 62-72.

MexaHi3m peryntoBaHHs ekoHOMiku, 2017, Ne 1 21


http://www.sciencedirect.com/science/journal/00221902
http://www.sciencedirect.com/science/journal/00221902
http://www.sciencedirect.com/science/journal/03784290
http://www.sciencedirect.com/science/book/9780080244433
http://www.sciencedirect.com/science/book/9780080244433
http://www.sciencedirect.com/science/journal/00954543
http://www.sciencedirect.com/science/journal/00954543
http://www.sciencedirect.com/science/journal/09218009/77/supp/C

. Kvon, JI. 3inmep, I1. Jleinseoep. « Dochopnar ekonomika — 02110

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

22

Jiao, X., Shen, J., Zhang, F. S., 2014. Phosphorus balances and yield responses of crops as affected
by phosphorus fertilization in China. 4™ Sustainable Phosphorus Summit, Montpellier, France, 1-3
September 2014, Book of Abstracts.

Kaur, G., Reddy, M. S., 2015. Effects of phosphate-solubilizing bacteria, rock phosphate and
chemical fertilizers on maize-wheat cropping cycle and economics. Pedosphere, 25, 428-437.
Killiches, F., 2013. Phosphat: Mineralischer Rohstoff und unverzichtbarer Nahrstoff fiir die
Erndhrungssicherheit weltweit. Ed. Federal Institute for Geosciences and Natural Resources (BGR)
by order of Federal Ministry for Economic Cooperation and Development (BMZ), in German,
http://www.bgr.bund.de/DE/Themen/Zusammenarbeit/Techn
Zusammenarbeit/Politikberatung_SV_MER/Downloads/phosphat.html?nn=2722886.

Knolle, F., 2008. Ein Beitrag zu Vorkommen und Herkunft von Uran in deutschen Mineral- und
Leitungswassern. Dissertation, Technische Universitét Braunschweig.

Kohn, J., 1999. Economics of a Baltic Sea sustainability approach. Limnologica 29, 346-361.
Koppelaar, R. H. E. M., Weikard, H-P., 2013. Assessing phosphate rock depletion and phosphorus
recycling options. Global Environmental Change 23, 1454-1466.

Kruse, J., Abraham, M., Amelung, W., Baum, C., Bol, R., Kiihn, O., Lewandowski, H.,
Niederberger, J., Oelmann, Y., Riiger, C., Santner, J., Siebers, M., Siebers, N., Spohn, M,
Vestergren, J., Vogts, A., Leinweber, P., 2015. Innovative methods in soil phosphorus research: A
review. J Plant Nutr Soil Sci 178, 43-88.

Kucey, R. M. N., Janzen, H. H., Leggett, M. E., 1989. Microbially mediated increases in plant-
available phosphorus. Advances in Agronomy 42, 199-228.

Laane, R. W. P. M., Brockmann, U., van Liere, L., Bovelander, R., 2005. Immission targets for
nutrients (N and P) in catchments and coastal zones: a North Sea assessment. The European
contribution to global coastal zone research: An ELOISE (European Land-Ocean Interaction
Studies) project. Estuarine, Coastal and Shelf Science 62, 495-505.

LAWA (Landerarbeitsgemeinschaft Wasser), 1998. Beurteilung der Wasserbeschaffenheit von
FlieBgewidssern in der Bundesrepublik Deutschland, Chemische Gewdssergiiteklassifikation,
Kulturbuchverlag Berlin GmbH, Berlin.

LAWA (Léanderarbeitsgemeinschaft Wasser), 2007. Rahmenkonzeption Monitoring, Teil B:
Bewertungsgrundlagen  und  Methodenpapier,  Arbeitspapier  Il:  Hintergrund-  und
Orientierungswerte flir physikalisch-chemische Komponenten, Stand: 7.03.2007.

Lewis, C., 2014. P is for Plunder — Phosphate from Western Sahara. 4" Sustainable Phosphorus
Summit, Montpellier, France, 1-3 September 2014, Book of Abstracts.

Li, G. H., van Ittersum, M. K., Leffelaar, P. A., Sattari, S. Z., Li, H. G., Huang, G. Q., Ma, L.,
Zhang, F. S., 2014. Quantifying phosphorus flows at different levels in China to identify potential
measures to improve the management. 4™ Sustainable Phosphorus Summit, Montpellier, France, 1—
3 September 2014, Book of Abstracts.

Machovina, B., Feeley, K. J., Ripple, W. J., 2015. Biodiversity conservation: The key is reducing
meat consumption. Science of the Total Environment 536, 419-431.

Maine, N., Nell, W. T., Lowenberg-DeBoer, J., Alemu, Z. G., 2007. Economic analysis of
phosphorus applications under variable and single-applications in the Bothaville district. Akrekon
46, 532-547.

Mirz, C., Poulton, S. W., Beckmann, B., Kister, K., Wagner, T., Kasten, S., 2008, Redox
sensitivity of P cycling during marine black shale formation: Dynamics of sulfidic and anoxic,
non-sulfidic bottom waters. Geochimica et Cosmochimica Acta 72, 3703-3717.

McColl, R. H. S., White, E., Gibson, A. R., 1977. Phosphorus and nitrate runoff in hill pasture and
forest catchments, Taita, New Zealand. NZ J. Mar Freshwater Res. 11:729-744.

Metson, G. S., Iwaniec, D. M., Baker, L. A., Bennett, E. M., Childers, D. L., Cordell, D., Grimm,
N. B., Grove, J. M., Nidzgorski, D. A., White, S., 2015. Urban phosphorus sustainability:
Systemically incorporating social, ecological, and technological factors into phosphorus flow
analysis. Environmental Science Policy 47, 1-11.

MexaHi3m peryntoBaHHs ekoHOMiku, 2017, Ne 1


http://www.sciencedirect.com/science/journal/10020160/25/3
http://www.bgr.bund.de/DE/Themen/Zusammenarbeit/Techn
http://www.sciencedirect.com/science/journal/00759511/29/3
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/article/pii/S146290111400197X
http://www.sciencedirect.com/science/journal/14629011

Jirg Kohn, Dana Zimmer, Peter Leinweber. Phosphorus Economics — a Review

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Meyer, G., Nanzer, S., Bonvin, C., Udert, K. M., Etter, B., Méder, P., Frossard, E., Oberson, A,
2014. Plant uptake of phosphorus recycled from waste water and sewage sludge ashes. 4™
Sustainable Phosphorus Summit, Montpellier, France, 1-3 September 2014, Book of Abstracts.
Molinos-Senante, M., Hernandez-Sancho, F., Sala-Garrido, R., Garrido-Baserba, M., 2011.
Economic Feasibility Study for Phosphorus Recovery Processes. Ambio 40, 408-416.

Mort, H. P., Slomp, C. P., Gustafsson, B. G., Andersen, T. J., 2010, Phosphorus recycling and
burial in Baltic Sea sediments with contrasting redox conditions. Geochimica et Cosmochimica
Acta 74, 1350-1362.

Moss, B., 1998. Eutrophication research state-of-the art: Inputs, processes, effects, modelling,
management. The E numbers of eutrophication — errors, ecosystem effects, economics,
eventualities, environment and education. Water Science and Technology 37, 75-84.

Motsara, M. R., 2002. Available nitrogen, phosphorus and potassium status of Indian soils as
depicted by soil fertility maps. Fertilizer News 47, 15-21.

Munson, R. D., Doll, J. P., 1959. The economics of fertilizer use in crop production. Adv.
Agronomy 11, 133-169.

Neset, T. S., Cordell, D., 2012. Global phosphorus scarcity: identifying synergies for a sustainable
future. J Science of Food and Agriculture 92, 2—6.

Nyborg, M., Malhi, S. S., Mumey, G., Penney, D. C., & Laverty, D. H., 1999. Economics of
phosphorus fertilization of barley as influenced by concentration of extractable phosphorus in soil.
Communications in Soil Science and Plant Analysis, 30, 1789-1795.

Ott, C., Rechberger, H., 2012. The European phosphorus balance. Resourc. Conserv. Recycl. 60,
159-172.

Palomo, L., Claassen, N. Jones, D. L., 2006, Differential mobilization of P in the maize
rhizosphere by citric acid and potassium citrate. Soil Biology Biochemistry 38, 683—-692.

Petrovic, Z., Djordjevic, V., Milicevic, D., Nastasijevic, I., Parunovic, N., 2015. Meat production
and consumption: Environmental consequences. Procedia Food Science 5, 235-238.

Prud’home, M., 2010. Peak phosphorus: an issue to be addressed. Fertilizers and Agriculture,
International Fertilizer Industry Association (IFA), February 2010.

Rao, N. S., Easton, Z. M., Schneiderman, E. M., Zion, M. S., Lee, D. R., Steenhuis, T. S., 2009.
Modeling watershed-scale effectiveness of agricultural best management practices to reduce
phosphorus loading. J Environmental Management, 90, 1385-1395.

Razzaque, M. S., 2011. Phosphate toxicity: new insights into an old problem, Clin Sci Lond, 120,
3,91-97.

Redfield, A. C., 1958. The biological control of chemical factors in the environment. Am Sci 46,
205-21.

Richardson, A. E., Barea, J-M., McNeill, A. M., Prigent-Combaret, C., 2009, Acquisition of
phosphorus and nitrogen in the rhizosphere and plant growth promotion by microorganisms. Plant
Soil 321, 305-339.

Ringeval, B., Nowak, B., Nesme, T., Delmas, M., Pellerin, S., 2014. Contribution of anthropogenic
phosphorus to agricultural soil fertility and food production, Global Biogeochem Cycles, 28, 743—
756.

Romer, W., 2006. Vergleichende Untersuchungen zur Pflanzenverfiigbarkeit von Phosphat aus
verschiedenen P-Recycling-Produkten im Keimpflanzenversuch. J Plant Nutrient Soil Science 169,
826-832.

Ryan, J., lbrikci, H., Delgado, A., Torrent, J., Sommer, R., Rashid, A., 2012. Chapter three —
Significance of Phosphorus for Agriculture and the Environment in the West Asia and North
Africa Region. Adv. Agronomy 114, 91-153.

Rydin, E., Malmaeus, J. M., Karlsson, O. M., Jonsson, P, 2011. Phosphorus release from coastal
Baltic Sea sediments as estimated from sediment profiles. Estuarine, Coastal and Shelf Science 92,
111-117.

Sanchez, P. A, Shephard, K. D., Soule, M. J., Place, F. M., Buresh, R. J., lzac, A. N., Mokwunye,
A. U, Kwesiga, F. R., Ndiritu, C. G., Woomer, P. L., 1997. Soil fertility replenishment in Africa:

MexaHi3m peryntoBaHHs ekoHOMiku, 2017, Ne 1 23


http://www.sciencedirect.com/science/article/pii/S0301479708002429
http://www.sciencedirect.com/science/article/pii/S0301479708002429
http://www.sciencedirect.com/science/article/pii/S0301479708002429
http://www.sciencedirect.com/science/article/pii/S0301479708002429
http://www.sciencedirect.com/science/article/pii/S0301479708002429
http://www.sciencedirect.com/science/article/pii/S0301479708002429
http://www.sciencedirect.com/science/article/pii/S0301479708002429
http://www.sciencedirect.com/science/article/pii/S0301479708002429
http://www.sciencedirect.com/science/article/pii/S0301479708002429
http://www.sciencedirect.com/science/article/pii/S0301479708002429
http://www.sciencedirect.com/science/article/pii/S0301479708002429
http://www.sciencedirect.com/science/journal/03014797
http://www.sciencedirect.com/science/bookseries/00652113

. Kvon, JI. 3inmep, I1. Jleinseoep. « Dochopnar ekonomika — 02110

100.

101.

102.

103.

104.

105.

106.

107.

108.

100.

110.

111.

112.

113.

114.

115.

116.

117.

118.

24

An investment in natural resource capital. In Buresh, RJ et al. eds, Replenishing Soil Fertility in
Africa. SSSA, Madison, WI.

Schnug, E., Haneklaus, N., 2014. Uranium, the hidden treasure in phosphates. Procedia
Engineering 83, 265-269.

Scholz, R. W., Wellmer, F-W., 2013. Approaching a dynamic view on the availability of mineral
resources: What we may learn from the case of phosphorus? Global Environmental Change 23,
11-27.

Scholz, R. W., Wellmer, F-W., 2015a. Losses and use efficiencies along the phosphorus cycle. Part
1: Dilemmata and losses in the mines and other nodes of the supply chain. Resources Conservation
Recycling 105, 216-234.

Scholz, R. W., Wellmer, F-W., 2015b. Losses and use efficiencies along the phosphorus cycle —
Part 2: Understanding the concept of efficiency. Resources Conservation Recycling 105, 259-274.
Schrdder, J. J., Cordell, D., Smit, A. L., Rosemarin, A., 2010. Sustainable use of phosphorus. Plant
Research International, Wageningen University, Report 357, 1-124.

Shakhramanyan, N. G., Schneider, U. A., McCarl, B. A,, Lang, D. J., Schmid, E., 2012. The
impacts of higher mineral phosphorus prices and externality taxation on the use of organic
phosphorus sources in US agriculture. Institute of Ethics and Transdisciplinary Sustainability
Research (IETSR), Leuphana University Liineburg, Working Paper IETSR-1, 28 pp.

Smil, V., 2000. Phosphorus in the environment: Natural flows and human interferences. Annual
Revue Energy Environ 25, 53-88.

Smil, V., 2002a. Phosphorus: Global Transfers. in: Encyclopedia of Global Environmental Change,
3, Causes and consequences of global environmental change, Douglas, 1. ed., John Wiley & Sons,
Chichester, 536-542.

Smil, V., 2002b. Worldwide transformation of diets, burdens of meat production and opportunities
for novel food proteins. Enzyme and Microbial Technology 30, 305-311.

Suriyagoda, L., Weerarathne, V., Sirisena, D., Wissuwa, M., 2014. Towards the selection of
phosphorus efficient rice varieties. 4™ Sustainable Phosphorus Summit, Montpellier, France, 1-3
September 2014, Book of Abstracts.

Syers, K., Bekunda, M., Cordell, D., Corman, J., Johnston, J., Rosemarin, A., Salcedo, I., 2011.
Phosphorus and food production. UNEP Year Book 2011, 35-45.

Tiemeyer, B., Kahle, P., Lennartz, B., 2009. Phosphorus losses from an artificially drained rural
lowland catchment in North-Eastern Germany. Agric Water Manag 96, 677-690.

Thitanuwat, B., Polprasert, C., Englande Jr. A. J., 2016. Quantification of phosphorus flows
throughout the consumption system of Bangkok Metropolis, Thailand. Science Total Environment
542, 1106-1116.

Turner, R. K., Georgiou, S., Gren, I-M., Wulff, F., Barrett, S., Soderqvist, T., Bateman, I. J., Folke,
C., Langaas, S., Zylicz, T., Miler, K-G., Markowska, A., 1999. Managing nutrient fluxes and
pollution in the Baltic: an interdisciplinary simulation study. Ecological Economics 30, 333-352.
US Geological Survey 2016. Mineral commodity summaries 2016. 124-125
http://dx.doi.org/10.3133/70140094,
https://minerals.usgs.gov/minerals/pubs/mcs/2016/mcs2016.pdf. Accessed 12 Jan 2017.

Vaccari, D. A., Strigul, N., 2011. Extrapolating phosphorus production to estimate resource
reserves. Chemosphere 84, 792-797.

Valente, S., Burriesci, N., Cavallaro, S., Galvagno, S., 1982. Utilization of zeolites as soil
conditioner in tomato-growing. Zeolites 2, 271-274.

Van Dijk, K. C., Lesschen, P. J., Oenema, O., 2016. Phosphorus flows and balances of the
European Union Member States. Science Total Environment 542, 1078-1093.

Verheyen, D., van Gaelen, N., Ronchi, B., Batelaan, O., Struyf, E., Govers, G., Merckx, R., Diels,
J., 2015. Dissolved phosphorus transport from soil to surface water in catchments with different
land use. Ambio 44, 228-240.

MexaHi3m peryntoBaHHs ekoHOMiku, 2017, Ne 1


http://www.sciencedirect.com/science/article/pii/S0959378012001264
http://www.sciencedirect.com/science/article/pii/S0959378012001264
http://www.sciencedirect.com/science/article/pii/S0959378012001264
http://www.sciencedirect.com/science/journal/09593780
http://www.sciencedirect.com/science/journal/01410229
http://dx.doi.org/10.3133/70140094
https://minerals.usgs.gov/minerals/pubs/mcs/2016/mcs2016.pdf

Jirg Kohn, Dana Zimmer, Peter Leinweber. Phosphorus Economics — a Review

119.

120.

121.

122.
123.

124.

125.

126.

Wang, L., Huang, L-J., Yun, L-J., Tang, F., Zhao, J-H., Liu, Y-Q., Zeng, X., Luo, Q-F., 2008.
Removal of Nitrogen, Phosphorus, and Organic Pollutants From Water Using Seeding Type
Immobilized Microorganisms. Biomedical and Environmental Sciences, Volume 21, 150-156.
Weikard, H-P., Seyhan, D., 2009. Distribution of phosphorus resources between rich and poor
countries: The effect of recycling. Ecological Economics 68, 1749-1755.

Withers, P. J. A, van Dijk, K. C., Neset, T. S., Nesme, T., Oenema, O., Rubaeck, G. H,,
Schoumans, O. F., Smit, B., Pellerin, S., 2015. Stewardship to tackle global phosphorus
inefficiency: The case of Europe. Ambio 44, 193-206.

WRI — World Resources Institute 1994. World Resources 1994-95. Oxford University Press, 1994.
Wau, J., Franzén, D., Malmstrém, M. E., 2015. Anthropogenic phosphorus flows under different
scenarios for the city of Stockholm, Sweden. Science Total Environment, Available online 9
October 2015.

Zhang, F. S., Ma, L., Li, G. H,, Bai, Z. H., Li, H. G. 2014. Our phosphorus World — Picture in
intensive agriculture of emerging countries in Asia. 4™ Sustainable Phosphorus Summit,
Montpellier, France, 1-3 September 2014, Book of Abstracts.

Zhang, W., Wenqi, M., Yuexiu, J., Mingsheng, F., Oene, O., Zhang, F., 2008. Efficiency,
economics, and environmental implications of phosphorus resource use and the fertilizer industry
in China. Nutr Cycl Agroecosyst 80, 131-144.

Zimmer, D., Kahle, P., Baum, C., 2016, Loss of soil phosphorus by tile drains during storm events.
Agricultural Water Management 167, 21-28.

Manuscript received 22 February 2017

«DocdopHa» eKOHOMIiKA — OIS

Horr Kron*,
JIAHA 3IMMEP**,
IeTEP JIEIHBEBEP***

* PhD, cmapwuii naykosuti cnispobimnuxk, Incmunmym npooykmosux ainii
Ha 6ionociuniu ocHosi Axademii bexmanna, Ilisniunuil pecionanvruti ogic,
M. Xatinieenxagen, eyn. Banepae, 20a, 18239, ®edepamuena Pecnyobnixa Hineuuuna,
men.: +49 381 498 3129, e-mail: jk@dr-joerg-koehn.de

** PhD, naykoeuil cniepobimuux kagpeopu rpynmosnagcmaa, Yuieepcumem Pocmoky,
M. Pocmok, 18051, @edepamusna Pecnybnika Himeuuuna,
men.: +49 381 498 3129, e-mail: dana.zimmer@uni-rostock.de

*** PhD, npoghecop, 3asioysau xagedpu rpynmosnascmea, Yuieepcumem Pocmoky,
M. Pocmok, 18051, @edepamusna Pecnybnika Himeuuuna,
men.: +49 381 498 3129

Maiixe I BCIX MPOIECIB KUTTESITBHOCTI Pocdop mae Baknube 3HadeHHA. [THK, PHK, xwupHni
KUCJIOTH, 3yOW, KICTKM, MITOXOHJpiajbHa eHepreTHyHa cucrema neperBopeHHs AJI® (ameHO3uH-5'-
mudocdar) Ha KIITHHHOMY PiBHI — BCi Il IPoIiecH OTpeOyI0Th a00 0a3yr0ThCsl Ha BUKOPHCTaHHI Pi3HAX
cronyk pocdopy. Takum 4MHOM, HOr0 HEMOXKIIMBO 3aMiHUTH. 3 IHIIOTO OOKY, 3aHA/ATO BEJIHKa KiJIbKiCTh
(bocdopy MorKe 3aBIATH LIKOAN 310POB’I0 JIFOIUHHU 200 CTIHKOCTI €KOCHCTEM.

VY npupomHux ekocucreMax ¢Gocdop, SK i OUIBIIICTD IHIINX IOKMBHHX PEYOBHH, B OCHOBHOMY
YTBOPIOETHCS B PE3yJIbTaTi IPUPOIHUX MPOLEciB popMyBaHHs OpraHidHUX cronyk docdopy i3 6iomacu.
YactuHa (ochopy 3MHUBA€ETHCS TOBEPXHEBUMH CTOKaMHU Ta, IPOHUKAIOYH B IPYHTOBI BOJIH, IOTPAILISE B
o3epa ab0 MOpCBHKI eKochucTeM. TakMM YHHOM, €KOCHCTEMH OiIbII-MEHII 30allaHCOBaHI 3aBISKH
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MOCTIHHMM TporiecaM (OpMYBaHHS IOKHUBHUX PEUOBHH, TakuX sk ¢ocdop. DPochopHuii Gamanc y
€KOCHCTEeMaxX MiATPUMYETHCS 3aBISKU MOCTIHHIA IIUPKYJIALIT BOJH.

Skmio 3amacu ¢ocdopy He HMOMOBHIOBATH, YTBOPIOETHCS #HOro mediuut, i Toai BTpaTH MOTPiOHO
KOMIIEHCYBAaTH IUTY4YHO. PaHimie IUKIM BUPOOHUITBA, CIIOKUBAHHS 1 HAKONMYEHHSA BiAXOIIB Manu
31e61IbIIOro JToKadbHUN abo perioHansHuil xapakTep. PocopHi CIOIYKH yTBOPIOBAIKCH 13 3aJUIIKIB
TBapUH a00 KOMITOCTY. LIMKIIN 3MiHIOIOTECSI, SIKIIO OOCSTH MOCTA4aHHS CUILCHKOTOCTIONAPCEKUX KYJIBTYP
(TBapHMH) y MicTa NEpEeBHINYIOTH O0CATH (OPMYBAaHHS IIOKMBHHX DPEUOBHH 3 XapuyOBHX BIAXOMIB Ta
CTiYHHX BOA. Binrak B cepemoBhImax, IO PO3TAllOBaHI B HHU3WHAX PIYOK, IOKMBHUX PEYOBHH HE
Bucradae. TakuM 9MHOM, BTpaTH (HOCHOPHIUX CIIOIYK 3pOCTalH B FeOMETPHUHIHN nporpecii 3 kinmst XIX
cT. Y Ti yacu Tineku 6mm3bpko 30 % HaceneHHS IUIaHETH IPOXKUBAJIO y MicTax. Y €Bpomi cHUTyarist
3MiHroBanacs Bnpoaosxk 30-50 pokis. Ha mowgatky XX cT. yxe maibxe 70 % HacelneHHsS MPOXUBAIO y
Mictax. Taka 3MiHa BUKJIHKaIa 30BCIM 1HIIMK XapakTep GOpMyBaHHSIM MOTOKIB MaTepii i eHeprii, BiaTak
3MIHWJIUCS § periOHANbHI IUKIIH.

BukopucranHs MiHepaJbHUX AOOPHB KOMIICHCYBaJlo 30MTKH Bif BTpaT (Gochopy B perioHaIbHUX
KiIax, noynHaoun 3 1950-60-x pokiB. Sk mpaBmio, BUKOPHUCTAaHHS JOOPHMB IUIsl 30araueHHs
CLITBCHKOTOCTIOIAPCHKHX YTi/Ib TIEPEBHIYBAJIO OOCSITH MPUPOIHOTO PiBHA popmyBaHHs (hochopy.

CpOroziHI TONUT CUIBCBKOTO TocHojapcTBa Ha (ocdopHi noOprBa OLTBIIMK, aHDK HPUPOTHUH
piBeHb Horo BimHOBiIeHHS. TakuM 4YHHOM, IependadaeTbes, MO NPoOIeMy 3a0e3NeYeHHsS BHCOKOTO
PiBHS CIIOKMBAHHS MO’KHA BUPIIIMTH TUTBKH OUITXOM BHIOOYTKY i IepepoOICHHSI HEBiTHOBIIOBAJIBHUAX
MiHepanbHHX 1 (ocdaTHux mopix y ¢ocdopHi moOpuBa. ['nmobampHuil piyHHH 00CAT BHPOOHHITBA
¢docthopuriB 301IBIIUBCS Maiike B ABa pasu y mepiox i3 1970 mo 2010 pik.

«3eneHa» PEBOINIOLIS CHOPUYMHIIA TOCTIHHO 3pocTaroumii momuT Ha QocdopHi m00puBa.
[MigBumennii piBeHb BHKOpPHCTaHHA (ochOpHUX I0OpHB, HA Kanb, HE CIPHIE 30LIBIICHHIO
BposkaifHocTi. Pocdop y 3HaUHMX 00CATaX HAKONMUUYYETHCS y IPYHTaxX, MOTPAILIIE Y CTIUHI BOIY, HA
CMITTEBI 3Banuima ado Oe3nocepeHbO Y BIAKPHTI BONOWMH. Y pe3yibTaTi BHHHMKAIOTh 3HAYHI
E€KOHOMIYHI IPOOIEMH.

TakuM YHHOM, KpaIlOK E€KOHOMIYHOIO CTPATerie€l0 € 3BEICHHS 10 MiHIMyMy a0 MpUIHHEHHS
BUKOPHUCTaHHA MiHEpaJIbHUX (POCcHOPHIX TOOPUB, IO BKIIOYAE:

1) ictoTHEe ckopoUeHHs 00csTiB BUpOOHHIITBA (HOCHOPHUX TOOPUB 3 AATUTOBHUX Py ab0 3 SAEPHUX
BIIXO/IB;

2) BUKOPHCTaHHSI «HOBHX» HPHPOIHUX 3amaciB (ocdopy, M0 yTBOPHINCH B Pe3yibTaTi po3manry
CUTBCBKOTOCIIOIAPCHKUX KYJIBTYp 32 ocTaHHi 50 poKiB;

3) 3MeHIIIeHHs 30BHIIIHIX BIUIMBIB HA HaBKOJIMILIHE CEPEIOBUIIE, PiBHS 3a0pyAHEHHS NOBEPXHEBUX
BOJI i BTpAT IPYHTY;

4) 3aKpHUTTS PETIOHATBHAX «YUCTUX» [IUKIIIB BUPOOHHUITBA (hocHOpHIX TOOPHUB.

Taka crpareris € ONTHMaTbHOIO i MOXKE NMPHUHECTH MEBHI coliaibHi edektH. Skmo 6 BUTparwy,
moB’si3aHi 3 (opMyBaHHIM EKCTepHANBHUX €(eKTiB, BKIOYAIHCH Y WiHY (ocdopHux nobpus, i mpu
I[bOMY 3aCTOCOBYBABCSl MPHMHLMI «3a0pyJHIOBaY IUIATHTB», TO I1X OHM MPOCTO HE KYyMyBalH.
Bukopucranns ¢ochopHux mo0puB Oyno O HeraiHO IPUNMHEHO, OCKUIBKM X BHKOPUCTaHHS
HEPO3PHMBHO IOB’SI3YIOTH i3 3a0pyAHEHHSIM HAaBKOJMIIHBOTO CEPENOBHIIA TOKCHYHHMH EJIEMEHTaMH i
crionlykamMy. BUKOpPHCTaHHSI WX CIOJYK, AIWCHO, 3aBOa€ LIKOAW IPOJIOBOJBYIM Oe3rmer, moripiiye
SIKICTb TMTHOT BOJH 1 IKOJUTH 3A0POB’10 JToAuHH. TakuM 4nHOM, BUKOpUCTaHHS GochHOpHUX T0OpHB —
1€ TIUTAHHS eKOJIOT0-eKOHOMIYHOT OE3MeKH.

Knrouosi crosa: 3anacu i motoku pocdopy, hochophuii mik, HeeGekTHBHE BUKOpUCTaHHs (ocdopy,
BHeceHHS (ochopHUx mobpus, dochopHe 3a0pymaHeHHS, BB (hocHOpHUX 3amaciB Ha JIOIUHY,
peumpkyIsLis pocdopy, 3akputTst GpochopHOro MHUKITY.

Mechanism of Economic Regulation, 2017, No 1, 6-28
ISSN 1726-8699 (print)

26 MexaHi3m peryntoBaHHs ekoHOMiku, 2017, Ne 1



Jirg Kohn, Dana Zimmer, Peter Leinweber. Phosphorus Economics — a Review

«®DochopHass» IKOHOMHUKA — 0030p

Uoprr Kin>,
J1aHA 3UMMEP**,
IHeTEP JIEMHBEBEP***

* PhD, cmapwuti nayunwiii compyonux, Hncmumym npooykmoewix iuHul
Ha buonozuueckoll ocHose Axademuu bexmanna, Cesepruiii Pecuonanvhuiii Oghuc,
2. Xaiinueenxacghen, yn. Banepae, 20, 18239, ®edepamusnas Pecnybnuxa I'epmanus,
men.: +49 381 498 3129, e-mail: jk@dr-joerg-koehn.de

** PhD, cmapwuii nayunvlit compyonux kageopol nousosedenus, Yuusepcumem Pocmoka,
2. Pocmok, 18051, ®edepamusnasn Pecnybnuxa I'epmanus,
men.: +49 381 498 3129, e-mail: dana.zimmer@uni-rostock.de

*** PhD, npogheccop, 3aedyiowuti kagedpou nougogedenus, Yuusepcumem Pocmoka,
2. Pocmok, 18051, ®eoepamusnas Pecnybnuxa I'epmanus,
men.: +49 381 498 3129

IToutn 171 BCEeX MPOIECCOB YKMU3HEACATEIBHOCTH (Gocdhop mmeer BakHoe 3Hauenue. JTHK, PHK,
JKHPHBIE KHCIIOTHI, 3yObl, KOCTH, MHTOXOHApHANbHAsl YHEpreTHdecKas cucrema npeobpasoBanus AlD
(apeno3mH-5"-gudocdaT) HA KIETOYHOM YPOBHE — BCE ITH IPOIECCH TPeOYIOT Win 0a3upyroTcs Ha
WCTIOJIb30BAHUY PA3IMYHBIX coequHeHHH (ocdopa. Takum o0Opa3oMm, ero HEBO3MOXKHO 3aMeHHTH. C
JIPYrOi CTOPOHBI, CIHIIKOM OOJBIIOE KOJUIECTBO (pocdopa MOKET HAaHECTH Bpe[ 30POBBIO UETIOBEKA
WITH YCTOIYHBOCTH SKOCHCTEM.

B mnpuponmHpIx sKocucreMax (ocdop, kKak U OONBIIMHCTBO JPYrMX IHTATEIBHBIX BEIIECTB, B
OCHOBHOM 0O0pa3yeTcsi B pe3yJbTaTeé eCTECTBEHHBIX IIPOIECCOB (OPMHPOBAHUS OPraHUYECKHX
coequueHnii  pocdopa u3 OGuomaccel. Yacth (ochopa CMBIBaCTCS MOBEPXHOCTHBIMU CTOKAMH H,
NIPOHUKAsh B TPYHTOBBIC BOABI, MOMAJaeT B 03epa WIM MOPCKHE JKOCHCTEMBI. TakuM o0Opazom,
9KOCHCTEMBI OoJiee WM MeHee cOalaHCHPOBaHBI Oiaronmapsi MOCTOSHHBIM TIpolieccaM (HOpMHPOBAHHS
MMUTATENFHBIX BEIIECTB, TaKUX Kak Qocdop. DocdopHeli OamaHC B IKOCHCTEMaX MOIICPKUBACTCS
Onaromaps MOCTOSTHHON IUPKYISIIAN BOJIBI.

Ecmu 3amacel ¢ochopa He momomHATH, OoOpasyercs ero AedHUIUT, W TOTAa IOTEPH HYKHO
KOMIIEHCHPOBATh MCKYCCTBEHHO. PaHee IMKIBI MPOM3BOJCTBA, MOTPEONICHUS] W HAKOIIEHHS OTXOJO0B
HUMeNMN TPEHMYIIECTBEHHO JIOKAJIBHBIH WM peruoHaNbHbIH Xapaktep. DochopHble coenvHEHUs
00pa30BBIBAICH U3 OCTATKOB JKMBOTHBIX MJIM KOMIIOCTa. LIMKIBI MEHSIOTCS, €CIM 0OBEeMBI ITOCTaBOK
CEeNIbCKOXO3SHCTBEHHBIX KYJbTYp (KMBOTHBIX) B TOpoOJa TIPEBHINIAIOT 00BEMBl (HOPMUPOBAHHUS
MUTATENBHBIX BEIIECTB U3 NHUILIEBBIX OTXOJOB M CTOYHBIX BOX. [109TOMY B cpeniax, pacHoJIOKEHHBIX B
HHU30BBSIX PEK, ITUTATENbHBIX BEIIECTB HE XBaTaeT. TakuM oOpa3om, motepu (GochOpHBIX COeTUHEHMI
pociu B reoMeTpruieckoil mporpeccun ¢ konna XIX B. B te Bpemena tompko okono 30 % HacemeHHs
MJIaHEThl NPOXKKBaio B ropojax. B EBpone curyanus mensuiacs B Teuenue 30—50 ner. B nauane XX B.
yxke mourn 70 % HaceleHHs NPOXHBAJIO B ropojax. Takoe HW3MEHEHHE BBI3BAIO COBCEM APYToH
XapakTep q)Ole/lpOBaHHCM INOTOKOB MAaT€pUU MU DHEPruu, MOSTOMY HU3MEHWIUCH U PETUOHAIIBHBIC
LIAKJIBI.

Hcnone3oBaHne MUHEpalIbHBIX YyHZOOpeHHil KoMmeHcupoBano ymiepd oT moteps ¢ocdopa B
peTHOHANBHBIX IMKJIaxX, HaunHast ¢ 1950-60-x rogos. Kax mpaBuiio, Mcnonb3oBaHue yAOOpeHHH Ui
YIOOpEeHUsI CeNTbCKOXO3HCTBEeHHBIX YTOMUH MPEBHINIAN0 00BEMBI IIPHPOIHOTO YPOBHS (hopMHpOBaHHS
dochopa.

CerofHs CIpPOC CENMBbCKOTO XO3sHcTBa Ha (ocdopHble ymoOpeHnst Ooiblne, YeM eCTeCTBEHHBIH
YPOBEHB €T0 BOCCTAaHOBJIEHHS. TaknM 00pa3oM, IperoaraeTcs, ITo npodieMa ooecedeH s BHICOKOTO
YPOBHS TMOTPEOIEHNUST MOXXKHO DELIMTh TOJIBKO MyTeM A00BIYM M IMepepaboTKH HEBO30OHOBISIEMBIX
MHUHepaJbHBIX M (ocaTtHbix mOpox B QochopHble ymnoOpeHus. [nobanbHbIl TOIOBOH 00BeM
npou3BoAcTBa GocHopUTOB YBETHUIMIICS MOYTH B /iBa pa3a B nepuos ¢ 1970 mo 2010 rox.
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«3eneHas» PEBONIONMS BBI3BaJa IIOCTOSHHO pAcTyIIMH crpoc Ha QocopHble ymoOpeHus.
[loBbImIeHHBIH ypOBEHb HCIONB30BaHUS (OCHOPHBIX YINOOpEHHH, K COXKAJICHHIO, HE CIIOCOOCTBYET
yBeJIM4eHUI0 ypokaitHocTu. Pochop B OGonbIIMX 00bEMax HAKAIUIMBACTCS B IOYBAX, IOINANACT B
CTOYHBIC BOJIbI, HA MYCODHBIC CBAJKHM WM HENOCPEACTBEHHO B OTKPHITHIE BOJOEMbI. B pesyibrare
BO3HHUKAIOT 3HAYUTENIbHbIC SKOHOMUYECKUE TIPOOIICMBI.

Takum oOpasom, Jydmield SKOHOMHYECKOH CTpaTermeil sBISIeTCS CBEACHHE K MHHUMYMY MIIH
MIPeKpaIeHus] HCIIONB30BaHMsI MUHEPAIBHBEIX (OChOPHBIX YIOOpeHNIH, BKIIFOUAFOLIEeH:

1) cymiecTBeHHOE COKpalleHHe 00beMOB IIPOM3BOICTBA POCHOPHBIX yIOOPEHH U3 allaTUTOBHIX PYX
WU U3 SIIEPHBIX OTXOJIOB;

2) UCTIOJIB30BAHUE «HOBBIX» MPUPOAHBIX 3amacoB (ocdopa, 06pa3oBaBIIUXCS B pe3yabTaTe pacmaia
CeJIbCKOXO03AHCTBEHHBIX KYIbTYp 3a mocienaue 50 jer;

3) cHIDKeHHE BHEIIHUX BO3ICHCTBHI HA OKPYIKAIOLIYIO CPEy, YPOBHS 3arPS3HEHHS TOBEPXHOCTHBIX
BOJI ¥ IOTEPh MOYBBI;

4) 3aKpBITHE PETHOHAIBHBIX «YHUCTHIX)» IIUKIOB MPOU3BOACTBA (HocHOpHBIX yaoOpeHHUI.

Takas ctpaTerus sBJIIeTCs ONTUMAIBHOM U MOXKET IIPHHECTH OIpe/ieNICHHbIe COIHANBHbIEe Y()(EKTHL.
Eciam OBl pacxompl, CBSI3aHHBIE C (OPMHPOBAHHUEM IKCTEPHANBHBIX 3(Q(EKTOB, BKIIOYAINCH B LEHY
(dochopHBIX yIoOpeHHi, ¥ IIPH STOM IPUMEHSUICS IPHHIMI «3arpsI3HUTENb IUIATUT», TO UX OBI IIPOCTO
He nokynany. Mcnonbs3oBanue GochopHBIX yA0OpeHUH ObLUTO OBl HEMEJICHHO MPEKPAIICHO, TOCKOIBKY
UX WCHOJIb30BAaHWE HEPa3pbIBHO CBA3BIBAIOT C 3arps3HCHHEM OKPYKAIOIIEH Cpelbl TOKCHYHBIMHU
9JIEMEHTAMH M COEIMHEHMSAMH. VICIONIb30BaHHME STHX COCAMHEHMil, ACHCTBUTENBHO, HAHOCHUT YIIEpO
MPOZOBOJILCTBEHHON 6E30MaCHOCTH, yXY/IIIAeT Ka4eCTBO IIUTHEBOW BOJIBI U BPEAHUT 310POBBIO YEIOBEKA.
Takum oOpa3zoM, HcHoNb30BaHHE (GOCPOPHBIX YIOOPEHHH — 3TO BOMPOC 3KOJIOT0-3KOHOMHYECKOM
0€30I1aCHOCTH.

Knrouesvie cnosa: 3amacel u motoku ¢ocopa, GocopHsiii MUK, HeIP(PHEKTHBHOE HCIOIH30BAHHE
¢doctopa, BHeceHHe hochopHBIX ymodpeHuid, pochopHoe 3arps3HeHUE, BIUSHAE (OCPOPHBIX 3aMacoB
Ha 4elIOBeKa, peiupkysius pocdopa, 3akpsiTre HOchHOPHOTO IHUKIIA.
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