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Abstract

Phosphorus (P) is an essential building block of life. It is an irreplaceable part of agriculture, as there is
no substitute for its use for producing food and feed. The objective of P fertilization is to add an adequate
(in regard to soil test P) amount of P to produce an economical yield. Unbalanced P management leads to
P wastage, lower cost-effectiveness of production, and water quality impairment. The aim of this paper is
to analyze the structure and trends in the consumption of phosphorus mineral fertilizers and to draw gross
phosphorus balance in Poland (NUTS level 1) and by regions (NUTS level 2). In Poland, P for agriculture
is mainly applied as a compound fertilizer, among which diammonium phosphate represents the greatest
share. Average P consumption rate in Poland has declined slightly since 2008, currently reaching 24.4 kg
P,0ha’' UAA. The differences in intensity of farming, measured by the consumption of PMF, reached
more than 200%, and this differentiation has intensified over the years. The polarization of Polish agriculture
is also confirmed by GPB outcome, as differences between provinces are in the range of -1.9 kg P-ha’!
UAA in Matopolskie to 7.7 kg P-ha”’ UAA in the Wielkopolskie region. The differences in crop and animal
production in Poland are largely conditioned by both organizational and production management, which

conjointly affect agricultural phosphorus use efficiency.

Keywords: management of phosphorus, mineral fertilizers, soil resources, phosphorus balance, regional
differentiation

Introduction

Phosphorus (P) is an essential building block of life. It
naturally occurs in the environment as organic and miner-
al compounds, mostly as orthophosphates. P is introduced

*e-mail: bjurga@iung.pulawy.pl

into agriculture as phosphorus mineral fertilizers (PMF),
manures, and other organic sources such as digestate
and sewage sludge. It is an irreplaceable element, as there
is no substitute for its use in animal feed and fertilizer.
Sustainable P management is vital as P is one of the most
yield-forming factors for determining production capaci-
ty, including varietal improvement. In addition, when used
efficiently, losses are minor and almost irrelevant [1-2].
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In an intensive farming system, relatively high P doses
are applied but plants take up significant P amounts. How-
ever, successive over-fertilization may lead to a surplus
of P in soil, above plant needs, exceeding soil sorption
capacity, and resulting in P losses through leaching, and
soil and wind erosion. Elevated risk of P losses when fer-
tilization is applied exists especially on soils with natu-
rally high P content. Unsustainable P management is det-
rimental even though P cannot be destroyed, but it can be
scattered and transformed and thus is difficult to utilize in
agricultural production. Scattering of phosphorus beyond
the agricultural ecosystem acts as a potential environmen-
tal hazard [3] as increased P concentrations in water bod-
ies are a trigger for eutrophication [4-5]. On the contrary,
applying low doses of P fertilization to soil with a defi-
cit of available P in plants may lead to depletion of soil
P reserves as aluminum, iron, calcium, and magnesium
compounds [6]. Consequently, P is becoming a limiting
factor, decreasing yield and both technical and economic
efficiency of fertilization [7]. The objective of phospho-
rus fertilization should therefore be to add an adequate
amount of P to produce the economic yield with regards
to plant needs [6].

The main raw materials for PMF production are phos-
phate rock and guano [8]. P resources are relatively abun-
dant globally and reserves are significant, but several fac-
tors exist that imply that for EU countries issues related
to P supply should be monitored. Reserves are located in
politically unstable countries, which creates the risk of
volatile prices, an example of which was the situation in
the UE in 2008 when prices of phosphorus rock rose by
700% in a little over a year. Within the European conti-
nent, reserves are limited and insufficient to cover domes-
tic demand, and in addition the potential to use recycled P
from alternative sources, including sludge, digestate, and
human urine, although growing, is still low. Last but not
least, although efforts have been taken to minimize P con-
sumption, there is no reason to expect a real reduction of
P demand in the EU as nearly 90% of it is consumed as
fertilizers, and according to WHO, the demand for food
will continue to increase over the next years [after: 9]. All
this together explains why phosphorus has been included
in the list of critical raw materials [10].

Sustainable P management is then crucial for obtain-
ing long-term effective agricultural productivity and for
maintaining the good status of the environment. P balanc-
es are useful tools for assessing fertilizer need and also
are an important element of an informational system on
farms, providing information on the actual surplus of nu-
trients as well as on agri-environmental factors [11] and
decision support, affecting the shape of global agricultur-
al and environmental policies [12]. Adoption and use of
the unified balance approach allows for successful evalu-
ations and comparisons at different levels of agricultural
management: farms, regions, and countries. One of the
most commonly used methodologies is gross phosphorus
balance (GPB) as recommended by [3] and Eurostat [13].
The prime aim of the GPB is to estimate the net loading of
the soil with nutrients. This explains why all nutrients that

enter the soil are recorded as inputs. GPB reveals its full
usefulness as a tool for agri-environmental P management
when compared with soil P test results and water body
quality, as surplus does not necessarily correspond to nu-
trient losses directly. The aim of this work is to evaluate
phosphorus management in Poland through analysis pro-
duction and consumption of PMF crossed with calculated
gross phosphorus balance for Poland (NUTS level 1) and
by regions (NUTS level 2).

Materials and Methods

All analyses were performed using the desk study ap-
proach. Input data originated from four types of sources,
the most relevant of which were the reports of the Central
Statistical Office (CSO) [14-22], which collects data based
on surveys conducted in all agricultural holdings of legal
persons and organizational units plus a sample of private
farms. The following data were obtained from national
statistics: consumption of PMF, animal density, sown and
crop areas, and yield and crop production. Other sources
of data include reports of the Institute of Agricultural and
Food Economics — National Research Institute [23], pub-
lications of the International Fertilizer Industry Associa-
tion Fertilizers Europe [24], and relevant scientific papers
[8, 25-27]. The balance of mineral phosphorus fertilizers
was performed for 2006-13. Long- (1993-2015) and short-
term (2008-15) trends in PMF consumption were deter-
mined. Regional differentiation of intensity of agricultural
production was measured for 2012-15 by employing an
amount of used PMF as a reference. Average values of the
latest three years were taken to smooth seasonal effects.
The efficiency of plant productivity was expressed as a
cereal unit (one cereal unit is equal to 100 kg of grain). To
evaluate the environmental impact of phosphorus manage-
ment a GPB was calculated for 2002-14 using the OECD
and Eurostat approach [3, 13, 25, 28]. Phosphorus balance
(soil surface balance) is calculated as the difference be-
tween the total quantity of phosphorus entering the soil
(including atmospheric deposition [29]) and the quantity
of phosphorus leaving the agricultural area (UAA) annu-
ally (Fig. 1). UAA is limited to the agricultural area kept
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fertilisers deposition (P) planting materials|

Agricultural land | Balance sumplus L 5577
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Arable harvested crops Fodder crops and pasture
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Figure 1. The main elements in the OECD gross phosphorus bal-
ance calculation. Source: OECD, 2006: Environmental Indica-
tors for Agriculture. Publications Service. Paris, France, vol. 4,
chapter 3. [3]

Potential transfer of phosphorus
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in good agricultural condition maintained in accordance
with EU norms as defined in the regulations of the min-
ister of agriculture and rural development [30]. The study
distinguished different types of fertilizers in accordance
with the definitions contained in the regulations (EC) No.
2003/2003 [31].

The scope of the research was limited by data
availability and level of data aggregation. As a reference
value for comparing the results of each voivodship we
used an average value calculated for the whole territory
of Poland.

Results and Discussion

Production and Structure of Consumption of
Phosphorus Mineral Fertilizers

PMFs are manufactured mainly from phosphate rock
and guano, and nowadays PMF production is concentrated
in world regions where P deposits are mined. This arises
from the fact that the phosphoric acid trade and transport
of ready-made fertilizers are more cost-effective than the
trade of raw materials. World production of PMF is located
in morethan 60 countries and exceeds 44 Tg of phosphoric
acid (expressed as P,O,) Since 2002, China has been the
undisputed leader in the production of phosphate fertiliz-
ers, mining 40% of the globally extracted phosphate rock
of total volume of 199 Tg in 2014 [20, 27]

Phosphorus is supplied to agricultural land by broad-
casting mineral fertilizers in the form of natural rock phos-
phate, superphosphates, and mostly compound fertilizer,
whose share in world production of PMF increased in 2012
by up to 81% [27], whereas straight fertilizers (superphos-
phate) had little — namely an 18% share in the global mar-
ket of PMF [20]. Production of diammonium phosphate
predominated among compound fertilizers. The produc-
tivity potential of PMF for Polish industry reaches up to
more than 700 Gg of P,O, (Table 1), completely covering
domestic demand and allowing export of up to 100 Gg

kg-(ha)' UAA
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Fig. 2. Long-term (22 years) linear trend of phosphorus con-
sumption in mineral fertilizers in Poland. Source: own calcula-
tion based on CSO data [20, 22].

P,O; in previous years. The biggest collapse of the coun-
ty’s production of PMF occurred in 2009 as a result of
the financial crisis of 2007-08. Following rapid market re-
covery, since 2011 a gradual drop in PMF production has
been observed, reaching as low as 372 Gg P,O, According
to Igras and Fotyma [6], there are five main producers of
PMF in Poland: Grupa Azoty Zaktady Chemiczne Police
SA, Zaktady Chemiczne Luwena, Zaktady Chemiczne
SIARKOPOL in Tarnobrzeg, Zaktady Fosfan in Szczecin,
and in Gdanskie Zaklady Nawozoéw Fosforowych Fosfory.

The level of concentration of crop production along
with the relation of demand-supply affected the size of
production and price level of PMF [6, 27]. An analysis
of long trends demonstrated that consumption of PMF in
Poland has slowly increased since 1990 (Fig. 2), and an-
nual growth of PMF is estimated as 0.7 kg PO ha' UAA.

However, the last 10 years have seen significant fluctu-
ations of PMF consumption. After accelerating the pace of
consumption, the 2008 economic crisis resulted in a drop
to 2005 levels. The actual average consumption rate of P
is 24.4 kg P,O,-ha’ UAA for 2012-15 and this is an effect
of a weak short-term declining trend that started in 2008

Table 1. Balance of mineral phosphorus fertilisers in Poland in terms of pure ingredients (P,0O,).

Vears Resource (Gg) Use (Gg)
Total Production | Imports | Decrease in stocks | Total | Domestic supplies Exports Increase in stocks

2006 677.2 595.1 66.8 5.3 677.2 510.0 167.2 -

2007 730.5 649.5 77.8 32 730.5 558.7 171.8 -

2008 594.8 535.6 59.2 - 594.8 376.8 163.1 54.9

2009 3443 241.5 51.6 51.2 3443 297.9 46.4 -

2010 556.5 486.4 69.3 0.8 556.5 415.8 140.7 -

2011 606.6 537.5 66.2 29 606.6 497.6 109.0 -

2012 555.2 473.9 81.3 - 555.2 453.2 102.0 -

2013 441.7 371.7 70.0 - 441.7 341.7 1000 -

Source: own study based on data: [14-18, 27].
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Fig. 3. Short-term (8 years) linear trend of nitrogen (N) and phos-
phorus (P,O,) consumption in mineral fertilizer and crop produc-
tion (expressed as cereal units) in Poland. Source: own calcula-
tion based on CSO data [14-22].

(Fig. 3). This trend is consistent with the current situation
occurring in the vast majority of EU countries.

As reported by Matyka [32], 23 EU countries have re-
ported reduced consumption of P. An average decline of
consumed P is 0.8 kg P,O, kg-ha'y" in 2002-10 for the
EU-27. The reversal of the upward trend in consumption
of P and deceleration of the high consumption of nitro-
gen in mineral fertilizers in the last eight years in Poland
[33] is favorable because, while maintaining productivity
growth (expressed as units of grain), both factors have led
to improvement in P use efficiency.

Unfortunately, this phenomenon is accompanied by
extending the N:P ratio leading to increased acidification
of arable land, the biggest contributor of which is intensi-
fied nitrogen fertilization [34].

In 2012-15 the size of the N:P ratio was 1:0.32, and
the share of P in the structure of the consumption of min-
eral fertilizers (NPK) did not exceed 19%, while nitrogen
accounted for as much as 58% of it (Fig. 4). This phe-
nomenon is disadvantageous and requires further monitor-

mN 2P0, K,O

Fig. 4. Share of mineral fertilizers (in % NPK) in Poland
in 2012-15. Source: own calculation based on basic CSO
data [14-20].
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Fig. 5. The level of phosphorus consumption in mineral fertil-
izers in Polish voivodships in 2012-15. Source: own calculation
based on CSO data [14-22]. Graphic design by E. Wroblewska.

ing because a resulting decrease in nitrogen use efficien-
cy leads to the impoverishment of the soil in the form of
available phosphorus and potassium ions [35]. According
to CSO data [19], 31% of soils in Poland in 2011-14 were
characterized by very low and low abundance of available
P forms. On these soils, it would be advisable to increase
P application rates in relation to the needs of cultivated
crops. In respect to this, Kopinski and Matyka [24] es-
timated that advisable increases in P fertilization should
reach 34 kg P,O.-ha’ UAA in 2025.

One of the many characteristics of Polish agriculture is
a large regional variation of natural conditions and inten-
sity of production [36-39]. This explains why average val-
ues of fertilizer indicators inadequately reflect the factual
situation and changes occurring within the country and
more precise spatial accuracy would be recommended.
Consumption of P from PMF is greatest in the western and
southwestern parts of the country, and the least (except for
Lubelskie Voivodship) in the eastern part (Fig. 5). The dif-
ference between the leading voivodeship (i.e., Opolskie at
41.3 kg P-ha! UAA, and Malopolskie, and Podkarpackie
at 15.2 kg P-ha”' UAA) is above 200%.

Additionally, the state of soil fertility represents a
wide variation in different regions within the country as
exemplified by negative soil valuation for P (appointed
by the percentage of soils with P content less than
4.36 P-100 g soil), which ranged widely — from 19% in
Wielkopolska up to 57% in Matopolskie (Fig. 6) [19].
Therefore, maintaining extensive P fertilization in the
voivodships with a significant share of soil with agricul-
tural phosphorus deficit leads to a considerable reduction
of soil production potential, since P scarcity is becoming a
limiting factor for plant and animal production. The scale
of this problem is well illustrated by the fact that in the
voivodships with the lowest level of P fertilization (i.e.,
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Fig. 6. Negative soil valuation for phosphorus content appointed
as the percentage of soils with P content below 4.36 P-100 g
soil [26].

Malopolskie and Podkarpackie), only 2% of households
with more than 1 ha of agricultural land spread straight
PMF [23].

Gross Phosphorus Balances
NUTS level 1

Gross phosphorus balance (GPB) is one of the most
important tools for assessing the impact of agricultural
production on the environment as the risk of scattering of
nutrients (phosphorus compounds) beyond the borders of
the agricultural ecosystems can be approximately estimat-
ed by a just budget outcome. With regard to that, GPB tes-
tifies to the correctness of a nutrient’s economy and is an
important indicator of sustainability [38]. The usefulness
of GPB results in practice increase in juxtaposition with
the state of soil fertility, groundwater quality, and yield
measurements. Significant surpluses of GPB can increase
soil fertility, but also may create a risk of deterioration of
ground and surface waters. It is also expensive to combat
an excess of P, as it can be removed only through remedia-
tion techniques [40]. In contrast, a negative P balance may
impair soil fertility and indicate the risk of limiting pro-
ductivity potential [3]. Ideally, the balance should be close
to zero. Taking into account unfavorable soil P content,
atmospheric deposition for Polish territory, and P surplus
required to maintain and rebuild soil reserves, an optimal
GPB balance for Polish territory is currently estimated as
not greater than 2 kg P-ha' AL [7, 25].

A mean GPB calculated for Poland for 2012-14
revealed positive P balance with a surplus on average of
2.5 kg P-ha! UAA (Table 2), which is close to the opti-
mum suggested by experts. In general, P balance across
the country underwent a gradual decrease over the last de-
cade (excluding Wielkopolska, £.odzkie, Swigtokrzyskie,

and Opolskie voivodships) with an average reduction of
-0.2 kg P-ha' UAA. Our study suggests that a decrease
in PMF consumption and an increase in crop productiv-
ity (resulting in increased P removal) are together factors
explaining lower GPB in recent years (Fig. 3). Most P in
Polish agriculture is brought into the soil as mineral fer-
tilizers and a slightly smaller amount as manures (see
also: [26]), for this reason, a lower GPB could also be ex-
plained by the reduced pool of P supplied with manure as
the downward trend of a livestock population number is
currently observed [21, 24-25]. The largest output occurs
in the harvesting of major crops. These quantities are gen-
erally more than double than P removed with feed crops
and in plant by-products.

NUTS Level 2

The identified P surplus is necessary to maintain soil
productivity and combined with observed decreasing
trend could not indicate any environmental risk. Howev-
er, an analysis of regional differentiation at NUTS level 2
reveals that balance varies significantly between voivod-
ships. The lowest balance was noticed in Matopolskie and
Dolnoslaskie, where on average 1.9 and 1.5 kg P-ha' UAA
respectively were removed from the field (negative bal-
ance!). In contrast, in Wielkopolskie surplus reached as
much as 7.7 kg P- ha' UAA and in Lodzkie 6.2 kg P-ha’!
UAA. The differences in balance between regions reached
more than 200% and the results did not correspond directly
with negative soil valuation for P. Wielkopolskie was one
of four voivodships (next to £.odzkie, Swigtokrzyskie, and
Opolskie) characterized by increased P balances between
2002-04 (Table 2). This might be attributed to recycling
P from manure as input from manures was the highest
in the country (12.6 kg P-ha! UAA), and additionally an
increasing trend in animal production is observed currently
in Wielkopolskie and Opolskie [21]. The greatest P accu-
mulation took place in Lodzkie, where the balance was
3.8 kg P-ha! UAA greater than in 2002-04, which could
be, at least partially, attributed to higher-than-average
P input in PMF. The amount of P applied with PMF
was 13.1 kg ha' UAA, where on average in Poland it is
11.4 kg P-ha' UAA. Lddzkie is a region where positive
GPB and the observed surplus can be beneficial for equal-
izing soil conditions of agricultural production if they oc-
cur in fields with P deficits. This, unfortunately, cannot be
clearly stated because of the limitations of spatial data res-
olution. The observed diversity is largely conditioned by
management and production factors, which also affect the
use efficiency of P in agriculture. The Wielkopolska case
confirms that pairing positive surplus with negative soil
valuation for P is a challenge in Poland since this region,
as well as Kujawsko-Pomorskie and Lubuskie, stands out
from the rest of the country due to its lowest share of soils
with a low and very low content of available phosphorus
in soils [19]. This indicates that P management in this area
may pose a hazard in maintaining good environmental
status of soil and water. This appraisal is not suitable for
the evaluation of P management in the Lodzkie region
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Table 2. Gross phosphorus balances in Polish voivodships in kg P-ha' UAA.

Values of phosphorus balance elements, 2012-14
Voivodeships Inp.ut — Cirlll?;%:rglfit;?gl;fle
Total in fertilization: Output Balance t0 2002-04
mineral manure

Dolnoslaskie 17.7 14.1 2.8 19.2 -1.5 -0.4
Kujawsko-pomorskie 20.4 12.1 7.5 19.5 0.9 -1.0
Lubelskie 17.2 124 4.0 15.1 2.1 0.0
Lubuskie 18.1 124 5.0 15.1 3.0 -2.9
Lodzkie 21.8 13.1 7.8 15.5 6.2 3.8
Matopolskie 12.9 6.5 5.7 14.8 -1.9 -5.6
Mazowieckie 17.3 8.8 7.7 14.9 2.5 -1.6
Opolskie 25.2 19.5 4.8 24.0 1.2 1.3
Podkarpackie 11.8 7.1 3.9 12.3 -0.6 -3.2
Podlaskie 18.0 9.3 8.0 15.5 2.5 -1.7
Pomorskie 17.5 10.9 5.8 15.6 1.9 -5.5
Slaskie 20.0 10.9 8.3 16.0 4.0 -1.1
Swigtokrzyskie 17.7 11.7 52 13.5 42 24
Warminsko-mazurskie 15.9 7.9 7.3 15.0 0.9 -0.3
Wielkopolskie 27.0 13.5 12.6 19.3 7.7 1.8
Zachodniopomorskie 16.9 13.2 2.8 15.8 1.1 0.0
Poland 19.0 11.4 6.8 16.5 2.5 -0.2

Source: own study based on [14-21, 29].

characterized by 36% of soils with P content less than 10.0
P,0.-100 g' [26].
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GPB for two southeastern provinces, Podkarpackie
and Matopolskie, revealed that removal of P by crops was
not fully compensated for by P fertilizer, resulting in a
deficit of about 1.9 kg P-ha' UAA. It is alarming as the
negative GPB is particularly unfavorable on soils with a
low abundance of this nutrient, and according to research-
ers, over the last few years a trend of negative balance in
these two provinces has been maintained [28, 35]. This
has led to a serious limitation to fully exploiting the po-
tential agricultural production of these regions. Negative
GPB was also found in Dolnoslaskie, although it is attrib-
uted to the high soil productivity and relatively good P
supply in previous years so it is not as alarming, but nev-
ertheless it should be avoided and carefully monitored in
coming years.

The biggest P turnover (sum of the P input and out-
put) is observed in Wielkopolskie, Opolskie, and Ku-
jawsko-Pomorskie (Fig. 7) at 49.1, 46.3, and 39.8 kg
P-ha! UAA, respectively. Less intensive P management,
exemplified by smaller P turnover, was detected in regions
with extensive agricultural production, namely in south-
eastern Poland (in Podkarpackie 24.2 kg P-ha' UAA and
Swigtokrzyskie 31.2 kg P-ha' UAA), but also in Lubuskie
at 27.7 kg P-ha! UAA.
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Conclusion

The productivity potential of PMF in Polish indus-
try reaches app. 700 Gg P,O, (Table 1), has completely
covered domestic demand, and has allowed us to export
up to 100 Gg P,O; in previous years. However, since 2011
the decline in production of PMF in Poland to the level of
372 Gg P,O, is observed as a consequence of the global
economic crisis and the worldwide concentration of pro-
duction processes. Large fluctuations of consumption of
PMF in Poland were noticed in the last decade, although
consumption of PMF in Poland demonstrates a long-term
upward trend since the early 1990s. The current average
consumption rate of P is 24.4 kg P,O,ha' UAA, but a
weak short-term downward trend of consumption of PMF
has been noticed since 2008. Compound fertilizers are a
widespread source of P. Among them, diammonium phos-
phate is the most commonly used. Our analysis revealed
that Polish agriculture is experiencing deepening region-
al differentiation of agriculture intensity, expressed as the
level of consumption of PMF, and differences observed
among voivodships are more than double. This polariza-
tion is confirmed by gross phosphorus balance results. The
observed differences in size of balances between prov-
inces are within of -1.9 kg P ha'! UAA in Malopolskie to
7.7 kg P ha! UAA in Wielkopolska, which are significant,
and an effort should be made to reduce the identified dif-
ferences.
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