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Economic and political challenges impact agricultural practices, production efficiency,
and crop yields. We hypothesize that increased conversion efficiency of fertilizer to
crop yield resulted from changes in fertilizer management in Central and Eastern
European countries. Efficient nutrient management depends on fertilizer applied, man-
agement practices, and weather, which impact uptake, utilization efficiency, and crop
yield. Trends in fertilizer consumption and wheat yields from 1986 to 2005 were stud-
ied for five countries. There were significant differences in yield gap, defined as the
difference between potential and actual yields. Partial factor productivity of applied
nitrogen fertilizer (N) is calculated from real and modified indices. A predictive metric
is introduced based on the quantity of unworked, or nonproductive, N (Nuw). Sustainable
cropping practices reduce Nuw and yield gap. Improved knowledge of crop responses
to balanced plant nutrition at the country level contribute to improved agricultural and
environmental policies and enhance production sustainability.
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Introduction

Agriculture is continually challenged to increase production to feed the world’s grow-
ing population. An emerging challenge involves addressing the contradictory targets of
expanding production even further to supply energy through production of biofuels and
biomass, while simultaneously reducing the environmental impacts of agricultural activ-
ities (Atkinson et al. 2005; Dyson 1999; Eickhout, Bouwman, and van Zeijts 2006;
Rosegrant et al. 2001; Tilman 1999). Current fertilizer-management practices that result
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in wasteful overapplication and resultant contamination of the environment need to be
modified to transition toward sustainable production.

Central and Eastern Europe (CEE) is an important producer of food, especially cere-
als (European Commission 2005, 2006; Kelch and Osborne 2001; Rosegrant et al. 2001).
However, the present state of agricultural production in this region is less productive than
20 years ago, at the end of the planned economy era. In comparison to Western Europe
(EU-15), the yield potential of the CEE countries has been estimated to be 65–85%, but
actual yields are only half of those harvested in the EU-15 (Cochrane 2004; European
Commission 2000). The lower production may be partly explained by lower soil qual-
ity and less favorable climatic conditions (Fotyma 2003; Lozek et al. 2007; Olesen and
Bindi 2002). Differences in agricultural practices, particularly of fertilizer use, may also
account for the difference (Csathó and Radimszky 2009). However, an assessment of fac-
tors responsible for the poor yields is not straightforward, as many of them are deeply
rooted in the political and economic policies implemented in this region after World War
II. Following the war, most countries within the CEE region developed economic policies
that subsidized key agricultural inputs, especially fertilizers and other chemical inputs. This
strategy resulted in liberal utilization of fertilizers and in turn improved yields. Political
changes at the beginning of the 1990s resulted in the collapse of the planned economy
era. With the collapse also came the end of subsidies for agricultural inputs. The resultant
large increase in prices for production inputs led to a drastic decrease of fertilizer use and
a progressively significant decline in crop yields (Kelch and Osborne 2001).

In considering crop production needs of the future, and the importance of wise nutrient
management to minimize deleterious impacts to the environment, we want to understand
the impacts of fertilizer use during the previous period to develop optimal nutrient man-
agement strategies for this region. Examining the time period from 1985 through 2005,
during which significant political changes occurred in these countries, affords us a good
opportunity to look at requirements for productivity at sustainable levels of fertilizer use.
We hypothesize that the current state of crop productivity in the CEE countries is driven
primarily by nitrogen (N) fertilizer use, which is governed by (i) the amount of N fertilizer
applied, a function of cost/unit, (ii) weather during the growth season, and (iii) farm man-
agement practices responsible for N uptake and utilization by cultivated crops, including
ancillary fertilizer applications [phosphorus (P) and potassium (K)], as well as soil man-
agement such as tillage. The main difficulty in computing a definition of N efficiency is
the number of possible sources of N and how long N is active in the soil. Nitrogen in the
soil is exposed to several factors that alter the inherent fertility levels available for plant
growth, including degradation and mobilization. In an effort to reduce possible inconsis-
tencies between soil types and locations, the statistical yearbooks offer the most reliable
information about N consumption at the country level. The verification of current assump-
tions was undertaken by applying the concept of partial factor productivity of fertilizer
nitrogen (PFPN) (Dobermann and Cassman 2002). This approach was found useful for
country-level comparisons.

Actual yields of crops harvested by farmers in all areas of the world are much less than
the yield potential of currently cultivated varieties under defined soil and climatic condi-
tions. This “virtual” unharvested portion of yield is generally termed the yield gap (YG)
(Evans and Fisher 1999; Dobermann and Cassman 2002). Nitrogen and water supply are
the principle factors that determine the maximum attainable yields in rainfed agriculture,
which is the standard for the CEE countries. Nitrogen-use efficiency is a term describ-
ing the N uptake and utilization by crop plants. A simple index such as the partial factor
productivity (PFP) of applied fertilizer is used to calculate the amount of grain produced
per unit of fertilizer applied (Dobermann and Cassman 2002).
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The real partial factor productivity of applied N, rPFPN, is a measure of actual yield
variability as limited by N supply under ambient growing conditions and reflects the inher-
ent variable of factors controlling N uptake and utilization by the crop. The maximum
partial factor productivity of applied N, mPFPN, is a measure of the greatest potential effi-
ciency of nutrient conversion to harvested yield and occurs under two opposite conditions
of N supply. Supra-optimal growth conditions occur when water and nutrients are adequate,
resulting in good yields and high mPFPN. Conversely, when growth conditions experience
a shortage of N, low yields result (Dibb 2000), but mPFPN may also be high because of the
limited fertilizer applied.

This study of fertilizer management in the CEE region and its impact on crop pro-
ductivity includes the following countries: Bulgaria (BG), Hungary (HU), Poland (PL),
Romania (RO), and the Czech and Slovak Republics (CSR). At the beginning of the 1990s,
this region underwent significant economic changes after 50 years of a planned economy.
Although these countries have some differences in soil and environment, they experienced
similar policies and problems pertaining to agricultural production. The impact of cur-
rent fertilizer-management practices in this region on current and future food production,
as measured by wheat, is not fully understood. Because these countries are important
producers of cereals, understanding the role of fertilizer management and developing
wise fertilizer production practices is important for developing a sound strategy of crop
production (Csathó and Radimszky 2009).

The primary objective of this article is to explore trends of fertilizer consumption for
the period 1986–2005 and their impact on wheat yields, the major crop cultivated in the
CEE countries. The second objective is to calculate the yield gap of wheat by applying
the concept of unit productivity of fertilizer N. The third objective is to make a long-term
prognosis of wheat grain yields on the basis of the developed indices, with an end toward
developing sustainable nutrient-management strategies.

Materials and Methods

This study relies on two major assumptions of crop production to make realistic esti-
mates of productivity based on unit of supplemental fertilizer. The first is that fertilizer is
applied equally to all cropped acres, irrespective of crop planted, allowing use of country-
level data for calculations. The second assumption is that year-to-year variability of PFPN

indices can be used as a reliable estimate to delineate factors limiting maximum achievable
yield (YAM). Wheat is considered by the European Commission (2006) as the strategic
crop among cultivated cereals. The majority of arable land area in the CEE countries is
planted to cereal crops (FAO 2011), primarily wheat, making it an ideal “indicator crop”
to explore interactions between fertilization and yield. To determine how fertilizer use
affected crop production during the 20-year period, statistical data on actual yields of wheat
were analyzed. The main source of statistical data was FOASTAT (FAO 2011).

Data on fertilizer consumption from 1986 to 2005 was obtained from the International
Fertilizer Industry Association databank (IFA 2011) for each of the countries in the
study. Total arable land over the time period was obtained from Food and Agriculture
Organization of the United Nations (FAO 2011). The annual fertilizer consumption per
hectare was calculated by dividing total consumed fertilizer per year for a given country
by the total arable land area in the respective year. Fertilizer consumption was separated
into distinct phases as indicated by a greater than 25% change in baseline values. Ratios of
fertilizer use were calculated as P/N and K/N based on total annual fertilizer consumption
of each fertilizer.
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The partial factor productivity (PFP) is a calculation of the amount of crop productivity
(unit/ha) per unit of applied fertilizer (Dobermann and Cassman 2002). The yield gap (YG)
is calculated in three steps. First, partial factors of productivity for applied N (PFPN/rPFPN

and mPFPN) were calculated by dividing the actual grain yield of wheat in a given year
by the average N fertilizer consumed that year. The mPFPN index was calculated as the
average of the upper quartile of rPFPN indices and was used as an estimate of the maximum
productivity. In the second step, the calculated mPFPN indices were used to calculate the
maximum achievable wheat yield, using the equation

YAM = mPFPN · DN (1)

where DN is the rate of the applied fertilizer N (kg N ha–1) and mPFPN is the PFPN for
the upper quartile in kg grain per kg of applied fertilizer N. In the third step, the yield gap
(YG, kg ha–1) was then calculated as a difference:

YG = YA − YAM, (2)

where YA is the actual yield in kg ha–1 for a given year and YAM is the maximum achievable
yield (kg ha–1). The yield gap can then be used to determine the amount of applied fertilizer
N that was not converted into harvested crop. This fertilizer is unworked (nonproductive)
fertilizer and was lost from the system. It is calculated as

Nuw = YG/rPFPN (3)

Analysis of data was performed using Excel (Microsoft Corp., Redmond, Wash.),
and graphs were plotted using Excel or SigmaPlot (SyStat Software, Inc., Chicago, Ill.).
Cluster analysis was performed using SAS (SAS Institute, Inc., Cary, N.C.). Clusters were
identified from the normalized values for wheat yield (Y) and PFPN. Euclidean distance
between points was calculated, and overall distance was summed to identify clusters based
on shortest distance.

Political changes in countries led to the formation of the Czech Republic and Slovak
Republic in 1993. To compare fertilizer consumption over the period of study, we have
combined the data for the Czech Republic and Slovak Republic after 1993. Prior to 1993,
data for Czechoslovakia was used.

Results

Fertilizer Consumption

The greatest use of fertilizers (N, P, and K) was recorded in all CEE countries during the
planned economy era of the 1980s (Figure 1). During the two decades from 1986 until
2005, patterns of N, P, and K fertilizer use underwent substantial changes in both amounts
of fertilizer applied per hectare and ratios of applied fertilizers (P/N and K/N). Changes
in N use showed similar trends for all five countries and can be separated into three distinct
phases.

The first phase, high-consumption phase of fertilizer use (HC), represents the end of
a long period of high fertilizer consumption that began in the CEE countries in the 1970s.
The length of the HC phase in the studied period varied from 4 to 6 years depending on
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Figure 1. Changes in nitrogen fertilizer consumption for five central Eastern European countries
over a 20-year period from 1986 to 2005.

country (Figure 1). The average quantity of N fertilizer use during this phase by country,
in increasing order, was Romania (ca. 75 kg N ha–1) < Poland (98) < Hungary (120) <

Czech and Slovak Republics (formerly Czechoslovakia) (126) ≤ Bulgaria (127).
The period of high fertilizer use was followed by a second phase (collapse and transi-

tion, CaT) during which there was a sharp decline in N fertilizer consumption. This period
included the years with the lowest N consumption. For this study, the CaT phase was
defined as beginning when the annual rate of fertilizer consumption declined by 25%. The
first signs of collapse of N fertilizer consumption took place in 1990 in Hungary, followed
by Poland in 1991, and the Czech and Slovak Republics and Romania the following year.
In Bulgaria, a significant collapse in the consumption of N fertilizers occurred in 1992 and
was preceded by a slight but persistent decline beginning 4 years earlier in 1988.

A recovery phase (R) followed this abrupt decline in fertilizer use and resulted in
either restoration or stagnation of fertilizer consumption. A significant restoration of fertil-
izer N consumption during this phase, indicated by an annual N rate increase of 25%, was
observed only for Poland and Hungary. Fertilizer consumption patterns in the other coun-
tries showed no significant differences from the first year of lowest use onward, indicating
a long-term stagnation of fertilizer consumption. During the fourth quarter of this study,
from 2001 to 2005, average N fertilizer consumption was as follows: Romania (29 kg N
ha–1) < Bulgaria (45) < Czech and Slovak Republics (53) < Poland (71) ≤ Hungary (73).
In comparison to the first quarter (1986–1990), the relative decrease in fertilizer N con-
sumption was Poland (–28%) < Hungary (–39%) < Czech and Slovak Republics (–57.5%)
< Romania (–61.7%) < Bulgaria (–64.7%).

As with N fertilizer, consumption of P and K declined significantly during the second
quarter (CaT) in all of the countries (Figure 2). The initially high levels of P and K con-
sumption observed during the first quarter (1986–1990) were not restored in any country,
as seen by the persistently low average consumption rates during the fourth quarter. Use
of P and K increased most significantly in Poland and Hungary, but remained well below
those consumption levels prior to 1993. This sharp drop in P and K consumption reduced
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Figure 2. Summary of phosphorus and potassium fertilizer consumption for five CEE countries
during the 20-year period from 1986 to 2005. The median is the solid line within the box, and the
mean is the dashed line. The upper and lower boundaries of the box indicate the 25th and 75th
percentiles, respectively, and error bars above and below the box give the 90th and 10th percentiles,
respectively. Outliers are shown as individual points outside of the error bars (color figure available
online).

the median below the mean (Figure 2), resulting in a skewed distribution of fertilizer con-
sumption levels for P and K, indicating no consistent approach to fertilizer management in
any of the countries.

Wheat Yields

Wheat yields were examined in each country to identify the impact of fertilizer consump-
tion on crop productivity. On average, the area sown to wheat varied from 19% of arable
land in Poland, to approximately 25% in Hungary, Romania, and the Czech and Slovak
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Figure 3. Summary of wheat yields in five CEE countries over the 20-year period from 1986 to
2005. The median is the solid line within the box, while the mean is the dashed line. The upper and
lower boundaries of the box indicate the 25th and 75th percentiles, respectively, and error bars above
and below the box give the 90th and 10th percentiles, respectively. Outliers are shown as individual
points outside of the error bars (color figure available online).

Republics, and to 36% in Bulgaria (FAO 2011). A summary of wheat yields for the period
1986–2005 is presented in Figure 3.

The average grain yield was greatest in the Czech and Slovak Republics, followed by
Hungary and Poland. The box plots show the mean (dashed line) was nearly equal to the
median (solid line in the middle of the bar) for all countries, indicating consistency in the
yields over the two decades. In Bulgaria, however, the median is below the mean, indicating
a skew in the yield data. The extent of yield variability was also country dependent, as can
been seen in the size of the box, which represents 75% of the values. Poland showed the
least variability of wheat yield, followed by the Czech and Slovak Republics and Romania.
Wheat yields in Hungary were highly variable, but usually greater than average for the
region. Bulgaria had an intermediate variability of yield. Although the average yield for
the 20-year period was intermediate, the yield of wheat in Poland recovered completely,
as the fourth-quarter average was slightly above the yield measured during the HC phase
of fertilizer use (first quarter). Some recovery of yield was seen for the Czech and Slovak
Republics and Romania, while the fourth-quarter average yield remained below the 20-
year average in Hungary and Bulgaria. Overall, the lowest wheat yields were observed in
Romania and Bulgaria, while the Czech and Slovak Republics and Hungary recorded the
greatest yields.

Fertilizer-Use Efficiency

The efficiency of fertilizer conversion into harvested product was calculated as the par-
tial factor productivity for fertilizer N (rPFPN). Inefficient rPFPN, indicated by low rPFPN
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Figure 4. Partial productivity factor for nitrogen fertilizer consumption (PFPN) as a function of
applied fertilizer for five CEE countries during a 20-year period from 1986 to 2005.

values, were observed for all countries during the HC phase (Figure 4). As fertilizer con-
sumption dropped, the rPFPN increased dramatically, particularly during the initial CaT
phase. The rPFPN remained high during the initial recovery phase but decreased during
the later recovery phase as fertilizer consumption levels increased without concomitant
increases in harvested yield.

The calculated rPFPN indices were country specific and demonstrated year-to-year
variability as seen in the coefficients of variation (CV) (Table 1). The mPFPN indices reflect
the same general trends, but are quantitatively much greater. The mPFPN indices, an aver-
age of the upper quartile of rPFPN indices, show a relative increase over rPFPN values of
between 33% (Poland) and 53% (Romania).

Using the PFPN from the upper quartile of rPFPN values to calculate mPFPN allows
calculation of maximal achievable yield using Eq. (1). Comparing maximal yield to actual
yields shows an increasing inefficiency of fertilizer conversion to harvested yield at greater

Table 1
Partial factor productivity indices for fertilizer N from 1986 to 2005, kg yield . kg N–1 ±

standard deviation

Country

PFPN

indices Bulgaria
Czech and

Slovak Republics Hungary Poland Romania

rPFPN 65.2 ± 18.2 58.3 ± 15.7 64.7 ± 25.6 55.3 ± 15.1 82.4 ± 34.1
CV (%) 27.9 26.9 39.6 27.3 41.4
mPFPN 88.9 ± 10.7 78.3 ± 6.0 98.8 ± 25.4 73.7 ± 15.8 126.7 ± 11.4
CV (%) 12.0 7.7 25.7 21.4 9.0
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Figure 5. Actual yield (YA) and maximal achievable yield (YAM) calculated from applied fertilizer
for five CEE countries during a 20-year period from 1986 to 2005.

fertilizer N consumption (Figure 5). The area lying between the two regression lines is an
indicator of the inefficient use of N and can be used as the basis to develop country-specific
nutrient management guidelines for maximal wheat production. The yield gap, calculated
with Eq. (2), shows the loss of potential yield at high N consumption (Figure 6). The
greatest yield gap occurred during the HC phase. The yield gap declined sharply during
the CaT phase and increased slowly during the recovery period (Figure 6). The extent of
YG increase after the CaT phase depended on the extent of resumption or stagnation of
fertilizer N consumption.

To more completely explore changes in YG over time, the YG during the HC phase
and the YG during the recovery phase were fit to double linear regression equations. The
time period at which the two regression equations crossed indicated the transition point in
fertilizer consumption. Based on the double linear cross regression model (Table 2), the YG
can be separated into distinct phases that coincided with changes in N use (HC; CaT; R),
including an initial phase of large YG, during which the rPFPN was low; a transition phase,
during which the rPFPN increased and YG was reduced; and a recovery phase during which
the YG remained relatively constant or increased slightly, depending on use of fertilizer N.
The YGs are presented in Table 2 and highlight country-specific YG performance. For
each of the countries, the largest YG occurred during the initial quarter (1986–1990) of
the period of investigation, indicating the inefficient use of N fertilizer during this phase.
The change in N productivity is indicated by the transition point of the YG. This point
indicates a state of N management at which the YG is smallest and yield gains occur, as
were found for Poland, Hungary, and the Czech and Slovak Republics (Table 2). In Poland
and Hungary, the YG decline was noted up to years 6 and 7, but in the Czech and Slovak
Republics, the YG decline did not begin until year 9 of the study. In the other two countries,
the YG peak occurred much later, but an increase in yield was observed.

Overapplication of fertilizer N in excess of what was converted to harvested yield was
calculated according to Eq. (3). This nonproductive fertilizer N is the portion of applied
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Figure 6. Yield gap (YG) calculated as the difference between actual yield (YA) and maximal achiev-
able yield (YAM) for five CEE countries during a 20-year period from 1986 to 2005 as a function of
applied fertilizer N rate.

Table 2
Characteristics of the yield gap (YG)

Type of yield gap trends

Country
YG decline (YGd) (PFPN

increasing)
Transition

point (year)
YG restoration (YGr)

(PFPN decreasing)

Bulgaria YG = 0.979 cyr – 9.653 R2 =
0.848; n = 10; P ≤ 0.001

10 (1995) Not significant (yield gap
stagnation)

Czech and
Slovak
Republics

YG = 1.186 cyr – 10.17 R2 =
0.809; n = 9; P ≤ 0.001

9 (1993) YG = –0.139 cyr +
1.228 R2 = 0.341; n =
12; P ≤ 0.05

Hungary YG = 1.544 cyr – 9.905 R2 =
0.887; n = 7; P ≤ 0.001

6 (1991) YG = –0.247 cyr +
1.396 R2 = 0.551; n =
15;P ≤ 0.01

Poland YG = 0.929 cyr – 5.417 R2 =
0.593; n = 6; P ≤ 0.05

6 (1991) YG = –0.114 cyr + 0.410
R2 = 0.37; n = 15; P ≤

0.01
Romania YG = 0.757 cyr – 8.000 R2 =

0.713; n = 10; P ≤ 0.001
10 (1995) Not significant (yield gap

stagnation)

Note. Cyr, Consecutive years (1 = 1986 and 20 = 2005).
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N fertilizer not used by the plant during the season and is termed the unworkable N, Nuw.
There are several potential reasons for this nonproductive N, such as a lack of moisture
during critical growth stages that result in yields lower than projected. The Nuw rose sharply
as fertilizer N consumption increased (Figure 7). This lost fertilizer N represents fertilizer
that reduces the economic feasibility of production by not contributing to yield and can
potentially contaminate the environment through runoff or leaching.

Nutrient management was determined by examining the ratio of phosphate and K
consumption relative to N consumption (P/N and K/N) (Figure 8). These ratios indicate
there was a change in the quantities of P and K use relative to N. Also, two populations
of fertilizer application patterns emerge. The upper curve represents a nearly 1:1 coordi-
nation of P and K consumption relative to N consumption. This occurred in the Czech
and Slovak Republics, Hungary, and Poland and followed a linear trend over the 20-year
study period, indicating fertilizer consumption declined or increased similarly for all three
nutrients. In Bulgaria and Romania, K consumption was about half of that of P and gave
a curve-linear response over the two decades. The pattern of excessive nutrient consump-
tion established during the planned economy era led to consistently high P/N and K/N
ratios for all countries during the first quarter (HC phase). Some efforts were made to
establish more optimal nutrient management practices during the restoration phase, but
these efforts were only significant in Poland and Hungary (Figure 2). In general, Poland
showed the greatest return to balanced fertilizer consumption, though the levels were still
below that seen during the planned economy era. Bulgaria had the greatest discrepancy
between supplemental fertilizers and N consumption. Note also that the restoration of
P and K consumption followed different trends and were not identical across all coun-
tries, indicating that factors other than economics may be limiting resumption of fertilizer
consumption.
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Figure 7. Unworked nitrogen, nitrogen applied but not converted into harvested yield, NUW, for
five CEE countries during a 20-year period from 1986 and 2005 as a function of applied fertilizer
N rate.
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Figure 8. Ratios of potassium to nitrogen (K/N) and phosphorus to nitrogen (P/N) for five CEE
countries during the 20-year period from 1986 to 2005.

Yield Prognosis and Development of Sustainable Management Practices

Understanding the impact of fertilizer consumption on wheat yield allows the develop-
ment of management scenarios that optimize productive capacity while addressing the
sustainable production targets of minimal negative environmental impact, optimal contri-
bution of food to society, and economic feasibility to the farmer. The resulting production
scenarios are country specific because of environment and soil conditions. Efficient conver-
sion occurs in production systems with rPFPN > 60 (Dobermann 2007). Good production
practices will also result in yields that are consistent, avoiding 1-year highs or lows in
response to environmental extremes. Although good yields are important to enhance eco-
nomic return to the farmer, consistency in yield is also important in reducing risks of
production and improving the economic sustainability for the farmer. By plotting wheat
yield against calculated rPFPN for all countries over the 20-year period of study (Figure 9)
and defining efficient production as rPFPN > 60, with high, but consistent crop yield,
clusters of years can be identified during which optimal conditions are met.

Three or four cluster groups were identified from normalized values of PFPN versus
wheat yield for each country based on Euclidean distance (Figure 9a). Actual values for
each cluster group, along with group averages and overall 20-year average, are shown in
Figure 9b. The normalized cluster groups were separated into four quadrants. The first
quadrant represents values with low wheat yield but high efficiency of fertilizer N use.
Data from this first group are very close to the overall average for both yield and N-use
efficiency. The second quadrant is the most optimal for production, as it is the region of
high wheat yield and high PFPN. Romania and Hungary had the strongest populations in
the second cluster group. For the Czech and Slovak Republics, the average wheat yield of
the second group was only slightly greater than the 20-year average, whereas the PFPN was
significantly greater. The N-use efficiency was much greater in group 2 for both Bulgaria
and Poland, though the wheat yield was not much greater than for the overall average.
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Figure 9. Cluster analysis of wheat yield and PFPN. Identification of high-performance clusters
based on consistently good yield and efficient fertilizer conversion.
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The second cluster group in Bulgaria had only 2 years, making it the most unstable for
production consistency.

Quadrants 3 and 4 have inefficient use of N, with quadrant 3 having wheat yields below
average and quadrant 4 wheat yield above average. Values in cluster group 3 primarily
occurred during the CaT phase, whereas those in cluster group 4 were almost exclusively
from the HC phase (data not shown). Average PFPN values for cluster groups 3 and 4 from
all countries fell below efficient production levels of 60 PFPN (Dobermann 2007). For
Bulgaria, Czech and Slovak Republics, and Romania, cluster group 4 had the greatest
average yield of all groups.

Examining the fertilizer consumption (N, P and K), the average rPFPN, and the wheat
yields for these years gives an indication of the production management that will result in
optimal, consistent conditions for each of the countries (Figure 10). Cluster group 2 bal-
ances the production goals of the farmer by having above-average yields and also addresses
the environmental goals of reducing wasteful applications of fertilizer N. For all countries,
fertilizer N use was lowest in group 2. This was particularly evident for the Czech and
Slovak Republics and Romania, where the N use during group 2 years was significantly
different than in other years. For Bulgaria, Hungary, and Poland, the use of all fertilizers
was consistent across cluster groups 1, 2, and 3, indicating that factors other than fertility
contributed to the observed differences in yield between those groups.
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Figure 10. Summary of nutrient use (N, P, and K) for cluster groups identified from wheat yield
versus PFPN.
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A slight increase in K use during optimal years in both Hungary and Poland is intrigu-
ing. This may indicate the need for further study to explore the impact of K and its
interaction with N use on yield. Significant differences in fertilizer use were apparent in all
countries for years in cluster group 4.

By identifying years of optimal productivity and N-use efficiency, realistic yield goals
can be developed that optimize fertilizer N conversion into harvested yield. In the Czech
and Slovak Republics, Hungary, and Poland, optimal N fertilizer rates were just more than
60 kg/ha (Figure 10), with balanced P and K (Figure 8). Ancillary factors that may be
limiting conversion efficiency of N by plants, such as nutrient balance, should also be con-
sidered. In Bulgaria, Hungary, and Poland, weather may be impacting fertilizer conversion
efficiency more, as not much yield increase was observed between clusters with increased
fertilizer use.

Discussion

Developing sustainable production practices requires addressing the social, environmental,
and production aspects of the agricultural system. Enhancing the sustainability of cereal
production in the CEE countries raises some basic challenges to address the future cereal
needs of the region and the world.

The potential risks of production can be identified from three characteristics of yield:
the average grain yield, year-to-year variability, and the minimum yield. To maintain
an economically feasible production capacity, farmers must increase the average grain
yield, minimize the year-to-year variability, and enhance minimum yields. High year-to-
year variability indicates sensitivity of the production system to ancillary factors, such as
weather or soils, and increases the risks of production. Low minimum yields exposure
the farmer to potential negative returns on investment during poor production years or
adverse market fluctuations. The analysis presented here clearly demonstrates the need to
improve N unit productivity to improve the consistency and yields of wheat production.
The agronomic challenge for the CEE countries is to clearly define natural conditions and
agronomic practices conducive to increasing N efficiency.

The nonproductive application of fertilizers seen during the planned economy era
indicates an opportunity to increase unit fertilizer productivity (Figures 4 and 7). Factors
governing N utilization by plants depend directly on the supply of water and N, and indi-
rectly on the supply of other nutrients and soil conditioning responsible for N uptake and
water management by the plant. The key issues potentially limiting wheat yields in the
CEE region are factors affecting the uptake and utilization of soil N by the plant, which is
dependent on the balance of N with other natural and external soil nutrients.

Water supply is a critical factor that often limits optimal productivity. Because most of
the agriculture in this region is rainfed, however, water supply is generally outside of the
farmers’ control. Improved fertilizer availability through management practices, such as
splitting fertilizer N applications, could also enhance yields. However, this requires agro-
nomic production systems that are more technologically intensive than those common to
the region.

Other soil nutrients, such as phosphorus and potassium, influence plant growth and
nitrogen metabolism. Target yields were met in the CEE countries during the planned econ-
omy era, through often excessive application of fertilizers (Grzebisz and Fotyma 2007).
Following the political and economic changes, extremely low rates of P and K fertilizer
consumption resulted in removal of soil nutrients, negatively affecting harvested yields.
Improvements in N utilization, and subsequent crop yield, are possible through a balanced
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management of N, P, and K. In some countries, such as Poland, where the soils are natu-
rally poor in both P and K (Fotyma 2003), the primary strategy is to apply P and K. In other
countries, total and available K is sufficient (Jones, Montanarella, and Jones 1995–2009;
Grzebisz and Fotyma 2007; Nikolova 1998). Development of a standard soil-testing pro-
tocol may improve the balanced management of fertilizers in this regions (Csathó and
Radimszky 2009)

The problem of nutrient supply is dependent not only on the amount of applied fertil-
izers but also on the crop’s accessibility to the soil nutrients, which is related to conditions
of root growth. There are numerous factors limiting the accessibility of roots to water
and nutrients, even in soils of high natural fertility (Cassman 1999; Atkinson et al. 2005;
Kidd and Proctor 2001). Alternative management practices can enhance productivity via
increasing plant accessibility to nutrients in the soil: (i) regulation of soil reaction through
optimized liming of soil, (ii) increase of organic-matter content, and (iii) removal of any
kind of hardpans. Improving the availability of nutrients to the wheat crop and balanc-
ing fertilizer application to ensure optimal utilization of N by the plants will provide the
greatest improvement to wheat yields.

Implementation of alternative management practices, together with coordinated and
consistent fertilizer management, has the potential to enhance yields and improve produc-
tion risks by providing more consistent production capacity (Csathó and Radimszky 2009).
The potential contribution of improved production capacity in the CEE countries is sub-
stantial. For the optimal production yields measured in this study (Figures 9 and 10), we
can identify nutrient levels that will give a consistent production level. Yield targets could
then be increased by 10% through production management practices that enhance nutrient
use, such as alternative tillage methods, fertilizer application timing, or nutrient balance.
A modest yield increase of 10% for the entire region would result in a consistent production
increase in excess of 2.4 M metric tons per year of wheat, without requiring any increase
in land area committed to production. This will bring the productive capacity of the region
more closely in line with that expected (Cochrane 2004; European Commission 2000).

Conclusions

To remain competitive, crop producers must balance economic input costs and return
received from sale of product. Farming for optimal yields is only economically feasible
when input costs (e.g., of fertilizer) are low, either through global price reductions or
political subsidies that artificially lower the costs. As seen in this study, however, sub-
sidized fertilizers during the planned economy era resulted in highly inefficient use of
fertilizers, contributing to potential environmental contamination through unused N. The
price received by farmers for farm products has remained surprisingly constant over the
past century. Yield increases from genetic improvements and technological advances have
enhanced the agronomic productivity. However, the yield improvements are often at the
cost of additional expenses within the production system and have resulted in a decline
in profit margin. The low PFPN and very high YG indicate the extent of wasteful use of
N fertilizers during the initial quarter of this study. The improved efficiency of N conver-
sion into harvested product as a consequence of economic shifts indicates the importance
of wise nutrient management. Predictions for future input costs, particularly of fertilizers,
indicate a need to improve fertilizer efficiency in order to maintain reasonable profitabil-
ity. Moreover, anticipated societal requirements indicate a need for greater agronomic
productivity levels to support a growing population. Improved understanding of nutrient
use, the balance between nutrients, and the conversion efficiency from applied nutrients to
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harvested products will help us address the future needs of society while maintaining an
acceptable economic return for the farmers. This knowledge will also allow a more com-
plete use of applied fertilizers, reducing overuse and the concomitant contamination of the
environment by unused fertilizers.

The results of this study indicate the importance of balanced nutrients for crop growth.
The anticipated importance of the CEE countries in providing cereal needs for the future
heighten the need for wise nutrient management plans. Moreover, improvements in agro-
nomic practices that enhance natural soil resources and make nutrients more readily
available to the crop need to be established.
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