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Abstract: Eutrophication caused by agriculture is an increasing ecological threat to the
Baltic Sea. Modern, resource-efficient farming systems based on integrated plant and animal
production, effective nutrient recycling and low external inputs can enhance multiple agroecosystem services, resulting in reduced pollution. Practical examples of such farming
systems are not widespread. Therefore, the Baltic Ecological Recycling Agriculture and
Society (BERAS) Implementation project aimed to foster this systemic shift. In this paper,
agronomic strategies are described to improve nitrogen (N) efficiency for the conversion to
ecological recycling agriculture (ERA). First, N farm gate balances of 22 farms in conversion
are presented. They showed a large variation from −9 to 90 kg·N·ha−1·a−1. Then, the use of
guidelines and advisory tools to improve the nitrogen efficiency is described. The legume
estimation trainer and nitrogen budget calculator help assess and optimize the nitrogen
supply from legumes under farming conditions. The application of the crop rotation planning
tool “ROTOR” guides advisors and farmers to identify agronomically and environmentally
sound rotations. The tools can help overcome key agronomic constraints by implementing
ERA. The necessity of accompanying measures from policy and the need to change food
consumption patterns are discussed.
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1. Introduction
Eutrophication is one of the most severe environmental problems for the coastal and marine
ecosystems of the Baltic Sea, which has the world’s largest “dead” zones (close to 60,000 square
kilometers), with concentrations of oxygen below 2 mL·L−1 and an increasing occurrence of hypoxia in
coastal areas [1–3]. Eutrophication is caused by excessive inputs of nutrients [3,4] and agriculture
accounts for approximately 50% of the total nitrogen and phosphorus load to the Baltic Sea [5]. A similar
situation occurs in the Gulf of Mexico, the second largest hypoxic ecosystem. In this area, agricultural
sources contribute more than 70% of the nitrogen and phosphorus delivered to the Gulf of Mexico [6].
The type and intensity of a farming system has a major impact on ecological services beyond food
production. Modern agricultural systems in Europe are very productive but only because they are highly
dependent on external inputs [7,8]. The main inputs are mineral fertilizers produced with the help of
fossil energy and protein fodder that is often imported from other countries. Both of these inputs are
responsible for serious environmental problems. Mineral N-fertilizers cause severe greenhouse gas
emissions and leaching to water bodies; the imported fodder causes deforestation to give way for, e.g.,
soybean [8]. Moreover, pesticide-based plant protection has led to vast ecological problems in the Baltic
Sea and in many other ecosystems, posing a threat to humans [9].
In 1974, seven countries around the Baltic Sea signed the Helsinki Convention, a historical agreement
to protect the Baltic marine environment. In 1987, all of the countries agreed that by 1995, there should
be a 50% reduction of the nutrient load reaching the Sea based on the losses in 1987. This goal has not
been achieved [10]. Recent results indicated that only 11 out of 189 “areas” of the Baltic Sea were
classified as “areas not affected by eutrophication” [10]. If this trend cannot be reversed, the target of a
good environmental status for the Baltic Sea that HELCOM adopted in 2007 with the Baltic Sea Action
Plan (BSAP) [11] will not be met by 2021.
The enlargement of the EU into the Baltic region led to the intensification of agricultural production
and increased fertilizer use in the catchment [4] and, therefore, greater pollution of the Baltic Sea [12,13].
Based on the official statistics from the respective countries around the Baltic Sea, Granstedt [8]
demonstrated that the nitrogen surplus increased from 2000 to 2009 in the Baltic States (Lithuania, Latvia,
Estonia) from below 10 kg up to 30 kg·N·ha−1·a−1. In Poland, the nitrogen surplus increased from
approximately 50 kg·N·ha−1 up to 70 kg·N·ha−1·a−1. Poland is the largest exporter of riverine N and P to
the sea, and it is expected to reduce N loads by ca. 25% and P loads by ca. 60% when compared to the
average loads in 1997–2003 [14]. In Denmark, a reduction of only 20 kg N from a very high level of nearly
140 kg·N·ha−1·a−1 was reached. Sweden and Finland remained at a surplus of approximately 80
kg·N·ha−1·a−1 [8]. The total N surplus for Germany amounted 98 kg·N·ha−1·a−1 for 2012, although this was
approximately 20 kg less than in 2000 [15]. This means that the goal of a tolerable maximum of
60 kg·N·ha−1·a−1 according to the European nitrate directive is still not visible [16,17].
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It is important to stress that the N surplus in agriculture corresponds with the livestock density per
hectare, as the nitrogen surplus can be up to 50% higher in regions with high animal densities [8,18,19].
In 2010, Denmark had the highest densities in the riparian countries with 1.86 livestock units (LU) per
hectare, followed by Germany with 1.07 LU·ha−1 [20]. However, there were high regional differences
within the countries. In the German catchment area, the highest densities were found in
Schleswig-Holstein, while Mecklenburg-Western Pomerania had only half as much [21]. Poland reached
0.72 LU·ha−1, and the Baltic States reached approximately 0.3 LU·ha−1 [20]. In Sweden, the average
density was low (0.57 LU·ha−1) but twice as high in the southern parts [22]. According to Larsson and
Granstedt [22], the animal density of these specialized conventional farms was two to three times higher
than the amount of fodder that can be produced on these farms. That is why high amounts of fodder have
to be imported. Moreover, the manure production in these systems was much higher than what could be
utilized in an ecologically sound manner in the conventional farm’s own crop production. Consequently,
the nitrogen balance of those farms was very high, with up to 130 kg·N·ha−1·a−1 [8].
Nutrient balances describe the magnitude of potential nutrient losses from farming systems to the
environment. They are commonly accepted agri-environmental indicators for sustainability [23,24] and
are used for policy recommendations, good agricultural practices and farm management [25]. In contrast
to conventional systems, organic agricultural systems’ external inputs are greatly limited, as is the animal
density. Many investigations comparing both systems showed significantly positive effects from organic
farming concerning a broad range of biotic and abiotic indicators (e.g., [26–29]). In particular, farm gate
nitrogen balances in different countries during the last 15 years showed huge differences between
conventional and organic farms (Table 1 [23,30–40]). In total, the average N surplus of organic farms was
68% lower than on conventional farms. The data indicated that the level of 60 kg·N·ha−1·a−1 was exceeded,
on average, by all of the conventional studies except one. Only two studies in Denmark and Sweden
identified higher values for organic farms, which were caused by high fodder import during the
observed period.
Table 1. Studies reporting N surpluses of organic farms in comparison to conventional farms
(*: arable farms, **: dairy farms).
Authors, Country
Taube & Poetsch, Austria [30]
Schmid et al., Germany [31]
Kelm et al., Germany [23] *
Haas et al., Germany [32]
Johnsson, Sweden [33]
Severin & Engelke, Germany [34]
Kelm et al., Germany [23] **
Schader et al., Luxemburg [35]
Gruber et al., Austria [36]
Oeborn et al., Sweden [37]
Scheringer, Germany [38]
Cedering & Flyjsoe, Sweden [39]
Kristensen et al., Denmark [40]

Organic
(kg·ha−1·a−1)
24
3
22
31
27
22
42
35
4,4
25
56
71
104

Conventional
(kg·ha−1·a−1)
37
64
80
80
90
97
127
134
142
143
143
158
174
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Consequently, the concept of ecological recycling agriculture (ERA) was previously developed by
Granstedt [41]. ERA is based on the EU regulations for organic farming [42] and focuses on using local
and renewable resources and on a high rate of farm internal nutrient recycling. Animal and crop
production are integrated on each farm or farms in close proximity. High self-sufficiency in fodder
production limits animal density and leads to a more even distribution of animals, geographically [8]. In
ERA, nitrogen requirements are covered by the biological fixation of legumes and manure produced on
the farm. Granstedt et al. [43] calculated that the application of the ERA-concept in all EU countries of
the Baltic Sea Region would halve the N surplus, reduce the phosphorus surplus to zero and cause no
pesticide pollution. Therefore, a systemic shift to ERA can help restore the ecological balance of the
Baltic Sea. It would be even more efficient if stakeholders along the whole food chain included changes
within the consumption patterns [22,44].
The ERA concept is rarely implemented, mainly because of knowledge gaps among practitioners,
insufficient market development and the poor political willingness to reward resource-efficient farming
systems [44]. In particular, organic farming in the Central and Eastern European Countries (CEEC) that
joined the EU in 2004 needs special support for implementation [44]. Farmers need more practical
information to assess and improve the nutrient fluxes within the farm, especially to optimize the nitrogen
management through legume cultivation, as this is the most important N-source for ERA farms. This
paper draws on the results from the Baltic Ecological Recycling Agriculture and Society (BERAS)
Implementation project, filling the gaps of farmers’ knowledge and providing them adequate strategies
and tools for implementing, assessing and improving ecological recycling agriculture to enhance
multiple agro-ecosystem services in the Baltic Sea region.
The objectives were to (i) show the status quo of N balances of organic farms that are in conversion
to ERA and (ii) demonstrate advisory tools to overcome key agronomic constraints with a focus on
sufficient N supply through legumes and the planning of agronomically sound crop rotations.
2. Material and Methods
2.1. Farm Gate Nitrogen Balances
In collaboration with local advisors and farmers in the countries around the Baltic Sea, 22 organic
farms and farms in conversion were selected to investigate nitrogen fluxes using farm gate balances. The
standardized data collection was coordinated by the Biodynamic Institute in Sweden, while the
calculations were conducted with the official STANK in Mind programme 2:1 [45] for farm gate
balances from the Swedish Board of Agriculture, and averaged per farm, hectare and year. The
calculations were based on the differences between the import (input) of nitrogen, including fertilizers
from outside the farm, imported fodder and manure, nitrogen fixation and atmospheric nitrogen, and the
export (output) of nutrients via sales of plant and animal products and exported manure [43]. In
accordance with the methodology of farm gate balances, calculations of N-losses like N-leaching and
gaseous N-losses were not included. N-losses via leaching were implemented in the crop rotation
planning and evaluation tool ROTOR (see Section 2.2 (iii)). The investigations took place during 2011
and 2012.
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2.2. Advisory Tools
Guidelines for the conversion to ERA, including relevant literature for resource-efficient agriculture,
economics and marketing, were developed during an iterative process with advisors and scientists from
countries around the Baltic Sea in five workshops [46]. A core group of 10 advisors and scientists
coordinated the work, and 32 authors from different countries were involved to include country specific
aspects. The guidelines were translated into the seven languages of the riparian countries to increase the
transfer of knowledge to farmers and advisors. Here, we focus on three software tools that were included
in the guidelines [46] to support their application:
(i) The nitrogen management from legumes is crucial within crop rotations. We present a computer
based learning tool for a better estimation of the legume proportion in legume-grass leys. Pictures
of various legume-grass mixtures at different stages of maturity are generated randomly and allow
the user to estimate the legume percentage of dry matter yield by choosing one of five equidistance
classes between 0% and 100%.
(ii) To estimate the N input (as biological N fixation) and N output (through crop harvest) of one or
several cuts of legume-grass mixtures, we present the nitrogen budget calculator. The yield is
calculated from the crop height or it is entered as a value. The harvested yield at the 5 cm cutting
height is calculated using official standard values for dry matter and harvest losses (green forage
with 20% dry matter (DM) and 5% harvest losses, silage with 35% DM and 20% harvest losses, hay
with 85% DM and 35% harvest losses, mulching with 20% DM and 10% gaseous losses through
NH3-volatilisation [46]). The N content of the harvested crop is calculated according to the legume
proportion with standard values. All of the values could be changed to implement other data. Further
N losses (e.g., leaching and denitrification) are assumed to be balanced by the atmospheric deposition
and non-symbiotic N-fixation and are therefore neglected.
(iii) We present the crop rotation planning and evaluation tool ROTOR (ROTationORganic) to design
crop rotations, using examples from different countries. ROTOR is used to evaluate organic crop
rotations and to explore agro-ecological optimization strategies. It includes a nitrogen-module that
calculates site- (soil type, annual and winter precipitation) and crop- (preceding and cover crop)
specific annual N-balances for whole crop rotations including N-inputs (N-fixation, manure),
N-removal and nitrate leaching. Additionally, a module is implemented to calculate the soil
organic carbon (SOC) balances. A detailed description of the tool was provided by Bachinger and
Zander [47]. ROTOR was originally calibrated for crops grown on sites in North-Eastern
Germany. The tool was further adapted to allow the assessment of rotations in other countries of
the Baltic Sea Region and the user interface was improved. ROTOR version 2.4 was used (free
download at: www.zalf.de) for the application presented in this paper. Agronomists from Poland,
Sweden and Germany provided yield data for an initial calibration and confirmed the plausibility
of the model outputs. The assessment presented here included (i) nitrate-N leaching, (ii) nitrogen
balance, (iii) SOC balance and (iv) infestation risks from problematic winter annual, spring annual
and perennial weeds. Typical crop rotations from organic farms were provided by advisors.
Optimization strategies (i.e., higher legume percentages, cover crops, manure application and
changes in the crop sequence) were explored using the ROTOR planner.
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3. Results
3.1. Farm Gate Nitrogen Balances

Farm gate balance (kg∙N∙ha−1∙a−1)

Livestock units in the investigated 22 farms ranged from 0.1 and 1.0 per hectare. Figure 1 shows the nitrogen
surpluses and deficits between minus 9 to plus 90 kg·N·ha−1·a−1, with an average of 37 kg·N·ha−1·a−1. One farm
with a negative N value was an extensively managed farm with 0.15 LU per ha, a low proportion of legumes
in the rotation and no purchase of fodder. Four farms in conversion reached values above 60 kg·N·ha−1. Their
rate of imported fodder was 30% to 50%, which contributed to the overall N surplus.
100
90
80
70
60
50
40
30
20
10
0
‐10

ES ES PL FL FI PL PL SE PL DE ES PL DE ES FI PL FI LV FI PL SE SE
Country

Figure 1. Farm gate N balances of 22 farms from Estonia (ES), Finland (FI), Germany (DE),
Latvia (LV), Poland (PO) and Sweden (SE) in the Baltic Sea catchment area (2011–2012).
3.2. Advisory Tools
The farming guidelines as comprehensive advisory materials for implementing ERA farming [46]
present proven agronomic measures and optimization strategies for effective nutrient recycling within
the farm and between different farm types during and after the conversion. The following tools are
included in these guidelines. A focus is on the share of legumes in a rotation as a key factor for resourceefficient farming systems. To be self-sufficient in nitrogen, farms need to reach a proportion of 25%–
30% legumes in the crop rotation. As nitrogen from clover-grass swards are the main N source, the
specific proportion of clover in these mixtures must be taken into account. In Table 2, we present the
total share of legumes in a 6-year rotation, taking the legume proportion of clover-grass swards into
account. To achieve at least 25% legumes in the rotation, 33% of clover-grass with at least a proportion
of 80% clover would be necessary. If less clover-grass was grown in the rotation, additional legumes
(e.g., grain legumes) needed to be included.
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Table 2. Calculation of the amount of legumes in a 6 year crop rotation.

Crop/
Crop Mixture

Portion of the Crop in
the 6-Year Rotation (%)

Legume Portion in the
Harvested Product (%)

Total Share of Legumes
in the Rotation (%)

2 years clover-grass
2 years clover-grass
1 year pea/oat intercropping
1 year grain legumes as fodder

33
33
17
17

30
80
50
100

10
25
8
17

3.2.1. Legume Estimation Trainer

Estimated legume content in
mixture (%)

In practice, legume proportions can vary between <10% and >90%, depending on the amount of
legume seed in the seed mixture, site conditions, management practices and duration of cultivation. The
estimation of the legume percentage in the sward is essential to assess the nitrogen fixation from clovergrass on a farm level, but it is difficult to calculate under farming conditions. The estimation needs to be
conducted in the field at harvesting time. A training tool for farmers and advisors allows them to practice
and improve these skills in mixtures of legume-grass leys. During a course, 15 farmers and advisors
from different countries trained their estimation skills with that tool. After a short training period, the
estimated legume proportions were compared with the measured proportions and showed good
estimation skills (Figure 2). Accurate estimations are a prerequisite for precise N-budgets e.g., using the
nitrogen budget calculator and ROTOR.
100
80
60

y = 0.9257x ‐ 0.9935
R² = 0.8154

40
20
0
0

20

40

60

80

100

Measured legume content in mixture (%)
Figure 2. Correlation between measured and estimated legume content in legume-grass
mixtures for users of the legume estimation trainer after training.
3.2.2. Nitrogen Budget Calculator
Farmers and advisors can use the N budget calculator for a quick assessment of N-fluxes in
legume-grass mixtures based on a small number of input data, such as yield, harvesting method and legume
proportion. The tool helps to assess the effect of different harvesting methods and the corresponding harvest
losses of N-rich leaf material (case A) and different legume proportion (case B) as variable parameters on
the N budget (Table 3). Varying N-budgets were caused by changes and ranged between −12 kg·ha−1 and 56
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kg·ha−1 in case A, and −42 kg·ha−1 and 32 kg·ha−1 in case B. Especially by making hay (case A), higher
harvest losses of N-rich leaves mean less N-removal, resulting in a more positive N-budget at the field level.
To achieve a positive budget by making green forage, the legume proportion in the mixture should be above
50%. At least 50% legumes are necessary in case B as well. The legume proportion can be visualized with
the legume estimation trainer.
Table 3. Calculation of the nitrogen budget with the N budget calculator.
Case A 1
Harvesting Method
Green forage
Silage
Hay
Mulching

Case B 2

N Budget (kg·ha−1)
−12
4
24
56

Legume Portion (%)

N Budget (kg·ha−1)

20
40
60
80

−42
−12
13
32

1

: yield of 3 t·ha−1 and legume proportion of 40%; 2: yield of 3 t·ha−1 of green forage.

3.2.3. Crop Rotation Planner (ROTOR)
The advisors from the BERAS network assessed the crop rotations from farms in Sweden, Poland
and Germany using ROTOR to quantify the current agronomic constraints and environmental impacts
and to identify optimization strategies. In organic farms, sandy soils with low-to-medium soil quality in
northeastern Germany and western Poland allowed yields of winter wheat of 3–4 t·ha−1. In southern
Sweden, with better soils, the winter wheat yield was 5–6 t·ha−1. In the model, the percentage of legumes
in the crop rotation and the percentage of legumes within the legume-grass mixture were simulated. The
amount of manure was mainly applied to two crops in the rotation. As the number of animals must match
the fodder production, the amount of manure is limited in ERA systems. In cattle farms with 1.0 LU per
ha, approximately 8–9 t of farmyard manure is produced per year, depending on the stable system.
Within a six year crop rotation, approximately 50 t per hectare could be applied.
Table 4 shows that low legume proportions in the legume-grass swards (30%) at all of the sites caused
negative N-balances, which indicated an insufficient supply of N (rotations 1a, 2a, 3a, 4a, 5a, 5b, 6a). A
feasible optimization strategy would be to increase the percentage of legumes in the
legume-grass mixtures (up to 60%) or to grow additional grain legumes. Due to fairly low animal
densities, the low amounts of N from manure could be compensated for with a higher proportion of
legumes in the mixture (2d: 80%). Rotations 2a–2c and 4a–4b showed a moderate perennial weed
infestation risk. ROTOR recommended additional mechanical weed control, best as stubble tillage after
winter wheat (not shown in Table 4). Nitrate-N leaching was higher in the rotations with potatoes
(rotation 5). Catch crops before silage maize and potatoes could only slightly reduce leaching (7% and
11%). The changes of the crop sequence by replacing maize with winter triticale reduced leaching by
44%. Replacing oat with winter triticale and growing potato with a catch crop in rotation 6 reduced
leaching by 61% when compared to rotation 5. The C-balances were positive in all of the rotations,
contributing to C-sequestration. The highest C-balances were achieved with high shares of legume-grass
combined with an increased manure application (rotations 2c, 3c, 4a, 4b). For the C-balance, ROTOR
does not take the percentage of legumes in the mixtures into account.
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Table 4. Crop rotations and optimization strategies assessed with the crop rotation planning tool ROTOR.

Crop Rotations*

Legume in
LG (%)

Legume
in Rotation
(%)

Manure
(t·ha−1
Rotation)

N Leaching
(kg·ha−1·a−1)

N-Balance
(kg·ha−1·a−1)

C-Balance
(kg·ha−1·a−1)

27
38
10
37
37
37

50
50
50
50
80
25

16
15
10
15
15
15

−23
2
−23
1
18
2

27
40
40
18
30

40
40
80
40
40

15
14
14
10
10

16
22
12
24

40
60
40
40

28
25
13
11

Weed Infestation Risk (score)**
Perennial
Weeds

Spring
Weeds

Winter
Weeds

339
350
313
359
545
253

0.0
−0.2
−0.7
0.3
0.3
0.3

0.7
0.7
−0.5
−0.2
−0.2
−0.2

0.3
0.2
1.0
1.0
1.0
1.0

−40
−2
16
−36
1

371
371
553
543
543

0.0
0.0
0.0
0.2
0.2

0.1
0.1
0.1
−0.4
−0.4

0.3
0.3
0.3
0.0
0.0

−33
−2
−25
5

148
288
271
284

−0.8
−1.0
−0.4
−0.6

1.0
1.0
0.0
0.0

0.0
−0.2
0.4
0.2

Northeastern Germany, loamy sand (6-year rotations)
1a
1b
2a
2b
2c
2d

LG-LG-WW-SM-L-WR
LG-LG-WW-SM+CC-L-WR
LG-LG-WW-WT-O-WR
LG-LG-WW-WT-L-WR
LG-LG-WW-WT-L-WR
LG-LG-WW-WT-L-WP

30
60
30
60
60
80

Southern Sweden, loam (5- and 7-year rotations)
3a
3b
3c
4a
4b

LG-LG-LG-WW-F-WR-O
LG-LG-LG-WW-F-WR-O
LG-LG-LG-WW-F-WR-O
LG-LG-LG-WW-O
LG-LG-LG-WW-O

30
60
60
30
50

Western Poland, loamy sand (5-year rotations)
5a
5b
6a
6b

LG-WW-OP-PO-O
LG-WW-OP-PO+CC-O
LG-LG-WW-PO-WR
LG-LG-WW-PO+CC-WR

30
60
30
60

*LG = legume − grass mixtures, WW = winter wheat; PO = potato; PO + CC = potato with catch crop; WR = winter rye; WT = triticale; O = oat; SM = silage maize;
SM + CC = silage maize with catch crop; L = lupin; F = faba bean; OP = oat − pea intercropping; cattle manure is applied with the default values implemented in ROTOR
2.4 (20% DM, 4 kg N t−1 FM, 20% N availability, 5% N application losses) to one or several crops in the rotation, values for the whole rotation; cereal straw harvested.
** Weed infestation risk was compared using a score from −4 up to +4, where negative values indicated a reduction and positive values indicated an increase in the infestation
risk. For perennial weeds, values ≤ 0 and annual weeds values ≤ 1 were assumed to be manageable with common mechanical weed control [47].
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In the German examples, the 6-year crop rotations with 2 years of legume-grass with a legume
proportion of 60% in the mixture and lupin resulted in a good N supply with high environmental services,
reducing agronomic constraints. In the Swedish examples, similar results occurred where 3 years of
legume-grass was common. Crop rotations with potatoes in Poland needed at least 24% legumes in the
rotation to reach a positive N balance and catch crops that reduced nitrate leaching.
4. Discussion
In this study, we focused on implementing strategies and advisory tools for the conversion to
ecological recycling agriculture [8,41] to reduce nutrient losses from agriculture to the Baltic Sea. Based
on the farm gate balances of organic farms, we showed both the need and the potential to improve the
nitrogen efficiency on the farm level. We also described advisory tools as part of the guidelines [46] that
can help overcome the key constraints of a sufficient nitrogen supply from legumes and to plan
agronomically sound crop rotations.
The N-farm gate balances of the 22 developing ERA farms we investigated showed results similar
(Figure 1) to the data reported by different studies for organic farms in Table 1. The high variation
showed the potential for optimization strategies to avoid negative values as well as values above the
allowed threshold of 60 kg·N·ha−1 per year [17]. One reason for the negative N balances could be an
insufficient share of legumes in the crop rotations. The investigations of Kelm et al. [23] showed
negative farm gate N balances on cash crop organic farms caused by the renunciation of legume-grass
leys as the main crop in the rotation. The authors concluded that the legume catch crops plus grain
legumes and organic fertilizers were not able to fill this N gap. Moreover, it must be taken into account
that the sale of grains may lead to negative N balances. In organic farms, grain legumes should be used
as protein fodder to contribute to internal N recycling via manure [48].
On the contrary, our own data showed that N surpluses occurred mainly on farms with a substantial
import of fodder. Organic farming is increasing in the EU, and there are many different management
systems ranging from non-livestock and low-input farms up to highly intensive specialized farms. Their
environmental gains and optimization potentials are different. A way to increase their positive
environmental impacts is to conduct targeted research within these farming systems [49,50].
We offer practical solutions to optimize the internal nitrogen efficiency using advisory tools.
Resource-efficient farming systems strongly rely on legumes, mainly forage legumes [8]. The
N-fixation of legumes is the main nitrogen input of ERA farms. To be highly self-sufficient in nitrogen,
ERA farms need to reach a proportion of 25%–30% legumes in the crop rotation, mainly of perennial
clover-grass leys. Therefore, it is essential to ensure a sufficient farm-internal nitrogen supply, which
includes the optimization of N-input through symbiotic fixation. Moreover, it is necessary to improve
the N-transfer to subsequent crops through farm- and site-specific crop rotation planning, including the
effective use of the limited amounts of manure. There are also different strategies to avoid potential
nitrate leaching after the plowing of legumes available (e.g., [46,51]).
In conventional systems, perennial legumes play a vanishingly small role, as they are mainly being
replaced by maize for economic reasons [52]. However, legume-grass swards play a very important role,
not just for N-fixation. They provide soil fertility and offer further multiple ecosystem benefits, such as
plant health and wildlife biodiversity [29,50]. Moreover, they reduce greenhouse gas emissions and
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energy consumption by replacing mineral N fertilizer, and they reduce dependency on imported
protein [32]. Therefore, the agro-ecosystem services provided by perennial legumes are high. For
ruminants, legume-grass leys provide a valuable protein fodder.
As organic farming is nitrogen-limited, legumes are an efficient source of nitrogen for sustainable
farming systems [53]. A precondition is that farmers and advisors are enabled to sufficiently estimate
the legume proportion in the fields. With the help of the legume estimation trainer, farmers and advisors
can learn and improve these skills (Figure 2). These data can be used with the N budget calculator to
assess and improve the nitrogen efficiency of legume-grass swards. Negative N budgets indicate that the
N-output exceeds the input and N is used from the soil resources. That means no N is contributed to the
system and this management is not sustainable. On the other hand, positive N budgets lead to a net gain
of N to the system which can be used by subsequent crops. To achieve positive N budgets, a change of
management is required. Options are to increase the legume proportion, change the harvesting method
or increase the yield (Table 3). In addition, the data can be used for crop rotation planning and
optimization within ROTOR (Table 4).
Sustainable crop rotations require long-term strategic planning to build healthy soils, avoid
phytosanitary risks, produce high-quality products and develop profitable farms [47,54]. Based on
legumes, organic crop rotations provide a more diverse crop spectrum when compared to conventional
farms [55], providing multifunctional benefits, including environmental and conservation goals [32,50].
With ROTOR, farmers can plan and evaluate complex crop rotations according to the site conditions,
taking into account the legume proportion and limited amounts of manure due to the restrictions on
stocking rates [56]. Moreover, weed infestation risks, carbon and nitrogen balances and the nitrate leaching
potential were included. The results presented in Table 4 showed various management options to refine
the given crop rotations to well-balanced nitrogen and agronomically and environmentally sound rotations.
The results of the C balances indicated the explicit potential of C-sequestration in organic farming already
determined by Gattinger et al. [29].
HELCOM [4] states that the intensified development of the industrial production of cattle, pigs and
poultry in the Baltic Sea catchment area has led to the creation of a new segment of pollution point
sources, adding significantly to nutrient loads. This fact supports the results of Granstedt [8], which
showed that even tighter restrictions (e.g., on manure storage and the application or cultivation of catch
crops) would have no effect over the long term, as long as major annual surpluses of plant nutrients,
accumulated preferably on animal farms with high animal densities and high fodder purchase, continued.
The ERA concept would limit the animal density per se without further restrictions [8].
Based on the nutrient reduction potential of resource-efficient agriculture [43], Larsson and Granstedt [22]
addressed a further critical aspect concerning lower food production due to lower yields in ERA systems.
Two meta-analyses showed that organic crop yields are 20% to 25% [57,58] lower than conventional
crop yields. However, organic yields could be increased with a more efficient nutrient supply [58].
Larsson and Granstedt [22] showed, in different scenarios, that if the productivity of Swedish ERAfarms were introduced in Poland and the Baltic States, the same production of crop and animal products
as the present average agriculture could be realized, provided that meat consumption was largely based
on meat from ruminants.
Our current food system relies on the provision without the costs of a variety of ecosystem services [59].
The current specialized, highly intensive agriculture would not be profitable if the environmental costs
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were included and the “polluter-pays principle” was applied [59]. Freibauer et al. [60] published an
overview of the need for agricultural research and development in the European Union. They
recommended developing radically new farming systems by incorporating the true costs or benefits of
different production systems. The new SRU report [24] emphasized that the existing legal regulations
must be reformed and more strictly enforced (e.g., the Fertilizer Regulation and Water Framework
Directive). They judged that the results of the Common Agricultural Policy reform were sobering and
needed to be further reformed and implemented more ambitiously. Their recommendations coincided
with the policy recommendations for ERA [61] to enhance agro-ecosystem services by fostering
resource-efficient agriculture. These recommendations were to (a) implement more compulsory
measures to better apply the polluter-pays principle; (b) raise a tax on nitrogen surplus; (c) raise a tax on
mineral nitrogen fertilizer; (d) require greater limitations on stocking rates; (e) reward ecologically sound
management systems; (f) give priority in advisory systems, environmental legislation, and
agri-environmental support to measures that improve nutrient recycling instead of passive single
mitigation measures; (g) gradually change food consumption patterns (less meat and food waste); and
(h) better reflect environmental costs in the prices of animal products.
The BERAS project has successfully implemented a network of 24 learning centers (www.beras.eu),
mainly on farms in all of the countries around the Baltic Sea, to disseminate the ERA concept. These
centers will assist with transnational knowledge exchange and capacity building between farmers as well
as informing consumers about the consequences of their diet to the environment. The consumer
engagement concept “Diet for a Green Plant” offers a sustainable lifestyle with consumption of sufficient
good food without threatening the environment of the Baltic Sea or the planetary boundaries. With the
engagement of all of the actors in the food chain, the concept of a resource-efficient farming system
could be realized in different parts of the world [7,14,44].
5. Conclusions
A systemic shift to resource-efficient farming systems to improve the environmental status of the
Baltic Sea requires the involvement of all of the actors in the food chain. Farmers have a high
responsibility, as they are at the beginning of that chain. This paper furthers the understanding of
effective nitrogen recycling on the farm level, with a focus on legumes in crop rotations and adapting
animal densities to on-farm fodder production. Embedded in a set of guidelines for the conversion to
ERA farming are the software tools, the legume estimation trainer, N budget calculator and ROTOR,
which contribute to capacity building among farmers and advisors. They provide support for increasing
nitrogen efficiency on farm level as well as planning and assessing agronomically and environmentally
sound crop rotations in different countries of the Baltic Sea catchment area. Learning centers
implemented on ecological farms in all riparian countries within the BERAS project support the
knowledge exchange among producers. At the same time, these centers can raise awareness of
environmental impacts of food consumption among consumers, as they can promote sustainable farming
systems by increasing the demand for these products. A broader international implementation of
resource-efficient farming systems, such as the ERA concept, could be supported with a more tailored
promotion of agro-ecosystem services as well as by more strictly enforcing and implementing the
existing legal frameworks.
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