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Abstract In organic fruit production, permitted 
fertilisers contain multiple nutrients with stoichio-
metries differing from the nutrient offtakes of the 
fruit trees. Furthermore, some pesticides contain 
nutrients resulting in additional inputs. These con-
ditions may cause unbalanced nutrient supplies and 
thereby influence the long-term sustainability of the 
system. An analysis of nutrient management prac-
tices in organic apple farms was conducted in three 
Southern and one Northern German apple-growing 
region. Data on nutrient inputs (via fertilisers and 
pesticides) and outputs (via fruit) per orchard were 

collected along with soil samples from up to five 
orchards per farm on 19 farms. On average, farmers 
fertilised 37  kg  N and harvested 23  Mg apples per 
ha and year. Nutrient budgets showed imbalances for 
N (+ 25 kg   ha−1   year−1), P (+ 3 kg), K (− 4 kg), Ca 
(+ 37 kg), Mg (+ 4 kg), S (+ 53 kg), Na (+ 4 kg) and 
Cl (+ 3 kg). Base fertilisers like compost or manure 
contributed to higher nutrient inputs due to a larger P 
and K-to-N-ratio. Commercial organic fertilisers such 
as keratins or vinasse contained much lower ratios. 
The main S input sources were pesticides (46 kg). N 
inputs by base (p = 0.06) and commercial (p = 0.37) 
fertilisers had no significant effect on the yield. Bal-
anced nutrition can best be achieved by applying a 
combination of 20% of the total N demand via base 
fertilisers, complemented with commercial fertilisers 
with low element-to-N-ratios (e. g. keratin fertilis-
ers, vinasse or biological  N2 fixation). No correlation 
was found between soil nutrient status and nutrient 
budgets. Site conditions and internal field nutrient 
flows (transfer of the inter-row biomass via mulching 
into the tree row) had a stronger influence on the soil 
nutrient content than fertilisation strategy. In addition, 
fruit orchards showed a spatial differentiation of soil 
nutrient contents. Elevated P and K contents above 
the recommended range in the tree row were found 
in 67% of the orchards, while tendencies of depletion 
were found in the inter-row area. Mulching schemes 
which transfer biomass from the inter-row area to the 
tree row need to be adapted to this condition.
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Introduction

Apples are the most important fruit crop in Germany 
and organic apples are a key product for organic con-
sumers. Currently, around 1 Mio Mg of apples are 
produced per year on 33,000 ha with an average yield 
of 30 Mg  ha−1. Of these, 8,000 ha are under organic 
management, with a yield of around 20 Mg  ha−1 per 
ha (Destatis 2024). In organic production, one of 
the objectives is maintaining the long-term soil fer-
tility (European Union 2018). To achieve this, nei-
ther nutrient depletion nor excessive nutrient sup-
ply resulting in nutrient losses e.g. through leaching 
should be aimed for, but rather a nutrient efficient 
management with a balanced nutrient input and out-
put. This challenges the sustainability of fertilisation 
in organic fruit orchards: Fertilisation strategies in 
organic farming are based on a mixed farming con-
cept with animal husbandry that strongly focuses on 
internal nutrient recycling. With perennial crops like 
apples, nutrient management challenges arise since 
it is difficult to apply organic principles that were 
designed for mixed farming systems: orchards are 
usually cultivated for about 25  years or longer as a 
monocrop. Therefore, crop rotation for pest and dis-
ease control and the use of legumes for  N2 fixation 
are difficult to apply. Since legumes are not usually 
grown as a main crop in apple orchards, a key com-
ponent in the organic farming nutrient supply sys-
tems is missing. Furthermore, fruit farms are highly 
specialized farming systems, very often without any 
kind of animal husbandry, which means they usually 
do not have access to internal nutrient sources such 
as farmyard manure or slurry. This situation results 
in dependence on external inputs. To ensure an ade-
quate nutrient supply, numerous fertilisers permitted 
in organic farming are available. These include bulky, 
relatively cheap “base organic fertilisers” such as 
manure or compost, or more expensive “commercial 
organic fertilisers” such as keratins (horn products, 
feather meal, hair meal, wool), vinasse from sugar 
production, or other residues of the food or feed pro-
duction industry.

In contrast with legumes, which only introduce 
nitrogen into the system, all permitted base and 

commercial fertilisers are multi-element fertilis-
ers. Depending on the type of fertiliser, they can 
contain a high proportion of phosphorus (P, e.g., 
manures from pig or poultry husbandry, compost, 
meat and bone meal), calcium (Ca, e.g., manure, 
compost, meat and bone meal), potassium (K, e.g., 
dairy manure, vinasse) or sulphur (S, e.g., keratins, 
vinasse) (Möller and Schultheiß 2014). Generally, 
the nutrient stoichiometry of most commonly used 
fertilisers does not match those of the harvested 
products (Möller 2018; Möller and Schultheiß 
2014). In addition, in organic fruit growing pesti-
cides that may also contain nutrients like K, Ca and 
S are used to control fungal pathogens. Application 
of such pesticides result in further nutrient inputs 
that are usually not accounted for in calculations 
on fertiliser inputs. Consequently, an imbalanced 
nutrient supply can be assumed for organic fruit 
orchards, resulting in an accumulation or depletion 
of nutrients in the soil. A nutrient deficiency in the 
soil can have direct negative consequences (e.g., on 
fruit quality by K deficiency, Hunsche et al. 2003). 
In the long-term imbalances threaten the sustain-
ability of the system. Moreover, fertilisers of con-
ventional origin are considered contentious inputs, 
and there are tendencies within some organic grow-
ers organizations to phase them out from use in 
organic agriculture (Oelofse et  al. 2013; Demeter 
e.V. 2023).

In the literature there is limited data indicat-
ing nutrient imbalances in organic cropping sys-
tems (Zikeli et al. 2017; Möller 2018 and references 
therein; Reimer et  al. 2020a, b). To our knowledge, 
there is only one other published study dedicated to 
nutrient flows in organic orchards: Alber et al. (2018). 
Therefore, there is a lack of data providing an over-
view of the current situation. The present study inves-
tigates current fertilisation strategies and nutrient 
budgets in organic apple production. This information 
can serve as a basis to develop strategies to improve 
overall soil fertility management. In detail, the fol-
lowing research questions are addressed:

A) Which fertilisers are used and what are the over-
all nutrient inputs?

B) How large are the nutrient outputs and to what 
extent do nutrient imbalances exist?

C) Which management practices (fertilisation strat-
egies / plant protection strategies / management 
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of the inter-row area) influence orchard nutrient 
budgets most?

D) Is there a relationship between nutrient budget 
and nutrient content in the soil?

E) What are the main drivers determining soil nutri-
ent and organic matter content?

F) To what extent does the soil nutrient content dif-
fer between the tree row and the inter-row area?

G) What are the main factors that influence apple 
orchard productivity?

To address these research questions nutrient moni-
toring was conducted to gather data on current nutri-
ent management practices in organically farmed 
orchards in Germany’s primary apple-growing 
regions (Baden Württemberg and the region Altes 
Land (Hamburg and Lower Saxony)). Nutrient budg-
ets for selected orchards were calculated based on a 
semi-structured questionnaire. Survey data were sup-
plemented by soil samples from the corresponding 
orchards to relate the results of the nutrient budgets to 
soil nutrient concentrations.

Materials and methods

Surveys

A survey was carried out in four different apple grow-
ing regions within Germany. To contact farmers for 
participation in the survey, a project description and 
a request to participate in the survey was sent by the 
German farmer’s Association for Organic Fruit Grow-
ing (Fördergemeinschaft ökologischer Obstbau e.V., 
FÖKO e.V.) to their members. To receive a larger 
sample size, some farmers were contacted directly by 
local advisors and by representatives of the farmers’ 
organization. The sample of organic apple produc-
ers covered various management approaches in the 
main apple growing regions in Germany. However, 
the farms were not selected randomly, and therefore 
should not be considered as representative for the 
entire sector for several reasons. For example, only 
farmers with appropriate documentation of manage-
ment practices could be included. Furthermore, we 
assume that mainly farmers with a high awareness 
concerning soil health and fertilisation management 
were willing to participate in our survey. Altogether, 
19 organic apple growers were interviewed across the 

different regions. In south Germany, semi-structured 
interviews were completed in 2016 on four farms in 
the Stuttgart-Heilbronn area (“Neckar”), five farms in 
the Lake Constance area (“Constance”) and six farms 
in South Baden (“Freiburg”) to cover the main fruit 
growing regions of Southern Germany (Supplemen-
tary Fig. 1). For the Northern-German region “Altes 
Land”, farms were contacted in 2019 and four farm-
ers participated (Supplementary Fig. 1). Regional soil 
types can be found in Supplementary Table 1.

The interview focused on general fertilisation 
strategies, and data on fertilisation and crop protec-
tion as well as on yields were collected. Up to five 
orchards per farm (a unit of trees with same variety, 
age and management), bearing full yield, were then 
selected for field budget calculation and soil sam-
pling, resulting in 64 sites in total. The orchards aver-
aged 1.3 ha in size, with a maximum of 4.6 ha. Most 
of the orchards were planted with trees grafted on M9 
with a row spacing of 3–4 m and a planting distance 
of 0.5–1.5 m. Data were gathered retrospectively for 
5 consecutive years: 2012–2016 for South Germany, 
2014–2018 for Altes Land. Poseidon (a database and 
decision support tool, which documents inputs of fer-
tilisers and pesticides and which is widely used by 
organic fruit farmers in Germany) was used in some 
cases to compile data on fertiliser application and use 
of pesticides. The farms differed in terms of length 
of organic management (between 43 and 3  years) 
and the selected orchards varied in apple variety, age 
of apple trees and the length of time used as a fruit 
orchard.

Soil sampling and analyses

In each orchard, 20 soil samples were taken with an 
auger to a depth of 0.3 m and then merged into one 
mixed sample (separately for the tree row and the 
inter-row area), as prescribed in the recommendations 
of the local extension service in Germany (LVWO 
2021). The recommended sample depth was based 
on Paltineanu et  al. (2017), who found the highest 
root density in intensive apple cultivation within a 
depth of around 0.3  m and a distance from the tree 
trunk of about 0.4 m. The samples were then air dried 
and sieved to 2 mm. Soil analysis was conducted for 
total carbon  (Ct), soil organic matter content  (Corg), 
 Nt, S, extractable P, K and magnesium (Mg) and pH 
 (CaCl2);  Ct,  Nt and  St concentrations were determined 
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by combustion (Vario EL-CUBE Elementar Analy-
sesysteme GmbH). For  Corg analyses, carbonates 
were removed with hydrochloric acid, and then C was 
measured again with the elemental analyser. P and K 
were extracted at pH 3.6 with a calcium-acetate-lac-
tate solution and then the concentration in the solu-
tion was determined photometrically (Flame emission 
spectrometer (K), spectral photometer (P); VDLUFA 
2012). Mg was extracted in a solution of 0.0125  M 
 CaCl2 and determined through atomic absorption 
spectroscopy (AAnalyst 400 AA Spectrometer; VDL-
UFA 1991). The pH was measured in a 0.1 M  CaCl2 
suspension (VDLUFA 2016).

Nutrient budget calculation

Input and output data from the 5 years were summed 
and the average was calculated. The nutrient budg-
ets were calculated at field level for N, P, K, Ca, Mg, 
S, Na and Cl. Nutrient inputs included all fertilis-
ers as well as pesticides containing these elements, 
mainly fungicides for control of Venturia inaequalis 
that contain S, K and Ca. If possible, farmers pro-
vided specific values for the N, P, and K contents of 
the fertilisers; missing values for certain elements 
were supplemented by using standard data from the 
literature (Möller and Schultheiß 2014) and product 
data sheets (data used for calculations is reported in 
Supplementary Table  2). Nitrogen inputs via bio-
logical  N2 fixation e.g., through the cultivation of 
leguminous mulches in the tree row as practiced by 
individual fruit growers were not considered. For 
pesticides, elemental contents were derived from the 
product data sheets. The nutrient output was calcu-
lated by multiplying the fruit yield by the nutrient 
concentration of apples (Souci et al. 2011; Möller and 
Schultheiß 2014).

For each orchard and each element, nutrient budg-
ets were calculated as (Eq. 1):

where Bij is the yearly total nutrient budget of farm 
i and orchard j, INij is the yearly nutrient input and 
OUTij is the yearly nutrient output of farm i and 
orchard j. The nutrient output is considered as the 
nutrient content of the harvested apples.

The yearly total nutrient input for each nutrient 
was calculated as (Eq. 2):

(1)Bij

[

kg ha−1a−1
]

= INij − OUTij

where CFij and CPij are the nutrient content of the 
fertilisers and pesticides used at farm i and orchard j 
per year, respectively.

Nitrogen use efficiencies (NUE) were estimated as 
the slopes of the multiple regression of N output on N 
inputs that are based on base fertilisers and commer-
cial fertilisers.

Liming effect

The liming effect of the fertilisers used was calculated 
according to the Pierre-Sluijsmans equation (modi-
fied after Harmsen et al. 1990) (Eq. 3):

where Eij indicates the liming effect of farm i and 
orchard j caused by 100 kg of applied fertiliser on the 
soil, calculated in kg CaO  ha−1.

The nutrients in the fertilisers are expressed as pro-
portions of the fresh matter (w/w). The dimensionless 
coefficient n is needed to assess the acidifying effect 
of N derived from fertilisers. Theoretically, values for 
n are in the range of 0–2. In our calculations, a coef-
ficient of 1 was used. A positive value of Eij shows 
a net liming effect of the fertiliser, while a negative 
value shows the net lime requirement to compensate 
for the acidifying effect of the overall management.

Statistical analysis

For the response variables pH,  Corg and nutrient con-
centrations in the soil a model selection was per-
formed using the Akaike Information Criterion (AIC; 
Wolfinger 1993) as the selection criterion and all 
subset methods as the selection method. The model 
with the smallest AIC was considered the best fitting 
model. The predictive variables that were tested were 
affiliation to a farmers’ association, region, soil tex-
ture, pH-value of the soil, soil organic carbon, years 
of organic management, age of apple trees, nutrient 
budget, ratio of total N input applied through base 
fertilisers, N input through base fertilisers and N 
input through commercial fertilisers. For yield the 
apple variety, soil N, P and K content and P, K and 

(2)INij

[

kg ha−1a−1
]

= CFij + CPij

(3)

Eij
(

kgCaOha−1
)

= 1.0CaOij + 1.4MgOij + 0.6K2Oij + 0.9Na2Oij

− 0.4P2O5ij − 0.7SO3ij − 0.8Clij − nNij
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S input were added as predictive variables instead of 
farmers’ association and nutrient budget. As some 
of the variables were considered as fixed effects, the 
maximum likelihood estimation method was used for 
model selection via AIC. Additionally, a random farm 
effect was fitted. This effect accounts for the strati-
fied structure of the survey data. The final model was 
refitted using a restricted maximum likelihood algo-
rithm (REML; Patterson and Thompson 1971) and 
Wald-tests (α = 0.05) were performed for selected fac-
tors. Normal distribution and homogeneous variances 
of residuals were checked graphically. If necessary, 
data were transformed logarithmically and the selec-
tion was redone. For significant factors (p < 0.05) 
in the final model, an LSD test was performed and 
results of multiple comparisons were presented as a 
letter display (Piepho 2012). For other fixed effects, 
slope values were estimated.

Additionally, means were calculated for the fol-
lowing variables: For means of yearly nutrient field 
budgets across farms, the model was simplified by 
dropping all fixed effects. Thus, the model included 
a general intercept and a random farm effect. For soil 
extractable P, K, and Mg concentrations and soil pH 
in the orchards, means per region were calculated 
by fitting a model dropping all fixed effects except 
region. Again, a random farm effect remained in the 
model. The latter resulted in a weighted least square 
estimate for traits of interest.

Results

Surveys

All farmers used commercial fertilisers, except two, 
who did not fertilise the orchards at all (one farm 
from “Freiburg” and one from “Altes Land”). Most 
common products were vinasse (nine farmers), 
Bioilsa (pellets containing feather meal, plant-based 
press cakes and vinasse; seven farmers), hair meal 
pellets (pig bristles, six farmers) and legume seed 
grit (four farmers). Farmers of all four regions used 
vinasse, while “Bioilsa” was only applied in the 
three Southern regions, hair meal pellets in “Altes 
Land”, “Constance” and “Freiburg”, peas and faba 
beans only in “Freiburg” and “Neckar”. Addition-
ally, nine of the farmers of all four regions used base 
fertilisers like compost, champost (residues of the 

substrate from mushroom production) and manure, 
four of these with amounts of more than 50% of 
the total fertilised N. The fertilisation level ranged 
from 0 to 93.1 kg N  ha−1 per year, with an average 
of 36.8 kg N, and an average yield of 23.4 Mg fresh 
matter  ha−1.

Nutrient flows and field budgets

Base and commercial fertilisers vary in their nutri-
ent concentration and nutrient stoichiometry. Base 
fertilisers generally have larger element-to-N-ratios 
compared with commercial fertilisers, especially for 
the ratios of Ca:N and Mg:N, but also P:N (Fig. 1). 
Vinasse in particular has some of the highest concen-
trations of K and Na of all fertilisers used. Animal 
waste products (especially keratins) have similar S:N 
ratios to manure and compost, but otherwise are very 
low in other nutrients.

The results of the field nutrient budgets of all fields 
on the 19 farms indicate surpluses for the elements N 
(25 kg   ha−1   year−1), P (3 kg   ha−1), Ca (37 kg   ha−1), 
Mg (4 kg  ha−1), S (53 kg  ha−1), Na (4 kg  ha−1) and Cl 
(3 kg  ha−1) (Fig. 2). A negative budget was calculated 
for K (-4 kg  ha−1). Commercial fertilisers had a higher 
influence on the N budget, while base fertilisers had a 
major impact on Ca and Mg inputs. Of all elements, 
P input was relatively evenly generated between base 
(2.5  kg   ha−1) and commercial (2.6  kg   ha−1) fertilis-
ers. For K, the largest inputs came from base fertilis-
ers (10.1 kg  ha−1), while the inputs from commercial 
fertilisers (6.6  kg   ha−1) and pesticides (6.4  kg   ha−1) 
were similar. The S inputs were mainly related to 
the use of pesticides (46 kg   ha−1, ranging from 3 to 
93 kg  ha−1). Na inputs were generally caused by the 
use of manure and vinasse, Cl inputs by compost, 
champost and vinasse. The overall acidifying effect 
of the inputs was due to the pesticide input and, to 
a lesser extent, the application of some of the com-
mercial organic fertilisers and the nutrient offtakes by 
fruits. Base fertilisers, on the other hand, contributed 
to a liming effect. On average, every farm applied 
21.6% of the total N via base fertilisers. The higher 
the share of total N applied through base fertilisers, 
the higher the budgets across all considered nutrients 
with the exception of S (Fig. 3), while the lower the 
use of base fertilisers the lower the budgets for N, P, 
K, Mg and the lower the liming effect.
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Soil analysis

The soil textures in the orchards ranged from loamy 
soils in the Lake Constance region, to loamy (two 
thirds of fields sampled) and clayey soils (one third of 
fields sampled) in the Freiburg and Neckar region, to 
primarily clayey soils in the Altes Land region (Sup-
plementary Table 1). Soil nutrient and  Corg concentra-
tions as well as soil pH varied significantly between 
regions: the pH was lowest in “Altes Land”, followed 
by “Constance”.  Corg concentrations were highest in 
the Constance region. Soil extractable P and K  (PCAL 

and  KCAL) were highest in the Freiburg region, while 
Mg concentrations were highest in “Altes Land” 
(Table 1). In all regions mean values for extractable 
P, K and Mg in the tree row were significantly higher 
than the recommended range, according to the Ger-
man classification of nutrient content in the soil as 
a base for fertiliser recommendations by VDLUFA 
(KTBL 2015; VDLUFA 2018). The minimum values 
were mostly still within the recommended range.

Soil extractable P, K and Mg were significantly 
higher in the tree row compared with the inter-row 
area. Also  Corg levels were generally slightly higher 

Fig. 1  Relative share of 
macro nutrients to nitrogen 
(= 1) in different fertilisers 
frequently used by fruit 
farmers in Germany, com-
pared with nutrient levels 
in apples (based on Möller 
& Schultheiß 2014; Souci 
et al. 2011, and product data 
sheets). Values are shown 
as element to N ratio. The 
higher the values, the higher 
the supply of the element 
when applying an amount 
of fertiliser with a given N 
concentration

Fig. 2  Means of inputs, 
outputs and budgets 
(kg  ha−1) of all fields of the 
19 fruit farms as a mean 
of 5 years ± standard error 
(SE)
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in the tree row, while pH values were similar in the 
row and inter-row area. Approximately 73% of the 
samples in the tree row and 37% in the inter-row area 
showed  PCAL levels above the recommended range. 
 KCAL values were higher than recommended in 89% 
of the tree row soil samples, as well as 22% of the 
inter-row soils. 3% of the samples in the tree row 
as well as 18% in the inter-row area simultaneously 
showed  PCAL and  KCAL values in the optimal range 
(black box in Fig.  4). Furthermore, around 67% of 
the orchards simultaneously showed P and K values 

in the tree row above the recommended range (14% 
in the inter-row area); in 17% of the orchards the 
values were more than two times higher than recom-
mended. P and K values in the inter-row area were 
in the optimum range or below in the majority of the 
orchards (Fig. 4). In only one orchard was the P con-
centration in the tree row lower than recommended, 
while in 23% of the inter-row areas it was lower than 
recommended. A similar pattern can be described 
for K, however the share of inter-row soils with K 
concentrations below the recommended range was 

Fig. 3  Field nutrient budg-
ets of 19 farms in Germany. 
Farms were categorised into 
four classes depending on 
the ratio of N applied via 
base fertilisers compared 
with total N applied (0, 
< 10, 10–50, > 50%)

Table 1  Soil extractable phosphorus, potassium, and magnesium concentration, soil pH and organic carbon concentration in the 
orchards of the four German sampling regions (concentrations in the air-dried fine earth fraction)

Region Orchards PCAL (mg/kg) KCAL (mg/kg) Mg  CaCl2 (mg/kg) pH  CaCl2 Corg (%)

Row Inter-row Row Inter-row Row Inter-row Row Inter-row Row Inter-row

Constance 20 Mean 92 42 202 63 119 85 5.7 5.4 2.58 2.31
Min 37 16 64 29 77 51 5.0 5.0 1.68 1.57
Max 184 80 364 158 167 139 7.1 7.2 3.66 3.74

Freiburg 16 Mean 101 70 278 153 107 93 6.8 6.7 1.52 1.52
Min 46 34 133 53 87 68 5.4 5.5 1.17 1.06
Max 183 120 492 247 139 106 7.4 7.4 1.99 1.99

Neckar 12 Mean 103 72 269 177 174 167 7.0 6.9 1.73 1.63
Min 26 15 111 79 95 93 5.4 5.5 1.12 1.12
Max 246 238 415 352 293 309 7.3 7.3 2.25 2.39

Altes Land 16 Mean 88 49 250 123 214 207 5.6 5.7 2.32 2.00
Min 38 18 132 60 151 147 4.6 4.7 1.60 1.75
Max 183 107 488 168 316 303 6.7 6.9 3.27 2.38

All 64 Mean 97 59 253 131 143 128 6.3 6.3 1.95 1.82
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higher (38%) than for P. Regarding extractable Mg, 
the measured values were in the recommended range 
or above in the tree row as well as the inter-row area 
(data not shown).

A direct relationship between budgets and soil 
properties was not found for P, K, Mg, or for pH 
(Fig. 5). Adding further factors (site conditions, soil 
properties, fertilisation strategies; Table  2) poten-
tially affecting the soil element concentration within 
a multiple regression approach did not alter results. 
The input of N through base or commercial organic 
fertilisers could only be linked to soil Mg, S concen-
tration and pH, however, the only significant relation 

(p < 0.05) was observed between the ratio of total 
N applied through base fertilisers and the S content 
(Table 2). Total nutrient inputs via fertilisation, calcu-
lated in amounts of N, were not related to P, K, N or 
 Corg levels in the soil.

Soil texture was related to soil K and Mg con-
centrations, as well as pH, with higher extractable K 
and Mg and lower pH in clayey soils. The affiliation 
to a farmers’ association was significantly linked to 
soil P concentration. Soil extractable P, soil pH and 
 Corg correlated with the number of years of organic 
management. Soil S content and soil pH were signifi-
cantly related to the age of the apple trees.

Apple orchard productivity

Regarding regional differences, the highest yields 
were achieved in the Neckar region (29.8 Mg   ha−1), 
followed by “Constance” (24.8 Mg   ha−1) and “Altes 
Land” (21.7 Mg   ha−1), while the lowest yields were 
obtained in “Freiburg” (18.6 Mg   ha−1). At the same 
time “Neckar” and “Altes Land” showed the highest 
nutrient inputs as well as nutrient budgets. The esti-
mated NUE was 9.5% (95% confidence limit: 5%; 
14%) for those farms that only used commercial fer-
tilisers. For the farms also using base fertilisers NUE 
was 2.2% (95% confidence limit: −3%; 8%). This 
result means an increase in yield of 190 or 44  kg 
per kg N-input, respectively. A model selection was 
carried out, in order to identify factors which might 

Fig. 4  Soil CAL-extractable phosphorus and potassium lev-
els in the sampled apple orchards compared with the recom-
mended range (according to VDLUFA (KTBL 2015; VDL-
UFA 2018) as black box. (Color figure online)

Fig. 5  Nutrient content 
and pH in the tree row 
depending on the nutrient 
budget and liming effect (64 
orchards on 19 farms)
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potentially have an effect on yield and which could 
provide an explanation for the recorded yield differ-
ences (Table  3): In the selected model, region and 
apple variety significantly correlated with the yield 
(p = 0.001 and p = 0.004). Soil P and K concentrations 
were positively correlated with yield, while N con-
centration in the soil was negatively correlated but not 
statistically significant (α = 0.05). While the relation-
ship between yield and N input was positive, higher 
ratios of N applied via base fertilisers compared with 
total N input had a significant negative relationship 
to yield. Total S input was positively correlated with 
yield. No relationship was detected between yield and 
soil type, years of organic management, age of apple 
trees, soil pH,  Corg content or P and K input.

Discussion

Orchard productivity and N fertiliser efficiency

In the present study regression analysis showed a 
weak but positive trend in yield with higher N input. 
This result indicates a very flat production function 
for fertilisers, and therefore a low dependency of 
overall productivity on fertiliser inputs. This finding 
is likely related to the fact that, in addition to the ratio 
of N applied by base fertilisers, region and variety 
had a significant influence on yield. Different climatic 
conditions lead to variances in vegetative growth and 
yield (Tustin et  al. 1997). Hahn et  al. (2023) found 
cultivar and weather conditions primarily determining Ta

bl
e 

2 
 P

re
di

ct
or

s o
n 

so
il 

nu
tri

en
ts

,  C
or

g a
nd

 p
H

 w
er

e 
se

le
ct

ed
 v

ia
 A

IC
 a

nd
 a

ll 
su

bs
et

 se
le

ct
io

n

Th
e 

pr
es

en
te

d 
p-

va
lu

es
 c

or
re

sp
on

d 
to

 W
al

d 
te

sts
 o

f t
he

 c
or

re
sp

on
di

ng
 fa

ct
or

 o
r r

eg
re

ss
or

Fo
r a

ll 
re

gr
es

so
r v

ar
ia

bl
es

: V
al

ue
s 

in
 b

ol
d 

in
di

ca
te

 a
 p

os
iti

ve
 s

lo
pe

. I
n 

ca
se

 o
f l

og
ar

ith
m

ic
 d

at
a 

tra
ns

fo
rm

at
io

n,
 a

 p
os

iti
ve

 s
lo

pe
 c

or
re

sp
on

ds
 to

 a
 ra

tio
 la

rg
er

 th
an

 1
 a

nd
 a

 n
eg

at
iv

e 
sl

op
e 

co
rr

es
po

nd
s t

o 
a 

ra
tio

 sm
al

le
r t

ha
n 

1 
on

 th
e 

or
ig

in
al

 sc
al

e

C
on

ce
nt

ra
-

tio
n 

in
 th

e 
so

il

Si
te

 c
on

di
tio

ns
Tr

ee
 ro

w
 so

il
Fe

rti
lis

at
io

n
B

ud
ge

t
R

2

Re
gi

on
Fa

rm
er

s’
 

as
so

ci
at

io
n

So
il 

te
xt

ur
e

Ye
ar

s o
f 

or
ga

ni
c 

m
an

-
ag

em
en

t

A
ge

 o
f 

ap
pl

e 
tre

es

pH
C

or
g

R
at

io
 o

f N
 b

y 
ba

se
 fe

rti
lis

er
s

N
 in

pu
t b

y 
ba

se
 fe

rti
lis

-
er

s

N
 in

pu
t b

y 
co

m
. f

er
til

is
-

er
s

P,
 K

, M
g,

 
N

, S
, l

im
in

g

P 
(C

A
L)

0.
04

6
0.

10
7

0.
00

31
0.

25
7

K
 (C

A
L)

0.
02

2
0.

07
1

M
g 

 (C
aC

l 2)
0.

00
04

0.
00

9
0.

13
00

0.
09

2
0.

14
8

0.
13

9
0.

50
3

N
t

0.
01

66
0.

38
7

0.
65

6
0.

00
56

<
 0.

00
01

0.
79

7
S t

<
 0.

00
01

0.
00

9
0.

00
03

<
 0.

00
01

0.
00

1
0.

05
9

0.
60

5
C

or
g

0.
00

01
0.

03
9

0.
08

3
0.

00
70

–
–

0.
00

8
pH

  (C
aC

l 2)
<

 0.
00

01
0.

40
5

0.
12

9
0.

08
1

0.
00

4
–

0.
01

70
0.

17
8

0.
17

4
0.

54
6

0.
00

1
0.

51
8 Table 3  Factors influencing yield

Factors influencing the yield (kg  ha−1) 
model  R2 = 0.618

Slope p-value

Region 0.001
Variety 0.004
Concentration in the tree row soil
N (%) −18,052 0.431
P (mg  kg−1) 20 0.354
K (mg  kg−1) 16 0.231
Nutrient input
Ratio of N by base fertilisers (%) −246 0.012
N input by base fertilisers (kg  ha−1) 254 0.055
N input by commercial fertilisers (kg  ha−1) 68 0.368
S input (kg  ha−1) 99 0.069
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yield, with no significant differences between fertili-
sation levels. In mature apple orchards it is possible to 
gain similar yields with and without fertilisation over 
years (Ristel and Clever 2016; Schunk et  al. 2022), 
which means there is more or less no increase in yield 
per applied N-unit. A reason may be the sufficient 
nutrient concentrations in the two mentioned studies 
as well as in the investigated orchards here, paired 
with rather low nutrient outputs.

The low influence of overall fertilisation on yield 
was also supported by the data indicating a very low 
NUE. In perennial systems like apple orchards NUE 
cannot be compared with arable crops, since some of 
the N is used for stem and branch growth, and a large 
share of N from leaves are translocated to the stem in 
autumn, providing N for the next season. Therefore, 
the N uptake in 1  year not only affects the yield in 
that given year, but also influences tree performance 
in the following years. The higher N-efficiency of 
systems based on relatively quick-release organic 
commercial N-fertilisers compared with compost 
is consistent with other findings (Zikeli et al. 2017). 
The low NUE is due to the high C-N ratio in manures 
(10–24:1) and composts (16–20:1) (Möller and 
Schultheiß 2014) with a N availability in the year of 
application of 5–15% (Amlinger et  al. 2003; Möller 
2018), compared with the C-N ratio in hair meal pel-
lets (4:1) and vinasse (7:1) (Möller and Schultheiß 
2014). Even in the long-term, only smaller ratios of 
the compost-N will become plant available and will 
be finally taken up by plants compared with fertilis-
ers with a narrower C-N ratio, due to losses through 
volatilisation, denitrification or leaching (Möller 
2018). The lower N-availability of base fertilisers also 
explains why there is a negative effect on yield with 
higher shares of N applied by base fertilisers. When 
the same amount of N is applied, the trees have less N 
available to them when it is applied as a base fertiliser 
compared with application via commercial fertilisers.

The question remains whether fertilisation meas-
ures are worth the low increase in yield. Dierend et al. 
(2006) do not recommend relinquishing the use of 
fertilisers because, although mineralisation from the 
soil may be enough quantitatively, its timing may not 
be compatible with the demand of the trees, resulting 
in temporal N deficits. Secondly, since nutrients are 
stored in the tree biomass it seems that mature apple 
trees can compensate for a limited nutrient supply 
for years. However, in the first few years unfertilised 

young apple trees can exhibit significantly lower 
yields compared with fertilised trees (Kelderer et al. 
2014). Just as excessive nutrient input and resulting 
losses due to leaching or runoff must be avoided, 
depleting the soil should not be the aim either. Even 
if there is no immediate effect, it may be detectable in 
the next generation of fruit trees that are established. 
Instead, the goal should be fertile soil with optimal 
nutrient storage and a nutrient management system 
that is balanced in the long-term with inputs and out-
puts nearly equivalent.

Nutrient balances

Calculated nutrient balances indicated that organic 
apple orchards showed an unbalanced nutrient sup-
ply (Figs.  2 and 3). The diverging nutrient stoichio-
metries of the fertilisers and the nutrient offtakes are 
the main drivers of this result. None of the fertilisers 
used show a nutrient stoichiometry that corresponds 
with the nutrient offtakes from the fruits (Fig.  1). 
The low ratio of N to other nutrients in organic base 
fertilisers (Fig. 1) is due to N losses during storage, 
and might be increased by the process of compost-
ing where large N losses may occur (Li et  al. 2010; 
Fukumoto et  al. 2011; Yang et  al. 2015; Möller 
2018). Thus, their application can lead to surpluses of 
P, K and further elements when the application rates 
are designed according to the crop N demand. The 
opposite is true for many commercial organic fertilis-
ers: the data indicated that an N fertilisation strategy 
based on these is often associated with negative bal-
ances of P, K, Ca and Mg. Consequently, achieving a 
balanced nutrition is not possible using only one sin-
gle organic fertiliser. This challenge can be addressed 
by combining different fertiliser/input types (base 
fertilisers in combination with keratins, vinasse and/
or biological  N2 fixation). In the present study most 
of the farmers used more than one fertiliser, leading 
to more balanced budgets in comparison with using 
only a single fertiliser. Why organic fruit famers use 
a specific fertiliser combination depends on different 
factors, mainly on different concepts for fertilization 
(use of “traditional” base fertilisers like compost and 
manure widely accepted in organic farming vs. con-
tentious inputs like horn grit) but also on the regional 
availability of certain fertilisers. Both arguments are 
especially relevant in the case of bulky base fertilis-
ers, which are only transported over short distances. 
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Manures and champost were thus not used in all 
regions, whereas compost is more commonly availa-
ble or can be produced by the farmers themselves and 
was used in all regions. Many farmers prefer solid 
manures or composts as fertilisers as they pursue the 
goal of enhancing soil fertility and soil organic mat-
ter content. Keratin products and vinasse were used in 
all regions, because they have a high fertiliser effect 
and are easy to handle. Due to the high nutrient con-
centration combined with a low water content these 
products can easily be transported and stored. Other 
reasons may be the cost of fertilisers, their compat-
ibility with available machinery for field application, 
or the intentional combination of different types of 
fertilisers to optimise plant nutrition.

We found that present budgets deviate from other 
studies: In South Tyrolean organic apple production 
systems, Alber et al. (2018) found substantial deficits 
in Ca and K, slightly negative P- and Mg-budgets and 
a slightly positive N-budget. However, they did not 
include inputs through pesticides while at the same 
time they did include outputs through removal of old 
trees at the end of the cultivation period of an apple 
orchard (assuming a production cycle of 20  years 
(Boschiero et  al. 2015)). Therefore, the approach 
used by Alber et al. (2018) methodically led to lower 
nutrient inputs and higher outputs compared with 
the present approach. The present study focused 
on the budget in apple orchards at full yield, with-
out considering inputs at the beginning (e.g., large 
amounts of organic amendments) nor outputs as tree 
biomass at the end of a growing cycle of trees. Yet, 
the removal of the trees at the end can be regarded as 
yearly nutrient output, since nutrient uptake into the 
tree biomass takes place every year. At the same time, 
nutrients in leaves and pruned branches do not affect 
the overall budget, since we assumed them to stay in 
the orchard and be recycled annually. At a yield of 
17.1  Mg   ha−1   year−1 with 18  kg  N removal by the 
fruits, Link (2018) estimates a permanent storage in 
canopy and root of 15 kg N, 3 kg P, 12 kg K, 2 kg Mg 
and 37  kg Ca   ha−1   year−1. Another estimation indi-
cates an uptake of 10–15 kg N  ha−1 in the tree biomass 
in a mature orchard with an output of 15–20 kg N by 
the fruits in a yield of 30 Mg  ha−1 (Dietz 1984). It is 
difficult to estimate whether these values can be trans-
ferred to organic farming, whether they are the same 
for every site and how the values change with differ-
ent fertilisation rates. Moreover, our data deviated 

from these with a yield of 23.4 Mg   ha−1   year−1 and 
12 kg N removed by fruits. However, if these values 
are considered and the annual uptake and fixation in 
the tree biomass (which is removed from the field at 
the end of the production cycle) is included in the cal-
culation, the outputs are higher. This consideration 
results in lower and, except for K, almost balanced 
nutrient budgets in the mean of the studied farms 
(10 kg N, 0 kg P, 0 kg Ca, 2 kg Mg and an increased 
imbalance of −16  kg  K   ha−1). A fertilisation strat-
egy incorporating all the approaches found in the 
orchards studied may thus achieve a more balanced 
nutrient input–output relationship. The mean values 
of an input of 36.6 kg N per ha and year with a 21.6% 
share of base fertilisers could be recommended as a 
guideline for balanced fertilisation, whereas the K 
deficit remains. Of course, these calculations depend 
on which fertilisers are included: Base fertilisers can 
show a variation in their nutrient concentrations and 
stoichiometries (Siedt et  al. 2021), and of the com-
mercial fertilisers, e.g. vinasse contains high amounts 
of K.

A general strategy to optimise fertilisation is to 
apply base fertilisers up to the quantity where the 
requirement of one nutrient is met (often P or K). The 
right amount can most accurately be achieved by ana-
lysing the nutrient content of the used material, or at 
least by using recent regional data of similar materi-
als. The remaining N and other nutrient requirements 
could be added by other nutrient sources low in those 
elements for which the demand has already been ful-
filled (e.g., keratin fertilisers). To balance nutrient 
input Möller (2018) suggests limiting the use of base 
fertilisers to 15–25% of the total N demand across the 
years. These numbers match our findings, where a 
ratio between 10 and 50% of total N applied by base 
fertilisers resulted in the most balanced nutrient budg-
ets (Fig. 3), with a mean value of 21.6%. In contrast 
to the present findings, deficits in Ca and also in P 
and Mg (Alber et  al. 2018), indicate a lower use of 
base fertilisers in South Tyrol, confirming that a com-
plete omission of the use of base fertilisers may also 
result in imbalances.

Another approach to attain a balanced composi-
tion is the combination of fertilisers with N inputs 
via biological  N2 fixation, which are almost free 
from additional nutrient inputs. Small-seeded leg-
umes like clover can fix N within the orchard, either 
in the tree-row below the trees or in the inter-row 
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area. Growing them in the tree-row has the advan-
tage that the plants grow where N is needed. This 
approach is only possible as green manure with a 
short growing period followed by incorporation into 
the soil. If legumes are established in the inter-row 
area, the fixed N can then be moved to the tree row 
by cutting and transferring the biomass. Establish-
ing perennial legumes like white clover (Trifolium 
repens) was tested by our working group but proved 
to be difficult as clover establishment was not 
achieved to a sufficient degree and weed pressure 
was very high (Lepp et al. 2022a). Instead, using the 
inter-row biomass as fertiliser without any further 
alterations in species composition is already prac-
ticed by farmers (Lepp et al. 2022b). However, the 
biomass growth in the inter-row area is not in line 
with the N needs of the fruit trees. Plant growth in 
spring is slow and the first cut of the inter-row bio-
mass cannot take place early in spring at the time of 
the highest N requirement of the orchard. Therefore, 
utilising inter-row biomass may pose challenges in 
synchronising N availability with crop N supply, 
necessitating a long-term approach to manage nutri-
ent flows within the field that result from biomass 
transfer.

One major challenge persists in all these 
approaches, and that is the surplus of S. S outputs 
of apple orchards are very low, while S is intro-
duced into the cropping system in several ways. The 
most important pathway is not related to fertilisa-
tion at all but is derived from the fungicides (Fig. 2) 
used to control Venturia inaequalis. In addition, 
efforts to compensate for a single nutrient deficit 
can lead to even higher S imbalances. For example, 
the compensation for the K deficit with K fertilisers 
approved in organic farming (such as potassium sul-
fate,  K2SO4) would increase the S over-supply even 
further. Similarly, approaches to compensate for N 
deficits through fertilisation may increase S over-
supply as well, as commercial organic fertilisers 
rich in N (like keratins and vinasse) are character-
ised by high S contents. With the high demand for 
fruit quality it is currently difficult to substantially 
reduce the S input via fungicides and reach a bal-
ance between input and output. However, since S is 
a necessary plant nutrient, toxicity does not seem to 
be an issue. Instead, liming should be considered to 
compensate for the acidifying effect on the soil.

Soil analysis

A correlation between nutrient budget and nutri-
ent concentrations in the soil could not be detected 
(Fig. 5 and Table 2). In general, the current soil nutri-
ent concentrations are related to least three driving 
factors: (I) the starting point at conversion to organic 
farming, (II) the supply of nutrients through exter-
nal inputs in relation to the offtakes and (III) internal 
nutrient transfers from the inter-row area to the tree 
row.

Related to I), as data on the pre-conversion nutri-
ent status of the soil was not available, it is difficult 
to detect relationships between fertilisation and the 
results of soil analysis. Other studies have found that 
the nutrient budget may not align with soil nutri-
ent concentration (Alber et  al. 2018; Reimer et  al. 
2020a). These studies have pointed out potential 
reasons for this, such as variations in the initial soil 
status of different farms at the time of conversion to 
organic farming, or the release of extractable nutri-
ents from soil organic matter and the mineral phase 
of the soil. In the current study, a significant relation 
between K concentration in the soil and soil texture 
was found, however, without any relation to fertilisa-
tion (Table 2). The soil types in the different regions 
either were loess-based soils containing high amounts 
of K or very fertile Fluvisols. Even with a negative K 
budget, no K deficiency in the soil occurred (Table 1). 
Regional differences significantly influenced nutrient 
concentrations,  Corg and pH (Table  2). These result 
from different site and soil conditions, linked to fac-
tors like climate that influence plant protection strat-
egy, for example. Differences in soil pH between the 
regions cannot be explained by the orchards’ current 
management strategies, as “Altes Land” and “Neckar” 
had the highest S input, while “Altes Land” and “Con-
stance” had the lowest soil pH. The significant rela-
tionship between S concentration in the soil and the N 
ratio applied by base fertilisers (Table 2) could simply 
be caused by regional differences in the availability of 
base fertilisers and the higher need for plant protec-
tion in “Altes Land”, since both factors were highest 
in “Altes Land” and lowest in “Freiburg”. Further-
more, soil texture or pH influenced all the extractable 
nutrients in the soil, while at the same time pH was 
also affected by fertiliser application.

Regarding II), soil data in the present study sup-
ported the notion of nutrient imbalances in the 
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assessed orchards, as soil extractable P, K and Mg 
concentrations in the tree row are very often higher 
than recommended. In 17% of the soils they are as 
much as two times higher than the recommended 
range. Even small annual positive budgets can lead 
to an accumulation of nutrients over the years. This 
effect is shown to a certain extent by the P content 
in the tree row, which increased in relation to the 
number of years of organic management (Table  2). 
The lower soil pH with the age of the apple trees and 
also with the number of years of organic manage-
ment (Table 2) is in line with the assessment of the 
overall effect of fertilisation on soil reaction. It may 
be related to N- (mainly from commercial fertilisers) 
and S-inputs (from pesticides and organic fertilisers) 
resulting in an acidifying effect (Eq. 3), with S hav-
ing the largest impact. In the soil, S reacts with water 
to sulphuric acid and thereby drives soil acidification 
(2 S + 2  H2O + 3  O2 → 2  H2SO4 ←→  SO4

2− + 2  H+). 
This reaction mainly explains the acidifying effect 
of the pesticides (Fig.  2). Furthermore, decomposi-
tion of keratins is also related to a strong acidification 
process due to the oxidation of S and N—contain-
ing molecules. Similar to nitrate, sulphate surpluses 
in the soil can be leached during winter, dislocating 
other cations such as Ca and Mg due to equipotential 
bonding (Alva and Gascho 1991). Therefore, from the 
point of view of soil fertility, pesticides containing Ca 
(e.g., lime sulphur) should be preferred to those con-
taining only S (elemental sulphur). In terms of liming 
effect, Ca had the strongest quantitative influence due 
to the influx of bases associated with cation inputs 
(mainly from base fertilisers: e.g., carbonate). The 
anions such as carbonate, associated with high inputs 
of cations like Ca, K and Mg through base fertilisers, 
alleviate the overall acidifying effect of fertilisation 
to a certain extent. The soil organic matter concen-
trations in the apple orchards studied seem to be at 
a typical soil level for orchards, as indicated by the 
data on regression analysis that did not show any rela-
tion of  Corg content in the soil to fertilisation strategy 
or base fertiliser application. This observation is sup-
ported by the comparison of the soil organic matter 
content in the tree row and the inter-row area. While 
soil organic carbon is usually higher in grassland than 
in arable land (Jenkins 1988), in the present study the 
grassy inter-row area had slightly lower  Corg contents 
than the tree row. This observation is probably due 
to regular inputs of organic matter through fertilisers 

and biomass from the inter-row area to the tree row, 
which simultaneously increase nutrient inputs into 
the tree row. In our analysis, years of organic man-
agement significantly influenced soil  Corg content, but 
the coefficient of determination was low  (R2 = 0.008, 
Table 2).

The differences in  PCAL and  KCAL contents 
between the inter-row area and the tree row (Table 1, 
Fig. 4) can be explained by III), the regular transfer of 
biomass from the inter-row area to the tree row. The 
differences provide a hint that the very common use 
of inter-row biomass as mulching material for the tree 
row transfers considerable quantities of nutrients into 
the tree row (Jadczuk 1990; Engel et al. 2009; Surik-
ova and Kārkliņš 2011). Mulch transfer is mainly 
applied in order to cover the soil surface for weed 
control and to reduce water evaporation in the tree 
row, as well as to enhance soil organic matter con-
tent (Lepp et al. 2022b). Engel et al. (2009) reported 
annual amounts of 10–25  kg N   ha−1, 15–25  kg  K, 
2–4 kg P, 3–5 kg Ca and 1–2 kg Mg, transferred from 
the inter-row area to the tree row via mulch mate-
rial. These quantities are high enough to balance 
the K offtake and even increase the nutrient content 
in the tree row resulting in K accumulation over the 
years. This transfer does not affect the overall field 
budget, however it increases the imbalances of soil 
nutrient distribution within the orchard (Fig.  4) and 
may override the effects of balanced or imbalanced 
nutrient budgets. On the one hand, the inter-row area 
can be used as a nutrient source within the orchard 
to increase nutrient availability, especially through 
establishing legumes as N fixers (Granatstein et  al. 
2013). On the other hand, this promotes the depletion 
and accumulation of P and K (and other nutrients) in 
the inter-row area and the tree row, respectively. The 
soil data indicated that this practice has a stronger 
overall effect on soil K content than on P content 
(Fig.  4), probably due to the high K content in the 
above-ground biomass.

To reduce this imbalance between the tree row and 
inter-row area, farmers have several options: (a) to 
limit the amounts of nutrients transferred via a more 
targeted mulching, (b) by application of (base) fer-
tilisers in the inter-row area instead of the tree row, 
and (c) in the long-term by alternating the position of 
the tree row and the inter-row area when old trees are 
substituted by new ones. Regarding a), considering 
that the highest N demand in the vegetative period 



264 Nutr Cycl Agroecosyst (2024) 128:251–267

1 3
Vol:. (1234567890)

is in spring and early summer (Paoletti et  al. 2016), 
from the plant nutrition point of view the biomass 
cuts from the inter-row area should not be transferred 
to the tree row later in the year to avoid N oversupply 
during summer and to reduce nutrient depletion of the 
inter-row area. If the biomass is still transferred due 
to other reasons like ground cover for weed suppres-
sion or reduction of evaporation it could be consid-
ered to rake the material back to the inter-row after 
decomposition with suitable machinery. Regarding 
b), since base fertilisers have a very low N use effi-
ciency in apple orchards, these fertilisers could be 
applied to the inter-row area to at least partially com-
pensate for the nutrient transfer to the tree row, which 
again simultaneously supplies N to the apple trees. 
With regard to c), alternating the position of trees by 
planting the next tree generation into the inter-row 
area is suggested to avoid replant diseases anyway 
(Büchele 2018). However, this is not always feasi-
ble, e.g. due to hail net constructions or agri-voltaic 
systems installed above the tree row, but would also 
serve the purpose of shifting back the nutrients from 
the (former) tree row to the (former) inter-row area, 
regulating to some extent the transfer that has taken 
place within the field. However, the farmer has to take 
into account that the juvenile trees would be planted 
into low nutrient soil when they need most nutrients 
for their development, which needs to be mitigated 
by higher fertiliser applications in the first years of 
planting.

Conclusion

In organic apple production the overall nutrient 
demand is relatively low. Since nutrients are stored 
in the tree biomass, deficient nutrient supply can be 
buffered across years, resulting in fertilisation having 
a limited impact on overall yield. However, omitting 
fertilisation could result in soil depletion, first of K 
and N with the highest offtakes by apples, followed 
by P and other nutrients, with the risk of decreasing 
soil fertility in the long-term. Instead, the goal is to 
achieve recommended soil nutrient concentrations 
through long-term, balanced nutrient management. 
Soil analyses indicated that current management 
practices very often lead to a relative nutrient accu-
mulation in the tree row beyond the recommended 

range, while the soil nutrients in the inter-row area 
are very often depleted.

While farmers focus on enhancing soil fertility 
by applying high amounts of base fertilisers, on sites 
with fertile soils we recommend to consider crop 
nutrient requirements and aim for a balanced nutri-
ent input–output relationship to enhance nutrient 
efficiencies. A fertilisation strategy designed accord-
ing to the crop N demand is often related to negative 
nutrient balances, if based on commercial fertilis-
ers, or to nutrient surpluses where the fertilisation is 
based on base fertilisers like composts or solid animal 
manures. In combination, different input types with 
their respective nutrient stoichiometries can comple-
ment each other, namely an application of base ferti-
lisers to amounts of about 20% of the total N demand 
across the years. Higher ratios of N applied via base 
fertilisers are neither beneficial for the yield nor for a 
balanced nutrient supply, as they lower the NUE as 
well as other nutrient efficiencies, due to oversupply. 
This implies that the current fertilisation strategies 
of organic fruit farmers in Germany that are often 
focused on the maintenance of soil fertility by appli-
cation of base fertilizers and mulch from the inter-row 
need to be reconsidered.

As some commercial fertilisers are categorized as 
contentious due to their conventional provenance, the 
challenge remains to find suitable substitutions wher-
ever keratin products from conventional origins are 
no longer permitted, for example in biodynamic farms 
(Demeter e.V. 2023). Since keratins are the only per-
mitted fertilisers in organic farming that simultane-
ously have a high ratio of N to P and K, they can effi-
ciently supply trees with N without further increasing 
soil P and K, which are often already high. Therefore, 
they are an important component for achieving bal-
anced budgets in fruit orchards. Considering balanced 
nutrition and the concept of recycling nutrients, the 
critical approach to or even ban of keratin products 
should be reconsidered.

Cropping legumes in the inter-row area could be a 
substitution, bringing mainly N into the orchard sys-
tem via biological  N2 fixation. However, the biomass 
needs to be shifted to the tree row, relocating P and K 
from the inter-row area to the tree row, and requires 
a long-term approach to manage the nutrient imbal-
ances within the field. From a nutritional perspec-
tive, it is not recommended to transfer mulch from 
the inter-row area to the tree row when soil P and K 
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levels within the row are already high. In this case, no 
base fertilisers, but only keratins should be applied. If 
the soil is high in P and moderate in K, transferring 
mulch can be suitable in limited amounts, as well as 
fertilisation with vinasse. If P and K in the tree row 
soil are both low, transferring mulch is beneficial. At 
the same time, farmers could consider placing com-
post into the inter-row area to avoid depletion there.

Furthermore, fertilisation strategies must be bal-
anced with other components of orchard management 
like plant protection. Currently, it is challenging to 
significantly reduce S supply while maintaining fruit 
quality. To at least offset the acidifying effect on the 
soil, pesticides containing Ca should be preferred to 
those containing only S. Furthermore, additional lim-
ing should be considered if the liming effect of other 
fertilisers does not sufficiently reduce the acidifying 
effect of the overall system.

Acknowledgements We want to thank all the farmers who 
contributed to this research by offering their time and orchard 
management data.

Author contributions Conceptualization: BL, SZ, and KM; 
Formal analysis: BL and JH; Funding acquisition: SZ and 
KM; Project administration: BL, SZ, and KM; Investigation: 
KM and BL; Data curation: KM and BL; Methodology: BL, 
JH, SZ, and KM; Validation: BL; Visualisation: BL; Writing—
original draft preparation: BL; Writing—review and editing: 
BL, JH, SZ, and KM; Resources: BL, JH, SZ, and KM; Super-
vision: SZ and KM. All authors have read and agreed to the 
published version of the manuscript.

Funding Open Access funding enabled and organized by 
Projekt DEAL. The project DOMINO (FKZ 2817OE007) 
is supported by funds from the Federal Ministry of Food and 
Agriculture (BMEL) based on a decision by the parliament of 
the Federal Republic of Germany via the Federal Office for 
Agriculture and Food (BLE) under the Federal Programme for 
Ecological Farming.

Data availability The dataset generated and analysed during 
the current study is available from the corresponding author on 
request.

Declarations 

Conflict of interest The authors have no relevant financial or 
non-financial interests to disclose.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 

images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Alber S, Mutschlechner T, Forneck A, et al (2018) Nutrient 
balances of South Tyrolean apple farms—a comparison 
between the integrated and organic production system. 
In: Proceedings of the 18th international conference 
on organic fruit-growing, Hohenheim, 19–21 February 
2018, FOEKO e.V., Weinsberg, pp 159–163

Alva AK, Gascho GJ (1991) Differential leaching of cations 
and sulfate in gypsum amended soils. Commun Soil 
Sci Plant Anal 22:1195–1206. https:// doi. org/ 10. 1080/ 
00103 62910 93684 84

Amlinger F, Götz B, Dreher P et al (2003) Nitrogen in bio-
waste and yard waste compost: dynamics of mobilisa-
tion and availability—a review. Eur J Soil Biol 39:107–
116. https:// doi. org/ 10. 1016/ S1164- 5563(03) 00026-8

Boschiero M, Kelderer M, Schmitt AO et al (2015) Influence 
of agricultural residues interpretation and allocation 
procedures on the environmental performance of bio-
electricity production—a case study on woodchips from 
apple orchards. Appl Energy 147:235–245. https:// doi. 
org/ 10. 1016/j. apene rgy. 2015. 01. 109

Büchele M (2018) Errichten einer obstanlage. In: Büchele M 
(ed) Lucas’ Anleitung zum Obstbau, 33rd edn. Ulmer, 
Stuttgart, pp 194–226

Demeter e.V. (2023) Erzeugung und verarbeitung. Richtlin-
ien für die Zertifizierung “Demeter” und “Biodyna-
misch”. https:// www. demet er. de/ demet er- richt linien. 
Accessed 7 Mar 2023

Destatis (2024) The database of the federal statistical office. 
https:// www- genes is. desta tis. de. Accessed 17 Jan 2024

Dierend W, Schacht H, Fründ H-C, Schütt C (2006) Einfluss 
organischer N-Dünger auf die Ertrags- und Wuchsleis-
tung der Apfelsorte ‘Jonagold.’ Erwerbs-Obstbau 
48:78–88. https:// doi. org/ 10. 1007/ s10341- 006- 0019-3

Dietz HJ (1984) Optimale Stickstoffdüngung Bei Obst-
gehölzen. Obstbau 9:115–118

Engel A, Blanke M, Lenz F (2009) Wie viele Nährstoffe 
werden mit dem Mulchen der Fahrgassen in den Baum-
streifen einer Obstanlage verfrachtet? Erwerbs-Obstbau 
51:151–161. https:// doi. org/ 10. 1007/ s10341- 009- 0094-3

European Union (2018) Regulation (EU) 2018/848 of the 
European Parliament and of the Council of 30 May 2018 
on organic production and labelling of organic products 
and repealing Council Regulation (EC) No 834/2007. 
Off J Eur Union 1–92. https:// eur- lex. europa. eu/ eli/ reg/ 
2018/ 848/ oj

Fukumoto Y, Suzuki K, Kuroda K et al (2011) Effects of stru-
vite formation and nitratation promotion on nitrogenous 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/00103629109368484
https://doi.org/10.1080/00103629109368484
https://doi.org/10.1016/S1164-5563(03)00026-8
https://doi.org/10.1016/j.apenergy.2015.01.109
https://doi.org/10.1016/j.apenergy.2015.01.109
https://www.demeter.de/demeter-richtlinien
https://www-genesis.destatis.de
https://doi.org/10.1007/s10341-006-0019-3
https://doi.org/10.1007/s10341-009-0094-3
https://eur-lex.europa.eu/eli/reg/2018/848/oj
https://eur-lex.europa.eu/eli/reg/2018/848/oj


266 Nutr Cycl Agroecosyst (2024) 128:251–267

1 3
Vol:. (1234567890)

emissions such as NH3, N2O and NO during swine 
manure composting. Biores Technol 102:1468–1474. 
https:// doi. org/ 10. 1016/j. biort ech. 2010. 09. 089

Granatstein D, Kirby E, Davenport J (2013) Direct seeding 
legumes into orchard alleys for nitrogen production. 
Acta Hortic 1001:329–334. https:// doi. org/ 10. 17660/ 
ActaH ortic. 2013. 1001. 37

Hahn L, Basso C, Moura-Bueno JM et al (2023) Yield pre-
diction models for ‘Royal Gala’ and ‘Fuji Suprema’ 
apple varieties cultivated under a subtropical climate. 
Agronomy 13:514. https:// doi. org/ 10. 3390/ agron omy13 
020514

Harmsen K, Loman H, Neeteson JJ (1990) A derivation of the 
Pierre-Sluijsmans equation used in the Netherlands to esti-
mate the acidifying effect of fertilizers applied to agricul-
tural soils. Fertil Res 26:319–325. https:// doi. org/ 10. 1007/ 
BF010 48770

Hunsche M, Brackmann A, Ernani PR (2003) Efeito da 
adubação potássica na qualidade pós-colheita de maçãs’ 
Fuji’. Pesqui Agropecu Bras 38:489–496. https:// doi. 
org/ 10. 1590/ S0100- 204X2 00300 04000 07

Jadczuk E (1990) Transport of mineral elements from 
grassed alleyways to herbicide strips as a result of grass 
mowing. Acta Hortic 274:201–206. https:// doi. org/ 10. 
17660/ ActaH ortic. 1990. 274. 22

Jenkins DS (1988) Soil organic matter and its dynamics. In: 
Wild A (ed) Russell’s soil conditions and plant growth. 
Longman Scientic and Technical, Harlow, pp 564–607

Kelderer M, Topp A, Lardschneider E, et al (2014) Organic 
apple tree nutrition: comparison of different organic 
fertilizers, application timing and rate, and soil manage-
ment techniques: results of a 5 year field study. In: Pro-
ceedings of the 16th international conference on organic 
fruit-growing, Hohenheim, 17–19 February 2014, 
FOEKO e.V., Weinsberg, pp 116–126

KTBL (2015) Faustzahlen für den Ökologischen Landbau. 
Kuratorium für Technik und Bauwesen in der Land-
wirtschaft, Darmstadt, Germany

Lepp B, Eck C, Möller K, et al (2022a) N supply by row and 
inter row management with legume intercrops in an 
apple orchard. In: Proceedings of the 20th international 
conference on organic fruit-growing, virtual, 21–23 
February 2022, FOEKO e.V., Weinsberg, pp 49–51

Lepp B, Metzger M, Buchleither S, et  al (2022b) Inter-row 
management and its role in fertilisation strategies in 
organic apple cultivation on farms in South-West Ger-
many. In: Proceedings of the 20th international confer-
ence on organic fruit-growing, virtual, 21–23 February 
2022, FOEKO e.V., Weinsberg, pp 52–54

Li Q, Lv B, Wang H (2010) Influence of C/N ratio on nitro-
gen changing during composting. In: 2010 4th Inter-
national conference on bioinformatics and biomedical 
engineering. IEEE, Chengdu, China, pp 1–4. https:// doi. 
org/ 10. 1109/ ICBBE. 2010. 55181 11

Link H (2018) Ernährung der Obstgewächse. In: Büchele M 
(ed) Lucas’ Anleitung zum Obstbau, 33rd edn. Ulmer, 
Stuttgart, pp 54–63

LVWO (2021) Bodenuntersuchung im Wein- und Obstbau. 
https:// lvwo. landw irtsc haft- bw. de/ pb/ ,Lde_ DE/ Start 
seite/ Fachi nform ation en/ Boden_ Dueng ung. Accessed 8 
Jul 2021

Möller K (2018) Soil fertility status and nutrient input–out-
put flows of specialised organic cropping systems: a 
review. Nutr Cycl Agroecosyst 112:147–164. https:// doi. 
org/ 10. 1007/ s10705- 018- 9946-2

Möller K, Schultheiß U (2014) Organische Handelsdüngemi-
ttel im ökologischen Landbau—Charakterisierung und 
Empfehlungen für die Praxis. KTBL, Darmstadt

Oelofse M, Jensen LS, Magid J (2013) The implications of 
phasing out conventional nutrient supply in organic 
agriculture: Denmark as a case. Org Agr 3:41–55. 
https:// doi. org/ 10. 1007/ s13165- 013- 0045-z

Paltineanu C, Nicolae S, Tanasescu N et  al (2017) Investi-
gating root density of plum and apple trees grafted on 
low-vigor rootstocks to improve orchard management. 
Erwerbs-Obstbau 59:29–37. https:// doi. org/ 10. 1007/ 
s10341- 016- 0293-7

Paoletti F, Kelderer M, Cellura M, Ortolani L (2016) Dün-
gung und Bodenpflege im biologischen Apfelanbau. 
Land- und Forstwirtschaftliches Versuchszentrum Laim-
burg, Pfatten

Patterson HD, Thompson R (1971) Recovery of inter-block 
information when block sizes are unequal. Biometrika 
58:545–554. https:// doi. org/ 10. 1093/ biomet/ 58.3. 545

Piepho H-P (2012) A SAS macro for generating letter displays 
of pairwise mean comparisons. Commun Biom Crop Sci 
7:4–13

Reimer M, Hartmann TE, Oelofse M et al (2020a) Reliance on 
biological nitrogen fixation depletes soil phosphorus and 
potassium reserves. Nutr Cycl Agroecosyst 118:273–291. 
https:// doi. org/ 10. 1007/ s10705- 020- 10101-w

Reimer M, Möller K, Hartmann TE (2020b) Meta-analysis of 
nutrient budgets in organic farms across Europe. Org Agr 
10:65–77. https:// doi. org/ 10. 1007/ s13165- 020- 00300-8

Ristel M, Clever M (2016) Comparison of different fertiliz-
ers in organic fruit growing. In: Proceedings of the 17th 
international conference on organic fruit-growing, Hohen-
heim, 15–17 February 2016, FOEKO e.V., Weinsberg, pp 
108–115

Schunk I, Topp A, Kelderer M, Blankenburg D (2022) The 
influence of organic fertilizers on nutrient balance, yield, 
soil nutrient and organic matter—results of a 10-year field 
study. In: Proceedings of the 20th international conference 
on organic fruit-growing, virtual, 21–23 February 2022, 
FOEKO e.V., Weinsberg, pp 28–38

Siedt M, Schäffer A, Smith KEC et al (2021) Comparing straw, 
compost, and biochar regarding their suitability as agri-
cultural soil amendments to affect soil structure, nutrient 
leaching, microbial communities, and the fate of pesti-
cides. Sci Total Environ 751:141607. https:// doi. org/ 10. 
1016/j. scito tenv. 2020. 141607

Souci SW, Fachmann W, Kraut K (2011) Lebensmitteltabelle 
für die Praxis: Der kleine Souci/Fachmann/Kraut, 5th edn. 
WVG, Stuttgart

Surikova V, Kārkliņš A (2011) Potassium Removal with grass 
in an apple orchard under influence of mulch and irriga-
tion. Res Rural Dev 1:59–63

Tustin S, Ferree D, Myers S et  al (1997) The international 
apple growth study. Acta Hortic 451:693–700. https:// doi. 
org/ 10. 17660/ ActaH ortic. 1997. 451. 83

VDLUFA (1991) Methodenbuch, Band I: Die Untersuchung 
von Böden. VDLUFA-Verlag, Darmstadt

https://doi.org/10.1016/j.biortech.2010.09.089
https://doi.org/10.17660/ActaHortic.2013.1001.37
https://doi.org/10.17660/ActaHortic.2013.1001.37
https://doi.org/10.3390/agronomy13020514
https://doi.org/10.3390/agronomy13020514
https://doi.org/10.1007/BF01048770
https://doi.org/10.1007/BF01048770
https://doi.org/10.1590/S0100-204X2003000400007
https://doi.org/10.1590/S0100-204X2003000400007
https://doi.org/10.17660/ActaHortic.1990.274.22
https://doi.org/10.17660/ActaHortic.1990.274.22
https://doi.org/10.1109/ICBBE.2010.5518111
https://doi.org/10.1109/ICBBE.2010.5518111
https://lvwo.landwirtschaft-bw.de/pb/,Lde_DE/Startseite/Fachinformationen/Boden_Duengung
https://lvwo.landwirtschaft-bw.de/pb/,Lde_DE/Startseite/Fachinformationen/Boden_Duengung
https://doi.org/10.1007/s10705-018-9946-2
https://doi.org/10.1007/s10705-018-9946-2
https://doi.org/10.1007/s13165-013-0045-z
https://doi.org/10.1007/s10341-016-0293-7
https://doi.org/10.1007/s10341-016-0293-7
https://doi.org/10.1093/biomet/58.3.545
https://doi.org/10.1007/s10705-020-10101-w
https://doi.org/10.1007/s13165-020-00300-8
https://doi.org/10.1016/j.scitotenv.2020.141607
https://doi.org/10.1016/j.scitotenv.2020.141607
https://doi.org/10.17660/ActaHortic.1997.451.83
https://doi.org/10.17660/ActaHortic.1997.451.83


267Nutr Cycl Agroecosyst (2024) 128:251–267 

1 3
Vol.: (0123456789)

VDLUFA (2012) Methodenbuch, Band I: Die Untersuchung 
von Böden. VDLUFA-Verlag, Darmstadt

VDLUFA (2016) Methodenbuch, Band I: Die Untersuchung 
von Böden. VDLUFA-Verlag, Darmstadt

VDLUFA (2018) Phosphordüngung nach Bodenuntersuchung 
und Pflanzenbedarf. VDLUFA-Standpkt, Darmstadt, pp 
1–11

Wolfinger R (1993) Covariance structure selection in general 
mixed models. Commun Stat Simul Comput 22:1079–
1106. https:// doi. org/ 10. 1080/ 03610 91930 88131 43

Yang F, Li G, Shi H, Wang Y (2015) Effects of phosphogyp-
sum and superphosphate on compost maturity and gase-
ous emissions during kitchen waste composting. Waste 
Manage 36:70–76. https:// doi. org/ 10. 1016/j. wasman. 
2014. 11. 012

Zikeli S, Deil L, Möller K (2017) The challenge of imbalanced 
nutrient flows in organic farming systems: a study of 
organic greenhouses in Southern Germany. Agr Ecosyst 
Environ 244:1–13. https:// doi. org/ 10. 1016/j. agee. 2017. 04. 
017

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1080/03610919308813143
https://doi.org/10.1016/j.wasman.2014.11.012
https://doi.org/10.1016/j.wasman.2014.11.012
https://doi.org/10.1016/j.agee.2017.04.017
https://doi.org/10.1016/j.agee.2017.04.017

	Fertilisation strategies and their influence on nutrient flows in organic apple orchards
	Abstract 
	Introduction
	Materials and methods
	Surveys
	Soil sampling and analyses
	Nutrient budget calculation
	Liming effect
	Statistical analysis

	Results
	Surveys
	Nutrient flows and field budgets
	Soil analysis
	Apple orchard productivity

	Discussion
	Orchard productivity and N fertiliser efficiency
	Nutrient balances
	Soil analysis

	Conclusion
	Acknowledgements 
	References




