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Abstract: The mineralization of nitrogen in apple orchard soil will increase the soil supply. An
incubation study to test the soil potential and the validity of analytical methods was conducted at
3, 8, 15, and 20 ◦C for up to 128 days on soils from western and south-eastern Norway. Soils with
the highest pH showed the highest mineralization. The mineralization increased with increasing
temperature and time, but start-up N reduced mineralization. The mineralization cannot be estimated
from standard soil chemical parameters because the different C/N ratio indicates organic material of
different origin and quality. The increase in NO3-N started very quickly and ranged from 17 to 182%
and 12 to 64% after 8 days at 3 ◦C and 20 ◦C, respectively. There was no correlation between total N
in the soil and the amount of mineralized N. On average, the mineralization increased by 5–7% for
a change of 1 ◦C in the interval from 8 to 15 ◦C in the soil. The chemical extraction method using
heated KCl correlated well with the mineralization data. On average, the chemical method estimated
30 kg N ha−1, which corresponded to 0.48% of total N. Recommendations for N fertilization based
on total N in the soil overestimate the contribution of plant-available N in most cases.

Keywords: apple orchard soil; N mineralization; soil N availability; soil analysis; N recommendation;
fertilization planning

1. Introduction

It is well known that nitrogen (N) is often a limiting factor in crop production and
that fertilization is necessary to obtain annual vegetative growth and a high yield of good
quality. Nitrogen is the main component of proteins, amino acids, nucleic acids, chlorophyll,
and phytohormones, and therefore it plays a major role in plant metabolic processes [1]. In
fruit production, however, too much N provokes a vigorous vegetative growth; reduced
amount of flowers, yield, and fruit coloration; poor fruit quality; and storage problems [2,3].
N deficiencies, on the other hand, induce poor growth and low yield, and leads to small
fruits for fruit trees in general [4]. Therefore, in fruit production it is important to balance
the N supply, considering plants needs from soil reserves and applied fertilizer.

Thus, nitrogen supply to fruits relies on mineral reserves stored in perennial plant
parts, nitrogen in the soil, and nitrogen from fertilizers. An important soil N fraction
is nitrogen derived from the mineralization of soil organic matter, which can contribute
significantly to fruit nitrogen supply. This mineralized nitrogen is defined as the amount
of available soil nitrogen (NH4

+ and NO3
−) released during a given period, and has been

studied by various chemical and biological methods [5].
In Nordic countries, high annual precipitation and a cool climate have led to an

accumulation of organic matter in soil. In Norwegian cultivated mineral soils, 5–6% organic
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matter is normal [6]. In orchard soils, organic matter is often due to added compost or other
organic fertilizers [7]. Organic matter contains a significant amount of total nitrogen, and
mineralization can result in a significant supply during the growing season. Therefore, the
accurate estimation of soil nitrogen supply is required to optimize fertilizer N management
and to achieve high fruit quality.

The ability to supply nitrogen through soil mineralization depends on several factors.
Soil temperature [8], moisture, clay content and aeration of the soil [9,10], and crop rotation
and cropping history [11] strongly influence on the N mineralization. A common method
for studying mineralization is the incubation technique, in which moist soil is stored for an
extended period of time to test the effect of microorganisms on the release of nutrients. It
appears that soil pH most strongly affects microbial population activity [12], with microbial
activity usually increasing when acid soils are limed to higher pH levels indicating that
an increase in the rate of mineralization of N was the main effect of lime [13]. An older
literature review concluded that the mineralization of organic N occurs over the entire pH
range, but the rate progressively decreases below about pH 6 [14]. Also, a 6-year incubation
study on acidic Norwegian mineral soils (pH 4.7–6.0) demonstrated the positive effect of N
mineralization by increasing the pH by liming to pH about 7, probably due to increased
microbial activity [15]. A newer study showed that the interaction between different soil
factors is important, and that organic matter alone is not a good estimation indicator
of mineralization. Both organic matter content and quality, as well as soil texture and
mineralogy, influence mineralization and must be included in mineralization models [16].

N fertilization practices and recommended amounts of N for growing trees vary
widely. For a site with sandy loam and clayey soil and a yield of 45 t ha−1, the nutrient
requirement in apple orchards in the USA is 75–100 kg N ha−1 [17]. A newly published
article [18] concluded that the applied annual dose should not exceed 50 kg N ha−1 to
obtain the high quality of fruit with minimized leaching of N to groundwater. They
also concluded that the mineralization of N in humus-rich soil may completely cover
the demand of apple trees for N. Nowadays, nitrogen recommendations in Norwegian
orchards vary between 20 and 65 kg N ha−1, based on a yield of 20 t ha−1, depending
on local soil variations and tree characteristics [19,20]. However, the soil’s N-supplying
capacity, based on mineralization process, is evaluated only upon the soil organic matter
content and is therefore an approximate method. When soil organic matter content ranges
from 4.6 to 20.5%, as is common in Norwegian orchard soils [7], the N mineralization
supply during the growing season is about 10 kg N ha-1 [21], which is rarely considered in
fertilizer planning. Better estimates of soil N mineralization in Norwegian orchard soils are
not yet available but need to be better utilized in fertilization practice.

The influence of soil properties and climatic factors makes site-specific mineralization
rates challenging. These soil factors vary in Norwegian orchards, from sandy soils with
high rainfall influenced by the mild climate in the fjord area on the west coast of Norway,
to soils with finer texture and lower rainfall in the southeastern part of the country. Studies
show that laboratory methods are difficult to extrapolate to field conditions because the
amount of mineralized N depends on the methods used and the handling and storage of
soil samples, which in most cases must be adjusted in the field to serve as a model [21].
However, many soil tests have been developed over the years to predict N mineralization
rates, most of them based on chemical extraction. A general review and meta-analysis
based on 218 papers was conducted by Ros, Temminghoff, and Hoffland in 2011 [22].
The best predictions of mineralized N, with an R2 of 57–74%, were made with chemical
tests of CaCl2, acidic KMnO4, acidic K2Cr2O7, hot water, or hot KCl extraction. This is
in accordance with the study of Øien and Selmer-Olsen [23] on Norwegian soils, where
extraction was performed with the 2 M KCl (80 ◦C) hydrolysis method and a good cor-
relation was obtained between N mineralization and N uptake by plants. However, this
method has not been adopted in Norwegian agriculture mainly because of the demanding
requirements in sampling procedure and pre-treatments, which did not match the routine
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work of commercial laboratories. Indeed, the drying and storage of the soil samples will
significantly affect the content of mineralized N [24–26].

However, commercial European soil laboratories have begun to analyze soil N supply
capacity based on dried and stored soil. Results are reported in kg N ha−1 mineralized and
available to plants during their growing season. However, there is a lack of description of
the analytical method and the basis for calculating plant-available N. A data set of 42 soil
samples analyzed by a commercial laboratory in central Europe used by Norwegian fruit
farmers showed an average N mineralization capacity of 105 kg N ha−1 during the growing
season, with a wide range of variation from 55 to 199 kg N ha−1 [27]. There was a perfect
correlation with total N with an average seasonal mineralization of 1.7% of total N in the
soil, which is much higher than usual for Norwegian cultivated soils. Other studies are also
available, but the plant uptake in relation to Kjeldahl-N in 36 Norwegian cultivated soils
was 0.47% and probably less is mineralized from organic matter [28]. Also, a 3-year field
study with plots in all the Nordic countries concluded that the N mineralization during
the growing season corresponded on average to 0.50% of total soil N [29]. Since many
Norwegian fruit farmers use laboratory results from abroad, it is important to conduct a
study to test the suitability of recommendations influenced by the different climate and soil
conditions in Norway, which consequently emphasize the too high N supply potential of
the soil, resulting in low N fertilizer use and thus low yield.

Soil samples from the main apple growing regions in Norway are collected to investi-
gate N mineralization potential by using soil incubation method. The focus of the study is
to verify previous results from foreign commercial laboratories.

The objectives of the investigation are:

• To give an overview of the nitrogen mineralization potential in Norwegian orchard soils.
• To examine the possibilities of using existing soil extraction methods to estimate the N

supplying capacity of the soil.
• To evaluate soil nitrogen data given by commercial laboratories as a tool for fertilization

planning in Norwegian orchards.

2. Materials and Methods
2.1. Sampling of Soils

Soils for the mineralization study were sampled from apple orchards in 3 main fruit
districts in Norway, Hardanger (Ullensvang) and Sogn in the western part of Norway and
from Lier district in the southeastern Norway, in spring 2018. Well-managed and mature
high-density apple orchards with 5–10 years old trees in full production were chosen.
Four sample sites at each location covering the main soil types and organic amendments
used in the orchards were used. In each orchard, one representative row of apple trees
was soil sampled from the upper soil layer by taking 9 subsamples from 20 m of the row.
Samples were mixed in a bucket, stones and pieces of branches or bark were removed, and
approximately 5 kg of soil was sent to the laboratory in sealed bags as soon as possible. All
soils had low moisture content and were sieved through a 4 mm stainless steel sieve and
frozen at −18 ◦C until mineralization studies were performed.

2.2. Soil Characherization

A subsample of the frozen samples was dried at 40 ◦C and sieved through a 2 mm
sieve before analysis. Soil texture was analyzed using the pipette method of Elonen [30].
pH was measured in a suspension of soil to deionized water ratio of 1:2.5 using an Orion
Ross electrode after being stored staying overnight at room temperature. Total C and total
N were analyzed using a dry combustion method [31] and analyzed on the instrument
LECO CHN-628. Available nutrients in soil, such as Na, K, Mg, Ca, and P, were extracted
by the ammonium-acetate-lactate method at pH 3.75 [32] and measured using ICP-AES
4200 Agilent (Agilent Technologies, Melbourne, Australia).

The Øiens method [23] was used for measuring extractable nitrogen, and involves an
extraction of soil nitrogen in 2 M KCl after heating the soil suspension at 80 ◦C for 20 h [23].
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Frozen soils of <4 mm are used for the analysis. Nitrate and ammonium were analyzed in
the filtered extract by spectrophotometric flow injection method using FIA Star 5000.

2.3. Soil Incubation

The incubation experiment was performed 3 times with 4 soils each time to cover all
12 soils. A total of 15.00 g of frozen soil was weighed into in 50 mL Sarstedt centrifuge tubes
with 3 replicates. The dry matter of the soils varied from 72 to 98%. Deionized water was
added to 60% of the water holding capacity. The water holding capacity was measured by
carefully adding 15 mL deionized water to 15 g of soil in a centrifuge tube with a drainage
hole in the bottom and measuring the weight of the soil when no water dripped from the
tube. The tubes were placed in racks covered with perforated parafilm to reduce water
evaporation but allowed oxygen inflow. Four racks of tubes were made for incubation
temperatures of 3, 8, 15, and 20 ◦C, respectively, and placed in the dark in 4 incubation
chambers (Termaks series KB 8000) adjusted to the desired temperatures with an accuracy
of ±0.1 ◦C. One liter of deionized water to be used to compensate for evaporation was
placed in the chamber containing the samples. Tree tubes of each soil at each temperature
were taken out of the chambers for extraction of nitrate and ammonium after 0, 1, 2, 4, 8,
16, 32, 64, and 128 days. A total of 108 tubes per soil type covered all temperatures and
sampling times. All tubes were weighed before incubation, and water evaporation was
controlled during the experiment. Every second week, the racks were taken out of the
incubation chambers and deionized water with incubation temperature added to the initial
weight. There was almost no evaporation in the soils with a temperature of 3 ◦C, while the
soils with a temperature of 20 ◦C had lost about 5–10% of the initial weight after two weeks
of incubation.

Samples taken out for analysis were added to 30 mL 2 M KCl, shaken for 1 h, and
filtered through blue ribbon paper filter (Whatman 589/3); then, concentration of nitrate
N and ammonium N were measured spectrophotometrically by using FIA Star 5000. The
net mineralization was calculated as the difference between the mineral N concentration
(NO3-N + NH4-N) in the soil before and after incubation.

Statistical analysis was conducted using SAS v.9.4 [33]. To test on changes in mineral
N during incubation, the GLM procedure with Tukey grouping of the methods was used.
The level of significance is tested on 5% level of probability. The PROC REG procedure
was used to make a linear regression analysis between the methods. To calculate basic
parameters like mean and standard deviation, the PROC MEANS procedures were used.

3. Results

The characterization of the soils in the orchards is shown in Table 1. All soils are
characterized as loamy soils with some variation in sand and silt content, with only L1
characterized as loamy sand. Soil organic matter is important for nitrogen mineralization,
with the average total C content being highest in the Ullensvang soils (U), while the lowest
values were found in the Lier soils (L). Total nitrogen content varied from 0.05% to 0.41%,
with little variation in the U soils and the greatest variation in the L soils. However, little
variation was observed in the average values for the C/N ratio between regions, with a
range of 11.4 (S3) to 18 (L2) for all soils. The sampled soils had different pH values, with the
lowest pH in the U soils ranging from 4.68 to 5.34, while the highest value in the Sogn soils
(S) ranged from 5.76 to 6.82. The L soils had the greatest variation in pH, which ranged
from 4.96 to 7.04.

Plant-available Mg and Ca content, measured as Mg-AL and Ca-AL, varies among
regions, with average content lowest in U soils and highest in S soils. Acid-soluble K
content, reflecting soil mineralogy, is highest in U soils and lowest in S soils. For the
nutrients Na, K, and P, measured as AL-extractable elements, differences between regions
were small. However, there were large differences in some elements within regions. In L
soils, P- AL varied in the range of 68 to 840 mg kg−1 soil, and in U soils, K- AL varied in
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the range of 74 to 380 mg kg−1 soil, indicating the intensity of fertilization during the apple
growing season.

Table 1. Characterization of the soils in the different apple orchards from three Norwegian regions
Ullensvang (U), Lier (L) and Sogn (S).

Soil
Ref.

Soil
Density

pH
H2O

Total
C * Total N Na-AL K-

AL Mg-AL Ca-AL P-
AL

K-
HNO3

Soil Texture
Class

g dm−3 % % mg
kg−1

mg
kg−1

mg
kg−1

mg
kg−1

mg
kg−1

mg
kg−1

U1 1.03 5.34 3.84 0.28 20 110 88 640 320 1300 Sandy loam
U2 1.04 5.32 4.45 0.23 16 110 32 360 240 1300 Loam
U3 0.99 5.30 2.98 0.26 22 380 100 1300 260 3000 Silt loam
U4 1.01 4.68 2.52 0.25 14 74 38 300 260 3900 Sandy loam

L1 1.18 7.04 4.11 0.35 38 320 220 2800 840 1500 Loamy sand
L2 1.32 4.96 0.81 0.05 12 170 66 220 220 2700 Silt loam
L3 1.17 5.46 1.61 0.13 9,8 120 140 720 68 1200 Silt loam
L4 1.44 6.69 1.43 0.09 10 170 190 1200 90 870 Silt loam

S1 1.03 6.82 5.13 0.41 19 240 560 2800 160 980 Sandy loam
S2 1.09 6.65 3.15 0.24 18 130 340 2600 480 900 Sandy loam
S3 1.25 6.81 1.51 0.19 16 140 160 1100 140 900 Sandy loam
S4 1.12 5.76 2.37 0.17 17 140 130 1000 170 1200 Silt loam

* Organic matter content is approximately total C × 2.

Table 2 shows the increase in mineral nitrogen (percent increase over initial concentra-
tion) for incubation at 2, 4, and 8 days. The mineralization of nitrogen started very quickly
in all soils and at all temperatures, except for the soils U3 and U4. Soil U3 had a very high
concentration of mineral N, measured as nitrate and ammonium in the KCl extract at the
beginning of the experiment, while U4 is a very acidic soil. Soils L, S, and U1 showed a
significant increase at 5% level in mineral N after only 2 days of incubation. Similar results
were observed for soils U2 at 20 ◦C and for U4 at 15 ◦C and 20 ◦C. For U2, it took more
than 2 days to show a significant increase in mineral N, while for U3 it took more than
4 days at all temperatures. In the first week of the experiment, the increase in mineral N
generally meant an increase in both nitrate and ammonium ions. Nitrate concentration
was elevated at all temperatures from the first day throughout the experiment. However,
for most soils, the ammonium concentration was highest after 2 to 4 days of incubation,
and then decreased to zero during the first 32 days. Exceptions were soils U2 and U4, with
soil U2 still containing a small amount of ammonium after 64 days of the experiment at
all temperatures. U4 still had a small amount of ammonium even after 128 days at 3 ◦C,
while the other temperature regimes still had some ammonium in the system after 64 days.
Compared to nitrate concentrations, these amounts of ammonium are very small, so their
contribution to total mineral N is marginal.

Figure 1 shows that nitrogen mineralization increased with time (32 to 128 days) and
temperature. Except for soil L2, the mineralization increased relatively more as temperature
increased. Soil U3 started with a high content of mineral N, and the influence of temperature
and time seemed to be less than for the other soils. Since the contribution of ammonium is
negligible at incubation times of 32 days or more, the curves in Figure 1 are based on the
nitrate content of the samples. The standard deviation showed very good replicates for all
soils except S2 at 20 ◦C and 128 days of incubation.

Table 3 shows the potential for N mineralization at a temperature of 8 ◦C and 15 ◦C
during incubation periods of 64 and 128 days (2 and 4 months). Although the growing
season can last several months, studies have shown that the most active nitrogen uptake
by apple trees occurs in the first part of the season, i.e., after dormancy, during flowering
and fruit set and their growth development [34]. Therefore, the two-month incubation
period (64 days) may be the most important period to focus on. Temperatures of 8 ◦C
and 15 ◦C were chosen for the treatments because they reflect the natural variation of soil
temperature in the root zone during the growing season of fruit trees, i.e., from early spring
to mid-summer in the studied areas [35]. Even though the incubation was carried out
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under ideal conditions in terms of humidity and oxygenation, it may differ from real field
conditions, reflecting the relative differences between soils. The numbers in Table 3 are
based on the calculation of concentration values obtained from the fitting curve (Figure 1)
(equations not shown). Soil density in the field at a soil depth of 25 cm is the depth used by
routine laboratories when reporting N supply capacity per ha to farmers.

Table 2. The increase in mineral N after 2, 4, and 8 days expressed as a percentage from the start
incubation day in mg N l−1 in the extraction solution from three Norwegian regions (Ullensvang (U),
Lier (L), and Sogn (S). No significant difference at 5% level from the initial concentration is marked
as ns.

Soil
No.

Initial
Concentration

(mg L−1)

3 ◦C 8 ◦C 15 ◦C 20 ◦C

2d 4d 8d 2d 4d 8d 2d 4d 8d 2d 4d 8d

U1 4.47 47 78 99 85 99 113 87 110 116 84 127 121
U2 7.37 0 ns 19 17 0 ns 2 ns 24 10 ns 42 89 29 56 101
U3 31.0 7 ns 4 ns 17 4 ns 4 ns 13 5 ns 1 ns 13 0 ns 0 ns 12
U4 6.90 0 ns 1 ns 25 5 ns 8 ns 25 11 22 74 20 65 86

L1 1.82 68 61 105 59 87 131 59 91 165 65 164 245
L2 1.32 67 73 127 152 96 130 319 137 303 106 285 412
L3 1.63 121 129 182 201 133 215 161 177 313 219 337 647
L4 3.97 52 88 89 71 80 112 67 119 142 108 131 120

S1 6.42 50 42 57 46 39 60 43 66 51 58 71 88
S2 6.47 30 46 81 44 48 89 48 57 101 57 76 126
S3 10.2 24 16 50 22 26 48 29 30 54 27 38 54
S4 4.33 48 75 116 63 82 136 79 110 157 94 131 210

Figure 1. Mineralization of nitrogen (based on the NO3-N results) as function of incubation time and
temperature from 12 apple orchard soils located in three Norwegian regions (Ullensvang (U), Lier
(L), and Sogn (S). All results are given as mg N kg−1 soil. Standard deviation is given for all plots.
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Table 3. N mineralization based on incubation at different temperatures and times on soils from three
Norwegian regions (Ullensvang (U), Lier (L), and Sogn (S)). Results at different temperatures are the
change in mineral N from start of incubation. All results are given as kg N ha−1 to a soil depth of
25 cm.

Soil
No.

Mineral N at Start of
Incubation

8 ◦C 15 ◦C
64 Days 128 Days 64 Days 128 Days

U1 24 +64 +85 +91 +122
U2 40 +46 +64 +67 +104
U3 185 +30 +38 +56 +74
U4 38 +44 +55 +73 +105

L1 11 +59 +95 +97 +154
L2 8.9 +54 +77 +75 +102
L3 11 +47 +63 +67 +94
L4 30 +65 +72 +82 +98

S1 39 +58 +91 +87 +131
S2 41 +70 +93 +103 +163
S3 65 +61 +95 +84 +143
S4 29 +78 +112 +108 +162

Average
Std.

44
45.3

56
12.5

78
19.9

83
15.0

121
28.1

For all soils, an average of 56 kg N ha−1 was mineralized in 64 days at 8 ◦C, which
increased by 39% to 78 kg N ha−1 in the following two months. At 15 ◦C, 83 and
121 kg N ha−1 were mineralized, respectively, during the same period, an increase of
46%. This shows that an increase in temperature also increases the rate of N mineralization.

A correlation analysis showed no significant relationship between mineralization of
N and total N content or C/N ratio at all selected temperatures and incubation times.
However, it was found that there was a trend with increasing temperature. For example,
at 128 days of incubation, the correlation at 8, 15, and 20 ◦C was 0.12, 0.31, and 0.51,
respectively. The soil parameters that had significant effects on N mineralization were pH
and Ca-AL. The effect of pH increased over the incubation period from 32 to 128 days,
regardless of temperature, but was significant only at 128 days (r = 0.51–0.59). The positive
correlation with Ca- AL exists only at the longest incubation time under the temperatures
of 15 ◦C and 20 ◦C (r = 0.56–0.57).

Routine soil testing for available nitrogen has not been used in Norwegian agriculture,
mainly because of the mineralization of organic nitrogen, which is difficult to measure,
and because the results are difficult to relate the field conditions. However, a method
called the Øien method, based on anaerobic incubation in 2 M KCl under heating, was
developed about 50 years ago by Selmer-Olsen et al. [36]. The estimated mineralization
of organic matter gave the amount of N released for plant nutrition during the growing
season. The method has not been used in practice, but showed good correlation with plant
uptake by grass and cereals in both laboratory experiments [28] and field trials [37]. Soil
organic matter may be different in grassland soils than in orchard soils due to differences
in fertilization and management practices. It is still of interest to see whether incubation
results for orchard soils correlate with the anaerobic KCl method to provide a tool for better
N fertilizer planning.

Figure 2 shows the relationship between the available N after mineralization at 8 and
15 ◦C and 64 days of incubation and the N extracted using the Øiens method. The correla-
tion between the methods is very good, with an R2 of 0.85 and 0.90 for the two temperature
regimes, respectively.
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Figure 2. The correlation between extractable N after Øien method and available N after mineraliza-
tion of 64 days.

The relationship between the Øiens method and mineral N after incubation is very
good, as shown in Table 4. The mineral N extracted after 32 days and at 15 ◦C and after
64 days and at 8 ◦C was 103% and 97%, respectively, almost equal to the amount of N
extracted using the Øiens method.

Table 4. The relationship between available N after mineralization and extracted using Øiens method
expressed as slope of the regression line, R2, and % of Øien N as average for all 12 soils.

Temperature 32 Days 64 Days 128 Days

8 ◦C
Slope 0.63 0.52 0.50

R2 0.87 0.85 0.82
% 85 97 118

15 ◦C
Slope 0.66 0.54 0.53

R2 0.91 0.90 0.75
% 103 122 160

4. Discussion
4.1. Nutrient Status of the Soils

In general, the soils used for the studies have a good nutrient status when macronutri-
ents P, K, Mg, and Ca are compared with the reported optimal values for orchard soils [19].
The soils belong to loamy soils with a low clay content (2–14%), which underlines the
importance of organic matter as an important factor for nutrient availability. However, the
pH is rather low, as 7 out of 12 soils have a pH lower than the recommended values for
these orchard soils, which require a value higher than 5.5 [19]. All soils in the Ullensvang
area had a pH below 5.5, with the lowest value being 4.68, while two other soils in the
Lier area also had a pH below 5.5. Aside from the fact that low pH can affect nutrient
availability, this pH also has a significant effect on nitrogen mineralization. As Lyngstad
has shown, soils limed from pH of 5 to about 7 result in increased mineralization due to
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increased microbial activity [15]. Raising the pH in regions of low pH by liming, therefore,
also increases N supply capacity through increased mineralization.

Low pH can cause a problem with aluminum toxicity, which affects root cells and
causes stress growth of apple trees. A pH lower than 5 results in the most toxic positively
charged Al species in the soil solution, especially when clay minerals are present [38].

In this study, the top 25 cm of soil was examined. However, apple tree roots also take
up nutrients from deeper layers, where pH is usually higher and toxicity problems are
less important. Most common apple tree roots penetrate the upper 80 cm of the soil, and
the 20–40 cm layer is the central zone for nutrient uptake if dwarf roots are involved [39].
Nitrate is readily leached from the uppermost layer by irrigation or precipitation, and
mineralized N can contribute significantly to N supply even in deeper soil layers than the
layer sampled in this study. On average, readily available mineral N for all original soils
was 44 kg N ha−1, with a wide range of variation from 11 (L1 and L3) to 185 kg N ha−1 (U3)
(Table 3). Incubation increased these amounts. Nitrate was the major source of N resulting
from incubation, and the leaching of N in the loamy soil is likely.

Soil mineral N content varied by region, with the lowest average values in Lier
(Table 2). Compared to total nitrogen content, these values are very low, and except for soil
U3, which contains 97.6% organic nitrogen, all other soils have an average organic nitrogen
content of 99.5%, indicating a high potential for nitrogen mineralization in all soils.

4.2. Mineralization of Nitrogen

The acidity of the soil affects mineralization, as discussed in Section 4.1. In our material,
there is a positive effect of increased pH on mineralization, as a significant increase in
mineralization was found when comparing soils with a pH < 5.6 and soils with a pH > 5.6.
This was confirmed by other studies on cultivated mineral soils with a similar pH as an
effect of increased microbial activity [15,40]. Raising the pH of acidic soils is therefore a
good strategy to increase the soil’s contribution to plant-available nitrogen.

Orchards are often not established on soil with the highest organic matter content,
and the variation in total C content among our soils is quite wide, ranging from 0.81 to
5.13%. Soil organic matter has many important properties for plant nutrition, such as
improving the soil structure, water-holding capacity, nutrient adsorption, and potential
for nitrogen supply through the mineralization of organic matter [41]. The mineralization
potential is strongly influenced by temperature and time, as our results have shown.
However, mineralization studies are often conducted at quite high temperatures, such
as 30–40 ◦C [15,25], to measure N mineralization potential. If we try to estimate soil
mineralization potential under Nordic temperature conditions during the growing season,
measurements should be made in the root zone. For this reason, our study was carried
out in the range of 3 to 20 ◦C to cover the most common temperatures in Norwegian
orchard soils. It is evident that mineralization starts rapidly, even at 3 ◦C, and has already
significantly increased the mineral N content in all soils after 2 days, with one exception in
sample 3 of Hardanger soils (Table 2). This soil U3 has a high initial concentration of mineral
N, and it appears that this suppresses mineralization throughout the experiment. This
means that U3 has an initial concentration 3 to 25 times higher than the other soil samples.
Even though the difference between the other samples is relatively large, there was no
significant correlation between the initial concentration and the amount of mineralized, N
regardless of temperature and time. The low pH may also affect the start of mineralization
of these soils, as microbiological activity is likely to be lower than at higher pH values.
At the beginning of the incubation period, NH4-N accounted for an average of 35% of
the mineral N. Both NO3-N and NH4-N increased during the first few days of incubation.
However, NH4-N decreased rapidly and nitrification increased, which is a normal process
in aerobic incubation [42].

The longest incubation period of 128 days should reflect a full growing season. N
uptake is most active in the first part of the growing season, so an incubation period of
64 days may be more realistic [34]. Temperature has a strong influence on N mineralization,
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as shown in Figure 1 and Table 3. At 64 days of incubation, N release at 8 ◦C and 15 ◦C
varied in the range of 30 (U3)-78 (S4) kg N ha−1 and 56 (U3)-108 (S4) kg N ha−1, respectively,
with average values of 56 and 83 kg N ha−1 for each temperature. The same soils used for
the mineralization tests were analyzed in a routine laboratory where N delivery capacity
was reported based on total N measurements. The mineralization results represent only
57 and 83%, respectively, of what was measured by the routine commercial laboratory as
plant-available N for a growing season, based on the data shown in Figure 3. In laboratory
experiments, soils are brought to optimal conditions that nature does not provide. Even
with realistic extraction times, incubation experiments overestimate actual mineralization
because soil moisture, soil temperature, and field oxygen conditions often vary.

Figure 3. N supplying capacity given by a routine soil laboratory (A) and N mineralization in the
incubation experiments (B) as a function of total N in soil.

A change in soil temperature due to climate change will significantly affect soil N
mineralization. Model calculations indicate that the average annual temperature in Vestland
and Buskerud counties, which include our study areas, could increase by 4 ◦C by 2100, and
precipitation could increase, with winters milder than in 2000 [43]. Based on the formulas
underlying the curves in Figure 1 (formulas not shown), a calculation of the temperature
effect on N mineralization is performed. Increasing soil temperature by one degree in the
temperature range of 8–10 ◦C and 13–15 ◦C increases the amount of mineralized N by 5–7%.
A change in climate in these areas can increase the decomposition of organic matter, and
thus significantly increase the supply of plant-available N in the soil. Cold climates, as in
the Nordic countries, will on the one hand limit the mineralization of nitrogen in the soil,
but on the other hand will also limit the cultivation of fruit. One positive effect of climate
change due to temperature increase is that apple areas will increase, and overall production
will increase. Research has shown that an increase in average air temperature in the areas
where soils are sampled for our study allows for the cultivation of more heat-demanding
varieties [44].

As previously reported, the N recommendation in Norwegian orchards is 55–75 kg N ha−1

per year for normal yields [19], which may indicate that mineralization normally provides
some amount of N from the soil, but it is not the main contribution to plant N requirements.
A Nordic project concluded that the average N mineralization in cultivated soils from early
spring to the end of the growing season is 5 kg ha−1, and that a 1% increase in soil organic
matter in the top soil layer increases net mineralization by about 5 kg N ha−1 during the
growing season [29]. However, there was wide variation within sites from year to year,
reflecting climatic differences between years. Variations were greater within sites from year
to year than between sites in different countries.

Some investigations have found a significant positive correlation between total soil and
N mineralization [8,45], but opposite results have also been reported [29]. A compilation of
data from various studies in the USA and Europe showed a very weak correlation between
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total N and mineralization [46]. Some incubation studies from California gave a similar
result, where R2 did not exceed 0.57, as in our experiment [47]. The results of the large
field experiments in the Nordic countries showed no significant correlation between total
soil nitrogen content and N mineralization rate [29], and these results include Norwegian
soils with this very low positive correlation [23,28]. This is consistent with the results of
our study, which are shown in Figure 3. The lack of this correlation in our experiment may
be caused by the low temperature in the incubation tests in addition to variations in pH,
both of which affect the biological activity in the soil. Another influencing factor could be
the character of the organic matter, which usually varies in composition and quality due to
the use of compost and different types of manure over the years. These results show that
total nitrogen is not a reliable parameter that can be used alone as an indicator of nitrogen
mineralization in the soil.

In the soils, the C/N ratio is in the range of 11 to 18, which is considered to be an
optimal ratio for N mineralization [48], and it is assumed that this was not a limiting
factor in this experiment. It has been documented that different types of organic material
such as sewage sludge, animal manure, and plant residues have different effects on N
mineralization related to the different biologically active components in the organic material.
This was confirmed in both laboratory incubation [49,50] and comparative tests between
laboratory and field incubation [51]. A recent literature review and model fit showed that
after 100 days of incubation, 16% of the total N is in the form of mineralized N in poultry
manure, and up to 39% is in the form of mineralized N in poultry compost, compared to
less than 10% in other composts made from more stable material [52]. This also shows how
difficult it is to use organic amendments to meet nutrient requirements in orchards.

4.3. Soil Analysis for Available N

Soil analysis of plant-available N has not been offered to Norwegian farmers, mainly
because of the difficulty of estimating mineralization in cold climates, the leaching of nitro-
gen during autumn precipitation and spring snowmelt, and the lack of available laboratory
methods. In the widely used fertilizer-planning computer program in Norway [53], the
correction for N fertilization based on organic matter content is shown in Table 5. The
correction is used for all crops and is constructed as a staircase function, which gives more
of an indication of what the organic matter may mean for the mineralization of N rather
than a professionally good estimation. Organic matter content in the soils studied varied
from 1.5 to 10% (Table 1). No mineralization is counted in Table 5, which is obviously
incorrect given the mineralization data reported. The current practice of mineralization
is only considered when the soil has an organic content of 12.6% or more. This is also not
consistent with the previously cited results of a Nordic field study [29].

Table 5. Correction of N fertilization (kg ha−1) based on content of organic matter in soil.

Organic Matter (%) 0–3 3–4.5 4.6–12.5 12.6–20.5 20.6–40 41–75 41–75 * 41–75 **

Effect of mineralization 20 10 0 −10 −20 −30 −40 0

* Peat soil. Highly decomposed, von Post ≥7 [54] ** Peat soil. Very slightly decomposed, von Post ≤ 3 [54].

For the last 5–10 years, fruit farmers in Norway have been sending soil samples abroad
for analysis, and commercial laboratories perform the analysis according to local agriculture
practices, which are not always adapted to Norwegian climate and soil conditions. One
example is analysis of nitrogen supply capacity, expressed in kg N ha−1 mineralized from
organic matter during the growing season. This is a figure that does not take into account
local conditions on the farm and the quality of the organic matter, and may give a false
impression of the nitrogen supply from the soil.

Figure 3 shows the nitrogen supply capacity relative to total soil nitrogen content
reported by a routine foreign laboratory and the values measured in our mineralization
study on the same soils, using orchard soils with organic matter contents ranging from
1.5 to 10% (Table 1). The commercial laboratory assumes an almost perfect relationship
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between nitrogen supply and total N content, while our data show almost no relationship
between these two parameters. The pH of orchard soils varies by a factor of more than 100,
ranging from very acidic to neutral (Table 1), and the origin and quality of organic matter
can vary greatly from soil to soil, affecting the biological life and mineralization capacity
of the soil. Other studies on Norwegian soils have shown that total N is not necessarily a
good indicator of nitrogen mineralization or plant availability in the soil (see Section 4.2).

In the average of 40 laboratory reports from abroad, 1.7% of the total N in soil organic
matter is mineralized during the growing season [55]. Figure 2 shows that there is a good
relationship between Øien N and mineral N after mineralization. Growth experiments with
grass and cereals have shown that the laboratory method can estimate plant availability
well, and that about 50% of the amount measured by the method is taken up by plants
in field experiments [37] and 44% in a laboratory pot experiment [28]. The rooting depth
of apple trees, grass and cereals is quite similar, so the results for these crops can be
considered comparable.

Mineralization measured by the Øiens method averaged 60 kg N ha−1 (extracted
minus mineral N before extraction) for all soils. Assuming 50% supply and uptake by
plants, which was shown in the field study by Øien [37], this corresponds to 30 kg N ha−1

and 0.48% of the total mineralized N per year. This amount is far from routine laboratory
data, and is more realistic in relation to the Norwegian climate and agricultural practice. In
our opinion, the KCl method of Øien and Selmer-Olsen [23] can be used as a method to
obtain a good measure of mineralizable N in the soil during the growing season, including
in orchard soils. This requires that the soil be analyzed quickly after sampling or frozen
until analysis can be performed. Drying and storing dry soil increases the mineralization of
N in the soil [26]. The current practice of storing dry soils for varying lengths of time before
analysis provides an incorrect measure of plant-available N. This method is judged to be
much better for predicting the plant availability of soil N, and is a rapid method compared
to the time-consuming incubation methods.

Results for available nitrogen based on total nitrogen significantly overestimate plant-
available N and may result in under-fertilization to achieve optimum good quality yields.

5. Conclusions

The soil in many orchards has low pH, which negatively affects the mineralization
of nitrogen from organic matter. Incubation experiments show that both temperature and
time have a strong effect on mineralization, but even at a temperature as low as 3 ◦C,
mineralization is significant. A 1 ◦C increase in temperature in the 8–15 ◦C temperature
range increases the amount of N mineralized by 5–7%, indicating an effect of a possible
change to a warmer climate. There is no significant relationship between total nitrogen in
the soil and the amount of mineralized nitrogen, most likely due to differences in the origin
and quality of the organic material at the experimental sites.

Mineralized N shows a very good correlation with the soil chemical method of mea-
suring plant-available N in the soil by extraction with potassium chloride during heating.
It can be used as a method for estimating the amount of plant-available N in fresh soils,
and is recommended for the most balanced nutrient supply.

The routine laboratory measurement of plant-available nitrogen based on total nitro-
gen without the evaluation of the quality of the organic material and the different Nordic
climatic and growing conditions leads to the overestimation of plant-available nitrogen,
which can result in severe under-fertilization and thus lower yields with poor quality.
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