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In 1981–82 three field experiments were established with the aim of elucidating (i) the growth 
response of middle-aged coniferous stands at different fertilization intensities and, hence, 
the economic outcomes; and (ii) the need to add nutrients other than nitrogen (N). Nutrient 
additions were performed at intervals of two, four, six and eight years. The experiments 
were established on typical podzolized and N-limited mor-humus sites, two in Scots pine 
(Pinus sylvestris L.) stands and one in a Norway spruce (Picea abies (L.) Karst.) stand, at 
three different locations in Sweden. The ages of the stands were 65–70 years at the time of 
establishment. Growth responses were calculated after a 22-year study period. The growth 
responses were significant in all treatments. The addition of nutrients other than N did not 
affect stem growth at any of the sites. The growth response tended to increase with decreasing 
application interval. The results also revealed that the efficiency of fertilization is reduced 
as the interval between fertilizations is shortened. Accordingly, the growth effect per kg of 
added N was negatively correlated to fertilization intensity. The least intensive fertilization 
regime (an eight-year interval) resulted in an average net increase in C sequestration of 35 kg 
per kg N added. The profitability, in terms of internal rate of return, the present net value at 
different interest rates and the cost of production, i.e. the cost to produce one extra m3 under 
the different N regimes, are presented and discussed.
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1 Introduction
There is a general belief that the demand for raw 
materials from Swedish forests will increase. At 
the same time there is an expectation that the 
supply of forest products will decline as a result of 
increased environmental pressure on forest land, 
i.e. setting aside more areas for nature conserva-
tion purposes. Hence, the potential for the devel-
opment of more intensive silvicultural systems in 
certain forest areas is much discussed in Swedish 
forestry today. Increases in forest production can 
be achieved in many ways, including prompt and 
appropriate regeneration treatments, the use of 
genetically improved stock, the optimal choice 
of species and stocking control, more efficient 
utilization, and fertilization.

It was recognized at an early stage that low 
nitrogen (N) availability could limit production in 
temperate forests (e.g. Hesselman 1937, Mitchell 
and Chandler 1939), and the results of several 
fertilization experiments made it clear that N is 
the primary limiting nutrient for tree growth on 
mineral soils in most boreal and temperate forests 
(cf. Tamm 1991, Vitousek et al. 1997). 

Commercial application of N fertilizers had 
begun in Swedish coniferous forests by the mid-
1960s. The application of 150 kg N ha–1, which is 
a normal commercial dose in Sweden for middle-
aged and older stands (i.e. stands in which the 
canopy has closed, and after the first thinning), 
normally results in an average relative growth 
increase of about 30–55% over a period of 7–11 
years (Pettersson 1994a). During the last 40 years 
about 2 million ha of productive forest has been 
subjected to N-fertilization, one or more times, 
representing 10% of the total area of productive 
forest land in Sweden. Forest fertilization peaked 
around the end of the 1970s, when c. 190 000 ha 
of forest on mineral soil was fertilized annually. 
By the end of the 1980s the annual fertilized area 
started to decrease, in part because of better ferti-
lization management (i.e. mainly the extension of 
the period between fertilizations in combination 
with a more careful selection of suitable stands) 
but later also because of the recession in the early 
1990s. In addition, environmental groups and 
governmental bodies started to question forest 
N-fertilization from an environmental point of 
view, leading to more strict recommendations 

from the Swedish Forestry Agency. In the 1990s 
the fertilized area had dropped to c. 20 000 ha 
per year. During the last few years the general 
increased demand for wood has lead to more 
fertilization once again and, currently, a total of 
c. 60 000 ha are fertilized annually. 

The reason for interest in forest fertilization was, 
of course, that it was a profitable investment, gen-
erally yielding real internal rates of return exceed-
ing 10% (e.g. Laakkonen et al. 1983). Apart from 
the increment in wood volume, another important 
revenue factor associated with forest fertilization 
is the effect on tree dimensions. An increased 
stem diameter translates into increased timber 
proportions as well as an increased timber price. 
Furthermore, a greater stem diameter reduces 
logging costs (e.g. Brunberg 2007).

The cost of fertilizer is a major item of expendi-
ture, normally accounting for up to two thirds 
of total fertilization costs. Composite fertilizers, 
containing for example phosphorus (P), potassium 
(K) and magnesium (Mg), are considerably more 
expensive than nitrogen-only fertilizers. There-
fore, in order to keep the fertilization budget as 
low as possible it is vital to avoid standard nutrient 
addition regimes if they do not result in increased 
production in a particular forest stand. 

Human input of N into the biosphere has 
resulted in a substantial increase in N deposition 
since the 1950s in Sweden (Lövblad 2000) and 
this can significantly affect nutrient cycling and 
soil biogeochemistry (Gundersen 1991). Excess 
N may accelerate the removal of base cations 
through increased plant uptake or leaching (Aber 
et al. 1989). Increased attention has, therefore, 
been paid to the possibility that N deposition 
may create conditions in which N is no longer the 
limiting nutrient for forest growth. Furthermore, 
it has been hypothesized that the addition of a 
more “balanced” fertilizer, i.e. including many 
essential macro- and micronutrients, is necessary 
when making use of more intensive fertilization 
regimes (Bergh et al. 1999 and 2005; Andersson 
2002).

In 1981–82 three experimental sites, with 
various fertilization regimes, were estab-
lished. The most intensive treatments were 
fertilized every second year with N, N+P, and 
N+P+K+Mg+micronutrients. This experimental 
series also included treatments with more exten-
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sive fertilization: adding N at intervals of four, six 
and eight years. Using this experimental design 
it is possible to calculate the marginal cost of the 
extra tree volume produced and, hence, assess the 
profitability of an intensive fertilization strategy 
at these sites. 

The main object of this study was to evaluate 
tree growth potential and economic outcome at 
different fertilization intensities in middle-aged 
coniferous stands; a subsidiary aim was to deter-
mine whether there was any need to add nutrients 
other than N. Hence, the results should provide 
valuable information for designing practical fer-
tilization strategies, and for predicting possible 
future needs for compensatory additions of min-
eral elements other than N. In addition, the study 
illustrates the effects on tree carbon (C) sequestra-
tion of different N-fertilization strategies.

2 Material and Methods

2.1 Experimental Sites and Design

The three field experiments were established in 
middle-aged coniferous stands at three differ-
ent locations in Sweden. The experiments were 
established at typical podzolized and N-limited 

mor-humus sites, two in Scots pine (Pinus sylves-
tris L.) stands and one in a Norway spruce (Picea 
abies (L.) Karst.) stand (Table 1). The ages of the 
stands were 65–70 years at time of the establish-
ment (1981–82) of the trials.

The experiments were set up in a randomized 
block design involving three replicates. The 
experimental plots were 30 × 30 m2. Plots were 
arranged in blocks based on stem basal area, 
number of stems per ha and site characteristics 
(e.g. field and ground vegetation, soil moisture, 
site index, slope, etc.). Plots within a block were 
not allowed to deviate more than 5 and 10% from 
the block mean basal area and mean number of 
stems, respectively. The defined classes of the 
common site characteristics were not allowed to 
differ within a block.

The treatments applied (Table 2) represent 
different N-fertilization regimes, i.e. N added 
at different intervals. The N-dose was 150 kg 
ha–1, added in the form of ammonium-nitrate 
(NH4NO3), and from 1991 onwards in the form of 
ammonium-nitrate with dolomite lime (N 27.5%, 
Ca 4.0%, Mg 1.0%). Boron (B) was added (1 kg 
ha–1) in all treatments from the start. In total, 
1650 kg N ha–1 was added in treatments 1–3. In 
addition, in two of the most intensive treatments 
(treatment no. 2 and 3), P or P, K, Mg and micro-
nutrients were added. 

Table 1. Experimental site and stand characteristics at the time of establishment (1981–82).

 165 Hagfors 170 Ramsele 171 Åsele

Latitude (N) a) 60°00´ 63°28´ 64°07´
Longitude (E) a) 13°42´ 16°10´ 17°33´
Altitude (m a.s.l.) 190 350 330
Annual mean temperature (°C) b) 4.2 2.1 0.5
Precipitation (mm yr–1) b) 720 600 560
Soil type Podzol  Podzol  Podzol 
Soil texture and genesis Sandy-silty till Silty till Sandy sediment
Dominant tree species Scots pine Norway spruce Scots pine
Site index (H100, m) c) 24 24 19
Site quality (m3 ha–1 yr–1) 5.9 5.5 3.4
Current increment (m3 ha–1 yr–1) 5.7 8.0 3.6
Stand age (yrs)  65 65 75
Standing stem volume (m3 ha–1)  180 215 105
Stems (no. ha–1) 800 1700 1000

a) According to WGS 84
b) Alexandersson et al. (1991)
c) Height of dominant trees at age 100 yrs according to Hägglund (1973, 1974).
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2.2 Tree Growth Measurements and 
Calculations 

All tree-growth measurements were performed 
on permanent sample trees in a circular area, 
with a radius of 10 m, centred in the middle of 
each plot. At the time of establishment, all trees 
with a diameter > 5 cm at breast height (1.3 m 
above ground) were permanently numbered and 
measured. The measurements included diameter 
at breast height (dbh, mm), determined by cross-
callipering at permanent marks on the stem, and 
height of the trees (dm). The number of permanent 
sample trees per plot varied from c. 25, 30 and 
50 in 165 Hagfors, 170 Ramsele and 171 Åsele, 
respectively. There were no thinnings performed 
during the study period. At the end of the 22-year 
study period, the measurements were repeated 
and increment cores were taken with a borer at 
breast height. The increment cores were measured 
under a microscope registering tree ring widths 
(resolution of 0.01 mm). The volume of individual 
trees was estimated using empirical functions 
provided by Näslund (1947). The amounts of 
different biomass components (stemwood, stem-
bark, living and dead branches, needles, stumps 
and coarse roots) were calculated using biomass 
functions by Marklund (1988). The amount of 
C was estimated as 0.5 times the dry weight of 
biomass. N-use efficiency (here defined as kg C 
sequestered per kg added N) was calculated as the 
estimated amount of additional C sequestered in 
the fertilized treatments divided by the cumulative 
amount of N added.

2.3 Needle Sampling and Analyses

Current-year needles were sampled five and ten 
years after establishment of the trials as well as 
at the end of the study period. Samples were 
collected during the winter (December–March) 
from 10 trees growing immediately outside each 
circular plot. Twigs from the upper third of the 
crown on the south side were brought down with 
a shotgun. The needles from the ten trees were 
pooled and treated as one bulk sample per plot, 
which were then dried overnight at 70 °C, ground 
and mixed thoroughly. The concentrations of P, K, 
Ca, Mg, Mn, S, Na, Fe, Zn, Al, B and Cu in the 
needles were determined by ICP-AES, after wet 
oxidation in a mixture of concentrated HNO3 and 
HClO4 (10:1 by volume). Nitrogen concentrations 
were determined by NA 1500 elemental analyser 
(Carlo-Erba).

2.4 Economic Analyses

The calculations were performed based on the 
assumption that the stands were harvested at the 
end of the observation period. 

The yield of saw-timber (min. 14-cm diameter 
at the top) and pulp wood (min. 5-cm diam-
eter at the top) of individual trees was estimated 
using yield functions provided by Ollas (1980). 
The gross value of the timber was calculated 
according to a real price-list for the region. The 
price was not adjusted for different log qualities. 
The logging costs were calculated according to 
productivity norms for heavy-duty single-grip 
harvesters at final felling (Brunberg 2007) and 
current machine costs (Brunberg, 2003). The tree 

Table 2. Treatments and total amount of N added. (Doses in kg ha–1).

Treatment Fertilizer  Application Number of  Total amounts added
 dose interval (yrs) applications N Ca Mg

0 Untreated control  -  - - 0 0 0
1 2-1650N 150 N 2 11 1650 120 36
2 2-1650N-P 150 N, 20 P 2 11 1650 120 36
3 2-1650N-PKMg 150 N, 20 P, 46 K, 8 Mg, micro 2 11 1650 120 124
4 4-900N 150 N 4 6 900 60 18
5 6-600N 150 N 6 4 600 40 12
6 8-450N 150 N 8 3 450 40 12
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stand variables, required in the economic calcula-
tions, were the corrected mean values from the 
experiments. Fertilization costs were set to 240 
Euros (€) per hectare.

The tested profitability criteria of the different 
fertilization regimes were the internal rate of 
return, the present net value at different rates of 
interest (0–5%) and the cost of production, i.e. 
the cost to produce one extra m3. 

In addition, and in comparison to the stud-
ied treatments, calculations were performed on 
the isolated growth effects of the last eight year 
period of treatment no. 7 (eight-year interval), 
representing a single fertilizer application eight 
years before final felling.

2.5 Statistical Analyses

Treatment effects on total stem-volume increment 
(VI), and nutrient concentrations of the needles 
(NC) in individual years were tested using analy-
sis of variance. For VI, several variables related 
to stand properties were tested as covariates to 
adjust for differences in pre-treatment conditions. 
The covariates basal area increment during the 
five years before treatment (BAI-5), initial stand 
basal area (BA0), initial stand volume (V0) and 
number of stems per hectare (STha) were tested 
and included in the model if the respective p-val-
ues were less than 0.20.

The following model was used for the indi-
vidual experiments:

yjk = µ + uj + tk + b(gjk – g–) + ejk  (1)

where
yjk = VI or NC for plot jk 
µ = total mean
uj = random effect of block j (j=1,2,3) 
tk = fixed effect of treatment k (k=1,…, n; n=7)
b = coefficient for the regression of the covariate 
gjk = the covariate variable for plot jk 
ejk = residual effect for observation jk, N.I.D. (0, σe

2)

The need for transformation was determined on 
the basis of the Shapiro-Wilk test, kurtosis, skew-
ness and visual interpretations of the residuals 
in normal-probability plots. The General Linear 
Model procedure in the SAS-package (SAS 1997) 
was used for the statistical analyses of the indi-
vidual experimental sites. Differences between 
treatment means were tested according to the 
Tukey-Kramer test for multiple comparisons. 

3 Results

3.1 Tree Growth Response

The growth responses were significant in all treat-
ments (Table 3, Fig. 1). In the most intensive N-treat-
ments, the average stem-volume growth during 
the study period was more than double that of the 
control at two of the experimental sites. At one 
of the Scots pine sites the corresponding figure 

Table 3. Annual stem-volume increment (m3 ha–1 yr–1), associated with the dif-
ferent treatments at the three experimental sites. Values in the same column 
marked with different letters differ significantly (p < 0.05, according to Tukey-
Kramer’s test for multiple comparisons).

Treatment Application interval (yrs) Experimental sites

 165 Hagfors 170 Ramsele 171 Åsele

 p-value, treatment: < 0.01 < 0.01 < 0.01

0 - 5.6 a 7.1 a 3.3 a
1 2 8.3 b 14.6 c 7.9 bc
2 2 8.2 b 13.6 bc 8.0 bc
3 2 8.6 b 13.0 bc 8.2 c
4 4 8.1 b 13.0 bc 7.5 bc
5 6 6.8 b 12.0 bc 6.9 bc
6 8 7.3 b 10.3 b 6.1 b
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Fig. 1. Annual relative basal area increment (BAI) of the different treatments in relation to untreated control plots 
(100%). Adjusted for pre-treatment growth rates. Time of initial fertilization is indicated by arrow.
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was 50%. The addition of nutrients other than N 
did not affect stem growth at any of the sites. The 
growth response tended to increase with decreasing 
application interval. However, the differences in 
growth responses between the different N treat-
ments were by no means dramatic and generally 
not significant (Table 3). Accordingly, the growth 

effect per kg added N was negatively correlated to 
fertilization intensity (Fig. 2). The treatments had 
no significant effect on tree stem form at any of the 
sites, expressed either as the relationship between 
dbh and height or as change in form factor.

In the untreated control plots, mean above-ground 
C sequestration during the study period did not vary 
much between the sites (4.2–4.7 Mg C ha–1 year–1). 
The estimates of N-use efficiency at the individual 
sites varied from 17 to 35 kg C sequestered per kg 
N added, with the highest efficiencies recorded at 
the least intensive fertilization regimes. The cor-
responding mean figures of all sites was 17, 27, 
32 and 35 kg C sequestered per kg N added in the 
treatments 1–3, 4, 5 and 6, respectively.

3.2 Nutrient Concentrations in Needles

The nutritional status of the current-year’s needles 
varied somewhat between the experimental sites 
(Table 4). Repeated applications of N increased 
the N-concentrations in the current-year’s nee-
dles at all three sampled sites; this increase was 
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Fig. 2. Growth response per kg added N in relative 
terms, where the least intensive fertilization regime, 
8-years interval, is set to 100%. Mean values of all 
experiments ± 1 S.E. of the mean. 

Table 4. Nutrient concentrations in current-year needles at the studied sites at the end of the study period. Mean values 
of three replicates at each site. Values in the same row marked with different letters differ significantly (p < 0.05, 
according to Tukey-Kramer’s test for multiple comparisons). Critical concentrations for strong deficiency and 
optimum nutrition, according to figures suggested by Brække (1994, revised in Brække et al. 1998).

Element Treatments Critical concentrations
 Control 2-1650 2-1650 2-1650 4-900 6-600 8-450  Strong deficiency Optimum
  N NP NPKMg N N N

 mg (g DM)–1

Exp. 165 Hagfors         
N 12.6 a 17.4 b 15.9 b 18.0 b 16.1 b 15.4 a 13.7 a < 12 > 18
P 1.4 a 1.7 b 1.6 a 1.6 a 1.5 a 1.6 a 1.5 a < 1.2 > 1.8
K 5.5 5.5 6.1 5.0 5.3 5.9 5.6 < 3.5 > 6.0
C a 1.9 1.5 1.4 1.7 1.9 2.0 1.7 < 0.4 > 0.7
Mg 0.8 0.9 0.8 0.9 0.8 1.0 0.7 < 0.4 > 0.8

Exp. 170 Ramsele         
N 12.2 a 15.4 b 14.0 a 15.8 b 14.1 a 12.8 a 12.5 a < 12 > 18
P 1.5 1.4 1.5 1.5 1.4 1.6 1.6 < 1.2 > 1.8
K 5.4 4.1 5.7 4.8 5.4 5.8 5.9 < 3.5 > 6.0
C a 5.0 3.5 3.9 3.3 4.2 4.1 3.7 < 0.4 > 0.7
Mg 1.1 1.1 1.1 1.3 1.1 1.2 1.1 < 0.4 > 0.8

Exp. 171 Åsele         
N 13.3 a 16.7 b 17.1 b 17.9 b 15.5 b 13.7 a 12.5 a < 12  > 18
P 1.5 1.6 1.7 1.6 1.4 1.5 1.4 < 1.2 > 1.8
K 4.7 4.7 4.8 5.5 5.0 5.1 5.0 < 3.5 > 6.0
Ca 1.8 1.1 1.5 1.3 1.7 1.8 1.6 < 0.4 > 0.7
Mg 0.9 1.1 1.1 1.0 1.1 1.0 1.0 < 0.4 > 0.8
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statistically significant under the most intensive 
N-treatments (2–4-year application intervals), but 
had no general effect on the P, K, Ca and Mg con-
centrations (Table 4). At all three sampled sites, 
the concentrations of the analysed elements other 
than N were consistently higher than the thresh-
old values deemed likely to cause deficiency (cf. 
Brække 1994). The Ca and Mg concentrations, 
as well as the concentrations of the analyzed 
micronutrients (data not shown), were all above 
the proposed optimum levels.

3.3 Economic Outcome

As a consequence of the negative correlation 
between the growth response per kg added N and 
fertilization intensity, the cost of producing one 
additional cubic meter as a result of fertilization, 
or similarly to sequester one Mg C, increased with 
increasing intensity of the fertilization regime 
(Fig. 3). 

The internal rate of return increased with 
decreasing intensity of the fertilization regime 

Fig. 3. The cost, in euros (€) to (i) produce one cubic meter of stemwood and (ii) to 
sequester one Mg of C by fertilization under the different fertilization regimes. 
Mean values of all experiments ± 1 S.E. of the mean. 

Fig. 4. The internal rate of return of the tested fertilization regimes and of the simulated 
treatment, representing a single fertilizer application, eight years before final 
cutting. Mean values of all experiments ± 1 S.E. of the mean. 
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(Fig. 4). The treatment simulating a single ferti-
lizer application eight years before final cutting 
differed significantly from the other treatments, 
producing a much higher internal rate of return.

When using repeated fertilization regimes the 
net value decreased rapidly when the rate of 
interest was increased (Fig. 5). At an interest 
rate of three percent, the profit was reduced to 
zero for the most intensive fertilization regime 
(2-year interval). The net value of the late single 
fertilizer application was not influenced by the 

rate of interest as much as the other treatments, 
due to shorter time of discounting. 

The effects of the tree dimensions on the total 
revenue after fertilization were on average 33% 
(Table 5). This was most significant in the less 
fertile Scots pine stand, with its comparatively 
small stem diameters and volumes. 

4 Discussion

The application of N resulted in significant 
increases in tree volume growth at all three study 
sites, confirming earlier findings that nutrient 
availability is a major limitation to production 
in boreal forests. The results from this study are 
also in accordance with most of the previous 
findings in Fennoscandia, i.e. that the supply of 
other nutrients (P, K, Ca, Mg), either alone or 
together with N, generally does not increase tree 
growth response on mineral soils (e.g. Pettersson 
1994b, Jacobson and Pettersson 2001, Nilsen 
2001, Nohrstedt 2001, Nilsen and Abrahamsen 
2003). However, there are studies indicating a 
somewhat different picture. Kukkola and Sara-
mäki (1983) reported additional growth responses 
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Fig. 5. Net profit under different fertilization regimes and at different rates of interest. 
Costs and profits are discounted to the year of initial fertilization (22 years and 8 
years). Mean values for all experimental sites. ■ = 2-years interval (1650 kg N ha–1), 
 = 4-years interval (900 kg N ha–1), ▲ = 6-years interval (600 kg N ha–1),  = 8-years 
interval (450 kg N ha–1), + = single fertilizer application (150 kg N ha–1).

Table 5. The relative (%) distribution of different rev-
enue factors after fertilization. Mean values of all 
tested fertilization regimes.

 165 170 171
 Hagfors Ramsele Åsele

Higher proportions of timber 5.7 10.5 15.0
Higher timber price 16.1 13.1 15.5
Reduced logging costs 3.8 9.8 10.6

Σ Dimensional effects 25.6 33.4 41.1

Effect of increased volume 74.4 66.6 58.9

Σ Total 100 100 100
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when adding P together with N in Norway spruce 
stands, and that the effect of P addition became 
proportionally more important as the fertility of 
the site increased. Nilsen (2001) reported data 
from some older studies where the addition of P 
had been shown to lead to additional stem growth 
when given together with N in young spruce 
stands. Another example of an additive P effect 
on growth was reported from an optimum nutri-
tion experiment in Sweden, in a young Norway 
spruce stand, where N was added annually and 
at relatively high doses (Tamm 1985, Linder 
1990). However, the fact that the site had been 
subjected to intense prescribed burning before 
planting, resulting in a substantial decrease in 
the soil organic material and markedly retarded 
growth of the seedlings, means that the general 
conclusions from that study may not be generally 
applicable.

The fertilization regime appeared to have an 
effect on needle N concentrations. However, the 
different levels presented in Table 4 also reflect, 
to a high degree, the time of sampling in relation 
to the latest fertilization. In the results presented 
here the sampling was made two, two, four and 
six years after the latest fertilization in the treat-
ments with two, four, six and eight years fertiliza-
tion interval, respectively.

At none of the studied sites did the different 
treatments lead to nutrient concentrations suggest-
ing deficiency (cf. Brække 1994). This result is in 
accordance with several other fertilization studies 
(e.g Mälkönen and Kukkola 1991, Jacobson et al. 
2000, Jacobson and Pettersson 2001). Obviously, 
despite the high N applications, the sites were 
still N limited. The admixture of dolomite to the 
fertilizer (c. 18% by weight) may complicate the 
conclusions regarding micronutrients because of 
uncertain and variable amounts of micronutrients 
in the added lime. However, the content of the 
nutrients of major concern, P and K, is in relative 
terms generally negligible in dolomite. 

At all three sampled sites, the P and K concen-
trations were consistently below suggested opti-
mum values (Table 4), as were the P:N, and K:N 
ratios, possibly indicating P and/or K limitation. 
According to Ingestad (1979), balanced mineral 
nutrition implies that mineral nutrients are present 
in the correct proportions relative to N. However, 
the nutrient ratios that Ingestad (1979) suggested 

as being optimal were derived from studies with 
non-mycorrhizal seedlings performed under con-
ditions of optimal N uptake, optimal N concentra-
tions, and optimal growth. Later modifications of 
these ratios (such as those reported by Brække 
1994 and Linder 1995) are based on the same 
approach. Thus, in our boreal coniferous forests, 
the diagnostic value of the nutrient to N ratios, as 
well as suggested optimum values for nutrients 
other than N, is limited as long as N is in short 
supply. Such published figures merely give an 
indication of what elements may become limiting 
at the point where N itself ceases to limit primary 
production.

The results from this study emphasize the 
fact that the effects of fertilizer on tree dimen-
sion should not be overlooked. The results also 
reveal that the efficiency of fertilization, with 
the N-doses used in practice today, is reduced as 
the interval between fertilizations is shortened. 
This is in accordance with many earlier studies 
(e.g. Kukkola and Saramäki 1983). Accordingly, 
the growth effect per kg added N was negatively 
correlated to fertilization intensity. For example, 
the relative growth effect of adding 150 kg N ha–1 
every second year was only 50% of that possible 
when adding fertilizer every eight years (Fig. 2), 
and when making the same comparisons on the 
internal rates of return (Fig. 4) the relation was 
c. 25%. Due to shorter time between fertilization 
and harvest, the late single fertilizer applica-
tion showed the highest internal rate of return. 
However, in order to maximize production, for 
example in a stand with high stumpage values, 
a more intensive fertilization strategy may still 
be justified, even though the marginal costs to 
produce this extra volume are high. The marginal 
cost to produce the extra volume when fertilizing 
every second year in comparison to every eight 
years, i.e. setting the differences in total fertili-
zation costs in relation to the differences of total 
gained stem volume, was on average 52 € per m3, 
amounting to more than three times the cost of 
fertilizing very eight years (cf. Fig. 3). 

The internal rates of return did not differ signifi-
cantly between the treatments with four (900N), 
six (600N) and eight (450N) years fertilization 
interval (Fig. 4), with values between 4–6%. This 
result is also reflected in the figures of the net 
profits (Fig. 5), with similar net profits as long 
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as the rate of interest is below 5%. However, the 
net profit of adopting a regime with fertiliza-
tion every fourth year during the 22-year study 
period could also for example be compared with 
(i) the total net profits obtained from six single 
fertilizer applications in six different stands, or 
(ii) the added net profits when fertilizing every 
eight years in two different stands. Furthermore, 
fertilization involves increased risks of wind- and 
snow damages. Hence, the forest owner should 
reflect on spreading his fertilization investments 
on several stands instead of putting all eggs in 
one basket.

The last N applications were done six (treat-
ment 450N), four (treatment 600N) or two (treat-
ment 900N and 1650N) years before the end 
of the study period. Hence, the growth meas-
urements were performed when there were still 
growth responses remaining. Assuming an extra 
growth response of 2 (450N), four (600N) and 
eight (1650N and 900N) m3, the relative growth 
responses presented in Fig. 2 would be slightly 
changed to 100–91–85 and 52% in the treatments 
with 450N, 600N, 900N and 1650N, respectively. 
On the other hand, according to Fig. 1, the relative 
BAI levels did not seem to differ much between 
the different treatments, indicating small differ-
ences in remaining growth responses.

Larger landholders may evaluate their N-fer-
tilization program without taking interest rates 
into account, by extracting the predicted growth 
increase the very same year by final-cutting in a 
different stand. Economically beneficial fertiliza-
tion programs, involving re-fertilizations, may 
then be viable in middle-aged forest stands. A 
prerequisite for this is a suitable age class distri-
bution within the forest holding and a long-term 
fertilization programme.

5 Conclusions 

Repeated applications of ammonium-nitrate, with 
the addition of dolomite lime, did not cause any 
serious nutrient deficiencies, and the addition of 
P and K, often considered to be the next elements 
limiting growth after N, did not significantly alter 
the growth response during the 22-year study 
period. The results from this study do not support 

the hypothesis that N fertilization, the way it is 
performed today, depletes the supply of other 
nutrients in boreal forest ecosystems. Hence, 
according to this study, there are minor grounds 
for concerns that forest N fertilization may cause 
such problems, especially at the doses recom-
mended for practical forestry in Sweden.

N fertilization on mineral soils in Sweden is a 
profitable investment. An addition of a standard N 
dose (150 kg N ha–1) may produce a real internal 
rate of return amounting to 15%. An intensive 
fertilization regime, involving additions every two 
to four years, will produce a higher volume incre-
ment than treatment every eight to ten years, but 
the marginal timber volume will be expensive.
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