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Effect of repeated fertilization on stem growth
in old stands of Pinus sylvestris in South East Norway
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ABSTRACT: We studied effects of repeated nitrogen applications on the stem growth of mature Scots pine at four sites
with the yield potential of around 3-4.5 m3-ha-l.yr~!. Treatments included control (0) and fertilization with ammonium
nitrate at 100 and 200 N kg-ha~!. Some plots were supplied with corresponding doses of urea. Each treatment was normally
performed five times at six or seven year intervals. At all sites fertilization was omitted in one block once or twice to study
the response to delayed application. The plot size was 22 x 22 m with buffer zones of 4 m. Measurements were made on
an inner plot, 14 x 14 m. Tree ring widths usually reached a maximum two to four years after fertilization, returning to
about the original level after seven to ten years. Responses to ammonium nitrate were significant, and larger to 200 than to
100 N kg-ha~1. Responses to urea were significant at 200 N kg-ha~tonly. The annual volume increment over the experimental

period was 1.5 to 2.0 m3-ha! larger in plots provided with 200 N kg-ha~! than in control plots, or even more as the buffer

zones of 4 m did not completely prevent tree roots from growing into neighbouring plots.
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Available nitrogen is a major limiting factor for
growth in many boreal coniferous forests in areas
far from sources of nitrogen pollution (TAMM 1991;
HOGBERG et al. 2006). Potential benefits from the
application of nitrogen fertilizers include higher in-
crement of commercial timber, increased biomass
for replacement of fossil fuels, and — depending on
interactions between litter production and activity of
soil microbes — increased carbon accumulation in soil
(JANDL et al. 2007; HYVONEN et al. 2008; SAARSALMI
et al. 2014). In Norwegian forestry, fertilization com-
menced in the 1960s, mainly to increase revenues of
forest owners. Results from early experiments with
agricultural fertilizers in conifer stands appeared very
promising (BRANTSEG 1967a), and the chemical in-
dustry developed fertilizers specially designed for use
in forestry. Forest fertilization was at its peak in 1966,
when fertilizers were applied on about 0.1 per cent
of the country’s productive forest area. However, it
soon turned out that the high expectations of growth
increases were not always met. According to forestry
statistics provided by Statistics Norway, the recorded
annual fertilized area rapidly diminished and is now
quite insignificant.
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To provide a fast return on investment, it was rec-
ommended to boost the increment of mature forest
stands before the final cut (BRANTSEG 1962). This was
usually done by performing a single fertilization and
keeping the stand until the width of growth rings had
returned to a normal level, which usually takes seven
to eight years in Scots pine (Pinus sylvestris L.) and
nine to ten years in Norway spruce (Picea abies [L.]
Karst.) (BRANTSEG et al. 1970; PETTERSSON, HOG-
BOM 2004). The effects of repeated fertilization in
boreal coniferous forests in Fennoscandia have been
widely studied in stands prior to full maturity (NILSEN
2001; NOHRSTEDT 2001; SAARSALMI, MALKONEN
2001; BERGH et al. 2014; SAARSALMI et al. 2014).
These studies include fertilizer application both at
intervals (KUKKOLA, SARAMAKI 1983; MALKONEN,
KukkoLra 1991; JaAcoBsON, PETTERSSON 2001, 2010;
PETTERSSON, HOGBOM 2004; HYVONEN et al. 2008)
and annually (TAMM 1991; NILSEN, ABRAHAMSEN
2003; HOGBERG et al. 2006).

Less is known about repeated applications of fertil-
izers in old, mature stands of Scots pine (aged 100+),
where boosting the increment may still be an option
in the context of carbon sequestration and for produc-
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ing large trees. Scots pine is a long-lived species that is
able to respond to improved growth conditions from
thinning at ages far beyond normal commercial ma-
turity (MARTINEZ-VILALTA et al. 2007). This suggests
that old pine stands might also be able to respond to
fertilization. On the other hand, ample supplies of ni-
trogen may at least theoretically lead to deficiencies
of other nutrient elements (NILSEN, ABRAHAMSEN
2003; HOGBERG et al. 2006). The objective of our
study was to investigate stem growth in old Scots pine
stands treated with repeated fertilizations with nitro-
gen in various forms, doses and intervals.

MATERIAL AND METHODS

Sites, treatments and field work. In the 1960s, a
number of forest fertilization experiments were es-
tablished in two municipalities in South East Nor-
way: Elverum and Stor-Elvdal (61°N, 11°E). Most of
them were concluded after one or two fertilizations
and published in local journals.

However, four experimental sites, established in
old pine forests in 1964/65, were retained for a long-
term experiment with several repeated fertilizations
(Table 1).

Site 3 has sandy soil while the three others have
glacial till. The soil is particularly shallow in parts of
site 18. Data provided by the Norwegian Meteoro-
logical Institute for the normal period 1961-1990
show a mean temperature in June—September of
11.7°C at Koppang in Stor-Elvdal (61.62°N, 10.90°E;
303 ma.s.l.) and an estimated temperature of 12.7°C
at Elverum (60.92°N, 11.60°E; 190 m a.s.l.). Mean
annual precipitation was about 600 mm. Estimated
background nitrogen deposition in 1978-2001 was
around 6 kg-ha='.yr~! (HOLE, TORSETH 2002).

The vegetation types (FREMSTAD 1997) of the
four sites were Cladonia and Vaccinium vitis-ideae
woodlands. Prior to the first fertilization, age/height
site indices ranged from F10 to F13 by the Norwe-
gian site class system (TVEITE, BRAASTAD 1981),
indicating a mean yield potential of 3 to 4.5 m3ha-
Lyr~1. Total age ranged from 106 to 118 years, im-

Table 1. Site and stand characteristics of study plots

plying that the stands at all sites had reached usual
commercial maturity. Stand density was around 500
stems per hectare.

All four experimental sites had randomized block
designs. Each site comprised three or four blocks, all
with the three treatments: control (0) and fertiliza-
tion with ammonium nitrate (AN) at 100 N kg-ha~!
and 200 N kg-ha™l. Fertilizers included commer-
cial calcium ammonium nitrate (“Kalkammonsal-
peter’, Norsk Hydro AS, 26% N) prior to 1977, and
commercial ammonium nitrate (“Skog-An’, Norsk
Hydro AS, 34.5% N) from 1977 onwards when the
former brand was withdrawn from the market.
Some blocks also included plots that were fertil-
ized with urea (UR), 46% N, at 100 and/or 200 N
kg-ha=!. All fertilizers were spread manually and
evenly. The same treatment was normally carried
out five times at six or seven year intervals. How-
ever, the application of fertilizers was omitted once
or twice in one block at all sites to study reactions
to delayed fertilization (Table 2).

Each treatment plot measured 22 x 22 m divided
by 4 m wide buffer zones and data were collected
in an inner plot of 14 x 14 m. At the start of the
experiment in 1964 (1965 at site 18), each tree was
given a permanent number. For each plot, six per-
manent sample trees were randomly selected from
the list of tree numbers. Diameter and bark thick-
ness at breast height were measured on all trees;
tree heights were measured with a hypsometer on
the sample trees. Measurements were repeated in
the autumns of 1969, 1976, 1983, and 2001.

All sites were located in private forests, and over
the years some of the owners made interventions
that were not a part of our experiment. Site 3 and
18 remained intact during the entire experimental
period. In 1977, site 9 became subject to a slight
intermediate cutting that reduced the basal area
by about 10%. Shortly after the 1990 fertilizations,
owners of site 9 and 11 removed about half of the
standing crop (Table 3), making the two sites un-
suitable for analyses of further development.

Lab work and calculations. Cores of minimally
25 annual rings were collected from all trees at all

Vegetation Age at breast

Site productivity Standing volume

Site Blocks Lat. ["N] Long. [°E] Elevation type! hight 1.3 m Site index (m-ha-Lyr-) (m*ha-1)
3 3 60.96 11.49 200 Ala-A2a 105 F11 3.5 165
9 3 61.46 11.02 320 A2a 95 F13 4.5 185
11 4 61.45 11.03 320 A2a 105 F12 4.0 185
18 4 60.97 11.48 220 Ala 105 F10 3.0 175

'Ala - Cladonia woodland, subtype Cladonia-Pinus sylvestris; A2a — Vaccinium woodland, subtype Vaccinium vitis-idaea
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Table 2. Treatment programme of the experiment

Fertilizers (N in kg-ha™!)

i Block Fertili

Site ock control AN UR ertilized (yr)

3 I-1I 0 100 200 1964 1970 1977 1984 1990
111 0 100 200 1964 1977 1984 1990

9 I-1I 0 100 200 100 1964 1970 1977 1984 1990
111 0 100 200 100 200 1964 1984 1990

11 I-II1 0 100 200 100 200 1964 1970 1977 1984 1990
v 0 100 200 100 200 1964 1977 1984 1990

18 I-1III 0 100 200 1965 1971 1978 1985 1990
v 0 100 200 1965 1985 1990

N was applied to plots either as AN (commercial calcium ammonium nitrate before 1977 and commercial ammonium nitrate
thereafter) or as UR (urea). Site 9 and 11 became subject to severe, unintended interventions shortly after the 1990 treatment

sites in 1976 and in 1983 from all trees at site 11
and from all remaining trees at site 9. In 2001, we
collected cores of minimum 50 annual rings from
each permanent sample tree at sites 3 and 18 and
from each remaining tree at sites 9 and 11. Cores
were analysed with a micrometre in the laboratory
and we used the annual ring widths for calculat-
ing the development of diameter under bark, basal
area, and basal area increment of each cored tree.
We assumed that the ratio between the basal
areas of sample and non-sample trees remained
constant if no thinning was performed. This was
relevant through the entire experimental period
at sites 3 and 18, for which we used this ratio for
simulating the annual development of non-cored
(non-sample) trees in the period 1984 to 2001. For
site 9, where a few trees had been removed in 1977
presumably at random, we simulated the annual
development of missing trees for the period 1977—
2001 by use of the ratio between the basal areas
of removed and remaining trees derived from the
1976 measurements. We could not assume that the
trees removed from sites 9 and 11 in 1990/91 had
been selected at random; the last coring of these
trees had been made in 1983. To simulate their de-

velopment from 1984 through 1989, we identified
the trend of differences in the growth rate from
1976 to 1983 between trees removed in 1990/1991
and remaining trees, and prolonged the develop-
ment trends of the basal area ratios up to and in-
cluding 1989.

At the final measurement in 2001, all cored trees
were felled in the control plots and in the plots fer-
tilized with 200 kg-ha™! of N as ammonium nitrate,
and we collected a stem disk at every four meters
from the lower part of the stem and at every two
meters from the upper part of the stem. We esti-
mated the height development of the sampled trees
by analysing the disks, and made a separate height-
diameter function for each plot to determine
heights of non-sampled trees. We calculated the
stem volume of each tree using the height-diameter
based stem volume functions for Scots pine in Nor-
way (BRANTSEG 1967b). Finally, we aggregated all
empirical and simulated data to values per plot and
per hectare at given times.

Calculations, simulations and statistical analyses
were performed in MS Excel. Data are assumed to
have a normal distribution; diameters of all calli-
pered trees at the start of the experiment had the

Table 3. Number of trees per hectare at each site, and the range of the number of trees and cored trees per inner plot (196 m?)

. . Site

Year of treatment Recorded specimen Area unit

3 9 11 18
1964/65 standing trees hectare 534 536 477 468
1964/65 standing trees plot 9-12 8-13 9-10 8-11
1976 cored trees plot 9-12 8-13 9-10 8-11
1977 trees after thinning plot 8-10
1983 cored trees plot 8-10 9-10
1990/91 trees after thinning plot 5-6 4-6
2001 standing trees hectare 534 268 260 468
2001 standing trees plot 9-12 5-6 4-6 8-11
2001 cored trees plot 6 5-6 4-6 6

sites 9 and 11 were thinned unintendedly and their development after 1990 is left out from the experiment
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skewness of —0.10 and excess kurtosis of —0.34
(n = 559). We used a simple F-test for differences
in basal area increment between periods. Student’s
t-test was used for differences between fertilizers
from the first fertilization to six years after the final
fertilization; 1989 for sites 9 and 11 and 1995 for
sites 3 and 18. The level of significance is 0.05.

All data regarding basal area and volume were
under bark.

RESULTS

Tree ring widths increased strongly one year after
the application of fertilizer, reaching a maximum after
three or four years, after which they rapidly decreased

and got close to the original level at the time of the
next application (Fig. 1). In most cases this pattern
repeated itself after each new application. Trees re-
acted positively to repeated fertilizations even if the
time span between them was up to 20 years (Fig. 1b,
1d, 1f, and 1h).

It is noted that the graphs for control plots are typi-
cally undulating, with ups and downs that coincide
fairly well in time with those of fertilized plots. We in-
vestigated if this effect was related to weather factors,
using site 18, block I-III (Fig. 1g) as a sample. Mean
monthly values of temperature and precipitation dur-
ing the growing season were fairly equal for years of
maximum and minimum annual tree ring widths; p-
values did not indicate any significant differences be-
tween them (Table 4).
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Fig. 1. Annual tree ring widths over years

arrow — years of fertilizer application, zero — control; 100, 200 AN — 100 kg-ha~! and 200 kg-ha~'of nitrogen applied as
ammonium nitrate, respectively; and 100, 200 UR — 100 kg-ha~! and 200 kg-ha™! of nitrogen applied as urea, respectively
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Table 4. Monthly summer temperature and precipitation during the experimental period for years when annual tree
rings widths at blocks I-III of site 18 were at a maximum (1966-68, 1972-74, 1979-81, 1987-93) and at a minimum

(1969-71, 1977-97, 198284, 1993-96), cf. Fig. 1g

Mean values

Annual tree ring width

May June July August
Tempersure - dalymean (0 3 B
e . at a max 57 87 97 84
Precipitation — sum (mm) at a min 65 79 89 77
P-value temperature 0.701 0.308 0.561 0.444
precipitation 0.494 0.664 0.638 0.716

weather data provided by the Norwegian Meteorological Institute, P-values based on monthly means for the years with

maximum ring widths versus the years with minimum ring widths

The mean annual basal area increment of the last
ten years prior to the initial application of fertilizer
ranged from 0.14 to 0.23 m*ha~!. Nitrogen applied
as ammonium nitrate produced effects on basal area
increment for more than six years after the final fer-
tilization, ranging from 0.08 to 0.12 m*ha-lyr!
for 100 kg-ha—'of N, and from 0.12 to 0.18 m*hat.yr~!
for 200 kg-ha~lof N. Urea produced similar or slight-
ly smaller effects with the same amount of N. There
were no significant differences in fertilization effects
between the particular time periods from 1964/65
through 1989/95.

For the period between initial fertilization and five
or six years after final fertilization, differences in basal
area increment between control plots and correspond-
ing plots fertilized with 100 AN, 200 AN, and 200 UR
were statistically significant (Table 5). P-values from
tests of other relations showed that only the difference
between 100 AN and 200 AN was significant.

The annual volume increment at given periods gen-
erally showed a higher yield with increasing amount
of fertilizer (Fig. 2).

The increase from the application of 200 kg-ha™! of
N in the form of ammonium nitrate was between 1.5
and 2.0 m*ha'.yr! in relation to control plots.

DISCUSSION AND CONCLUSION

The experiment provides empirical data for a
considerable span of time; up to 38 years after the
first application of nitrogen. The data on annual
tree ring widths (Fig. 1) confirm that Scots pine
at poor and medium sites, with mean yield poten-
tials of 3.0-4.5 m®ha~!, can respond to improved
nutrient conditions at fairly advanced ages,
100-150 years. Responses to the reapplication of
fertilizers were sustained. This is in accordance
with JaAcoBsoN and PETTERSSON (2001), who
found but a few examples of declining responses
to repeated N fertilizations and suggested damage
to fine root development and mycorrhiza from
high doses of N fertilization as a reason for such
cases.

Fig. 1 also indicates that applying fertilizers at
shorter intervals, like five years instead of seven,
would produce timber with less variation in annual
ring width.

The co-variation between ups and downs in
the widths of annual rings in fertilized plots and
control plots is apparent (Fig. 1). Further, Fig. 2a
and 2d clearly show that the volume increment

Table 5. P-values from paired difference Student’s ¢-test of mean annual basal area increments of the period from the
first fertilizer application in 1964/65 through 1989/1995, five or six years after the last fertilizer application (cf. Table 2)

No. of blocks

Treatment 10 10 5 3
100 AN 200 AN 100 UR 200 UR

0vs 100 AN, 200 AN 0.001* <0.001*

0vs 100 UR, 200 UR 0.051 0.017*

100 AN vs 200 AN 0.005*

100 UR vs 200 UR 0.452

100 AN vs 100 UR 0.397

200 AN vs 200 UR 0.366

AN - fertilization with ammonium nitrate, UR — fertilization with urea; 0, 100 and 200 — rates of nitrogen per application

in kg-ha™}; *significant P-values
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Fig. 2. Mean annual volume increment in m*ha! at different periods, at control plots (0, white bars) and plots fertilized at
regular intervals with 100 and 200 kg-ha™! of N in the form of ammonium nitrate (100 AN, light grey bars; 200 AN, dark
grey bars) (a—d); fertilizers were applied in 1964, 1970, 1977, 1984 and 1990 (at site 18 in 1965, 1971, 1978, 1985 and 1990);
reactions to the 1990 applications at site 9 and 11 are left out because of subsequent non-experimental interventions

also decreased in the period 1996-2001 in the
control plots, 6-12 years after the last fertiliza-
tion. The non-significant differences in monthly
mean rainfall and temperature between years with
wide and narrow annual rings in the experimental
period (Table 4) suggest that other factors were
critical for producing the co-variation. LAITA-
KARI (1929) identified up to 17 m long roots in
middle-aged Scots pine and roots were generally
longer at poor sites than at rich sites. Apparently,
our buffer zones of 4 m between all plots were not
wide enough to prevent tree roots from growing
into the neighbouring treatment zone. Further,
needles from N-fertilized pines contain more ni-
trogen than needles from non-fertilized pines on
corresponding sites (MILLER, MILLER 1976; HOG-
BERG et al. 2006; JACOBSON, PETTERSSON 2010).
In the long run, litterfall from trees on fertilized
plots dispersed by the wind will also contribute to
even out differences between treatments. Hence,
fertilization in neighbouring plots is the most
likely reason for the co-variation. Such even-out
effects have probably influenced the 100 N plots
as well. This indicates that the real fertilization

J. FOR. SCL, 61, 2015 (2): 7279

effects in our experiment were even greater than
shown by the data.

The significant effects of fertilization with am-
monium nitrate on basal area increment, whether
the dose per application was 100 or 200 N kg-ha!,
and the somewhat poorer responses to urea, are
supported by numerous experiments in less aged
stands of Scots pine in Fennoscandia (NILSEN
2001; NOHRSTEDT 2001; SAARSALMI, MALKONEN
2001). There is a risk of N volatilization after the
application of urea under certain conditions of
moisture, temperature and pH at the soil and veg-
etation surface (DEROME 1979). This explains why
the responses to urea vary more than with other
N fertilizers (GUSTAVSEN, Liras 1975) and are
significantly lower than with ammonium nitrate
(Kukkora, SARAMAKI 1983). The application of
ammonium nitrate may lead to leaching of NO,
if fertilization is immediately followed by heavy
rain, but such heavy rainfalls are not common in
early summer in South East Norway.

Studies by PETTERSsON and HOGBoM (2004)
indicate that nitrogen fertilization does not affect
the taper of trees in mature stands to any degree
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of practical importance. The relative increases in
volume increments, of approximately 20-50% (Fig.
2), can largely compare with responses to repeated
nitrogen fertilizations in less aged stands of Scots
pine (KukkorAa, SARAMAKI 1983; MALKONEN,
KukkoLa 1991; PeETTERSSON, HOGBOM 2004;
JacoBSSON, PETTERSON 2010; SAARSALMI et al.
2014). BERGH et al. (2014) found a declining re-
sponse to repeated fertilizations in thinned stands
compared with non-thinned stands. The interme-
diate cutting at our site 9 was probably too slight
to demonstrate such an effect.

We did not adjust the results for differences be-
tween plots in the ten-year period prior to fertiliza-
tion, nor for the unintended fertilization effects on
adjacent control plots. For future experiments, we
would recommend a layout with larger plots and
wider buffer zones.

In conclusion, the experiment showed that more
than 100-years-old boreal Scots pine stands of low
and medium site quality can adequately respond in
growth to applications of nitrogen fertilizers repeated
at 5-20 year intervals. The responses were greater to
200 N kg- ha~! than to 100 N kg-ha™!. Ammonium ni-
trate was a more reliable fertilizer than urea.
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