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The material for southern Finland comprised 145
plots fertilized with nitrogen and 141 control plots in
pine stands, and 44 plots fertilized with nitrogen and
46 control plots in spruce stands. The corresponding
figures in northern Finland were 32 and 36 For pine
stands and 17 and 17 for spruce stands. The develop-
ment of the experiments was followed over a period
ranging from 9 to 19 years. The interval between
nitrogen fertilizations varied from 1 to 10 years and
the average number of applications was three. Am-
monium sulphate, urea and ammonium nitrate with
lime were used as the nitrogen fertilizers.

A model describing the annual response was devised
separately for the pine and spruce stands comprising
the southern material. The independent variables were
the time elapsed since fertilization, fertilizer dose and
type as well as various stand variables. A predicted
value for the response in repeatedly fertilized stands is
obtained in such a way that the response caused by each
successive fertilization is predicted for the growing
season in question. The predictions are then summed.
The response brought on by each individual fertilization
is also affected by previous fertilizations, which are
taken into account by means of the time elapsed since
the fertilizations and the amounts of nitrogen applied.

The response to urea was found to be weaker than
that to the other types of nitrogen fertilizer. This was
partly due to the fact that spring is an unfavourable
time to spread urea. Phosphorus fertilization did not
improve the growth of the pine stands, but in the
spruce stands it clearly increased growth when applied
together with nitrogen. In southern Finland the average
response given by N fertilization was 1,4 m*/ha/a in the
pine stands, 1,3 m*/ha/a in the spruce stands, and that
given by NP fertilization 1,7 m’/ha/a in the spruce
stands. In northern Finland the average response in the
pine stands was 63 % and in the spruce stands 69 % of
the values predicted by the model devised for southern
Finland.

The best result was obtained on sites which, as
regards the site requirements of the tree species, were
average in the case of pine and rather infertile in the
case of spruce. The greatest response was obtained in
young stands, the response slowly declining as the stand
aged.

Taking the different factors into account, the recom-
mended interval between fertilizations 1s 4—8 years
and the size of a single fertilizer dose 100—150 kg
N/ha in southern Finland. If the aim is to obtain the
greatest response within these limits, then the shortest
interval and the highest single fertilizer dose should
be used. If the aim 1s to obtain the greatest response
per kilogram of nitrogen, then the interval should be as
long as possible and the size of the individual appli-
cation small.

The response model programme (FORTRAN) is
available from the authors.

Tutkimusaineistona oli Eteli-Suomen minnikéissi
145 typpilannoitettua ja 141 vertailukoealaa seki kuusi-
koissa 44 typpilannoitettua ja 46 vertailukoealaa. Poh-
jois-Suomessa vastaavat luvut olivat miannikdissi 32 ja
36 sekid kuusikoissa 17 ja 17. Kokeiden kehitysti seu-
rattiin 9—19 vuotta. Typpilannoitusvili vaihteli 1—10
Typpilannoitelajeina oli kdytetty ammoniumsulfaattia,
ureaa ja oulunsalpietaria.

Eteli-Suomen koeaineistolla laadittiin vuosittaista
kasvunlisiysta kuvaava malli erikseen minnikolle ja
kuusikolle. Selittavind muuttujina olivat lannoituksesta
kulunut aika, lannoitemiiri ja -laji sekd puustomuuttu-
jla. Mallilla saadaan kasvunlisiysennuste toistuvasti
lannoitetussa metsikossi siten, etti ennustetaan kunkin
lannoituksen aitheuttama kasvureaktio kyseiseni kasvu-
kautena ja summataan ennusteet. Kunkin lannoituksen
atheuttamaan reaktioon vaikuttavat myos edelliset lan-
noitukset, jotka otetaan menetelmissi huomioon niisti

Urealla saatiin heikompi kasvunlisiys kuin muilla
typpilannoitelajeilla, mika aiheutui osaltaan urealle
epiedullisesta kevitlevityksesti. Fosforilannoitus el
parantanut mannikdiden kasvua, mutta kuusikoissa
yhdessi typen kanssa annettuna se lisisi selvisti kasvua.
sella oli Eteli-Suomen minnikéissi 1,4 m*/ha/a ja kuu-
sikoissa 1,3 m*/ha/a sekd NP-lannoituksella kuusikoissa
1,7 m*/ha/a. Pohjois-Suomen minnikéissi kasvunlisiys
oli 63 % ja kuusikoissa 69 % ennusteesta, joka niille
oli laskettu Eteli-Suomelle laaditulla kasvunlisiysmal-
lilla.

Paras tulos saatiin kasvupaikoilla, jotka puulajien
kasvupaikkavaatimukset huomioon ottaen ovat min-
nylle keskinkertaisia ja kuuselle karuhkoja. Kasvun-
lisdys oli suurimmillaan nuorissa metsikdissi ja heikkeni
hitaasti metsikon ikaantyessa.

Eri tekijat huomioon ottaen lannoitusviliksi suosi-
tellaan 4—8 vuotta ja kerta-annokseksi 100—150 kg
N/ha Etela-Suomessa. Kun nidissi rajoissa halutaan
suurin mairillinen kasvunlisdys, kiytetiin tiheinti
toistamisvilid ja suurinta kerta-annosta. Jos tavoit-
teena on suurin kasvunlisiys typpikiloa kohti, on tois-
tamisvili mahdollisimman pitki ja annos pieni.

Kasvunlisdysmalli on ohjelmoitu (FORTRAN) ja
ohjelma on saatavissa tekijoilta.
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SYMBOLS — MERKINNAT

age, years (a)

tkd, vuotta (a)

mean diameter at breast height incl. bark,
weighted with basal area, cm
pobjapinta-alalla  painotettu
rinnan tasalla kuorineen, cm
dominant height, average height of 100
thickest trees per hectare, m

valtapituus, hebtaaria kohti 100 paksuimman
puun keskipituus, m

site index, dominant height at an age of 100
years, m

pituusboniteetti, valtapituus 100 vuoden idlld,
m

stem volume incl. bark, m*/ha

kuorellinen tilavuus, m*/ha

annual volume increment incl. bark, m*/ha/a
vuotuinen kuorellinen tilavuuskasvu, m*/hala

keskilapimitta

Al

IND

annual growth to fertilization,
m’/ha/a

lannoituksen atheuttama vuotuinen kasvu-
reaktio, m*/hala

radial growth index, the normal level = 100
lustoindeksi, normaalivuoden sidekasvun taso

= 100

response

Fertilizers — Lannoitelajit

As

U
Os

NPK

ammonium sulphate (20,5 % N)
ammoniumsulfaatti

urea (46 % N)

ammonium nitrate with lime (25—27,5 % N)
oulunsalpietari

N, P and K combined

Y -lannoite



PREFACE

The fertilization of mineral soil stands
has been an object of systematic research at
the Finnish Forest Research Institute for
over 20 years. During this period, special
emphasis has been put on elucidating the
biological principles involved in forest fer-
tilization. In 1977, following the expansion
of the field experiments and the gradual
accumulation of research material, the time
was considered ripe to instigate a research
project with the aim of carrying out a pro-
duction study on the growth response
obtained through successive fertilizer appli-
cations and a separate study on the profit-
ability of repeated fertilization from the
point of view of wood production.

The research workers responsible for the
production part of the project are Mr.
Mikko Kukkola and Mr. Jussi Saramaki.
Profs. Jouko Himiliinen, Eino Milkénen
and Yrj6 Vuokila have been members of the
coordination group of the project.

Starting from the design of the fertiliz-
ation experiments devised by Prof. P. J.
Viro, and the monitoring of the field experi-
ments carried out under his leadership, a
large number of persons have assisted in the
collection and handling of the material used
in this study. The persons primarily involved

during the field work stage have been Mr.
Viiné Harjuaho, Mr. Reijo Jokinen, Mr.
Teuvo Levula and Mr. Arto Ursin. Mrs.
Marja Huotari has been in charge of the
material. Mr. Erkki Lipas, Mr. Pertti Hari
and Mr. Jaakko Heinonen have given valu-
able advice during the data handling stage
and the examination of the results and
have also read the manuscript, as have Mr.
John Derome and Mr. Timo Pekkonen. The
Finnish manuscript has been translated into
English by Mrs. Leena Kaunisto. The figures
were drawn and the manuscript typed by
Miss Irene Isokangas, Mrs. Marja-Liisa
Herno and Mrs. Anja Sanaslahti.

Most of the work carried out by the
researchers during the material handling
stage has gone into the development of new
methods, as the earlier applied models were
not suitable for this study. Now that the
research report is ready, there is reason to
thank the researchers for the excellent work
which they have done. Mikko Kukkola has
been responsible for writing Chapters 3—5
of the manuscript and Jussi Saramiki for
the rest.

Our sincere thanks to all those who have
assisted in getting this study ready.

Helsinki, November 1982

Eino Mdlkéonen Y16 Vuokila






1. INTRODUCTION

The growth response brought on by fer-
tilization is affected by the site, the develop-
mental stage and structure of the stand, tree
species, climate, weather conditions, fer-
tilizer type and dose, etc. However, vari-
ation in growth response can only partly be
explained by these factors (Brantseg et al.
1970, Braastad et al. 1974, Gustavsen and
Lipas 1975).

The effect of site fertility on the response
to fertilization is obvious. According to
Gustavsen and Lipas (1975), the magnitude
of the response increases as the site becomes
more fertile. Gustavsen and Lipas warn
against making far-reaching conclusions
from the results dealing with the site index,
as in their material there is a solid mutual
correlation between the site index and the
age of the stand. Rosvall’s (1980) results
give a contrary dependence. When making
the comparison, Rosvall kept the stand
factors constant, which tends to falsify the
results. If stands at the same developmental
stage are compared using Rosvall’s model,
the response increases with the improvement
in the site index.

It 1s obvious that the response to nitrogen
fertilization increases along with the fertility
of the site up to a certain point, and then
starts to decrease as fertility improves
further. At this point, either nutrients other
than nitrogen or else growth factors apart
from nutrients begin to limit growth (see
Malm et al. 1974).

The developmental stage of the stand
influences the magnitude of the response to
fertilization. Very young stands cannot fully
utilize the applied nutrients, hence the
response remains quite small (Viro 1966).
The growth of the stand at fertilization 1s
generally regarded to correlate best with the
response to fertilization (Viro 1967, Moller
1972, Keltikangas and Seppili 1973). The
stand requires the greatest amounts of
nutrients during its most intensive stage
of growth, i.e. at the age of 30—50 years
(Milkonen 1974). At this stage, fertilization

will produce the greatest response (Gustav-
sen and Lipas 1975, Rosvall 1980, Kreutzer
1981). As the stand ages the capacity and
need to use nutrients decreases, it thus
being impossible to obtain as good results
through fertilization as in a younger stand.
However, the response in a mature stand
may be of great economic value (e.g. Have-
raaen 1981).

The stand volume has not usually been
found to correlate very well with the re-
sponse to fertilization in mature stands
(Brantseg et al. 1970, Moller 1972, Gustav-
sen and Lipas 1975). On the other hand,
Viro (1967) successfully used the mean
height and volume to explain the response
in young stands. Similarly, Keltikangas and
Seppili (1973) employed volume to predict
the response. The reason for the discrepancy
in the results may be that the correlation
between needle area and volume is clearer in
the early developmental stages of stands
than in mature stands, since volume in-
creases with age, but maximum needle bio-
mass is reached when the stand is still young
and it either remains at that level or de-
creases (Switzer et al. 1968, Albrektsson
1980).

Milkénen (1977) concluded that logging
waste left after thinning is an important
source of nutrients and is partly responsible
for the positive response of trees to thinning.
However, nutrients become released from
logging waste only in the course of time,
whereas the nutrients given as fertilizer are
immediately available to trees. Consequent-
ly, fertilization and thinning should be
carried out simultaneously (Brix 1971, Haa-
panen et al. 1979, Moller and Pettersson
1980). On the other hand, both thinning
and fertilization make trees more vulner-
able to wind damage (Laiho 1980), and their
simultaneous effect even enhances the risk
of damage.

The total growth response brought on by
nitrogen fertilization is roughly of the same
order of magnitude in pine as in spruce
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stands (Brantseg et al. 1970, Milkonen 1979,
Rosvall 1980), although the timing of the
response is different. The initial effect of
fertilization on growth is greater in pine
than in spruce stands, but the duration of
the effect is longer in spruce stands (e.g.
Moller and Rytterstedt 1975, Puro 1977,
Rosvall 1979). This is due to differences in
the length of the needle rotation period in
these two species. As the needle rotation
period in spruce is twice as long as in pine,
the increased needle biomass brought about
by fertilization is available to the trees
for a longer time and prolongs the effect of
fertilization (e.g. Westman 1975). If the
response during the first five year period is
marked with 100, the overall response is 150
in a pine stand and 170 in a spruce stand
(Rosvall 1979). The corresponding figures,
according to Pettersson (1980), are 115—125
for pine stands in southern Sweden and
135—145 in Norrland (northern Sweden).
The figures for spruce stands are 140—150
in southern Sweden and 160—170 in Norr-
land.

The growth response is affected by the
growing conditions, which vary according to
the geographical location. The response
decreases to some extent towards the north
according to the still unpublished results
of Laakkonen et al. According to Pettersson
(1980), the response increases slightly
towards northern Sweden. The conflict
between Finnish and Swedish results may
be partly due to the fact that the material
of Laakkonen et al. extends north of the
Arctic Circle, while that in Pettersson’s in-
vestigation is concentrated more to the
south. Pettersson (1980) points out that the
response is also affected by the elevation
above sea level. In southern Sweden the
response did not depend on the elevation
below a height of 150 m a.s.l., but above
this level it increased strongly. The corre-
sponding elevation in northern Sweden is
250 m a.s.l. (see also Eriksson and Jansson
1981). According to Rosvall (1980), the
optimum elevation is 200—300 m.

A number of experiments have been
carried out to find the most suitable type
of nitrogen fertilizer (Viro 1966, 1972,
Brantseg et al. 1970, Gustavsen and Lipas
1975, Malm and Moller 1975, Lipas and
Levula 1980, Piivinen and Salonen 1981).
Urea has usually resulted in a smaller growth
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response than NPK fertilizer, ammonium
nitrate with lime or ammonium sulphate
(Gustavsen and Lipas 1975, Malm and
Moller 1975). No differences have been
found between the effects of ammonium
nitrate with lime and ammonium sulphate
(Milkonen 1979). Urea has been found to be
easily affected by the weather conditions
prevailing at the fertilization time (Overrein
1970, Gustavsen and Lipas 1975, Levula
1976, Nommik 1976, Derome 1979, Lipas
and Levula 1980).

The fertilizer dose clearly influences the
magnitude of the growth response. Brantseg
(1967) pointed out that the response was
almost directly proportional to the nitrogen
dose applied. Gustavsen and Lipas (1975)
reported a linear dependence when the
nitrogen dose varied between 72—180 kg/ha.
According to Swedish results (Friberg 1971),
the dependence is linear over the range
120—240 kg N/ha. Subsequently, the re-
sponse in relation to the nitrogen dose
diminishes, but the absolute response in-
creases up to 600 kg N/ha (Erken 1970,
Friberg 1971, 1973, Ericson et al. 1972,
Jonsson 1978). In northern Finland, nitrogen
doses of 150 kg/ha are enough to cause frost
damage under unfavourable conditions (No-
rokorpi 1977).

Many different views have been expressed
about the best time for refertilization, but
owing to the fact that such experiments are
still in their infancy very few concrete facts
are available. Karsisto (1972) suggested that
a suitable refertilization time would be the
year when the effect of the previous fertiliz-
ation has culminated. This suggestion is
based on the idea that the assimilation
machinery of trees, i.e. the foliage, has
become enlarged and so the trees are im-
mediately able to utilize the applied nutri-
ents. On the other hand, at the culmination
point of the response more nutrients are
available to the tree stand than at primary
fertilization, and there is no such shortage
of the applied nutrients as at primary fer-
tilization. Consequently, the response to
refertilization is weaker than that to the
primary one. Viro (1972) recommended that
fertilization be repeated 6—8 years after
the previous fertilization (see also Brantseg
1967), at the time when the effect of the
previous fertilization has practically stopped.
Piivinen and Salonen (1978) concluded on



the basis of their material that refertilization
five years after the primary fertilization
would have given the best result. In the
long run, the intensity of fertilization —
L.e. the size of the individual doses and the
interval between fertilizer applications —
is an economic question and the alternative
which provides the greatest yield is not
necessarily the most profitable one.

Growth does not explain the response
after refertilization as well as at primary
fertilization (Lipas 1979). Puro (1977)
pointed out that the response to the second
fertilization was the stronger, the greater
the response given by the first fertilization.
Eriksson and Jansson (1981) used either
the predicted or measured response to
primary fertilization as an independent
variable in their model depicting the re-
sponse obtainable through repeated fertiliz-
ation. When nitrogen fertilization is re-
peated more than once, the nutrient status
of the soil changes. Part of the fertilizer

2. MATERIAL AND

21. General features

The Department of Soil Science of the Finnish
Forest Research Institute established the experiments
in 1955—65. The aim was to investigate the effect of
N, P, K and Ca application on the growth of tree
stands. Most of the experiments were arranged using a
factorial design (Fig. 1, see Lipas 1981 a). The majority
of the factorial experiments consisted of 8 sample plots
representing combinations of three nutrients: in south-
ern Finland N, P and Ca and in northern Finland N,
P and K. Experiments with four nutrients (N, P, K
and Ca) had 16 or 17 plots, the latter containing two
unfertilized plots. All the nutrients investigated had
been applied in the primary fertilization. Since then,
only nitrogen fertilization had been repeated except for
a few cases where phosphorus was given, too (see
App. 1).

As lime is not used in practical forest fertilization,
it was omitted from this investigation. According to
the preliminary investigation, the growth in limed pine
stands did not differ considerably from that of unlimed
ones. Liming had, however, decreased the growth of
spruce stands so much that the limed spruce plots
were excluded from the investigation. They will be
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nitrogen is bound in the humus and in-
creases its nitrogen reserves (e.g. Nommik
and Moller 1981). The increased growth
of the trees promotes the binding of
nutrients, which may lead to a deficiency
of other macronutrients (Viro 1967) or
micronutrients (Veijalainen 1977).

Forest fertilization has been carried out
on a practical scale for so long in Finland
that some forests have already been fer-
tilized twice, some even more. Unfertilized
stands and those already fertilized earlier
should be arranged in order of their poten-
tial value as fertilization objects.

The purpose of this investigation is to
determine which factors contribute to the
growth response obtained by repeated fer-
tilization. The main methodical goal is to
develop a model which can be used for
analyzing experimental material treated with
diverse fertilization regimes and which
makes the results easily adaptable to
practical forestry.

MEASUREMENTS

dealt with in a separate investigation on the effect of
liming. As there was no response to either phosphorus
or potassium, these plots were combined with the
control plots (for details see Chapter 4).

The stands to be included in the material had to
fulfil the following conditions:

— dominant height at least 4 m at the time of estab-
lishment,

— age at least 20 years at the time of establishment,

— dominant tree species pine or spruce,

— pine growing on a dry, dryish or moist site,

— spruce growing on a moist or herb site,

— at least two nitrogen applications.

Plots where the data from successive measurements
deviated too much from one another for unexplainable
reasons were excluded from the material at the calcu-
lation stage. The final material contained 63 experi-
ments distributed throughout Finland as shown in
Fig. 2.

The mean length of the period studied was 13 years,
varying from 9 to 19 years. The material was from years
1955—77. During this period the weather, from the
point of view of the growth of pine, was at first worse

9



FERTILIZATION EXPERIMENT 56
LANNOITUSKOE

Established 1959
Perustettu

Kannonkoski, Vuoskoski
Enso-Gutzeit Oy, RN©3106 | akomaki

ammoniumsulfaatti

P : finely —-ground rock phosphate 200 kg/ha
hienofos faatti

Pine
Manty
Site type VT 30 m
Metsatyyppi 8 6 4 2
Age 26 a 30m
\ka 0 NP CaN CaP
c
7 5 3 1 E
©
§
CaNP Ca P N =
-
 Indeksi |}
Fertilization 11.7.1959 P |
Lannoitus . |
Ca: limestone 2000 kg/ha ‘
kalkkikivi \ |
N : ammonium sulphate 400 kg/ha !
|
\

Fig. 1. Example of the layout of the factorial fertilization experiments.
Kuva 1. Esimerkki faktoriaalisen lannoituskokeen koejarjestelysta.

than the average, but at the end of the period the long-
term means were surpassed (Tithonen 1979). In north-
ern Finland the growth of pine was the worst during
the first few years of the 1960s. The radial growth
index for spruce in southern Finland was, throughout
the period under study, below the average level and in
northern Finland above the average for almost the
entire period.

The material was divided into 2 parts (northern and
southern Finland), the limit being the temperature sum
of 1000 dd. The largest part-material was that for pine
in southern Finland. The mean ages of the different
part-materials at the time of establishment were:

— pine, southern Finland, 50 years
— pine, northern Finland, 54 years
— spruce, southern Finland, 47 years
— spruce, northern Finland, 96 years

Table 1 gives information about the stands at the
time of establishment. There were no considerable
differences between the tree stands on the unfertilized
plots and those fertilized with nitrogen when the
experiments were set up. However, the growth on the
unfertilized plots was slightly better than on the fer-
tilized ones. It should be borne in mind when studying
the results, that the youngest stands were growing
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on more fertile sites than the oldest ones. In spite of
restrictions put on the site, the material covers almost
the whole distribution of site index.

Table 2 presents the distribution of plots into age
and volume classes at the time of establishment. The
southern part-material dealing with pine represents
well the age and volume range normally considered
suitable for practical fertilization. In fact, the results
dealing with this part-material can be considered to be
the most representative in the investigation. The pine
material from northern Finland contains no middle-
aged stands and the volume of the standing crop is low
from the point of view of fertilization. As a whole the
spruce material is smaller than the pine material. The
material of southern Finland forms two separate parts,
young stands and mature stands. The middle-aged
stands are poorly represented. The northern spruce
material is narrow and one-sided.

22. Thinnings

An attempt had been made to eliminate the effect of
thinning, if possible, as it interferes with the investiga-
tion of the effect of fertilization. However, as it is
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the figure.

Kuva 2. Kokeiden sijainti. Aineisto on jaettu Eteld- ja
Pobjois-Suomen osa-aineistoihin kuvan lampésumma-
kayrdn perusteella.

impossible to avoid thinnings in permanent experi-
ments, they were carried out carefully with the empha-
sis on low thinning.

An experimental stand was considered to have been
thinned if the average removal of the plots was over
10 % of the basal area. Pine experiments treated in this
way numbered 11, two of which had been subjected to
thinnings twice during the period under study. Thinned
spruce experiments numbered 5, one of which had been
thinned twice. Dead or dying trees, and those damaged
in various ways, had been removed from several other
experiments.

Thinning had been carried out according to the
principle that the same percentage of basal area would
be removed from all the plots in the same experiment.
When the groups of plots fertilized with nitrogen are
compared with the unfertilized ones (see Table 3), it is

apparent that this was largely succesful. The thinning
yield was very small in some pine experiments and the
treatments more moderate on average than in the
spruce experiments. The pine experiments included
both first thinnings and the type of thinnings carried
out in maturer forests. The spruce experiments had
been subjected to first thinnings. The thinning yield
increased as the trees grew in size. A slightly higher
yield was regularly obtained from pine plots fertilized
with nitrogen than from the unfertilized ones. The
opposite situation prevailed with the spruce experi-
ments (Table 3).

23. Fertilizations

At the time the experiments were set up, ammonium
sulphate was used as a nitrogen fertilizer in agriculture
in Finland. It was naturally also used for the forest
fertilization experiments. The idea that urea would be
suited for forest fertilization spread in the 1960s (e.g.
Viro 1968). This led to a change over to urea in the
experiments. The discouraging results obtained with
urea fertilization in the late 1960s and early 1970s
(e.g. Viro 1972, Malm and Maéller 1975) resulted in a new
nitrogen fertilizer, ammonium nitrate with lime, being
introduced in forest fertilization. The change in
opinion about fertilization is clearly apparent in Table 4
which illustrates different successive fertilizations.
Most of this material concerns urea applications.
According to earlier results concerning different nitro-
gen fertilizers (e.g. Milkonen 1979), the fertilizations
were divided into urea fertilizations and As/Os fer-
tilizations (ammonium sulphate/ammonium nitrate
with lime) for the analysis of the material.

During the course of the period under study, fer-
tilizers were applied in many cases more frequently
at the beginning than at the end. After the first few
years, however, an attempt was made to maintain the
interval between fertilizations in each experiment
constant. Information about the fertilization regime for
each experiment can be seen in App. 1.

The nitrogen doses used in the first fertilizations
were low, below 100 kg/ha. However, the doses were
increased later on after it became apparent that low
doses of nitrogen do not produce economically profit-
able results. A nitrogen dose of 150 kg/ha was used
in the most recent fertilizations. However, the resulting
response was still continuing at the time when the
investigated period ended. As the average amount of
nitrogen applied during the investigated period was
about 300 kg/ha and there were, on the average, three
fertilizer applications, the material can be considered
to represent a lighter level of fertilization than is
presently recommended. The average length of the
investigated period, 13 years, is quite short for the
follow-up of repeated fertilization, although it covers
2—>5 applications.

The first nitrogen applications were carried out
between early and mid-summer. The refertilizations
took place between spring and early summer. If fer-
tilization was carried out in July or later, it was con-
sidered to come within the same group as fertilizations
carried out at the start of the following growing season.
The reason for this is that fertilization presumably
did not have time to affect, to any considerable degree,

11
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Table 2. Distribution of the plots into age and volume classes at the time the experiments were established. The
number of control plots used to supplement the material is given in parentheses.
Taulukko 2. Koealojen jakaantuminen iki- ja tilavuusluokkiin kokeiden perustamisajankobtana. Suluissa aineistoa

taydentdvien vertailukoealojen maara.

Tree species Volume Age class — lkaluokka

and region class 20—39 40—59 60—79 80—99 <100 Total — Kaikk:
(m*/ha)

Puulaji ja Tilavuus- Fertilization — Lannoitus

alue luokka 0 N 0 N 0 N 0 N

Pine 0— 49 42(4) 47 4 4 3 3 1 49(4) 55

South Finland 50— 99 21(1) 19 7 6 5 7 1 2 6 5 40(1) 39

Manty 100—149 (3) 11 13 10 10 6 6 7 9 34(3) 38

Eteld-Suomi 150—199 5(2) 4 1 5 2 1 1 9(2) 10
200—249 2 1 4 2 1 7 3
250—299 2 2

Pine 0— 49 4 4 12 12 16 16

North Finland 50— 99 9 8 2(2) 4(4) 1 15(6) 9

Manty 100—149 5 7 5 7

Pobjois-Suomi

Spruce 0— 49 20 (12) 20 1 20 (12) 21

South Finland 50— 99 3(2) 3 1 1 2 1 6 (2) 5

Kuusi 100—149 5 3 1 1 3 5 2 3011 12

Etela-Suomi 150—199 2 2 1(1) 1 1 4 (1) 3
200—249 2 1 (2) 1 3(2) 1
250—299 2 2 (1) 2(1) 2

Spruce 0— 49 4 1 1 6

North Finland 50— 99 4 4 8

Kuusi 100—149 3 3

Pohjois-Suomi

Table 3. Average information about the thinning treatment on the plots. Minimum and maximum values are given

in parantheses.

Taulukko 3. Keskimdardistietoja koealojen harvennuksista. Suluissa minimi- ja maksimiarvot.

Characteristics of the removed trees Pine — Manty Spruce — Kuusi
Poistuvan puuston tunnuksia Fertilization — Lannoitus
0 N 0 N
Proportion of basal area (%) 16,4 16,4 20,8 19,7
Osuus pohjapinta-alasta (5,9—24,0) (5,7—32,3) (16,4—26,3) (16,7—22,7)
Stem number (no/ha) 384 370 825 726
Runkoluku (kpl/ha) (44—1160) (70—1053) (522—1500) (456—1211)
A% 20,2 21,5 32,5 28,8
(1,8—48,9) (3,4—54,8) (17,6—62,0) (15,3—58,9)
D, 12,5 12,9 10,7 11,0
(5,5—25,6) (6,4—21,9) (8,0—14,0) (9,1—13,9)
Observations — Havaintoja 56 61 14 11

growth during the year of application. In some cases,
other nutrients had been applied in the autumn prece-
ding nitrogen fertilization, but this was not considered
to have any effect on the response to fertilization. In
some experiments phosphorus fertilization had been
repeated 10 years after the establishment of the experi-
ment. These plots were not separated from those
fertilized only once with phosphorus.

The growth response to urea fertilization is known
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to be affected by weather conditions (e.g. Salonen
1973, Friberg 1974, Lipas and Levula 1980). As all the
urea applications were carried out in the spring or early
summer, which according to the cited investigations
is the most unfavourable time for urea application,
the results cannot be compared to the results for urea
applications carried out in accordance with present
recommendations.



Table 4. Average information about the nitrogen fertilizations. Minimum and inaximum values are given in
parantheses. Nitrogen fertilizer types: 1 = ammonium sulphate, 2 = urea, 3 = ammonium nitrate with lime.
Taulukko 4. Tietoja typpilannoituksista. Suluissa minimi- ja maksimiarvot. Typpilannoitelajit: 1 = ammoniumsul-

faatti, 2 = urea, 3 = oulunsalpietari.

Tree species Characteristic Nitrogen application time — Lannoituskerta
and region Tortal
Puulaji ja alue Tunnus 1. 2. 3. 4. 5. Ka?]:/:i
Pine Sample plots 145 145 113 59 7 145
South Finland  Koealoja
Manty Nitrogen fertilizer 1,0 1,8 2,2 2,7 20 1,8
Eteli-Suomi  Typpilannoitelaji (1-3) (1—2) (2-3) (2—3) 2 (1-3)
Dose (kg N/ha) 79,3 91,7 102,2 139,2 150,0 97,2
Typpimddrd (21—82)  (62—138)  (92—150) (92—150) (150) (21—150)
Time since previous — 4,2 4,6 5,1 9,0 4,6
fertilization (a) (1—10) (2—8) (3—7) %) (1—10)
Aika edellisestd
lannoituksesta
Cumulative fertilizer 79,3 171,0 272,4 402,6 498,0 314,5
amount (kg N/ha) (21—82)  (83—220) (175—324) (295—462) (498) (174—498)
Kumulatiivinen
lannoitetyppimddira
Pine Sample plots 32 32 24 4 — 32
North Finland Koealoja
Manty Nitrogen fertilizer 1,4 2,0 2,8 3,0 — 2,0
Pohjois-Suomi  Typpilannoitelaji (1-2) ) (2—3) (3) (1-3)
Dose (kg N/ha) 85,8 92,0 145,0 150,0 — 106,2
Typpimddri (82—92) (92) (120—150) (150) (82—150)
Time since previous — 48 5,0 4,0 — 4,8
fertilization (a) (2—6) (4—6) (4) (2—6)
Aika edellisestd
lannoituksesta
Cumulative fertilizer 85,8 1778 320,7 4440 — 305,3
amount (kg N/ha) (82—92) (174—184) (294—334) (444) (184—444)
Kumulatiivinen
lannoitetyppimaddrd
Spruce Sample plots 46 46 29 10 — 46
South Finland Koealoja
Kuusi Nitrogen fertilizer 1,0 1,9 2,0 2,4 — 1,6
Eteld-Suomi Typpilannoitelaji 1) (1-3) (2) (2—3) (1-3)
Dose (kg N/ha) 86,5 107,9 96,8 120,8 — 98,9
Typpimddrd (82—123)  (82—230) (92—120) (92—150) (82—230)
Time since previous — 4,8 4,6 4,6 — 4,7
fertilization (a) (1—10) (3—8) (3—6) (1—10)
Aika edellisestd
lannoituksesta
Cumulative fertilizer 86,5 1944 286,1 436,0 = 281,7
amount (kg N/ha) (82—123) (164—312) (256—404) (348—554) (174—554)
Kumulatiivinen
lannoitetyppimadrd
Spruce Sample plots 17 17 8 4 — 17
North Finland Koealoja
Kuusi Nitrogen fertilizer 1,5 2,0 2,0 3,0 — 1,9
Pobjois-Suomi  Typpilannoitelaji (1=2) (2) (2) 3) (1-3)
Dose (kg N/ha) 87,3 106,8 120,0 150,0 — 105,7
Typpiméiri (82—92)  (92—120) (120) (150) (82—150)
Time since previous — 4,1 4,5 4,0 — 4,2
fertilization (a) 3—5) (4—5) (4) (3—5)
Aika edellisesta
lannoituksesta
Cumulative fertilizer 87,3 194,1 294,0 4440 — 285,9
amount (kg N/ha) (82—92) (174—212) (294) (444) (212—444)
Kumulatiivinen

lannoitetyppimddrd




24. Measurements

Tree diameters, with a few exceptions, were
measured using one centimetre classes. The sample trees
were chosen using the basal area — mean tree method
developed by Kuusela (1966). The aim was to find 20
sample trees/plot.

The sample trees were in most cases chosen by the
relascope method from the middle of the sample plot
by using relascope coefficient one. If there were more
than 20 trees, the extra ones were excluded randomly.
If there were too few, additional sample trees were
chosen with the relascope from each corner of the plot
(see Lipas 1979). As the sample trees were not usually
permanently marked, the same sample trees were not
always measured each time. This leads to higher vari-
ation. Especially after thinnings new sample trees were
included.

The height of the sample trees was measured to an
accuracy of 0,1 m and tapering to that of 1 cm. On
most occasions, breast-height increment cores (at least
15 growing seasons) were taken. Bark thickness at
breast height and two 5-year-period height growths
were measured on the sample trees. The reterence point
for all the measurements was the topmost root collar,
in accordance with the tables drawn up by Ilvessalo
(1947). The measurements were repeated every five
years irrespective of the fertilization timetable. Measure-
ments carried out in the middle of the growing season
were divided into spring (before July 15) and autumn
(after July 15) periods (see Ilvessalo 1932, Andersson
1953, Leikola 1969). Thinnings were carried out only in
the years when measurements were made.

The annual radial growth during the 15-year-period
preceding measurement was determined from increment
cores to an accuracy of 0,01 mm in the laboratory.

3. PROCESSING OF THE MATERIAL

31. Checking and correction
of the material

Certain measurements oOr even entire
experiments were rejected because of inac-
curacies and treatment errors. When com-
paring the height observations of successive
measurements, it was found that height
growth had been overestimated when
measured using binoculars. As the error
had an essential effect on volume growth
estimates, the height growths were corrected.

In order to estimate the error, the para-
meters of the height curve model presented
by Nislund (1937) were first calculated for
the starting point of each measurement
period in two ways (measurement period
refers to the interval between two consecu-
tive measurement times):

1) on the basis of the sample trees measured at the end
of the measurement period by subtracting the growth
during the measurement period from the diameter and
height of the sample trees

2) on the basis of the sample trees measured at the
start of the measurement period (those trees which
remain until the end of the measurement period).

Two estimates for the arithmetic mean
height were then calculated for those trees
included as sample trees at the end of the
measurement period using height curves 1
and 2. The difference between these mean
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heights was an estimate of the error in the
height growth measurements. The average
difference over a 5-year-period was 19 cm in
the case of pine and 27 cm for spruce, i.e.
approximately equal to one year’s growth.
The overestimate was the bigger, the taller
the trees concerned. In order to correct the
height growth of the sample trees, the error
estimates were classified according to the
mean height and height growth estimated
through binoculars, and the classwise means
then calculated.

As the measured height growth corre-
sponded to total height growth during
5-year-periods, it had to be divided up into
growth figures for each year in the
measurement period. This was done using
the annual values for radial growth. If the
growth value for the whole measurement
period had been divided evenly, growth in
the most favourable years ot the period
would have been underestimated and that
of unfavourable years overestimated. Thus
the effect of fertilization would have be-
come distorted in such a way that the
response would have been underestimated
in the years when it was at its greatest and
the duration of the effect would have been
overestimated.

The weighted moving averages of radial
growth for the individual years in the
measurement period were calculated by



weighting the radial growth in the year in
question with the value 0,25, and in the
previous year with 0,75. The height growth
for the whole measurement period was
distributed between the years in the period
in relation to these weighted radial growth
figures. The method is based on the fact
that height growth is clearly dependent
on the weather conditions prevailing during
the previous growing season, whereas radial
growth is mainly aftfected by the weather
conditions in the current growing season
(Mikola 1950).

. Calculation of stand
characteristics

Stand characteristics were calculated using
a calculation programme for the sample
plots, KPL (Heinonen 1981). They were
calculated for the instances when the
measurements were carried out, and for each
year in the preceding measurement period,
by means of the radial growth values and the
corrected height growth values of the sample
trees. A function based on breast-height
diameter and height (Laasasenaho 1982) was
selected for calculating the volume of the
sample trees. The inclusion of the diameter
at a height of 6 m in the volume calculations
for the sample trees reduced the compat-
ibility of volume estimates calculated from
successive measurements. This result was
partly due to missing information about
radial growth at that particular height,
which therefore had to be estimated by
means of the taper curve.

When using the volume function based
on the breast-height diameter and height,
the assumption has to be made that the
form of the trees in this material developed
in accordance with this function. However,
this is not quite true (Flewelling and Yong
1976, Brix and Ebell 1969, Saramiki 1980).

3 128302317D

On the other hand, in mature stands fer-
tilization affects the stem form mainly above
6 m (see Saramiki 1980), and so in most
cases not even the inclusion of the diameter
at 6 m would have revealed any changes.
The height observations were smoothed out
by applying Nislund’s (1937) model.

After the calculation of stand characteris-
tics, the differences in the estimates of
characteristics calculated from successive
measurements were investigated. The differ-
ences were classified according to the mean
diameter of the stand, and the classwise
mean values and standard deviations of the
differences were calculated. The plots where
the difference in the basal area, mean height
and volume was simultaneously higher than
the standard deviation of the difference were
rejected. Only one deviating characteristic
sufficed for a plot to be omitted if the
difference was large. Less than two per cent
of the plots were rejected. The omitted
plots are not included in the figures pre-
sented in Tables 1—4.

The results of successive measurements
were collated to form a time series consisting
of annual stand data and growth data. The
site index for each plot was then estimated
using a growth model for dominant height
devised by Vuokila and Viliaho (1980). The
estimates for site index were calculated
according to the dominant height and age
at the time the plots were established. The
degree of bias of the growth model was
investigated on the control plots of each
experiment by calculating the site index
estimates for other years in the investigated
period as well. The ratio between the mean
value of the site index estimates for all the
years and the site index estimate at the time
of establishment was used to correct the
site index estimates of the fertilized plots
as well. The procedure improves the relia-
bility of site indices especially in young
stands.
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4. CALCULATION OF THE RESPONSE TO FERTILIZATION

The response to fertilization was defined
in the conventional way as the difference
between the growth of fertilized and un-
fertilized stands. As far as repeatedly fer-
tilized stands are concerned, however, the
situation is not so clear. As fertilization
promotes growth, differences in the stage of
development between the fertilized and
unfertilized stands will arise in spite of
originally being the same kind of stand.
This leads to a biased estimate of the
response because the growth of stands at
different developmental stages deviate from
one another even without fertilization
(see Lipas 1979). The growth response was
calculated annually for each plot. After
testing, the plots were divided into groups
on the basis of the fertilization treatment as
follows:

Pine:

Control plots 0, Ca, CaP, CaK, CaPK, P, PK, K

N plots N, CaN, CaNP, CaNK, CaNPK, NP,
NPK, NK

Spruce:

Control plots 0, P, PK, K

N plots N, NK

NP plots NP, NPK

The spruce material was divided into
three groups owing to the interaction
between phosphorus and nitrogen. The
effect of phosphorus alone or with potass-
ium was slight. From this point on in the
text the plots fertilized with nitrogen will
be referred to as fertilized and the other
ones as controls.

There is always a certain amount of
variation as regards the tree stand and site
between the plots within the same experi-
ment, leading to errors in calculating the
response. Various ways of eliminating the
error have been devised (see Lipas 1979).
Volume growth models were used in this
investigation to eliminate the effect of the
variation between the plots. They were
constructed to predict the annual growth
on the basis of stand characteristics at the
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start of the growing season, the site index
as well as the radial growth index for the
growing season (Table 5).

The volume growth model, the growth
model for dominant height (Vuokila and

Table 5. Volume growth models which predict the
annual growth without fertilization (y = Inl ), and
information about the volume growth. The models
are used in the calculation of the corrected response.

Taulukko 5. Korjatun kasvunlisiyksen laskennassa kiy-
tetyt tilavuuskasvumallit, jotka ennustavat vuotuista
kasvua ilman lannoitusvaikutusta (y = Inl ) sekdi
tietoja tilavuuskasvusta.

Variable — Muuttuja Pine — Manty

Coefficient — Kerroin

Spruce — Kuusi

Constant — Vakio 34,5044 —1,05445

InT 1,24491 —0,849837

T —0,0186792 —0,00658209

InV 1,00135 0,830715

\% —0,00252132

VINT —0,0219825

In H,q, 1,68060 0,495856

In (Hy,,, + 1) ~1,71930

In IND —11,7880 0,380544

IND 0,126190

Standard error of estimate 23,2 22,4
n—1 L

Arvion keskivirbe

Coefficient of determination 0,74 0,88

(y=1L)

Selitysaste

Mean of I, (m3/ha/a) 49 7,4

I,:n keskiarvo

Standard deviation of I, 2,2 48

(m3/hala)

I:n keskibajonta

Range of I, (m3/ha/a) 0,8—15,4 0,6—23,5

I vaihteluvali

Observations 2592 946

Havaintoja

Constant includes correction term s§2/2 (sf2 = residual variance)
Vakio sisaltai korjaustermin sf2/2 (sf2 = jadnnosvarianssi)

If IND < 90 in pine model, index value IND = 90 should be used

If IND > 110 in pine model, index value IND = 110 should be used
Jos mantymallissa IND < 90, pitiisi kiyttii indeksiarvoa IND = 90
Jos mantymallissa IND > 110, pitaisi kayttda indeksiarvoa IND = 110
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Read the stand characteristics at the
time of primary fertilization on the
fertilized plot and control plot as well
as the radial growth index of the
growing season in question.

The initial stem number of estimated
zero development is the stem number
of the fertilized plot, and the initial
volume the plot volume.

When the control plot has been
thinned, the stem number and volume
of the estimated zero development
decreases according to the removal
from control plot.

Calculate the estimate of dominant
height for the estimated zero develop-
ment and control plot using the model
introduced by Vuokila and Viliaho
(1980).

Calculate the correction for the growth
of the control plot by subtracting
the growth prediction of the control
plot from that of estimated zero
development.

Calculate the response to fertilization
as the difference between the growth
of fertilized plot and corrected growth
of control plot. The corrected growth
of control plot is at the same time the
predicted growth of the estimated zero
development.

Add the predicted growth to the
volume of estimated zero development.

Read the stand characteristics at the
start of the following growing season.

Fig. 3. Flowchart of the calculation of the annual responses to fertilization for the fer-

tilized plots of one experiment. The stand characteristics of the fertilized plots are not
marked with subindices and the subindex of the control plot is 0. N = stem number,
N, = number of trees removed at thinning, V_,, = percentage of volume removed. If
there are several control plots in the experiment, mean values of the characteristics are
used:

f(Vo, Haomy» Tos Hioog IND), L, Hig s Vieo and N,

”The estimated zero development” refers to the predicted value for unfertilized stand
development.

Kuva 3. Kaavio vuosittaisten kasvunlisiysten laskennasta kokeen typelli lannoitetuille
koealoille. Lannoitetun koealan puustotunnusten merkinnit ovat alaindeksittomia ja
vertailukoealan tunnusten alaindeksind on 0. N = runkoluku, N, = harvennuksessa
poistuva runkoluku, V., = poistumaprosentti tilavuudesta. Kun kokeella on useita
vertailukoealoja, kdytetdin tunnusten keskiarvoja. Nimitys “estimoitu nollakebitys”
tarkoittaa ennustetta siitd, kuinka ko. koealan puusto olisi kebittynyt ilman lannoitusta.
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Fert.

Uncorrected response

Korjoamaton kasvunlisays Iv-Tvo

Corrected
Korjattu kasvunlisays

response

"

I,-(Iyg+c)

Fig. 4. Principle diagramme illustrating the calculation
of corrected response. Markings as in Fig. 3.

Kuva 4. Periaatepiirros korjatun kasvunlisiyksen las-
kennasta. Merkinnat kuten kuvassa 3.

Viliaho 1980) and the data from the control
plots of the experiment in question were
used to predict how each fertilized plot
would have developed without fertilization
from the very start of the experiment. The
annual response to fertilization was then
calculated as the difference between the
measured and predicted growth on the plot.
The flowchart for the calculation is shown
in Fig. 3, and the method is illustrated in
Fig. 4.

The data for the volume growth models
consisted of the annual growth values for
the control plots of the entire material.
As the material was partly deficient, addi-
tional material for the model was acquired
from the control plots of five pine and six
spruce experiments (see Table 2). Thus 204
additional annual growth observations for
pine and 138 for spruce were obtained.

The reason for the inclusion of the radial
growth index in the models as an indepen-
dent variable was to make sure that the
growth variation caused by climate would
not interfere with the estimation of the
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Pine — Manty
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Fig. 5. Testing the method used for calculating the
corrected response by means of the control plots.
How the effect of the difference in stand volume on
the difference in growth can be diminished is studied.
Markings as in Fig. 3.

Kuva 5. Korjatun kasvunlisayksen laskennassa kaytetyn
menetelmdn testausta vertailukoealojen avulla. Tut-
kittu, kuinka puustojen tilavuuseron vaikutusta niiden
kasvueroon voidaan vibentda. Merkinndt kuten ku-
vassa 3.

dependence between volume growth and
different stand variables. The indices were
acquired from the index series based on the
National Forest Inventory (Tithonen 1979).
The series for the latter part of the 1970s
were supplemented by unpublished indices
for pine (introduced by the Department of
Forest Inventory and Yield, Division of
Forest Yield) and on the basis of radial
growth on the unfertilized plots for spruce.

The correction method was tested using
the control plots. The control plots of each
experiment were divided into two groups
and the development of the stand was
estimated on the plots of one group, the
other acting as the “control”. As there is
no response to fertilization on the control
plots, the corrected growth difference be-
tween the plots should be zero irrespective of
possible differences in their stand volumes.
Figure 5 shows, after experimentation, how
the effect of the difference in stand volume
on the difference in growth could be dim-

inished.



5. RESPONSE MODEL

51. Background

The amounts and types of fertilizer
applied have changed during the course of
the experiments. Similarly, the intervals
between fertilizer applications have varied
in many of the experiments, being shorter at
the beginning. Consequently it would have
been impossible to divide the material into
groups according to the fertilization regime
without having to omit several experiments
where the interval between fertilizer appli-
cations varied during the course of the
experiment. This was partly the reason why
a model was devised for predicting the
annual volume growth response which would
facilitate the analysis. The annual response
was chosen for the dependent variable so
that the observations from irregularly fer-
tilized experiments could also be utilized
in estimating the parameters of the model.

When the response model was being
made, it was assumed that the response
to successive fertilizations during a certain
growing season can be predicted separately
and then explain the growth difference
between repeatedly fertilized and unfer-
tilized stands as a sum of the responses.
It was also assumed that ”the law of dimin-
ishing growth increases” (see Mengel and
Kirkby 1978) can be applied when taking
into account the effect of previous fertiliz-
ations on the response obtained through
refertilization. If the nitrogen status of
forest soil is good as a result of previous
fertilizations — or as a result of natural
fertility — then the response is not as great
as on nitrogen-poor forest soil. Thus the
benefit from refertilization is the smaller,
the less time has elapsed since the previous
fertilizer applications and the greater the
amount of fertilizer given the previous
times. On the other hand, if the previous
fertilizer applications no longer have any
effect, then the response to refertilization
will be the same as that to primary fer-
tilization in the same type of stand.

A separate model was devised for pine
and spruce stands using the experiments
in southern Finland as the material. The
distribution of the response between the
individual years during the post-fertilization
period was first modelled, followed by the
influence of stand factors and previous
fertilizations on the response. The para-
meters were estimated using a BMDP
statistical programme PAR for nonlinear re-
gression analysis (Table 6).

The model for the response obtained with
a single fertilization is presented in two
parts. In the first part (FA) the data con-
cerning nitrogen fertilization are used, and
in the second (FB) the stand characteristics.
In the spruce model phosphorus fertilization
is also included in part FB. The estimate
of the response, Al,, is calculated as the
product of the two parts of the model:

Al, = FA - FB

The parameters of part FA of the model
were first estimated. The values of the para-
meters — except for scaling parameter a; —
were fixed when the variables of part FB
were added to the model. The fertilization
factors were included in the model first
because they were the most important
(Brantseg 1967, Braastad et al. 1974, Malm
and Moller 1975, Gustavsen and Lipas 1975,
Jonsson 1978). Furthermore, the estimation
of parameters ay,...,a9 had also to be sup-
ported by results from other investigations,
the stand data for some of which were
unsuitable.

52. Fertilization factors in the model

Part FA of the model shows the distribu-
tion of the growth response between the
different years in the post-fertilization
period with different nitrogen doses. The
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Table 6. Parameter values of the response model. t = growing season after fertilization; in the
first growing season after fertilization t = 1, in the second t = 2, etc.

Taulukko 6. Kasvunlisiysmallin parametrien arvot. t = kasvukausi lannoituksen jilkeen; ensim-
mdisend kasvukautena lannoituksen jilkeen t = 1, toisena t = 2, jne.

Pine — Manty Spruce — Kuusi
Parameter Nitrogen fertilizer — Typpilannoitelaji
Parametri As/Os Urea As/Os Urea
Parameter value — Parametrin arvo
Y 3,375 - 1076 1,718 - 106 7,699 - 1079 2,053 - 1079
a,, whent =1 1,0 0,0 0,8 0,0
kunt=1
a,, when t >1 1,0 1,0 1,0 1,0
kun t >1
ay 3,0 3,0 7,0 7,0
a, —2,38 —2,61 —2,02 —2,09
ag 0,324 0,39 0,2 0,233
g —0,00072 —0,00083 —0,00045 —0,000495
a, 7.0 7.0 9,0 9.0
a 3.0 40 3.0 3.0
2 — — 22 25
b, —0,00005 —0,00005 —0,00004 —0,00004
b, 1,5 1,5 3,0 30
b, —0,00564 —0,00564 -0,2 —0,2
b, 0,055 0,055 — —
bs, when N fertilization _ —_ 0,0 0,0
kun N-lannoitus
by, when NP fertilization ~— — 0,012 0,012
kun NP-lannoitus
c 0,20 0,20 0,07 0,07

properties of the different tree species affect
the timing of the response (Albrektsson et
al. 1977), the most important factor being
the length of the needle rotation period

nen 1978, Jonsson 1978). These features
have been illustrated using the following
model:

(Fagerstrom and Lohm 1977). Thus the  FA = ax%e™

response in pine stands reaches a maximum bk o —

earlier and the response is of shorter dur- ™ ™% = 4

ation than in spruce stands. x =t+ (27)“8 in the model for pine

The nitrogen compounds in different
types of nitrogen fertilizer are bound in
the soil in different ways. Urea application
does not usually increase growth during the
year when fertilization is carried out. In
spruce stands, at any rate, the growth may
decline temporarily after a high dose of
urea (Kukkola 1978). Ammonium sulphate
and ammonium nitrate with lime increase
growth to some extent even during the first
growing season, and the response reaches
1ts maximum sooner than after urea applica-
tion.

The fertilizer dose affects both the
intensity of the response and its timing.
With higher doses the response reaches its
maximum at a later stage and the response
lasts longer (Viro 1972, Piivinen and Salo-
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X t+ (57)318 + a4 in the model for spruce

-
|

Erowing season after fertilization; in the
irst growing season after fertilization
t = 1, in the second t = 2, etc.

d =a, +aln(FN + 1) + 3, FN
FN = nitrogen dose applied, kg N/ha

4y,...,4g are parameters

Figure 7 presents examples of the course
followed by the model when estimating the
responses obtained with different nitrogen
doses.

The distribution of the response obtained
with As/Os fertilization into separate years
during the post-fertilization period was
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Dose (kgN/ha)
x authors’ dara for time between the first and second fertilizations — oma havainto ensimmaisen ja toisen lannoituksen valiseltd ajalta
® Malm & Moller 1975
O Gustavsen & Lipas 1975 (group VIII) — (rybma VIII)
A Laakkonen, Keipi & Lipas (unpublished) — (julkaisematon)

Fig. 6. Results from pine stands used for estimating the shape of the dependence between nitrogen dose and
response.

Kuva 6. Mannikéissa saatuja koetuloksia, joita kaytettiin lannoituksen typpimdaran ja kasvunlisayksen valisen riippu-
vuuden muodon estimoinnissa.

As/ Os Urea
Pine - Manty
AT,
5
[A
3
2

Spruce - Kuusi

1 =50, 2 =150, 3 = 250, 4 = 350, 5 = 450 kg N/ha.

Fig. 7. Examples of the effect of nitrogen dose on the annual response to fertilization predicted by the
model.

Kuva 7. Mallilla laskettuja esimerkkeji lannoituksen typpimddrin vaikutuksesta vuosittaiseen kasvun-
lisaykseen.
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estimated from the data for the years in the
period between the primary and the second
fertilization. The primary fertilizations
where ammonium sulphate had been applied
at a level of about 80 kg N/ha were included.
The annual response means were calculated
and used in estimating the parameters of the
model. As the data for the response to urea
fertilization concern the period after the
second application of nitrogen at the
earliest, the timing of the response obtained
with urea was estimated on the basis of the
annual responses presented by Laakkonen
et al. (unpub.) for southern Finland. The
amount of nitrogen which had been applied
in the material of Laakkonen et al. was 120
kg/ha.

Scaling parameter a, was needed for
depicting the response in the first growing
season after fertilization. Its value depended
on the fertilizer type and the time which
had elapsed since fertilization. Corre-
spondingly, the model was fitted to the
data for the last few years of the response
by means of parameters as, ag and ag. The
value of parameter a3 was also estimated at
the same time.

The effect of the nitrogen dose has been
depicted in the model by means of coef-
ficient d, the value of which depends on the
dose. As the amount of nitrogen given at
primary fertilization varied only slightly,
the form of the dependence between the
nitrogen dose and the response was also
estimated using the results from other in-
vestigations (Malm and Moller 1975, Gus-
tavsen and Lipas 1975, Laakkonen et al., un-
pub.). The response during the 5-year-period
following fertilization in pine stands (Fig. 6)
was presented in these studies. Parameters
a4, a5 and ag were estimated so that the sum
of the annual response predictions calculated

for the first five years (é FA,) explained

as well as possible the variation in the data
presented in Fig. 6. The same data were
used for estimating these parameters for the
spruce model, since there were not enough
results concerning the response to different
nitrogen doses available for spruce. Thus it
was assumed that the relative change in the
response with varying fertilizer doses was
the same in both pine and spruce stands.
There are, however, indications that the
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maximum response is attainable with a
smaller amount of nitrogen in spruce than
pine stands (Malm and Moller 1975).
Although parameters a4, a; and ag deter-
mined the form of the dependence between
the nitrogen dose and the response, the
absolute response level was finally deter-
mined using scaling parameter a; which,
in turn, was determined on the basis of the
entire southern material.

The result of the estimation of the
parameters was evaluated both with the
residual variance and by comparing it to the
results of other investigations. Unpublished
material from experiments with different
nitrogen doses carried out by the Depart-
ment of Soil Science were available for this
purpose, too.

53. Stand factors in the model

The prediction based on the fertilization
data was supplemented by stand data. The
stand density influences the extent to which
the stand is able to reach the potential
growth level. The amount of needle biomass
1s of prime importance, since the response
to fertilization is to a great extent based
on a temporary increase in the needle bio-
mass (Brix and Ebell 1969, Brix 1971, Tamm
1974, Albrektsson et al. 1977). On the other
hand, the benefit from nutrient application
depends on the site quality, ie. the soil
nutrient status and the water conditions.
Consequently, part FB of the model de-
scribing the effect of stand factors was
composed of two parts, one characterizing
the standing crop (f1) and the other the
site (f2):

FB=f1-f2

The stem number and dominant height
were chosen for describing the standing
crop. The basic assumption was that the
capacity of the tree stand to respond
improves as the stem number increases,
until the point is reached where overdensity
starts to weaken it (see Brix and Ebell 1969,
Rosvall 1978). The dominant height was
assumed to influence the intensity by which
the increasing stem number improves the
response (Fig. 8). The dependencies were
described in the model as follows:



fl=N'H b1N'Hyom’

dom

in which N” and Hy " are predicted stem number
and dominant henght at the start of the growing season
in question, assuming that the plot would be unfer-
tilized (see Fig. 3)

b, = parameter

The effect of stand age on the response is
expressed indirectly in the model by means
of stem number and dominant height.
However, in very old stands they cannot
describe adequately enough the weakening
capacity of the stand to respond.

In the present investigation the site
quality could only be expressed in terms of
the site type and site index describing the
joint influence of all site factors. As the
site type 1s a variable with an ordinal scale
and is difficult to use in the model, the site
index was used to describe the site. One
disadvantage of the use of the site index
for predicting the response to fertilization
is that the importance of climatic factors
increases on moving from the south towards
the north, and that the same site index in
the north does not represent the same fer-
tility and water conditions as in the south.
The effect of this was, however, lessened by
using only the southern material for the
estimation of the parameters.

The most fertile sites have sufficient
nutrients. On the other hand, a lack of
water is the most important factor limiting
growth on infertile mineral soils. The sites
suitable for fertilization fall within these

Pine — Mdnty
AT,

pi
7. T T T
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Hdom=8
16
24
T T
1000 2000

Stem number (no/ha)~- Runkoluku (kpl/ha)

Fig. 8. Effect of stem number on the response pre-
dicted by the model at different stages of dominant
height.

Kuva 8. Runkoluvun vaikutus mallilla ennustettuun
kasvunlisaykseen eri valtapituusvaibeissa.

extremes. This feature is described by the
site index in the pine model as follows:

bsHy0o
£2 = H, ) 2%3H100

and in the model for spruce:
£2 = H, 23100 (1 + byH, o)

in these HiOO = site index

.,bs are parameters
The value of parameter b in the spruce model is
different for N and NP fertjlzatlons

The site index affects the response
estimation as shown in Fig. 9, the other
variables being kept constant. In the pine

Spruce - Kuusi

6T,

— T T
10 20

Fig. 9. Effect of site index on the response predicted by the model.
Kuva 9. Pituusboniteetin vaikutus mallilla ennustettuun kasvunlisaykseen.

4 128302317D

25



model the site index does not interact with
the other variables. In the spruce model the
effect of phosphorus fertilization depends
on the site.

The value of parameter a; and the para-
meters of part FB were estimated using all
the observations in the southern material.
The numer of observations was 2009 in the
pine material and 593 in the spruce material.
In most of the observations the response
was composed of several overlapping fer-
tilization effects. This had to be taken into
account when estimating the parameters.

54. Effect of repeated fertilization
in the model

The response model could be used in the
above-presented form for predicting the
effect of the first fertilization. In the case
of repeatedly fertilized stands, the response
was considered to be composed of the over-
lapping effects of the successive fertiliz-
ations, which were predicted separately. The
fact that the preceding fertilizations affect
the response to refertilization had to be
taken into account. The effect of refertiliz-
ation refers here to the part of the growth
response that was brought about by the
refertilization in question. Each of the pre-
ceding fertilizations was taken into account
by means of a function whose value was
atfected both by the time which had elapsed
since the earlier fertilization in question,
and the nitrogen dose applied at that time:

FN’ = FN - t-t
in which FN = nitrogen dose applied, kg N/ha

t = growing season after fertilization; in
the first growing season after fertiliz-
ation t = 1, in the second t = 2, etc.

¢ = parameter (see Table 6)

Variable FN’ was assumed to indicate the
amount of available nitrogen which had
remained bound in the soil and the tree
stand after fertilization. The preceding
fertilization treatments influence the growth
response obtained by subsequent fertiliz-
ation also in ways other than through the
fact that nitrogen remains in the soil and
tree stand. The needle biomass may still be
enlarged as a result of previous fertilization.
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This is the reason why the needle biomass
cannot, at any rate in a mature stand, in-
crease as effectively as after the primary
fertilization. The mutual shading of needles
increases as the needle biomass increases,
thus diminishing their assimilation (Albrekts-
son et al. 1977). Such factors affect the
value of parameter ¢, and the nitrogen
remaining, FN’, can only be regarded as a
technical aid. Parameter ¢ was estimated in
conjunction with the estimation of para-
meters a; and by,...,bs.

The method is presented stepwise in the
following. Supposing we have fertilization
time k and the response is predicted for the
growing season tj (tj indicates the number
of the growing season following fertilization
k). First of all the amount of nitrogen re-
maining from the previous fertilizations is
estimated at the time of fertilization k, and
is added to the nitrogen dose applied at
fertilization k:

k-1
FN, =FN, + X FN/
=

The response estimate is then calculated
with amounts FN; and FN—FN,;. The
effect of fertilization k is obtained as the
difference between these two estimates
based on ’’the law of diminishing growth
increases’’

Al = [FA(t,,FN_FS,) - FA(t, ,FN.—FN, FS,)]FB

in which FS, = type of fertilizer used at fertilization k

The combined response of fertilization k
and the previous fertilizations in the
growing season in question is obtained by
the sum:

A

k
Al = x4l

The details of the method are presented
in Fig. 10 and the principles of the method
are illustrated in Fig. 11. Fig. 12 contains
examples of the course the model takes
when predicting the response obtained by
repeated fertilization.

55. Reliability of the model

The reliability characteristics of the re-
sponse model were:

Pine Spruce
Coefficient of determination (%) 40 23
Standard error of estimate (%) 69 96



L—,—-_—/ Read the stand age (T), number of

nitrogen fertilizations so far (n; n > 1),
ages at \\huh temhzauons occurred

T (Tyyy = age at the first fer-
/ N Ty T nluauon ‘T = age at the second fer-
/R tilization, etc.), nitrogendoses (FN, ...,
[ FERP e “n FNp), and fertilizer types (FSq,.... I‘JS )
/ FS, N Read also stand characteristics de-
/ ; 'H / scnbm_g_ the unfertilized development
/ 100 / at age T (see Fig. 3).
f——l*\
| |
[La = £(T =Ty PN, FS\1 Calculate the effect of the first fertiliz-
| ation in the growing season in question.

Have all the fertilizations been taken
into account?

Calculate the amount of ferulizer nit-
rogen at the time of fertilization k: (the
dose applied at fertilization k) + (the
amount remaining from the previous
fertilizations).

Calculate the effect of fertilization k
in the growing season in question.

Calculate the estimate of growth

N, HL, HL ) response by summing the effects of
0 )

fertilizations and by taking the con-

dition of the stand in the involved
. growing season into account.

Fig. 10. Flowchart of response prediction for one growing season in a stand which has

been fertilized repeatedly.

Kuva 10. Kaavio kasvulisiysennusteen laskennasta yhdelle kasvukaudelle toistuvasti lan-

noitetussa metsikéssa.

The standard error of the estimate was
calculated in the same way as in Table 5.
The reliability characteristics were also
calculated by using the mean values of both
the dependent and independent variables of
the fertilized plots in each experiment.
Thus in the pine material the coefficient of
determination was 57 % and the standard
error of the estimate 46 % (445 observa-
tions). Corresponding figures could not be
calculated from the spruce material because
of the division into N and NP fertilization.
It was possible to explain the variation
in the response in the pine material by
means of fertilization and stand data as

successfully as in the investigations dealing
with single applications (Brantseg et al.
1970, Braastad et al. 1974, Gustavsen and
Lipas 1975, Rosvall 1980). Information for
example about the soil and, especially in the
case of urea, about the weather at the time of
fertilization is required before the accuracy
of the model can be improved. One reason
for the high standard error of the estimate
is the inaccuracy of the response data.
Growth response is only a rather small part
of the growth. The average response in pine
stands in southern Finland was 23 % and
correspondingly in spruce stands 16 % of
the mean growth of the fertilized plots.
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Fig. 11. Diagramme showing the principle of the

method used for predicting the response brought on
by repeated fertilization.

a) Two fertilizer applications, both with nitrogen dose FN.
Amount of nitrogen remaining from the first fertilization
is FN” at the time of the second fertilization.

b) As an example the response brought on by the first
fertilization (hatched column) and that by the second fer-
tilization (white column) in the third growing season after
the fertilization in question. The response given by the
second fertilization has been calculated as the difference:
(response with dose FN' + FN’) — (response with dose FN’).

¢) Annual responses. (The effect of stand development on
the response omitted.)

Kuva 11. Periaatepiirros menetelmdsta, jolla ennustetaan

toistuvan lannoituksen aiheuttama kasvunlisays.

a) On tebty kaksi lannoitusta ja molemmissa typpiannos on
ollut FN. Ensimmaisestd lannoituksesta on typpea jaljella
toisen lannoituksen ajankohtana maird FN'.

b) Esimerkkina ensimmaisen (varjostettu pylvds) ja toisen
(valkoinen pylvds) lannoituksen ~aiheuttama kasvunlisiys
kolmantena kasvukautena ko. lannoituksesta lukien. Toisen
lannoituksen aitheuttama kasvunlisays on laskettu erotuksena:
(kasvunlisays mdaralla FN+FN’) - (kasvunlisidys mddraalli
FN').

¢) Kasvulisaykset vuosittain. (Puuston kebityksen vaikutus
kasvunlisaykseen on tdssa jatetty huomiotta.)

Spruce - Kuusi

Fig. 12. Effect of the interval between fertilizations on the response. The values in the figure were
calculated by means of the model using As/Os fertilizer at single doses of 150 kg N/ha. The figures
at the end of the curves indicate the interval between fertilizations in years.

Kuva 12. Lannoitusvalin vatkutus kasvunlisaykseen. Kuvan arvot on laskettu mallilla kayttaen lannoite-
lajina As/Os:ia ja kerta-annoksena 150 kg N/ha. Numerot kuvaajien paissa ilmaisevat lannoitusvilin

vuosina.
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Table 7. Comparison between the observed and predicted responses during the most
recent measurement period in some experiments in southern Finland. The period is

not dealt with in the study.

Taulukko 7. Mallilla lasketun ja havaitun kasvunlisiyksen vertailu erdilli Etela-Suomen
kokeilla viimeisimpind mittausjaksona. Jakso ei sisilly tutkimuksen varsinaiseen koe-

atkaan.

Tree species
Punlaji Koealoja Tka

Sample plots  Age (a) Hjgg
i

Growth response
(m*/hala)
Kasvunlisays
Observed  Predicted
Hawvaittu  Ennustettu

Stem number Hyom
(no/ha) (m)
Runkoluku
(kpllha)

Pine — Manty 40 45 21,6
Spruce — Kuusi 24 46 24,1

Pine - Mant
m3/ha’/a ‘ Y

]

—

—_
—_—
—

-2 4
Kg N/ha O 100 200 300 400 500 600

Observations 617 671 455 142 124
Havaintoja

Spruce - Kuusi

5
kg N/ha 0 100 200 300 + 400 500 600

Observaticns 160 213 136 L8 24 12
Havaintoja

Fig. 13. Residual variance of the response model in the
classes of the nitrogen level applied up until the
observation date.

Kuva 13. Kasvunlisiysmallin jaannoshajonta havainnon
ajankobtaan mennessd annetun typpimddrin luokissa.

The parameters in part FA of the model
were estimated for As/Os and urea fertiliz-
ation separately. The reliability of the model
could not, however, be estimated for each
fertilizer type separately as in most of the
observations the effect of several fertilizer
types were involved at the same time. For

1303 13,2 1,7 1,8
1376 13,7 1,6 1,7

the sake of illustration, the observations
were divided into groups according to the
type of fertilizer used in the previous fer-
tilization and the standard error of the
estimate was calculated in part-materials.
In both the pine and spruce stands it was
greater in the years after urea application
than after As/Os.

The effect of stand factors in the model
was investigated by replacing part FB with
a constant. The degree of determination
then decreased in the pine material by
10 %-units and in the spruce material by
12 %-units. Thus the information con-
cerning stand, site and phosphorus fer-
tilization was important in addition to
fertilization factors, especially in spruce
stands.

The residual variance of the model in
relation to the nitrogen level applied prior
to the year in question is presented in Fig.
13. The cumulative nitrogen level indirectly
describes the intensity of the fertilization
regime. The predicted values are also com-
pared with the observations in groups of
experiments fertilized at different intervals
in Figs. 16 and 17.

Some of the experiments in the southern
material were measured 3—6 years after the
last growing season in the investigated
period. The measured responses for these
years were compared with the predicted
values (Table 7). Nine pine and eleven
spruce experiments were available for this
purpose. By the time when the last measure-
ment period had started, the plots had been
fertilized three times on the average and two
of the spruce experiments had also been
fertilized during the last measurement
period. The last fertilization involved
ammonium nitrate with lime and urea at
doses of 92, 120 or 150 kg N/ha. On the
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average the model predicted the responses
well. The correlation coefficient between
the observed response and the predicted
response was 0,64 on the pine plots and
0,56 on the spruce plots.

It was not possible, on the basis of the
material, to estimate parameter c separately
for different fertilizer types (see Table 6).
Thus the model includes the assumption
that the effect of previous fertilizations on
the response given by refertilization does
not depend on the types of fertilizer used
in previous fertilizations. The sensitivity of
the model to changes in parameter ¢ was

Pine - Manty

Aaly
m3/ha’a
7

c=0,25
c=020
- = ¢=0,15

6

S 4

3 4 5 6 7 8

-

tested by calculating the predicted responses
with different values of ¢ (Fig. 14). Naturally
the effect of parameter ¢ 1s stronger, the
shorter is the interval between fertilizations.
In the pine model a change of 25 % in ¢
had no decisive effect on the predicted
response for intervals between fertilizations
of over three years, but in the spruce model
the effect was distinct. The results presented
in Fig. 14 have been calculated with a single
dose of 150 kg N/ha. When the dose further
decreases, the significance of ¢ also dim-
inishes.

Spruce - Kuusi
oIy
m3/ha/a

'7 -

---- ¢=0,08
c =0,07

- - ¢ =0,05

T T T T T 1

3 4 5 6 7 8

Fig. 14. Example of the effect of a change in the value of parameter ¢ (Table 6) on
the predicted response of a young stand with different intervals between fertiliz-
ations. N fertilization in pine and NP in spruce stand, fertilizer type As/Os and

the single dose 150 kg N/ha.

Kuva 14. Esimerkki parametrin c (taulukko 6) muuttamisen vaikutuksesta nuoren
kasvatusmetsikon kasvunlisiysennusteeseen eri lannoitusvaleilli. Mannikéossi N- ja
kuusikossa NP-lannoitus, lannoitelaji As/Os ja kerta-annos 150 kg N/ha.
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6. GROWTH RESPONSE OBTAINED WITH REPEATED
FERTILIZATION

61. Effect of fertilization factors

Fertilizer type

Urea was spread on the experiments in
the spring or early summer, which is the
most unfavourable spreading time for urea
(Lipas and Levula 1980). Thus no far-
reaching conclusions should be drawn from
the growth response obtained with urea in
this study. The distribution of the response
into the different growing seasons following
fertilization does not, however, necessarily
depend on the time when urea is spread. In
pine stands about 30 % more nitrogen was
needed in urea fertilization to obtain the
same response as in As/Os fertilization. The
following table presents some combinations
of nitrogen doses and intervals between
fertilizations which would result in the same
average annual response in a pine stand:

Single dose (kg N/ha)/Interval between fertilizations (a)

As/Os Urea
100/4 100/3
150/7 150/5
ol Pine — Manty
m3/ha/a
4 A
3 .
2 -

ao~C

In spruce stands almost twice as much
nitrogen was required in urea fertilization
to produce a response of similar magnitude
as in As/Os fertilization (see Fig. 15). The
difference may be caused by the fact that the
refertilization of a spruce stand often
produces a poorer response than the primary
fertilization (see Puro 1977) and that urea
was almost invariably used in the second
fertilizaton in these experiments.

Fertilizer dose and repetition

If not otherwise mentioned, fertilization
refers in this part of the text to As/Os
application. If the growth response brought
on by an intensive fertilization regime is
examined at the beginning of the regime,
too good a picture is obtained. Examination
later on in the regime reveals, however,
the negative effect of too heavy fertilization
on growth (Fig. 12).

Spruce — Kuusi

Stem

800 1000 1400 800 1000 1400

number (no/ha) — Runkoluku (kpl/ha)

800 1100 1600 800 1100 1600

Single dose (kg N/ha)/Interval between fertilizations (a) — Kerta-annos/Lannoitusvali

100/3 150/5

100/3 150/5

Fig. 15. Average annual response predicted by the model at a site index H,,, = 24 after the
first thinning using different stand densities. The predicted value was calcuﬁated by including
as many complete intervals between fertilizations after the start of the fertilization regime so

as to give total of at least 15 years.

Kuva 15. Mallilla laskettu keskimddrdinen kasvunlisiys boniteetilla H oo = 24 ensiharvennuksen
jalkeen erilaisin kasvatustibeyksin. Kasvunlisiys on laskettu ottamalla mukaan ensilannoitus-
ajankohdasta alkaen taysid lannoitusvalejd niin, ettd vuosia tulee vabintdin 15.
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Pine - Mdnty

ATy
m3/ho/o P
39 0/24

2 4 6 8 10 12 14

aly Observed
m3/ho/o Havaittu
3 A ___ Predicted

Ennustettu

T T T 1
2 4 6 8 10 12 1t

Fig. 16. Observed and predicted responses in the pine experiments in southern Finland fertilized at dif-
ferent time intervals. The fertilization times are marked with arrows and above them on the left is the
number of plots fertilized with As/Os and on the right that for urea. The average nitrogen dose (kg
N/ha) of the application time in question is marked uppermost.

Kuva 16. Havaittuja ja mallilla laskettuja kasvunlisiyksia eripituisin atkavdlein lannoitetuilla Eteld-Suomen
méntykokeilla. Lannoitusten ajankohdat on merkitty nuolilla ja niiden ylipuolella vasemmalla As/Os:lla
ja oikealla urealla lannoitettujen koealojen mdadri. Ylimpind ko. lannoituskerran keskimddrdinen typpi-

annos (kg N/ha).

The mean annual growth responses in
those southern experiments which have been
fertilized at regular intervals are presented
in Figs. 16 and 17. Owing to the fact that
only small amounts of fertilizer were given
at each application, the mean response was
better the shorter was the interval between
fertilizations. The figures show that the
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model for pine better fits the material than
the model for spruce. The growth level in
the spruce stands was higher and therefore
the calculation of the response was less reli-
able than in the pine stands. This partly
explains the great variation in the difference
between the observed values and those
predicted by the model. The annual means



Spruce - Kuusi

2 4 6 8 10 12 14

aly ___ Observed
m3/ha’/a Havaittu
39 ___ Predicted
Ennustettu
27 150
123 5/0

T T T T T T T T T T T T T 1

2 4 6 8 10 12 1t

Fig. 17. Observed and predicted responses in the spruce experiments in southern Finland fertilized at

different time intervals. Markings as in Fig. 16.

Kuva 17. Havaittuja ja mallilla laskettuja kasvunlisayksid eri pituisin aikavilein lannoitetuilla Eteld-Suomen

kuusikokeilla. Merkinndt kuten kuvassa 16.

of the responses and predicted values for
the entire southern material are presented
in Fig. 18. The mean responses calculated
from the part-materials are presented in
Table 8.

The influence of fertilizer level on fer-
tilization efficiency, i.e. on the response
given by one kilogram of nitrogen per

hectare, is more pronounced in spruce than
pine stands. The efficiency does not vary
to any great extent in pine stands when
the interval between fertilizations is longer
than five years. In spruce stands the effi-
ciency increases when the interval between
fertilizations is extended beyond five years
(Table 9). For example, a fertilizer dose
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Pine - Manty

Spruce — Kuusi

aly Observed

m3/ha’a Havaittu

37 ___ Predicted
Ennustettu

Fig. 18. Annual means of the observed and predicted growth responses in the material for southern
Finland. The simple residual variance of the model has been shaded. For average fertilization data see

Table 4.

Kuva 18. Havaittujen ja mallilla laskettujen kasvunlisdysten vuosittaiset keskiarvot Eteld-Suomen aineistossa.
Mallin yksinkertainen jadnnéshajonta on merkitty varjostuksella. Lannoituksia koskevat keskimdardistiedot

ovat taulukossa 4.

of 150 kg N/ha every five years produces an
effect in pine stands which is 91 % of that
obtained when fertilizing every nine years.
The corresponding figure in spruce stands
is 80 %. If fertilization with 75 kg N/ha is
repeated every five years in spruce stands, the
efficiency is 12 % greater than for a dose of
150 kg N/ha. In pine stands the correspon-
ding percentage is only 4. There is no differ-
ence in the efficiency of these nitrogen doses
if fertilization is repeated every nine years.

As is already apparent from the above-
mentioned figures, the efficiency of fer-
tilization weakens as the interval between
fertilizations 1s shortened. For example, the
efficiency obtained by applying a dose of
150 kg N/ha every three years in a pine
stand is about 4/5 of that obtainable by
applying the same dose every nine years.
The corresponding value in a spruce stand
is 3/5. On the other hand, if the interval
between fertilizations is kept constant, a
better fertilization efficiency is reached with
smaller single doses.

The change in the fertilization efficiency
can also be studied by comparing alternative
regimes having the same mean annual nitro-
gen level. For example, 50/2 (= 50 kg N/ha
every 2 years), 100/4, 150/6 and 200/8 all
correspond to a mean annual nitrogen level
of 25 kg N/ha. In this part of the text the
mean annual level is called the nitrogen rate.
With low nitrogen rates (e.g. 15 kg N/ha/a)
the best efficiency is obtained by repeating
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Table 8. Average annual response in the part-materials.
Standard deviation of the response is given in
parentheses. For stand data see Table 1 and for
tertilization data Table 4.

Taulukko 8. Osa-aineistojen keskimddraiset vuotuiset
kasvunlisdykset.  Suluissa kasvunlisiyksen keskiba-
jonta. Puustotiedot ovat taulukossa 1 ja lannoitus-
tiedot taulukossa 4.

Fertilization
Lannotitus

Tree species

Nitrogen fertilizer
and region

Lannoitelaji

Puulay ja alue N NP As/Os Urea
Growth response Proportion of the
(m'/ha/a) fertilizer
Kasvunlisays nitrogen (%)

Osuus lannoite-
typpimdarasta

Pine 1,43 48 52

South Finland (1,27)

Minty

Eteld-Suomi

Pine 0,90 48 52
North Finland 0,92)

Minty

Pobjois-Suomi

Spruce 1,28 1,74 49 51
South Finland  (1,45) (1,81)

Kuusi

Eteld-Suomi

Spruce 0,89 1,14 19 81
North Finland  (0,73) (0,89)
Kuust

Pobjois-Suomi

fertilization at approximately the time when
the response to the previous fertilization has
terminated. When the nitrogen rate is in-
creased, the interval between fertilizations
leading to the best efficiency is shortened.



Table 9. Fertilization efficiency with different fertiliz-
ation regimes in relation to the result for the most
efficient regime (which is given as 100). Efficiency
refers to the response in relation to the nitrogen
level applied. The single dose is obtained in the
different alternatives as a product of the interval
between fertilizations and the nitrogen rate. Ferti-
lizer type As/Os.

Taulukko 9. Lannoituksen teho eri lannoitusobjelmilla
subteessa tehokkaimman lannoitusohjelman antamaan
tulokseen, jota merkitain 100:lla. Tebolla tarkoitetaan
kasvunlisaystd subteessa annettuun typpimddrdan.
Kerta-annos eri vaihtoehdoissa saadaan toistamisvalin
ja typpitason tulona. Lannoitelajina As/Os.

Table 10. Response obtainable with the fertilization
regime started after the first thinning. Site index
H,50 = 24, age at the start 40 years, stem number
1000 in pine and 1100/ha in spruce stand. N fer-
tilization in pine and NP in spruce stand, fertilizer
type As/Os. The response in calculated for the
same period of time as in Fig. 15.

Taulukko 10. Ensiharvennuksen jilkeen aloitetulla lan-
noitusohjelmalla  saatava kasvunlisiys. Boniteetti
H oo = 24, ikd alussa 40 vuotta, runkoluku mdnni-
kossa 1000 ja kuusikossa 1100/ha. Mdinnikissa N-
ja kuusikossa NP-lannoitus, lannoitelajina As/Os.
Kasvunlisiys on laskettu samalta ajanjaksolta kuin
kuvassa 15.

Tree species Interval between Nitrogen rate (kg N/ha/a)

Tree species Interval between Single dose (kg N/ha/a)

Puulay fertilizations Typpitaso Puulaj fertilizations erta-annos
Lann:;l‘uksen 1 0 » 0 Lanm‘)?l)uksen 75 1015150
toistamisvali Relative efficiency (%) toistamisvali Growth response (m’/ha/a)

Subteellinen tehokkuus Kasvunlisays
Pine 3 88 87 86 85 Pine 3 26 33 40 47
Minty 5 95 94 93 91 Manty 4 20 27 33 38
7 100 99 97 94 5 1,7 22 27 32
9 100 98 94 89 6 1,4 19 24 28
7 1,3 1,7 21 25
Spruce 3 82 81 78 75 8 1,1 1,5 1,8 22
Kuusi 5 89 87 84 79 9 1,0 13 16 20

7 100 96 91 84

9 100 9 90 82 Spruce 3 28 35 40 4.2
Kuusi 4 23 30 35 39
5 1,9 25 30 35
The best efficiencies are produced at differ- ? ig g‘? gg gé
ent nitrogen rates by the following dose/ 8 13 18 22 26
interval combinations: 9 1,2 1,6 20 24

Nitrogen rate Single dose / Interval between
(kg N/ha/a) (kg N/ha) fertilizations (a)
Pine stand Spruce stand
15 150/10 150/10
20 160/8 140/7
25 150/6 17517
30 180/6 (210/7)

The fertilization efficiency weakens more
in spruce than in pine stands with inceasing
nitrogen rate (Fig. 12, Table 9).

The aim of fertilization is not usually to
achieve maximum fertilization efficiency,
but only a certain quantitative growth in-
crease. It can be seen from Table 10 that
the response becomes smaller as the size
of the dose becomes smaller and the interval
between fertilizations lengthens. The figures
in the table represent responses in the very
best fertilization objects in relation to both
the site and the developmental stage of the
stand. The model can be used to draw up
corresponding tables for stands with differ-
ent standing crops and growing on different
types of site. The tables indicate which
different combinations of fertilizer dose

and interval between fertilizations will
produce similar responses. For instance, a
response of about 2 m’/ha/a can be obtained
in pine stands with the fertilizers and
standing crops presented in Table 10 using
the following combinations: 75/4, 100/6,
125/7 and 150/9, and in spruce stands with
the following combinations (plus P fer-
tilization): 75/5, 100/7, 125/9 and 150/11.
In order to reach the same response level on
other sites with different standing crops,
a more intensive fertilizer regime is required.
The table shows that as the interval between
fertilizations lengthens, the response starts
to decrease faster in pine stands than in
spruce stands.

If the largest possible response is aimed
at, although it is not economically sensible,
then 100—150 kg N/ha should be applied
every 2—3 years. Higher doses applied over
the same intervals do not increase the
growth further. On the other hand, a larger
proportion of the fertilizers is wasted
through leaching and volatilization, and the
harmful effects increase.
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Effect of phosphorus

Before the decision was made to combine
the pine plots fertilized with phosphorus
and the unfertilized pine plots into one
group, the effect of phosphorus on the
growth of the pine stands was tested. The
average effect of phosphorus both alone
and with nitrogen proved to be very small.
Phosphorus did not promote the growth
of the pine stands, at any rate not during
the period under study. Only on the most
fertile sites was a slightly positive effect
observed.

The effect of phosphorus applied together
with nitrogen was distinct in the spruce
stands (Fig. 19, Table 8) and became propor-
tionally more important as the fertility of
the site increased. However, as the effect
of nitrogen simultaneuously weakened, the
response to NP fertilization was smaller on
fertile than on less fertile sites (Fig. 20).
Refertilization with phosphorus was carried
out selectively on the most fertile sites,
which were presumably suffering from
phosphorus  deficiency. Phosphorus had
increased growth more on these sites than
in those experiments with only one phos-
phorus application.

Pine — Mdnty

When As/Os fertilization alone was
compared, a better response was obtained
in pine than spruce stands. There was a
slight difference in favour of spruce when
As/Os was applied together with phos-
phorus (Fig. 20), whereas the effect of
urea, even with phosphorus, remained
weaker in the spruce than in the pine stands.

2 4 6 8 10 12 15 ¢t

Fig. 19. Annual means of the responses brought on by
N and NP fertilization in the spruce experiments in
southern Finland.

Kuva 19. N- ja NP-lannoituksen aiheuttamien kasvun-
lisdysten vuosittaiset keskiarvot Eteld-Suomen kuusi-

kokeilla.

Spruce — Kuusi

Young stand Old stand Young stand Old stand
Nuori Varttunut Nuori Varttunut
o Iv kasvatusmetsd kasvatusmetsd kasvatusmetsad kasvatusmetsd
m3/hala
| %72
3_.
> Y
21 .
‘I -
H100 18 21 24 27 18 21 24 27 21 24 27 30 21 24 27 30
T 60 45 40 35 105 95 75 70 50 40 40 35 80 70 70 65
N 300 1000 1000 1100 550 400 400 400 1000 1100 1100 1200 400 450 400 450

Fig. 20. Dependence of response on site index at different developmental stages of stand. Nitrogen dose
of 150 kg/ha at five-year intervals, fertilizer type As/Os. Age (T) and stem number (N) obtained
from the investigation of Vuokila and Viliaho (1980). The hatched area indicates the interaction
of nitrogen and phosphorus fertilization. The response is calculated starting from each age marked
in the figure for the same period of time as in Fig. 15.

Kuva 20. Kasvunhsayksen riippuvuus pituusboniteetista puuston eri kebitysvaibeissa. Typpiannos 150
kg/ha viiden vuoden vilein, lannoitelajina As/Os. Tka (T) ja runkoluku (N) on otettu Vuokilan ja
Viliahon (1980) tutkimuksesta. Varjostettu osa on typpi- ja fosforilannoituksen yhdysvaikutus. Kasvun-
lisays on laskettu kustakin kuvaan merkitystd idnkobdasta alkaen samalta ajanjaksolta kuin kuvassa 15.
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Fig. 21. Annual means of the responses in northern Finland observed and predicted by the model

devised for southern Finland.

Kuva 21. Havaittujen ja Eteld-Suomen aineistoon perustuvalla mallilla laskettujen kasvunlisiysten vuo-

sittaiset keskiarvot Pobjois-Suomen aineistossa.

62. Effect of external factors

Geographical location

The northern part-material was omitted
from the model as it was too small for a
model of its own to be constructed and it
could not be combined with the southern
material. Differences in the response between
southern and northern Finland were studied
by using the model to predict responses for
the northern experiments and investigating
the differences between them and the
measured values (Fig. 21). An attempt was
also made to apply the model to the northern
conditions by calculating a coefficient which
would correct the difference between the
part-materials. However, the use of the
coefficient was not reasonable as the response
is slower in the north than in the south
(see Pettersson 1980, Laakkonen et al.,
unpub.). Another obstacle was that the same
site index value corresponds to different
nutrient conditions in the south and in the
north.

The mean growth responses in northern
Finland are presented in Table 8. The average
response in the northern pine stands was
63 % of that calculated by the model. The
corresponding value was 69 % in the spruce
stands (Fig. 21). The relative difference
seems to remain approximately constant. In
northern Finland, too, NP fertilization
improved the growth of spruce stands

clearly more than nitrogen fertilization
alone. The response of northern spruce
stands to urea application resembled more
closely the response to As/Os fertilization
than it did in southern Finland.

According to the residual variance, the
growth response in southern Finland proved
to be independent of the temperature sum.
On the other hand, the model underesti-
mated the response in some experiments
situated about 200 m above sea level
(see also Rosvall 1980). The good results
from these experiments may be accidental,
for the experiments had been fertilized with
urea in the same vyears, and favourable
weather may have contributed towards this
result.

Site and standing crop

The effect of fertility on the response to
fertilization is represented in the model by
the site index. The site index had a slightly
different effect in spruce and pine stands
(Figs. 9 and 20). According to the model,
the response of the pine stands increased up
till a site index value Higpy = 24, above
which it decreased abruptly. The spruce
stands were most strongly affected at index
value Higg = 15. In the spruce stands the
response to nitrogen weakened steadily as
the fertility of the site improved. The role
of phosphorus, however, became propor-
tionally more important as the site im-

37



As /Os Urea
Pine - Mdnty
AT, ATy
m3/hala m3/hala
51 5 9

100/2 “T \/
34 \ 3 100/ 2

150/5 \—_
e 150 / 8 27 150/5
T 15018
14 14
T T T T Bl T T T T 1
T 25 40 55 75 85 25 40 55 75 85
N 1800 1000 600 400 400 1800 1000 600 400 400
Hgom 7.7 131 171 21.0 224 7.7 131 171 21.0 22.4
Spruce — Kuusi
517 519
44T N 4
""""""""""""" Tt eeiee--m- 10072
i RIS 150 /5 31 e
2 4 e e--- 150 /8 24 e Tt eeiee-- 100 /2
________________________ 150 /5
1 4 P 150/ 8
T T T T 1 T T T T 1
T 25 40 55 70 85 25 40 55 70 85
N 2000 1100 700 450 450 2000 1100 700 450 450

Hgom 5.9 1.6 161 195 221

5.9 1.6 16.1 19.5 221

Fig. 22. Response obtainable by repeated fertilization at different developmental stages of the stand according
to the model. Fertilization regimes indicated at the end of the lines: single dose (kg N/ha)/interval between
fertilizations (a). Age (T), stem number (N) and dominant height (Hy ) obtained from Vuokila and Vili-
aho’s investigation (1980) at site index H,oy = 24. N fertilization in pine and NP in spruce stands. The
response is calculated starting from each age marked in the figure for the same period of time as in Fig. 15.

Kuva 22. Toistuvalla lannoituksella saatava kasvunlisiys metsikon eri kebitysvaibeissa mallin mukaan. Virvojen
pdissd lannoitusobjelma: kerta-annos (kg N/ba)/lannoitusvili (a). Tkd (T), runkoluku (N) ja valtapituus (H,,,,)
on otettu Vuokilan ja Viliabon (1980) tutkimuksesta boniteetilta H o, = 24. Mannikossi N- ja kuusikossa
NP-lannoitus. Kasvunlisiys on laskettu kustakin kuvaan merkitysta iankobdasta alkaen samalta ajanjaksolta

kuin kuvassa 15.

proved. The effect of site on the response of
spruce stands may be distorted in the model.
It is possible that the site index has been
underestimated in the most infertile sites.
Their standing crop is old and has probably
earlier been treated with selection felling.
The growth response obtainable through
fertilization is greatest in young stands and
weakens slowly as the stand matures. The
response in the stands approaching final
cutting is about 4/5 of that at the first

38

thinning stage (Fig. 22). A higher density
improves the response (Fig. 15). If, however,
the stand becomes too dense, the response
starts to decline again (Fig. 8). Spruce
stands which produce the greatest response
are probably denser than corresponding pine
stands. According to the model, as the
volume increases, but the stem number
remains constant, the response brought on
by fertilization increases.



7. REPEATED FERTILIZATION IN PRACTICE

71. Applications of the investigation

The results of the investigation can be
applied to 30 to 100-year-old stands in
southern Finland. The northern material is
too small to act as the basis of recommenda-
tions for either fertilizer rates or stand
characteristics. The same fertilization carried
out in a similar stand produces a clearly
poorer outcome in northern than southern
Finland (cf. Keltikangas and Seppili 1973).

As the material covers a period lasting
for approximately 15 years only, conclusions
and recommendations can only be made for
a similar period of time. The single doses
used were lower than those presently recom-
mended, thus making it possible to study
the effect of rather small single applications.
As the conclusions concerning urea fer-
tilization are based on spring applications,
it is not certain how well they reflect the
use of urea at other times of the year.
According to Lipas and Levula (1980),
better results are obtained if urea is spread
in the autumn instead of spring. Milkénen
(1979) and Piivinen and Salonen (1981) have
arrived at a similar result. Maoller (1982)
claims, according to a limited material,
that the result obtained with urea does not
depend on the spreading time. In their
investigation, Pdivinen and Salonen (1981)
found that spreading urea in the autumn
gave a slightly poorer result than when
ammonium nitrate with lime was used in the
spring.

The results for the pine material are the
most reliable. The spruce material is too
restricted, so the results can only be con-
sidered as indicative.

72. Comparison with other
investigations

The response model was tested by com-
paring the predictions given by the model

with the results of some other investiga-
tions. Gustavsen and Lipas (1975) investi-
gated single fertilizer applications and the
model was used to predict the response for
the part of their material which corresponded
to that used in the model (Table 11). In
spruce stands treated with heavy nitrogen
fertilization the predicted values were higher
than the responses reported by Gustavsen
and Lipas. No corresponding feature was
found in the case of the pine stands.

The response to a single application
predicted by the model was also compared
to the response predicted by Rosvall’s model
(1980). The comparison is difficult owing
to the fact that some of the variables used
are different. It was, however, found that
the predicted values obtained using Rosvall’s
model were higher in mature stands treated
with both As/Os and urea than the values
obtained using the model of the present
investigation. The comparison between the
models as regards the site index was done
using stand characteristics in the first-
thinning phase. The age, growth etc. were
therefore not the same on the different sites.
The differences between the predicted values
given by these two models were approxi-
mately equal on different sites in the case
of pine stands. With spruce stands, however,
the difference increased sharply as the site
index improved, because the response
predicted by Rosvall’s model increased while
according to this investigation it decreased.

Eriksson and Jansson (1981) have pre-
sented a model for predicting the response
given by repeated fertilization. According
to the present investigation, the interval
between fertilizations has a more powerful
effect on the average annual response than
Eriksson and Jansson’s model indicates
(Fig. 23). The data used by Eriksson and
Jansson were based on the average annual
response obtained during the first two
intervals between fertilizations and they
assumed that the response will continue at
that level. In the case of fertilization
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Table 11. Comparison of the 5-year response measured and predicted using the
part-material of Gustavsen and Lipas (1975, groups I—IV, VIII and X). Pre-
dicted values were calculated for the NPK fertilized observations using As/Os
as the nitrogen fertilizer type, and phosphorus with nitrogen in spruce stands.

Taulukko 11. Gustavsenin ja Lipaksen (1975) osa-aineistolla (rybmadt I-1V, VIII
ja X) tebty mitatun ja mallilla lasketun 5-vuotisjakson kasvunlisiyksen vertailu.
Y -lannoitetuille havainnoille laskettiin ennusteet kayttien lannoitelajina As/Os:ia

ja kuusikossa fosforia typen obella.

60

Dose (kg N/ha) — Typpimadra
80 120 160 180

Growth response (m'/ha/a) — Kasvunlisays

240

Pine — Manty

As, Os and Y fertilization
As-, Os- ja Y-lannoitus
Observed — Hawvaittu
Predicted — Ennustettu
Urea fertilization
Uprealannoitus
Observed — Hawvaittu
Predicted — Ennustettu

Spruce — Kuusi

NPK fertilization
NPK-lannoitus
Observed — Havaittu
Predicted — Ennustettu

16 15 30 22 35
14 19 25 25 33
1,1 07 24 16 27
08 12 1,7 1,7 24
90 108 144 180 216
21 13 24 26 28
18 24 28 31 38

repeated over short intervals the assumption
leads to an underestimation of the response,
as the response level will continue to rise
after the two intervals between fertilizations
(see Fig. 12). For the sake of comparison,
Fig. 23 includes the average response during
the first two intervals between fertilizations
calculated using the model of the present in-
vestigation. The responses given by As/Os
fertilization predicted for pine stands were
of the same level. In spruce stands fertilized
only with nitrogen, however, the responses
predicted by Eriksson and Jansson’s model
were clearly higher than those obtained
using the model of the present investigation.

The model was also tested by predicting
the responses for the experimental stands of
Piivinen and Salonen (1978) and Burgtorf
(1981), and then comparing the responses
with the results introduced by the same
authors. The experiments carried out by
Piivinen and Salonen had been fertilized
twice at an interval of six years and each
time the nitrogen dose was 100, 200 or
400 kg/ha. In the case of the smallest single
dose in the pine experiments, the predicted
value was 62 % of that reported by Piivinen
and Salonen and for the two largest single
doses 92 % and 106 % respectively. In the
spruce experiments, the predicted values
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were lower in the case of all the nitrogen
doses and the differences were most distinct
with low nitrogen doses.

As Burgtorf’s material consisted of four
old pine stands situated in central and
northern Sweden, part of it was not in the
same climatic region as the data for the
present model. The fertilization regime had
been intensive: initially 60 kg N/ha was
applied every two vyears five times in
succession and later on 120 kg N/ha every
three years on four occasions. The predicted
values calculated for the four successive
5-year-periods were 102, 82, 95 and 103 % of
the mean values of Burgtorf’s results.

73. Choice of fertilization objects

When searching for a site suitable for
fertilization, it should be borne in mind
that the greatest growth response for spruce
stands is obtained on a poorer site index
than for pine stands. The greatest response
in pine stands was obtained at a site index
Hjgg = 24. When converting the site index
values into site types as introduced by Vuo-
kila and Viliaho (1980), the greatest antici-



As/Os /AN

Urea

Pine - Mdnty

AT,
m3/ha/q
3

>~ —— ——¢ - ===

3 4 5 6 7
Interval

®—® = according to the model of the

8

®--@ = according to the model of the

T T T T T

3 4 5 6 7

o -

between fertilization(a) — Lannoitusvali

77777 =according to Eriksson and

present investigation, the cal-
culation period including as
many complete intervals be-
tween fertilizations after the
start of the fertilization regime
so as to give total of at least
15 years.

taman tutkimuksen mallin mu-
kaan, kun laskentajaksoon on
otettu mukaan taysia lannoi-
tusvaleja niin, ettd vuosia tulee
vahintddn 15.

present investigation, the cal-
culation period including the
first two complete intervals
between fertilizations, as done
by Eriksson and Jansson.
taman tutkimuksen mallin mu-
kaan, kun laskentajaksona on
kaksi ensimmaista taytta lan-
noitusvdlia kuten Ertkssonilla
Ja Janssonilla.

Janssons’s model (1981)
Ertkssonin ja Janssonin (1981)
mallin mukaan.

Fig. 23. Effect of interval between fertilizations on the response. Single dose 100 kg N/ha.
Kuva 23. Toistamisvdlin vaikutus lannoitusreaktioon. Kerta-annoksena on 100 kg N/ba.

pated response was on sites of the Vaccinium
vitis-idaea site type. In middle-aged stands
the differences between Vaccinium witis-
idaea and Vaccinium myrtillus site types
are not large in spruce stands.

Several investigations (e.g. Moller 1972,
Gustavsen and Lipas 1975, Rosvall 1980)
have used the growth at the time of fertiliz-
ation to predict the response. However,
the growth at the time of primary fertiliz-
ation does not very well explain the response
obtained with repeated fertilization (see
Lipas 1979). On the other hand, the estima-
tion of growth on the basis of increment
cores is such a laborious process in practice
that it is usually carried out using stand
characteristics (e.g. Nyyssonen and Mielikai-
nen 1978) as in this investigation when
explaining the magnitude of the response.

One of the aims in growing a stand is to
produce large-diameter timber, which is
achieved by regulating the growing density.
Stands approaching the final cutting stage
are therefore not dense enough from the
point of view of obtaining the greatest
response to fertilization. When the greatest
possible response is aimed at, the stands
which are fertilized should be slightly denser
than they are at present. The greatest
response occurs during the period after the
first thinning. The ability to respond de-
creases as the stand ages (see Gustavsen and
Lipas 1975, Rosvall 1980).

One may suspect, differing from the
assumption in the model, that the greatest
response in spruce stands is obtained using
smaller amounts of fertilizer than in pine
stands (Malm and Moller 1975). This is
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probably partly due to the fact that spruce
sites are more fertile on average than pine
sites. Compared to As/Os fertilization, urea
led to a relatively poorer response in spruce
than in pine stands (see also Rosvall 1978).
As the addition of phosphorus together with
nitrogen clearly increased the response in
spruce stands, it is recommended that NP
fertilization be used with spruce (see also
Brantseg et al. 1970, Lipas 1981b). Pine
stands do not seem to require phosphorus
application, not at least during such a fer-
tilization period as covered by this investi-
gation.

74. Choice of fertilization regime

From the point of view of the wood
production, the effect of fertilization can
be studied as volume units (m’/ha/a) and
also as the biological input output ratio
of fertilization (dm’/kg N/a).

Alternative regimes suitable for different
situations are given in Fig. 24. These alter-
native fertilization regimes can be arranged
in an order of biological efficiency by means
of Fig. 25. These figures present the re-
sponse in stands which are at their optimum
with regard to the response to fertilization,
thus the other stand and site factors produce
a lower response and weaker efficiency.
However, the mutual order of preference
of the fertilization regimes remains un-
changed. The figures also include areas
which are clearly not covered by the study
material. They are not meant as a basis for
decision making, but they do illustrate in
principle the response with different fer-
tilization regimes. When the goal is to
reach a certain response level, there is a
fairy large number of alternatives which lead
roughly to the same result.

The best efficiency for each single-dose
level is obtained by repeating fertilization
when the effect of the previous one is about
to cease (Fig. 25). The results of previous
investigations (Friberg 1971, 1973, Gustav-
sen and Lipas 1975, Jonsson 1978) indicate
that the response in relation to the nitrogen
dose diminishes when the single application
exceeds 200 kg N/ha. As the nutrients given
in the previous fertilizer application are
usually still exerting an effect when fer-
tilization is repeated, it is better to apply
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Fig. 24. Effect of single dose and interval between
fertilizations on the response obtainable through
fertilization in a young stand. Site index H,y, =
24, age at the start 40 years, stem number 1000 in
pine and 1100/ha in spruce stand. N fertilization
in pine and NP in spruce stand, fertilizer type As/
Os. The response is calculated for the same period of
time as in Fig. 15. The area drawn with solid lines
indicates the range of the observation material.

Kuva 24. Kerta-annoksen ja toistamisvalin vaikutus
lannoituksella saatavaan kasvunlisaykseen nuoressa
kasvatusmetsdssa. Boniteetti H,y, = 24, ikd alussa
40 vuotta, runkoluku mannikéssa 1000 ja kuusikossa
1100/ha. Mannikéssi N- ja kuusikossa NP-lan-
noitus, lannoitelajina As/Os. Kasvunlisiys on laskettu
samalta ajanjaksolta kuin kuvassa 15. Y btendaisilld
viivoilla piirretty osa kuvaajasta ilmaisee aineiston
vaihtelualueen.

smaller doses than if fertilization is carried
out only once. Owing to the volatilization
losses of urea nitrogen and its strong binding
in the humus, urea could be applied in
slightly larger nitrogen doses than As/Os.
The ratio between the stem and root
volume of trees increases as the site becomes
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Fig. 25. Effect of single dose and interval between
fertilizations on the response obtainable per kilogram
of nitrogen in a young stand. Stand and fertilization
data as in Fig. 24. The response is calculated for the
same period of time as in Fig. 15. The area drawn
with solid lines indicates the range of the observation
material.

Kuva 25. Kerta-annoksen ja toistamisvilin vaikutus
typpikilolla saatavaan kasvunlisiykseen nuoressa kas-
vatusmetsdssd. Puusto- ja lannoitustiedot ovat samat
kuin kuvassa 24. Kasvunlisiys on laskettu samalta
ajanjaksolta kuin kuvassa 15. Y htendisilli viivoilla
piirretty osa kuvaajasta ilmaisee aineiston vaibtelu-
alueen.

more fertile (Laitakari 1927). Correspon-
dingly, it it obvious that fertilization
temporarily alters the internal growth ratios
of the tree, promoting the growth of stem-
wood (Tolle 1969, Tamm 1979, Axelsson
1981). When the effect of fertilization
terminates, the growth of stemwood declines
temporarily since the tree is engaged in
strengthening its root system (cf. Lipas
1975). In order to maintain a constant
pattern of internal growth and to prevent
the decline in stemwood growth after fer-
tilization, refertilization should be carried
out while the previous fertilization effect is
still going on. As the response lasts longer
in spruce stands than in pine stands (see
Fig. 7, Moller and Rytterstedt 1975), spruce
stands require less frequent fertilization
than pine stands.

The response to repeated fertilization
depends on much the same factors as the
response to primary fertilization. One may
agree with Puro (1977) who states that the
response to refertilization is the better, the
greater the response to primary fertilization
has been (see also Eriksson and Jansson
1981).

It would thus appear that in southern
Finland the interval between fertilizations
should be confined to 4—8 years and the
size of single doses to 100—150 kg N/ha.
If the goal is to obtain the greatest quan-
titative growth response within these fer-
tilization regime limits, the shortest interval
should be used with the biggest single dose
(Fig. 24). If the goal is to obtain the greatest
response per kilogram nitrogen, the longest
possible interval 1s used with a small dose
(Fig. 25). Outside the given ranges there are
intensive fertilization regimes that produce
more than the above mentioned ones, at
least at the beginning. However, it is better
not to use them because of increased risk of
harmful effects.

43



REFERENCES

ALBREKTSSON, A. 1980. Tallens biomassa. Storlek
— utveckling — uppskattningsmetoder. Summary:
Biomass of Scots pine (Pinus sylvestris L.). Amount
— development — methods of mensuration.
Sveriges Lantbruksuniversistet, Institutionen for
Skogsskotsel. Rapporter 2:1—189.

— , ARONSSON, A. & TAMM, C.O. 1977. The
effect of forest fertilisation on primary production
and nutrient cycling in the forest ecosystem. In:
Nutrient cycle in tree stands. Nordic symposium.
Silva Fenn. 11(3):233—239.

ANDERSSON, S-O. 1953. Om tidpunkten for den r-
liga diametertillvixtens avslutande hos tall och
gran. Summary: On the date of completion of
annual diametral growth in pine and spruce. Medd.
Statens Skogsforskn. Inst. 43(5):1—27.

AXELSSON, B. 1981. Site differences in yield —
differences in biological production or in redistri-
bution of cabon within trees. Sveriges Lantbruks-
universitet, Institutionen for ekologi och miljovard.
Rapport 9:1—11.

BRAASTAD, H., FRIBERG, R. & GUSTAVSEN,
H.G. 1974. The volume growth increase after
fertilization.  Foreningen  Skogstridsforidling,
Institutet for skogsforbittring. Arsbok 1973:124—
138.

BRANTSEG, A. 1967. Kovien maiden metsinlannoi-
tus. Summary: Fertilisation of firm forest land.
Metsitaloudellinen Aikakauslehti 2:44—50,64.

— , BREKKA, A. & BRAASTAD, H. 1970. Gjods-
lingsforsok i gran- og furuskog. Summary: Fertilizer
experiments in stands of Picea abies and Pinus
silvestris. Medd. Norske Skogforseksv. 27:537—607.

BRIX, H. 1971. Effects of nitrogen fertilization on
photosynthesis and respiration in Douglas-fir. For.
Sci. 17(4):407—414.

— & EBELL, L.F. 1969. Effects of nitrogen fertiliz-
ation on growth, leaf area, and photosynthesis rate
in Douglas-fir. For. Sci. 15(2):189-196.

BURGTORF, H. 1981. Effekten av vixtniringstill-
forsel till ndgra tallbestdnd pa niringsfattig mark 1
kyliga klimatligen. Summary: The effects of supply
of plant nutrients to some pine stands on poor and
cold sites. Sveriges Lantbruksuniversitet, Institu-
tionen for skoglig marklira. Rapporter i skogs-
ekologi och skoglig marklira 37:1—41.

DEROME, J.R.M. 1979. Urea hydrolysis and ammonia
volatilization from urea pellets spread on top of the
litter layer. Seloste: Urean hydrolysoituminen ja
ammoniakin haithtuminen karikekerroksen piille
levitetyistd urearakeista. Commun. Inst. For. Fenn.
97(2):1—22. )

ERICSON, B., FRIBERG, R. & NOMMIK, H.
1972. Ett doseringsforsok i tall. Summary: A trial
with different amounts of fertilizer in a stand of
Pinus silvestris. Foreningen Skogstridsforidling,
Institutet for skogsforbittring. Arsbok 1971:87—
110.

44

ERIKSSON, A. & JANSSON, G. 1981. Gédslings-
intervallets betydelse for tillvixtokning och gods-
lingsekonomi.  Foreningen  Skogstradsforadling,
Institutet for skogsforbattring. Arsbok 1980:41—
58.

ERKEN, T. 1970. Godsling med hoga kvivegivor.
Foreningen Skogstridsforidling, Instituter for
skogsforbittring. %rsbok 1969:144—152.

FAGERSTROM, T. & LOHM, U. 1977. Growth in
Scots pine (Pinus silvestris L.). Mechanism of re-
sponse to nitrogen. Oecologia (Berl.). 26:305—315.

FLEWELLING, J.W. & YONG, C.Y. 1976. Tree
volume table growth relationships possibly affected
by fertilization. For. Seci. 22(1):58—60.

FRIBERG, R. 1971. Godsling med hoga kvivegivor.
Institutet for skogsforbittring. Information, God-
sling 1971/72(1). 4 p.

— 1973. Godsling med hoga kvivegivor II. Summary:
Fertilization with high amounts of nitrogen.
Institutet  for  skogsforbittring.  Information,
Godsling 1973/74(1). 4 p.

— 1974. Resultat frin arstidsgodslingsforsok. Sum-
mary: Results from fertilization trials with applica-
tions at different times of the year. Institutet for
skogsforbittring. Information, Godsling 1973/74(5).
3p.

GUSTAVSEN, H.G. & LIPAS, E. 1975. Lannoituk-
sella saatavan kasvunlisiyksen riippuvuus annetusta
on fertilizer response. Folia For. 246:1—20.

HAAPANEN, T., HARI, P. & KELLOMAKI, S.
1979. Effect of fertilization and thinning on radial
growth of Scots pine. Seloste: Lannoituksen ja har-
vennuksen vaikutus minnyn sidekasvuun. Silva
Fenn. 13(2):184—189.

HAVERAAEN, O. 1981. Tilvekst og lonnsomhet ved
gjodsling av et eldre granbestand. Summary: In-
crement and profitableness by fertilizing and old
spruce stand. Tidsskrift for skogbruk 89(3):195—
204.

HEINONEN, ]J. 1981. Koealojen peruslaskenta.
[Programme for calculating stand characteristics].
Metsintutkimuslaitos. (Finnish For. Res. Inst.),
Matemaattinen osasto. Moniste. 38 p.

ILVESSALO, Y. 1932. The establishment and measure-
ment of permanent sample plots in Suomi (Finland).
Selostus: Pysyvien koealojen perustaminen ja mit-
taus Suomessa. Commun. Inst. For. Fenn. 17(2):
1—39.

— 1947. Pystypuiden kuutioimistaulukot. Summary:
Volume tables for standing trees. Commun. Inst.
For. Fenn. 34(4):1—149.

JONSSON, S. 1978. Resultat frin en tiodrig forsoks-
serie med hoga kvivegivor. Summary: Results from
a ten-year old series of trials with high doses of
nitrogen fertilizer. Foreningen Skogstridsforidling,
Institutet for skogsforbittring. Arsbok 1977:79—
128.



KARSISTO, K. 1972. Lannoituksen vaikutuksen kes-
toajasta suometsissi. Summary: On the duration of
the effect of fertilizer application to peatland
forests. Suo 23(3—4):49—56.

KELTIKANGAS, M. & SEPPALA, K. 1973. Metsin-
lannoituksen edullisuuden  vaihtelu.  Summary:
Variations in the profitability of forest fertilization.
Silva Fenn. 7(3):192—235.

KREUTZER, K. 1981. Der Einfluss der Diingung auf
die forstliche Produktion und die dadurch entste-
henden Umweltprobleme. Allg. Forstzeitschr.
32:816—821.

KUKKOLA, M. 1978. Lannoituksen vaikutus eri lat-
vuskerrosten puiden kasvuun mustikkatyypin kuusi-
kossa. Abstract: Effect of fertilization on the
growth of different tree classes in a spruce stand on
Myrtillus-site. Folia For. 362:1—15.

KUUSELA, K. 1966. A basal area-mean tree method in
forest inventory. Seloste: Pohjapinta-alakeskipuu-
menetelmi metsininventoinnissa. Commun. Inst.
For. Fenn. 61(2):1—32.

LAAKKONEN, O., KEIPI, K., & LIPAS, E. Typpi-
lannoituksen kannattavuus varttuneissa kangasmet-
sissi. Summary: Profitability of nitrogen fertiliz-
ation in mature forests on mineral soils. Folia For.
(1983— in print).

LAASASENAHO, ]J. 1982. Taper curve and volume
functions for pine, spruce and birch. Seloste: Min-
nyn, kuusen ja koivun runkokiyri- ja tilavuus-
yhtilot. Commun. Inst. For. Fenn. 108:1—74.

LAIHO, O. 1980. Aarnomyrskyn tuhot erilaisissa
metsikoissd. Metsantutkimuslaitos. Parkanon tut-
kimusaseman tiedonantoja 9:1—8.

LAITAKARI, E. 1927. Minnyn juuristo. Morfologinen
tutkimus. Summary: The root system of pine
(Pinus silvestris). A morphological investigation.
Acta For. Fenn. 33(1):1—380.

LEIKOLA, M. 1969. The influence of environmental
factors on the diameter growth of forest trees.
Auxanometric study. Acta For. Fenn. 92:1—144.

LEVULA, T. 1976. Urean levitysajankohdasta Pohjois-
Suomessa. Metsintutkimuslaitos. Rovaniemen tut-
kimusaseman tiedonantoja 13:1—10.

LIPAS, E. 1975. Metsin kasvu lannoitusvaikutuksen
loputtua. Leipid Leveimmiksi 3:24—25.

— 1979. Alternative methods for calculating growth
response to fertilization. Seloste: Vaihtoehtoisia
menetelmid lannoitusreaktion laskemiseksi. Com-
mun. Inst. For. Fenn. 97(7):1—56.

— 1981a. Faktoriaalisen lannoituskokeen tulosten tul-
kinta. Summary: Interpretation of the results from
factorial fertilization experiments. Folia For. 482:
1—15.

— 1981b. Fosforin tarve kangasmetsissi. Leipd Le-
veammaksi 3:21.

— & LEVULA, T. 1980. Urealannoitus eri vuoden-
aikoina. Abstract: Urea fertilization at different
times of the year. Folia For. 421:1—14.

MALM, D. & MOLLER, G. 1975. Skillnader i volym-
tillvixtokning efter godsling med urea resp ammo-
niumnitrat. Summary: Differences in volume
growth increase after fertilization with urea and
ammonium nitrate fertilizer. Foreningen Skogs-
tridsforidling, Institutet for skogsforbattring.
Arsbok 1974:46—74.

— ,MOLLER, G. & NOMMIK, H. 1974. Godslings-
effektens samband med vixtniringsinnehill i mark
och barr. Summary: Relation between growth re-

sponse to nitrogen application and nutrient content
in soil and needles. Foreningen Skogstridsforadling,
Institutet for skogsforbittring. Arsbok 1973:48—
75.

MENGEL, K. & KIRKBY, E.A. 1978. Principles of
plant nutrition. International Potash Institute.
Berne. 593 p.

MIKOLA, P. 1950. Puiden kasvun vaihteluista ja niiden
merkityksesti kasvututkimuksissa. Summary: On
variations in tree growth and their significance to
growth studies. Commun. Inst. For. Fenn. 38(5):
1—131.

MALKONEN, E. 1974. Annual primary production
and nutrient cycle in some Scots pine stands. Selos-
tus: Vuotuinen primiirituotos ja ravinteiden kierto-
kulku minnikossi. Commun. Inst. For. Fenn.
84(5):1—87.

— 1977. Betydelsen av heltridsutnyttjandet i skogens
niringshushillning. Skogsbruket 6:124—125,136.

— 1979. Kangasmaiden lannoitustutkimus. Summary:
Research on forest fertilization on mineral soils.
In: Results and tasks in forest fertilization research.
Proceedings of the Finnish Forest Research Insti-
tute symposium on forest fertilization research.

. February 15, 1979. Folia For. 400:20—28.

MOLLER, G. 1972. Tillvixtokning genom godsling.
Analys av ildre godslingsforsok. (Summary.) Fore-
ningen Skogstridsforidling, Institutet for skogsfor-
bittring. Arsbok 1971:50—86.

— 1982. Godslingstidpunktens betydelse for godslings-
effekten. Summary: The influence of the time of
fertilizer application on growth response. Fore-
ningen Skogstridsforadling, Institutet for skogsfor-
bittring. Arsbok 1981:46—84.

— & PETTERSSON, F. 1980. Samspelseffekter
mellan godsling och gallring. Summary: Interaction
between fertilization and thinning response. Fore-
ningen Skogstridsforidling, Institutet F&Sr skogsfor-
bittring. Arsbok 1979:131—144.

— & RYTTERSTEDT, P. 1975. Godslingseffektens
varaktighet och forlopp hos tall och gran. Summary:
Duration and course of response to nitrogen fer-
tilizer in pine and spruce stands. Foreningen
Skogstridsforadling, Institutet for skogsforbattring.
Arsbok 1974:75—97.

NOROKORPI, Y. 1977. Epitasainen lannoitus ja
minnikoiden pakkasvauriot. Metsd ja Puu 4:15—17.

NYYSSONEN, A. & MIELIKAINEN, K. 1978. Met-
sikon kasvun arviointi. Summary: Estimation of

_stand increment. Acta For. Fenn. 163:1—40.

NASLUND, M. 1937. Skogsforsoksanstaltens gall-
ringsforsok 1 tallskog. Zusammenfassung: Die
Durchforstungsversuche der Forstlichen Versuchs-
anstalt Schwedens in Kiefernwald. Medd. Stat.

_ Skogsforsoksanst. 29(1):1—169.

NOMMIK, H. 1976. Further observations on ammonia
loss from urea applied to forest soil with special
reference to the effect of pellet size. Plant and Soil
45:279—282.

— & MOLLER, G. 1981. Nitrogen recovery in soil
and needle biomass after fertilization of a Scots pine
stand, and growth responses obtained. Stud. For.
Suec. 159:1—37.

OVERREIN, L.N. 1970. Nitrogengjedsling i skog.
Saertrykk av Norsk Skogbruk nr 10, 11/12, 13/14,
15/16, 17, 22 — 1969 og 2 — 1970.

PETTERSSON, F. 1980. Godslingseffektens fordel-
ning over tiden. Summary: Duration and time

45



course of fertilization growth response. Institutet
for skogsforbittring. Information, Godsling 1979/
80(3). 6 p.

PURO, T. 1977. Operaatio metsinlannoitus II. Tulok-
sia uusintalannoituksesta. Summary: Resulsts of the
second fertilization with nitrogen. Folia For.

304:1—15.

PAIVINEN, L. & SALONEN, K. 1978. Eri typpi-
miirien seki fosforin ja kalin vaikutus kangasmet-
sien kasvuun Eteli-Suomessa. Summary: The effect
of different amounts of nitrogen and that of phos-
phorus and potassium on pine and spruce stands.
Kemira Oy. Metsitutkimuksia 1978(1). 4 p.

— 1981. Urea- ja ammoniumnitraattitypen levitysajan
vaikutuksesta puiden kasvuun kangasmailla. (Sum-
mary.) Kemira Oy. Metsitutkimuksia 1981(1). 4 p.

ROSVALL, O. 1978. Oka irsringen-serien. Resultat
frin sodra Sverige. Summary: Operation forest
fertilization. Institutet for skogsforbittring. Infor-
mation, Godsling 1978/79(2) 5 p.

— 1979. Prognosinstrument for godslingseffekter.
Summary: Predictive equations for the estimation
of fertilizer responses in Sweden. Institutet for
skogsforbittring. Information, Gédsling 1979/80(1)
9 p.

— 1980. Prognosfunktioner for berikning av godlings-
effekter. Summary: Functions for the prediction of
fertilizer responses in Sweden. Foreningen Skogs-
tridsforadling, Institutet for skogsforbittring.
Arsbok 1979:70—130.

SALONEN, K. 1973. Eri vuodenaikoina annetun
typpilannoituksen vaikutuksesta kangasmetsissi.
Summary: On the response of mineral-soil forests
to nitrogen application during different seasons
of the year. Suo 24(6):99—105.

SARAMAKI, J. 1980. Typpilannoituksen vaikutus
minnyn runkomuotoon. Summary: The effect of
nitrogen fertilization on the stem form of Scots
pine. Commun. Inst. For. Fenn. 99(4):1—46.

SWITZER, G.L., NELSON, L.E. & SMITH, W.H.
1968. The mineral cycle in forest stands. In: Forest
fertilization — theory and practice. Papers pre-
sented at the Symposium on Forest Fertilization.
Gainesville, Florida. April 1967. pp. 1—9. Tennes-
see Valley Authority. National Fertilizer Develop-
ment Center, Muscle Shoals, Alabama.

46

TAMM, C.O. 1974. Experiments to analyse the behav-
iour of young spruce forest at different nutrient
levels. In: Structure, functioning and management
of ecosystems. Proceedings of the First Interna-
tional Congress of Ecology. The Hague, The
Netherlands. September 8—14, 1974. pp. 266—272.

— 1979. Nutrient cycling and productivity of forest
ecosystems. In: LEAF, A.L. (ed.) Proceedings.
Impact of intensive harvesting on forest nutrient
cycling. State Univ. of New York, College of
Enviromental Science and Forestry. Syracuse, N.Y.
pp. 2—21.

TIIHONEN, P. 1979. Kasvun vaihtelu valtakunnan
metsien 6. inventoinnin aineiston perusteella. Sum-
mary: Variation in tree growth in Finland based on
the results of the 6th National Forest Inventory.

__Folia For. 407:1—12.

TOLLE, H. 1969. Feinwurzelausbildung in mittelalten
Kiefernbestinden in Abhingigkeit von Standort
und Diingung. In: Forest fertilization. Proceedings.
3rd International Conference on Forest Yield.
Prague. June 1969. pp. 291—301.

VEIJALAINEN, H. 1977. Use of needle analysis for
diagnosing micronutrient deficiencies of Scots pine
on drained peatlands. Seloste: Neulasanalyysi min-
nyn mikroravinnetilanteen mairityksessa turve-
mailla. Commun. Inst. For. Fenn. 92(4):1—32.

WESTMAN, C.J. 1975. Metsinlannoituksen perusteet.
Helsingin yliopisto, Metsinhoitotieteen laitos.
Moniste. 50 p.

VIRO. P.J. 1966. Kangasmaan taimiston lannoitus.
Summary: Manuring of young plantations. Com-
mun. Inst. For. Fenn. 61(4):1—30.

— 1967. Forest manuring on mineral soils. Medd.
Norske Skogforseksv. 23:111—136.

— 1968. Metsan lannoitus. Metsitaloudellinen Aika-
kausleht1 4:116—121,137.

— 1972. Die Walddiingung auf finnischen Mineral-
boden. Folia For. 138:1—19.

VUOKILA, Y. & VALIAHO, H. 1980. Viljeltyjen
havumetsikoiden kasvatusmallit. Summary: Growth
and yield models for conifer cultures in Finland.
Commun. Inst. For. Fenn. 99(2):1—271.

Total of 80 references



SELOSTE

Toistuvalla lannoituksella saatava kasvunlisiys kivenndismaiden
miannikoissa ja kuusikoissa

Tutkimuksen tarkoitus

Kertalannoitusreaktioon vaikuttavista tekijoisti on
tehty pohjoismaissa lukuisia selvityksia (esim. Viro
1967, Brantseg 1967, Brantseg ym. 1970, Moller 1972,
Braastad ym. 1974, Gustavsen ja Lipas 1975, Rosvall
1980). Lannoitustutkimusten nuoruuden takia toistu-
vasta lannoituksesta on vasta vahin tutkimuksiin perus-
tuvaa tietoa (esim. Puro 1977, Pidivinen ja Salonen
1978, Eriksson ja Jansson 1981, Haveraaen 1981,
Burgtorf 1981). Kuitenkin metsinlannoitus on Suo-
messa ollut kdytinnon toimintaa niin kauan, ettd metsia
on lannoitettu jo toiseen kertaan, osin useamminkin.
Uusintalannoitukset on tehty tuntematta toistuvalla
lannoituksella saavutettavaa kasvunlisiysta. Lannoitus-
kohteiden valintaa varten tulisi sitd paitsi lannoittamat-
tomat ja aiemmin lannoitetut metsikot pystya asetta-
maan suosituimmuusjirjestykseen.

Tamian tutkimuksen tarkoituksena on selvitelld
tekijoitd, jotka vaikuttavat toistuvalla lannoituksella
saavutettavaan kasvunlisiykseen. Keskeiseni menetel-
milliseni tavoitteena on kehittaa malli, jolla voidaan
analysoida vaihtelevilla lannoitusohjelmilla kisiteltya
koeaineistoa ja jonka avulla tuloksia voidaan soveltaa
joustavasti kdytannon metsitaloudessa.

Aineisto

Aineisto koostuu Metsiantutkimuslaitoksen maantut-
kimusosaston vuosina 1955—65 perustamista, paiasias-
sa faktoriaalisista lannoituskokeista (kuva 1). Aineis-
toon hyviksyttiin minty- ja kuusikokeita, jotka olivat
perustamisvaiheessa iiltiin vihintiin 20 vuotiaita ja
valtapituudeltaan vihintdin 4 m. Kaikkiaan aineistossa
oli 63 koetta (kuva 2). Aineisto jaettiin Eteli- ja Pohjois-
Suomen osa-aineistoihin kiyttien rajana limposum-
maa 1000 dd. Kokeiden perustamisajankohdan keski-
jakaantuminen iki- ja tilavuusluokkiin taulukossa 2.

Tutkitun jakson keskimiiriinen pituus oli 13 vuotta,
vaihdellen valilli 9—19 vuotta. Tutkimusjakson aikana
oli harvennettu 11 minnikk6- ja 5 kuusikkokokeen
puustoa. Harvennukset olivat olleet lievii (taulukko 3).

Kokeet oli lannoitettu perustamisen yhteydessi kai-
killa koejisenini olleilla ravinteilla. Jatkossa oli uusittu
ainoastaan typpilannoituksia ja joillakin kokeilla myos
fosforilannoituksia (liite 1). Ensilannoituksissa oli kiy-
tetty typpilannoitteena ammoniumsulfaattia. Toistet-
taessa lannoituksia oli kiytetty useimmissa tapauksissa
ureaa ja tutkimusjakson lopussa oulunsalpietaria (tau-
lukko 4). Aiemmin saatujen tulosten perusteella (esim.
Milkonen 1979) lannoitukset jaoteltiin aineistoa analy-
soitaessa urealannoituksiin  ja  As/Os-lannoituksiin
(ammoniumsulfaatti/oulunsalpietari).

jakson alussa pienid ja kasvaneet jakson loppua kohti.
Tutkimusjakson aikana oli typpilannoitetuille koealoille
levitetty kaikkiaan typpei keskimairin noin 300 kg/ha
lukko 4). Lannoitusten toistamisvili oli vaihdellut
yhdesti kymmeneen vuoteen keskiarvon ollessa noin
viisi vuotta.

Puiden ldpimitat oli mitattu senttimetrin tasaavalla
luokituksella. Koepuut oli valittu Kuuselan (1966) esit-
timin pohjapinta-alakeskipuu -menetelmin perusteella.
Koepuiden tavoitelukumairini oli ollut 20 puuta/
koeala. Koepuut olivat vaihtuneet jonkin verran mit-
tauskerrasta toiseen. Koepuista oli mitattu pituus
desimetrin ja kapeneminen senttimetrin tarkkuudella.
Niistd oli my6s mitattu kiikarilla kahden 5-vuotisjak-
son pituuskasvu, kairattu 15 lustoa sisiltivi lastu ja

mm:n tarkkuudella.

Metsikkotunnusten ja kasvunlisiysten
laskenta

Epiaselvyyksien ja kisittelyvirheiden vuoksi hylittiin
kokeiden tiettyja mittauksia tai koko koe. Perakkiisten
mittausten pituushavaintoja verrattaessa ilmeni, etti
kiikarilla mitaten pituuskasvuja oli yliarvioitu. Kun
virhe vaikutti oleellisesti tilavuuskasvun laskennassa
korjattiin pituuskasvuja. Pituuskasvut oli mitattu viisi-
vuotisjaksoittain ja jakson kasvu jaettiin sen vuosille
kiyttien hyviksi vuosittaisia sidekasvuja.

Metsikkotunnukset laskettiin Metsantutkimuslaitok-
sen koealojen peruslaskentaohjelmalla KPL (Heinonen
1981). Peruslaskennan jilkeen tarkasteltiin perakkai-
sista mittauksista samaan ajankohtaan laskettujen puus-
totunnusestimaattien eroja. Erohavainnot luokiteltiin
puuston keskildpimitan perusteella ja hylittiin koealat,
joilla sekd pohjapinta-alan, keskipituuden etta tilavuu-
den osalta eron itseisarvo oli suurempi kuin eron keski-
hajonta ko. lipimittaluokassa. Hylkdimisen syyksi riitti
myos poikkeama vain yhden tunnuksen kohdalla, jos
poikkeama oli suuri. Perikkiisten mittausten tuloksista
koostettiin vuosittaiset puusto- ja kasvutiedot sisiltivi
aikasarja.

Testausten perusteella jaoteltiin koealat lannoituksen
suhteen seuraavasti:

Minty:
Vertailukoealat 0, Ca, CaP, CaK, CaPK, P, PK, K

N-koealat N, CaN, CaNP, CaNK, CaNPK, NP,
NPK, NK

Kuusi:

Vertailukoealat O, P, PK, K

N-koealat N, NK

NP-koealat NP, NPK
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Tissi tutkimuksessa koealojen vilisten kasvupaikka-
ja puustoerojen vaikutusta kasvunlisiyksen laskennassa
pyrittiin vihentimain siten, ettd tilavuuskasvumallin
(taulukko 5), Vuokilan ja Viliahon (1980) esittimin
valtapituuden kasvumallin sekd kokeen vertailukoealo-
jen avulla ennustettiin, kuinka kukin lannoitettu koeala
olisi kehittynyt ilman lannoituksia ensimmaisen lannoi-
tuksen ajankohdasta lihtien. Kasvureaktio laskettiin
sitten vuosittain koealan mitatun ja ennustetun kasvun
erotuksena (kuva 3 ja 4). Tilavuuskasvumallien havain-
toina kiytettiin vuotuisia kasvuja koko maan aineiston
vertailukoealoilta seki lisaaineistona kiytettyjen viiden
mintykokeen ja kuuden kuusikokeen vertailukoealoilta

(ks. taulukko 2).

Kasvunlisiysmalli
Mallin perustelut

Aineistoa el olisi voitu jakaa selviin ryhmiin lannoi-
tusohjelman mukaan hylkdimatti monia kokeita vaihte-
levan lannoitusohjelman takia. Osaksi timin vuoksi
aineiston analysoinin apuvilineeksi laadittiin vuosittais-
ta tilavuuskasvun lisiystid ennustava malli. Siten voitiin
hyodyntai episdinnollisestikin lannoitettujen kokeiden
havaintoja mallin parametreja estimoitaessa.

Oletettiin, ettd eri lannoitusten aitheuttamat kasvu-
reaktiot tiettyni kasvukautena voidaan ennustaa erik-
seen ja selittii sitten toistuvasti lannoitetun ja lannoit-
tamattoman metsikon kasvuero kasvureaktioiden sum-
mana. Lisiksi oletettiin, etti ns. “vihenevin kasvun-
lisiyksen lakia” (s. Mengel ja Kirkby 1978) voidaan
soveltaa otettaessa huomioon edeltivien lannoitusten
vaikutus uusintalannoituksen atheuttamaan kasvureak-
tioon. Siten hyoty uusintalannoituksesta on sitd pie-
nempi, mitdi vihemmin edellisisti lannoituksista on
Toisaalta, kun edellinen lannoitus on lakannut vai-
kuttamasta, reaktio uusintalannoitukseen on saman-
lainen  kuin ensilannoitusreaktio  vastaavanlaisessa
metsikossa.

Malli laadittiin erikseen minnikélle ja kuusikolle ja
aineistona olivat Eteli-Suomen kokeet. Vuotuisia kas-
vunlisdyshavaintoja oli mintyaineistossa 2009 ja kuusi-
aineistossa 593. Parametrit estimoitiin BMDP-ohjelmis-
ton epilineaarisella regressioanalyysilli PAR (tau-
lukko 6).

Kertalannoituksen aiheuttaman kasvureaktion malli
jakautuu kahteen osaan. Ensimmiisessi niista (FA)
muuttujina ovat typpilannoitusta koskevat tiedot ja
toisessa (FB) metsikkoid kuvaavat tunnukset seki lisaksi
kuusen mallissa tieto fosforilannoituksesta. Lannoitus-
reaktion ennuste, Al , lasketaan mallinosien tulona:

Al, =FA - FB

Mallinosan FA parametrit estimoitiin ensin eiki nii-
den arvoja — lukuunottamatta skaalausparametria a,
— enid muutettu lisittiessi mallinosan FB muuttujia
malliin.

Mallin lannoitus- ja puustotekijit

Mallinosa FA ilmaisee kasvureaktion jakautumisen
lannoituksen jilkeisille vuosille. Jakautumiseen vaikut-
tavista tekijoisti on mallissa mukana typpilannoitelaji
ja annettu typpimaara. Lisiksi puulajien ominaisuudet

48

vaikuttavat kasvureaktion ajoittumiseen (Albrektsson
ym. 1977) ja malli laadittiinkin erikseen minnikaille
ja kuusikotlle. Kuvassa 7 on esimerkkeji mallin kiyt-
taytymisesta ennustettaessa eri typpimadrilld saatavia
reaktioita.

Metsikkotekijoiden vaikutusta kuvaava mallinosa
FB koostettiin puustoa kuvaavasta osasta (f1) ja kasvu-
paikkaa kuvaavasta osasta (f2):

FB =f1-f2

Puustoa kuvaaviksi muuttujiksi valittiin kokeilujen
jilkeen runkoluku ja valtapituus. Perusoletus oli, etti
puuston reaktiokyky paranee runkoluvun lisiintyessi,
kunnes ylitiheys alkaa heikentii siti (ks. Brix ja Ebell
1969, Rosvall 1978). Valtapituuden oletettiin vaikutta-
van sithen kuinka voimakkaasti runkoluvun lisiintymi-
nen parantaa kasvureaktiota (kuva 8).

Kasvupaikan viljavuutta kuvattiin pituusboniteetin
avulla. Viljavimmilla kasvupaikoilla ravinteita on riit-
tavisti. Toisaalta karuilla kangasmailla veden puute
rajoittaa voimakkaimmin kasvua. Niiden iirirajojen
vililli ovat lannoituksen kannalta soveliaat kasvupaikat
(kuva 9).

Lannoituksen toistumisen vaikutus mallissa

Edeltavit lannoitukset vaikuttavat uusintalannoituk-
sen atheuttamaan reaktioon. Kukin aikaisempi lannoitus
otettiin huomioon funktion avulla, jonka arvoon vaikut-
tion ajateltiin ilmaisevan sen, paljonko lannoituksesta
on jiljelli puille kiyttokelpoista typpei maahan ja puus-
toon sitoutuneena. Edeltavit lannoitukset vaikuttavat
uusintalannoituksen aiheuttamaan kasvureaktioon muu-
tenkin kuin jiljelli olevan typen vilitykselld, ja siksi
funktion avulla laskettua typpijiimii onkin pidettivi
vain laskentatekniseni apuvilineeni.

Menetelmin yksityiskohdat ilmenevit kuvasta 10 ja
sitd_havainnollistaa periaatepiirros 11. Kuvassa 12 on
esimerkkeja mallin  kiyttdytymisesti ennustettaessa
toistuvan lannoituksen atheuttamaa kasvunlisiysti.

Mallin luotettavuus

Kasvunlisiysmallin luotettavuustunnukset olivat seu-
raavat:

Minty Kuusi
Selitysaste (%) 40 23
Arvion keskivirhe (%) 69 96

Arvion keskivirhe on laskettu samoin kuin taulu-
kossa 5. Mallin olennainen tarkentaminen vaatii tietoja
mm. metsimaasta seka etenkin urealannoituksen osalta
lannoitusajan sidsti. Osasyyni suureen arvion keski-
virheeseen on myds kasvunlisiyshavaintojen epatark-
kuus. Kasvureaktio muodostaa vain pienehkon osan
lisdys oli minnikdissi 23 % ja kuusikoissa 16 % lannoi-
tettujen koealojen keskikasvusta.

Havainnot jaoteltiin edeltivin lannoituksen lannoite-
lajin mukaan ja todettiin, etti arvion keskivirhe oli seki
minnikoissi ettd kuusikoissa suurempi urealannoituk-
sen jilkeisini havaintovuosina kuin As/Os-lannoituksen



jilkeen. Kun mallinosa FB korvattiin vakiolla, pieneni
selitysaste mintyaineistossa 10 ja kuusiaineistossa 12
prosenttiyksikkod. Puusto-, kasvupaikka- ja fosfori-
lannoitustiedot olivat siten tirkeiti muuttujia mallissa.

Kuvassa 13 on esitetty kasvunlisiysmallin jaannos-
hajonta havainnon ajankohtaan mennessd annetun
typpimiirin suhteen ja kuvissa 16 ja 17 on ennusteita
verrattu havaintoihin eri tavoin lannoitetuissa koeryh-
missi. Erditd aineiston Eteli-Suomen kokeista on
mitattu 3—6 vuotta viimeisen tissi tutkimuksessa kiy-
tetyn kasvukauden jilkeen. Keskiarvoisesti malli ennusti

timin jakson kasvunlisiykset hyvin (taulukko 7).

Toistuvalla lannoituksella saatava
kasvunlisdys

Lannoitustekijain vaikutus

Jos lannoitus tehddin keviilli tai alkukesilli kuten
timin tutkimuksen koealoilla, tarvitaan typped ureaa
kiytettdessi minnikoissi noin kolmannes enemmin
kuin As/Os:ia kiytettiessa saman reaktion saavuttami-
seen. Kuusikoissa urealla lannoitettaessa typpei tarvi-
taan lihes kaksi kertaa niin paljon kuin As/Os:lla lan-
noitettaessa samaan kasvunlisiykseen pidsemiseksi
(kuva 15). Kun kevit on urealle epaedullisin levitysaika,
ei urealannoituksesta saatuja tuloksia ole syytd yleistdd.

Kuvissa 16 ja 17 esitetidn erilaisia Eteli-Suomen
aineiston puitteissa olevia lannoitusviliyhdistelmia.

misvilin vaikutusta lannoituksen tehokkuuteen ts. yhta
typpikiloa kohti saatavaan kasvunlisiykseen todetaan
lannoitusohjelman intensiivisyyden vaikuttavan lannoi-
tuksen tehokkuuteen selvemmin kuusikossa kuin min-
nikossi. Minnikoissi tehokkuus ei parane merkittavisti
lannoitusvilin kasvaessa yli viiden vuoden, mutta kuusi-
koissa se lisddntyy vield selvisti lannoitusvilin pide-
tessi viidesti kymmeneen vuoteen (taulukko 9). Tois-
tamisvilin lyhetessi lannoituksen tehokkuus heikkenee.
Esimerkiksi 150 typpikilon As/Os-kerta-annoksella on
kolmen vuoden toistamisvilein saatava teho minnikais-
si noin 4/5 yhdeksin vuoden lannoitusvililld saatavasta,
kuusikossa vastaava arvo on 3/5. Pidettdessa lannoitus-
vili vakiona paranee lannoituksen tehokkuus kerta-
annoksen pienetessi.

Lannoitettaessa el ole useinkaan tavoitteena maksi-
maalinen kasvunlisdys typpikiloa kohti, vaan tietty
miirillinen kasvunlisdys. Taulukko 10 osoittaa kasvun-
lisiyksen pienenevian kerta-annoksen pienetessi ja
toisaalta lannoitusvilin pidetessd. Kasvunlisiys pienenee
minnik6issd nopeammin kuin kuusikoissa toistamisvilin
pidetessi. Suurilla kerta-annoksilla ja tiheilld lannoitus-
vileilli voidaan lisiti edelleen jonkin verran kasvua,
mutta samalla lannoituksen tehokkuus heikkenee ratkai-
sevasti ja lannoituksen ympiristolle ja puustolle aiheut-
tamien haittojen riski kasvaa.

Fosforin vaikutus oli minnikaissa hyvin pieni. Kuusi-
koissa fosfori oli yhdessi typen kanssa annettuna lisin-
nyt kasvua selvisti (kuva 19, taulukko 8). Fosforin vai-
kutuksen suhteellinen osuus kasvunlisayksesta lisidntyi
kasvupaikan viljavuuden parantuessa. Kun kuitenkin
typen vaikutus heikkeni samanaikaisesti, NP-lannoituk-
sen vaikutus oli viljavilla kasvupaikoilla pienempi kuin
karuilla (kuva 20).

Ulkoisten tekijoiden vaikutus

Pohjois-Suomen osa-aineistolle ei tehty sen pienuu-
den vuoksi omaa mallia, vaan Eteli- ja Pohjois-Suomen
eroja tarkasteltiin laskemalla Etela-Suomen aineistoon
perustuvalla mallilla Pohjois-Suomen kokeille kasvun-
lisiysennusteet ja tarkastelemalla niiden ja mitattujen
arvojen eroja (kuva 21). Pohjois-Suomessa minnikoiden
mallilla lasketusta. Suhteellinen ero ndytti pysyvin
koko tutkimusjakson likimain vakiona.

Kasvupaikkaa kuvaavan pituusboniteetin vaikutus oli
hieman erilainen minnikoissi ja kuusikoissa (kuva 9 ja
20). Mallin mukaan minnikoissi saadaan paras tulos
boniteetilla H,y, = 24. Kuusikoissa maksimi oli boni-
teettiarvolla H oy = 15

Tiheyden lisaintyminen suurentaa kasvunlisiystd
(kuva 15). Kuusikoissa parhaan kasvunlisiyksen antava
metsikon tiheys on todennikdisesti suurempi kuin
minnikdissi. Talousmetsin normaalitiheyksillz kasvun-
lisiys oli suurimmillaan nuorissa metsikoissi ja heikke-
lihestyvien metsikoiden kasvunlisiys on noin 4/5 ensi-
harvennusvaiheen metsikdiden kasvunlisayksesti.

Toistuva lannoitus kdytinnossi
Tutkimuksen sovellutusalueet

Tutkimuksen tuloksia voidaan soveltaa Eteld-Suo-
messa sijaitseviin 30—100-vuotiaisiin metsikdihin. Poh-
jois-Suomen aineisto on niin pieni, ettei sen perusteella
kuin puustotekijoidenkiin suhteen. Samoilla lannoitus-
ja puustotekijoilli pohjoisessa saadaan kuitenkin sel-
visti heikompi tulos kuin Eteli-Suomessa (vrt. Kelti-
kangas ja Seppila 1973).

Koska aineisto kattaa vain noin 15 vuoden pituisen
lannoitusjakson, paitelmii ja suosituksiakin voidaan
tehdi vain vastaavalle ajanjaksolle. Kiytetyt kerta-
annokset olivat nykysuosituksia pienempid, joten
aineisto mahdollistaa pienehkdjen kerta-annosten vaiku-
tusten tarkastelun. Ureaa koskevat paitelmit perustu-
vat keviilli ja alkukesilld tehtyihin lannoituksiin eikd
ole varmuutta siitd kuinka hyvin ne pitevit muina
aikoina tehtyihin levityksiin. Lipas ja Levula (1980)
ovat todenneet urean syyslevityksilld saatavan parempia
tuloksia kuin kevitlevityksilla. Vastaavaan tulokseen
ovat piityneet myos Milkonen (1979) seki Piivinen ja
Salonen (1981). Moller (1982) esittidi kuitenkin sup-
peaan aineistoon perustuen urealla saatavan tuloksen
olevan levitysajasta riippumaton. Piivisen ja Salosen
(1981) tutkimuksessa urean syyslevityksen vaikutus jdi
hieman jilkeen oulunsalpietarin kevitlevityksen vaiku-
tuksesta.

Luotettavimpia ovat mintyi koskevat tulokset. Kuu-
siaineisto on vajavainen, mistd syystd sen perusteella
saatuja tuloksia on pidettivi suuntaa antavina.

Vertailu muihin tutkimuksiin
Kasvunlisiysmallia testattiin vertaamalla mallilla saa-

tuja ennusteita eriiden muiden tutkimusten tuloksiin.
Gustavsen ja Lipas (1975) ovat tutkineet kertalannoi-
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tuksia ja mallilla ennustettiin kasvunlisiykset heidin
aineistonsa sille osalle, joka oli mallin sovellutusalueelta
(taulukko 11). Suurilla typpimiirilli lannoitetuissa
kuusikoissa ennusteet olivat suurempia kuin Gustav-
senin ja Lipaksen esittimit kasvunlisiykset. Mannikois-
s vastaavaa piirretti ei ollut.

Mallilla ennustettua kertalannoituksen aiheuttamaa
kasvureaktiota verrattiin Rosvallin  (1980) mallilla
ennustettuun kasvureaktioon. Malleissa kiytetdian osin
eri muuttujia ja vertailu on siksi hankalaa. Voitiin kui-
tenkin todeta, etti Rosvallin mallilla saadut ennusteet
olivat varttuneissa puustoissa sekd As/Os:lla etti urealla
suurempia kuin timin tutkimuksen mallilla saadut.
Boniteetin osalta malleja verrattiin kiyttien ensihar-
vennusvaiheen metsikkotietoja. Siten 1ki, kasvu jne
eivit ole samat eri boniteeteilla. Mannikossi ennustei-
den tasoero oli boniteetista riippumaton. Kuusikossa
boniteetin parantuessa ero kasvoi jyrkisti, koska Ros-
vallin mallilla ennustettu kasvunlisdys suureni ja timin
tutkimuksen mukaisesti se pieneni.

Eriksson ja Jansson (1981) ovat esittineet toistuvalla
lannoituksella saatavaa kasvunlisiystd ennustavan mal-
lin. Kisilli olevan tutkimuksen mukaan lannoitusvili
voimakkaammin kuin Erikssonin ja Janssonin mallin
mukaan (kuva 23). Eriksson ja Jansson ovat kiyttaneet
havaintoinaan koetuloksia kahden ensimmiisen lannoi-
tusvilin keskimiiriisesta kasvunlisiyksestd ja olettavat,
ettd kasvunlisiys on jatkossakin samaa tasoa. Oletus
johtaa lyhyilli toistamisvileilli kasvunlisiyksen ali-
arviointiin, koska kasvunlisiyksen taso on tillgin vield
kahden lannoitusvilin jilkeen nouseva (ks. kuva 12).
Kuvaan 23 on vertailun vuoksi laskettu kisilli olevan
tutkimuksen mallilla my6s kahden ensimmiisen lannoi-
tusvilin  keskimiiriinen kasvureaktio. Mainnikossa
mallien antamat kasvunlisiykset olivat samaa tasoa
As/Os-lannoituksella. Kuusikossa pelkkii typpea kay-
tettiessi Erikssonin ja Janssonin mallilla ennustetut
kasvunlisiykset olivat selvisti suurempia kuin timin
tutkimuksen mallilla saadut.

Mallia testattiin myds ennustamalla Piivisen ja
Salosen (1978) seki Burgtorfin (1981) koemetsikaille
kasvunlisiykset ja vertaamalla niiti heidin esittimiinsd
tuloksiin. Piivisen ja Salosen kokeilla oli tehty kaksi
lannoitusta kuuden vuoden vilein ja typpei oli kerralla
kiytetty 100, 200 tai 400 kg/ha. Mintykokeilla pienim-
milli kerta-annoksella ennuste oli 62 % Piivisen ja
Salosen esittimistd 10-vuotisjakson kasvunlisayksesti ja
kahdella suurimmalla kerta-annoksella vastaavasti 92 %
ja 106 %. Kuusikokeilla ennusteet olivat kaikilla typpi-
annoksilla pienempii kuin koemetsikoiden kasvun-
lisiykset ja erot olivat selvimmit pienilld typpiannok-
silla.

Burgtorfin aineistona oli nelja vanhaa minnikko3
Keski- ja Pohjois-Ruotsista, joten ne olivat ilmastolli-
sesti osittain mallin aineiston ulkopuolelta. Lannoitus-
ohjelma oli ollut tiivis: aluksi viisi kertaa 60 kg N/ha
kahden vuoden vilein ja myshemmin nelja kertaa 120
kg N/ha kolmen vuoden vilein. Neljille perikkiiselle
vusivuotiskaudelle lasketut ennusteet olivat 102, 82,
95 ja 103 % Burgtorfin esittimien koetulosten keski-
arvoista.

Lannoituskohteen valinta
Etsittdessd lannoituskohteeksi sopivaa kasvupaikkaa

voidaan lihtei siitd, etti kuusikoissa suurin kasvun-
lisiys saadaan pienemmin pituusboniteetin kasvupai-
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koilla kuin minnikdissi. Minnikoissi saatiin paras tulos
boniteetilla H,,; = 24. Muutettaessa pituusboniteetti-
arvot Vuokilan ja Viliahon (1980) esittimilli tavalla
metsityypeiksi paras kasvunlisiys nidyttid olevan odo-
tettavissa puolukkatyypin kasvupaikoilla. Varttuneissa
kasvatusmetsissi- erot puolukka- ja mustikkatyypin
kuusikoiden vililld eivit ole suuria.

Useissa tutkimuksissa (esim. Moller 1972, Gustavsen
ja Lipas 1975, Rosvall 1980) on kiytetty lannoitushet-
ken kasvua reaktiota ennustettaessa. Ensilannoitushet-
ken kasvu ei kuitenkaan ole kovin kayttokelpoinen tois-
tuvan lannoituksen aiheuttaman kasvunlisayksen selitti-
jani (ks. Lipas 1979). Toisaalta kasvun arvioiminen
kairausta kiyttiden on niin tyolastd, ettd kasvu arvioi-
daan kiytinnossi yleensi puustotunnusten avulla, joita
tissi tutkimuksessa on kiytetty selittimissa kasvun-
lisiyksen suuruutta (ks. esim. Nyyssonen ja Mielikdinen
1978).

Puunkasvatuksen erdinid tavoitteena on tuottaa
jireitd puutavaraa ja sithen pyritiin siitelemilld kas-
vatustiheytta. Siten paitehakkuuta lihestyvit metsit
ovat suurinta kasvunlisiysti ajatellen liian harvoja. Suu-
rimpaan mahdolliseen kasvunlisiykseen pyrittiessi tuli-
sikin lannoitettavia metsid kasvattaa hieman nykyohjei-
ta tihedmpini. Parhaan kasvunlisiyksen antava metsi-
kon kehitysvaihe on ensiharvennuksen jilkeinen aika.
Puuston ikiintyessid kasvunlisdys heikkenee (ks. Gus-
tavsen ja Lipas 1975, Rosvall 1980).

Toisin kuin mallissa oletetaan on epiiltivissi, ettd
kuusikoissa suurin kasvunlisdys saavutetaan pienemmil-
ld lannoitemiirilli kuin minnikoissi (Malm ja Moller
1975). Tissi lienee osasta kyse kuusen kasvupaikoista,
jotka ovat keskimairin viljavampia kuin minnyn. Kuu-
sikoissa urealannoituksen tulos verrattuna As/Os-
lannoitukseen oli suhteellisesti hetkompi kuin minni-
koissi (ks. myos Rosvall 1978). Kuusikoissa fosfori-
lannoitus paransi selvasti typpilannoituksen vaikurtusta,
joten niissi on suositeltavaa kiyttid NP-lannoitusta
(ks. myds Brantseg ym. 1970, Lipas 1981b). Minnikoissa
fosforin lisiys el niyti olevan tarpeen ainakaan tutki-
musjakson pituisena lannoitusaikana.

Lannoitusohjelman valinta

Puuntuotosmielessi lannoituksen vaikutusta voidaan
tarkastella tilavuusyksikkdind (m*/ha/a) ja toisaalta voi-
daan tutkia lannoituksen biologista hyotysuhdetta
(dm’/kg N/a).

Kuvasta 24 lannoittaja voi etsii tavoitteensa mukaiset
vaihtoehdot. Saadut vaihtoehtoiset lannoitusohjelmat
voidaan asettaa jirjestykseen lannoituksen biologisen
tehokkuuden suhteen kuvan 25 avulla. Kuvissa puusto-
tekijat ovat kasvunlisdystd ajatellen optimissa, joten
muilla puusto- ja kasvupaikkatekijoilla kasvunlisiyksen
taso on alhaisempi ja lannoituksen tehokkuus heikompi.
Kuitenkin lannoitusohjelmien keskiniinen paremmuus-
jarjestys siilyy muuttumattomana. Kuviin on piirretty
myos alueita, joilla menniin selvisti aineiston ulko-
puolelle. Niiti ei ole tarkoitettu kiytettiviksi pai-
toksenteon pohjana, vaan ne kuvaavat periaatteellisesti
kasvureaktiota erilaisilla lannoitusohjelmilla. Kun lan-
noittajan tavoitteena on tietyn kasvunlisiystason saa-
vuttaminen, hinelli on kiytettivissiin melko laaja
joukko likimain saman tuloksen antavia vaihtoehtoja.

Kullakin kerta-annostasolla paras teho saadaan tois-
tamalla lannoitus edellisen lannoituksen vaikutuksen



ollessa lopuillaan (kuva 25). Aiemmista tutkimuksista
(Friberg 1971, 1973, Gustavsen ja Lipas 1975, Jonsson
1978) tiedetiin reaktion kasvun alkavan hidastua kerta-
annoksen noustessa yli 200 kg N/ha. Toistettaessa
lannoituksia on edellisten lannoituskertojen lannoite-
ravinnetta usein vield vaikuttamassa, joten toistuvassa
lannoituksessa on syyti tyytyid hieman pienempiin ker-
ta-annoksiin kuin lannoitettaessa vain kerran. Aiheu-
tuen urean typen haithtumisesta ja toisaalta sen voimak-
kaasta sitoutumisesta humukseen voinevat typpiannok-
set ureaa kiytettdessi olla hieman suurempia kuin
As/Os:ia kiytettaessa.

Puiden runkotilavuuden ja juuriston tilavuuden
suhde suurenee kasvupaikan parantuessa (Laitakari
1927). Vastaavasti on ilmeistd, ettid lannoitus muuttaa
tilapdisesti puun sisdisia kasvusuhteita runkopuun
kasvun hyviksi (Tolle 1969, Tamm 1979, Axelsson
1981). Lannoitusvaikutuksen loppuessa runkopuun
kasvu heikkenee tilapiisesti, kun puu vahvistaa juuris-
toaan (vrt. Lipas 1975), Kasvun sisiisen jakauman
vakaana pitimiseksi ja lannoituksen jilkeisen runko-
puun kasvun taantuman estimiseksi lannoitus olisi
syyta uusia edellisen lannoitusvaikutuksen vieli jatkues-

KUKKOLA, M. & SARAMAKI, J. 1983. Growth response in repeatedly
fertilized pine and spruce stands on mineral soils. Seloste: Toistuvalla
lannoituksella saatava kasvunlisiys kivenniismaiden minnikoissa ja kuusi-
koissa. Commun. Inst. For. Fenn. 114:1—55.

sa. Koska kuusen kasvureaktio kestid kauemmin kuin
minnyn (ks. kuva 7, Moller ja Rytterstedt 1975),
voidaan kuusikossa lannoitus toistaa harvemmin kuin
mannikossi.

Toistuvalla lannoituksella saavutettavan kasvun-
lisiyksen suuruus riippuu paljon samoista tekijoista
kuin ensilannoituksenkin kyseessi ollen. Voidaan yhtyi
Puron (1977) esittimiin nikemykseen, etti uusinta-
lannoituksen aiheuttama kasvunlisdys on sitd suurempi
mitd suurempi ensilannoituksen aiheuttama kasvun-
lisdys on ollut (ks. myos Eriksson ja Jansson 1981).

Mainitut nikokohdat rajaavat Eteli-Suomessa suo-
siteltavan lannoitusten toistamisvilin 4—8 vuoteen ja
kerta-annoksen 100—150 typpikiloon. Kun niissd ra-
joissa halutaan suurin miirillinen kasvunlisiys kayte-
tain tiheinti toistamisvilid ja suurinta kerta-annosta
(kuva 24). Jos tavoitteena on suurin kasvunlisdys typpi-
kiloa kohtt, on toistamisvili mahdollisimman pitkd ja
annos pieni (kuva 25). Annettujen rajojen ulkopuolella
on intensiivisii lannoitusohjelmia, joilla saadaan ainakin
aluksi suurempia kasvunlisiyksid kuin edelld mainituilla
ohjelmilla. Nutd on kuitenkin syytd olla kidyttimatta
lisdintyneiden haittariskien vuoksi.
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