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Abstract

Stockfors, J., Linder, S., & Aronsson, A. 1997. Lffects of stand age, long-term fertilisation
and growth on micronutrient status in Norway spruce trees. Studia Forestalia Suecica 202.
15 pp. ISSN 0039-3150. ISBN 91-576-5399-2.

Effects of fertilisation treatments (amounts and composition) on needle concentrations of
micronutrients (boron, copper, iron, manganese and zinc), were studied in a long-term
fertilisation experiment with young Norway spruce {Picea abies (L.) Karst)) in Central
Sweden. Stored current-year’s needles (1967-1989), and material from a biomass sampling
in 1989, were used to determine changes in micronutrient status with stand development,
and to estimate total amounts of micronutrients, in all aboveground organs for a wide
range of nutrient regimes and stand productivities. Different combinations of nitrogen,
phosphorus, potassium, calcium, magnesium and micronutrients were applied. Fertilisation
resulted in a wide range of growth rates: the most optimal treatments grew more than
three times as fast as the control stands. When micronutrients were included among the
elements supplied, internal concentrations of boron, manganese and zinc increased. Needle
concentrations of copper and iron were, however, not affected by fertiliser treatment or by
differences in growth rate. While copper concentrations in all aboveground organs were
similar between treatments, large amounts of iron were stored in the branches. With
increasing growth rates the increased amount of iron incorporated into needle biomass
was balanced by a decrease in concentration and amount of iron in the branches. Boron
concentrations in needles from fertilised trecs were occasionally close to deficiency levels
when trees were not supplied with boron. Boron appeared to be retranslocated from older
needles to current developing shoots, thereby reducing the ‘dilution effect’ caused by
increased biomass production.
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Introduction

The nutrient requirements for growth of higher
plants have been studied for more than a cen-
tury, and a vast literature has been published
on the subject (¢f. Marschner, 1986; Mengel &
Kirkby, 1987). A number of elements has proved
to be essential for the functioning of plants.
Based on the amounts needed in plant tissue,
these elements are often divided into macro- and
micronutrients, (macronutrients >500 ug g *
and micronutrients <50 pg g~ ! dry mass). In
Swedish forest stands growing on mineral soils,
nitrogen 1s nearly always the main limiting
factor and micronutrients are usually available
in excess of physiological requirements (cf.
Tamm, 1991; Linder, 1995). The risk of reaching
deficient (when visible symptoms appear) or
growth-limiting levels of micronutrients, in-
creases in forest plantations (e.g. Hill &
Lambert, 1981; Nambiar, 1984), especially when
they are fertilised with macronutrients (e.g. Van
Lear & Smith, 1972; Aronsson, 1983).

Even though small-scale forest fertilisation
experiments were performed at the turn of the
19th century, it was not until the 1950s that the
study of the relationship between nutrients and
ecosystem functioning was recognised as a sci-
ence in its own right (¢f. Tamm, 1991). At about
this time, a series of small-scale forest fertilis-
ation experiments was established in Sweden,
mainly focussing on macronutrients, nitrogen
and phosphorus in particular. These experi-
ments indicated a need for long-term nutritional
experiments, in which the nutrient status of the
trees was better controlled. Therefore, a series
of experiments was started to determine the pri-
mary production of forest ecosystems at opti-
mum nutrient levels, and to study disturbances
in ecosystem functions under supra-optimal nu-
trient regimes (Tamm, 1968; Tamm, Aronsson
& Burgtorf, 1974).

Since Swedish soils are young, micronutrients
are normally present in sufficient amounts and
deficiencies are rarely observed in forests (cf.
Aronsson, 1984). However, as early as the 1950s
and 1960s, growth disturbances in stands on
peatland and in fertilised stands on mineral soils
were identified as being caused by micronutrient
deficiencies (Romell, 1950; Ingestad, 1958,
Albrektsson, Aronsson & Tamm, 1977). Growth

disturbances occurred when large amounts of
nitrogen were applied, and boron in particular
became deficient. The initial reports were
followed by similar observations in Finland
(Huikari, 1977), Norway (Brackke, 1977; 1979),
and Sweden (Aronsson, 1980; 1983).

Nutrient concentrations in living tissues need
not reach deficiency levels, i.e. visible symptoms
or damage, to have a strong effect on biomass
allocation and growth in trees (¢f. Ericsson,
1991; McDonald, Ericsson & Ingestad, 1991).
Effects on growth caused by limiting addition
rates and internal concentrations of macro-
nutrients in scedlings (e.g. Rook, 1991) and field-
grown trees (e.g. Linder, 1987; Oren, Schulze,
Werk & Meyer, 1988); are relatively well de-
scribed. By contrast, our understanding of the
effects of micronutrient limitations in seedlings
(¢f. Goransson, 1993; 1994; Goransson &
McDonald, 1993) or forest stands {¢f. Ahrens,
1964; Aronsson, 1983; Linder, 1995) is very lim-
ited. Except when damage has occurred, the
micronutrient status of trees has rarely been
analysed in natural forests or long-term fertilis-
ation experiments {e.g. Bergmann, 1986).

The aim of the present study was to determine
the effects of stand age, growth rate and long-
term fertiliser application on between-year vari-
ation in needle concentrations of micronutrients,
and their amount and distribution in the above-
ground biomass of Norway spruce. The exper-
imental site Strasan, which is part of the ‘Forest
nutrient optimisation experiments’ established
in the late 1960s, was used for the study (cf.
Tamm, 1968; 1991). Stored current-year needles
and material from a biomass sampling in 1989
were used to determine changes in micronutrient
status with stand development. Results concern-
ing macronutrient distribution in the above-
ground tree components and soil in some of
these stands, were recently reported by Eriksson,
Berdén, Rosén & Nilsson (1996).

Materials and methods

The study was performed in the ‘optimum nu-
trition experiment’ Strisan, situated in central
Sweden (60°55'N, 16°01'E, 350 m asl). The
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annual mean temperature is 3.2°C, with the
highest monthly mean temperature in June
(15°C) and the lowest in January (-8°C).
Annual precipitation is about 750 mm, the high-
est precipitation being in August and September.
The soil 1s mainly a haplic podsol (FAO), and
except in extreme years, soil water is not a limit-
ing factor for growth (¢f. Hogberg, Johannisson
& Hillgren, 1993). A detailed description of the
site, experimental design and treatments can be
found in Tamm et al. (1974) and Tamm (1991).
A complete list of previous publications from
the Strisan experiment was compiled by Gay,
Tamm, Aronsson, Flower-Ellis & Linder (1994).

The experimental area was clearfelled during
the winter of 1956-57, burned the following
summer, and planted 1 1958 with seedlings of
Norway spruce (Picea abies (L.) Karst.). The
fertilisation treatment commenced in 1967 and
was continued with annual applications during
more than 20 years. Nitrogen (N) was supplied
every year and other elements at varying inter-
vals. The years, rate, and composition of ferti-
liser additions for the period 1967-1988 are
given in Tables 1 and 2.

Time series of needle micronutrients
{(1966-1989)

Initial needle samples were taken in 1966 and
thereafter current needles were sampled in late
autumn each year. The samples were initially
taken from the third whorl (from the top) and
later from the upper third of the crown. Each
sample consisted of needles taken from 10 trees
per stand. The needles were dried for 48 hours
at 85 °C, before being ground in a ball-mill and
analysed for nutrients. The residue of each
sample was stored in a sample archive. Needles
from seven sampling occasions, from the start
of the treatments in 1967 until 1989, were ana-
lysed to determine changes in micronutrient
status with stand development. The following
treatments were chosen for the analysis of mi-
cronutrients: control (C}, Ny, N,, N3, NP,,
N,P, +, N,P, + and N,P,Ca +, where N and
P are nitrogen and phosphorus, and N,, N; P,
are multiples of N; and P,. Only plots with the
high addition rate of phosphorus (P,) were used
(Table 1). Treatments denoted by (+ ) indicate
that these stands received potassium (K), mag-
nesium (Mg), and a mix of micronutrients (cf.
Tables 1, 2) at short intervals. One of the treat-
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Table 1. Amounts (kg ha™') of nitrogen (N),
phosphorus (P), potassium (K), and magnesium
(Mg), supplied during the experimental period,
1967-1989. The individual treatments were a
combination of these supply rates, i.e. in 1967 a
treatment denoted N,P, was supplied with 120 kg
N and 40 kg P ha™*, and during the whole period
the supply was 1760 kg N and 300 kg P ha™".
(After Tamm, 1991)

Treatment
Year N; N, N; P, P, K Mg Ca
1967 60 120 180 20 40 80 22 4000

1968 60 120 180
1969 60 120 180 20 40 80 22
1970 40 80 120 10 20

1971 40 80 120

1972 40 80 120

1973 40 80 120

1974 40 80 120 20 40 80 22
1975 40 80 120

1976 40 80 120

1977 30 60 9 20 40 80 22
1978 30 60 90

1979 30 60 90

1980 30 60 9 20 40 80 22
1981 30 60 90

1982 30 60 90

1983 30 60 90

1984 30 60 90 20 40 80 22
1985 30 60 90

1986 30 60 90

1987 30 60 90

1988 30 60 90 20 40 65 18
1989 30 60 90
Total 880 1760 2640

150 300 545 150 4000

ments (N,P,Ca +) also received 4000 kg ha ™+
of calcium (Ca) at the start of the experiment.

Biomass sampling {1989)

In 1989, a detailed sampling and nutrient analy-
sis was made on the aboveground biomass in a
number of the stands. Treatments chosen for
biomass sampling were control (C), N;P,, N,P,,
N;P,, N,P; +,N,P, +, N,P,Ca +, which were
partly dillerent from those used for the time
series of needle nutrients. The treatments N, P,
and NP, + were discontinued in 1986 (cf.
Tamm, 1991), but this was considered to be of
minor importance for the purpose of the present
study. Biomass samples were taken on two plots
per treatment. Trees were chosen as the tree of
mean basal area for the plot plus and minus one



Table 2. Amounts (kg ha™*) of boron (B), zinc
(Zn), copper (Cu), and manganese (Mn) sup-
plied in treatments receiving micronutrients. The
micronutrient mix also contained cobalt and
molybdenum, of which the total addition during
the experimental period 1967 to 1988 was
0.33 kg ha ' each. (After Tamm, 1991)

Element

Year B Zn Cu Mn
1967 0.2 0.2 0.3 0.8
1969 0.8 0.7 1.2 2.7
1974 0.6 0.5 0.9 19
1977 1.2 1.0 1.7 39
1980 1.2 1.0 1.7 3.9
1984 2.5 - — -

1988 1.1 1.5 04 54
Total 7.6 4.9 6.2 18.6

standard deviation. The trees were divided into
current year’s needles, older needles, branches,
stem wood and stem bark. For further details
regarding the biomass sampling, see Eriksson
et al (1996).

Micronutrients were analysed in the following
categories: (i) current needles, (ii) ‘needles’,
where current and older needles were mixed (iii)
branches, and (iv) ‘stem’, where stem wood and
stcem bark were merged. To scale up from nutri-
ent content of sample trees to nutrient content
per hectare, a modified version of the method
described by Madgwick (1982) was used,
whereby stem volume instead of basal area was
used as scaling factor.

Nutrient analysis

Nitrogen concentrations were determined by a
modified version of the method described by
Kirsten & Hesselius (1983), using an elemental
combustion analyser (Carlo Erba ANA 1500,
Carlo Erba Strumentazione, Milan, Italy). All
nutrients except nitrogen were analysed with a
plasma cmission photospcctrometer Jobin Yvon
JY 70 plus (Jobin Yvon, Longjumeau, France).
The plant material was dissolved in a mixture
of 10 ml nitric acid (HNO;) and 1 ml perchloric
acid (HCIO,). The samples were heated in
Teflon tubes on aluminium blocks to 110-130°C
for about 8 hours. The acid was evaporated until
0.25ml perchloric acid remained, diluted in
warm distilled water, then adjusted to 35 ml at

room temperature. All nutrient concentrations
are expressed in relation to tissue dry mass.

Results

Growth and dry-matter allocation

Fertilisation with N and P resulted in a dramatic
increase in aboveground production (Fig. 1, 2).
In 1983, before the first thinning, stem volume
on the (N,P,) plots was three times as high as
on control plots. A double (N,P,) or triple
(N;3P,) supply of N, combined with a double
rate of P, had not increased production more
than the supply of K, Mg, and micronutrients
(N,P; +). When the higher rate of N and P
supply was combined with K, Mg, and micro-
nutrients (N,P, +), the accumulated stem
volume was increased by a further 35%. In 1983,

1983
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Fig. 1. The amount of stem volume (total column) in
young fertilised stands of Norway spruce after 15 (1983)
and 21 (1988) years’ treatment. Different amounts of
nitrogen, alonc and in combination with other nutricnts,
were annually applied. The individual treatments were
a combination of supply rates, i.e. a stand denoted N, P,
had received twice as much N and P as the treatment
NP, (¢f- Tables 1, 2). Stands receiving K, Mg, and
micronuirients are indicated by +. The open part of
each column gives the absolute volumes removed by
thinning, in 1983 and 1988. The relative amounts re-
moved in each stand are given in per cent of the volume
before thinning. For further explanations, see text.
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Fig. 2. The amount of standing biomass (Mg dry mass
ha™') in young fertilised stands of Norway spruce after
21 years’ treatment. The amount of bark is included in
the values given for branches and stems, but in Table 3
these components are given separately. For further
explanations, see Fig. 1.

there was no extra effect on stemwood volume
of the initial supply of Ca to some of the plots
(N,P,Ca+). At the time of the sampling in
1989, however, these plots contained 10% more
stemwood, by both volume and mass, than
did plots (N,P, +) which, except for Ca, had
received the same nutrient supply (Table 3).
After more than 20 years’ treatment, the par-
titioning of aboveground biomass (Fig. 2,
Table 3) was similar in all treatments, except in
control plots and plots supplied with triple rates
of N (N,P,). Approximately 60% of the biomass
was found in stemwood, 12-15% in needles, and
11-14% in branches. Trees on control plots,
and those receiving the high N supply (N5P,),
contained a smaller fraction of stemwood
(Control p=0.0026, N;P, p=0.014) than trees
in other treatments. Stems in these stands ac-
counted for little more than 50% of the above-
ground biomass, and a significantly larger

proportion of the standing biomass was found
in needles (Control p=0.0004, N;P, p=0.084).
The ratio between stem and needle dry mass
was 2.94 for control trees, and 3.85 for trees
from N,P, plots. The stem:needle ratios in other
treatments varied between 4.34 and 5.88. The
highest ratio (5.88) was found in trees on the
N,P, + plots.

Time series of needle micronutrients
(1966-1988)

There were pronounced between-year variations
in the concentration of most of the analysed
micronutrients (¢f. Fig. 3, 4). Most of this vari-
ation, however, occurred during the first third
of the treatment period (1967-1974), and
seemed to coincide with the time required to
obtain ‘stable’ nitrogen concentrations (cf.
Fig. 3a,b). The pattern of change during this
period differed between elements and was affec-
ted by treatment.

The concentration of boron [B] in needles
from control plots was rather constant (ca. 15 pug
g~} throughout the experimental period
(Fig. 3¢), but decreased to less than 10 ug g=*
when stands were supplied with fertiliser with-
out micronutrient addition. When B was in-
cluded in the fertiliser, needle [B] was
maintained equal to or above the concentration
in control needles (Fig. 3d). Pronounced peaks
in [ B] were found when needles sampled in the
years of B addition were analysed (1974 &
1984).

The needle concentrations of copper
(Fig. 3e,f) were rather stable throughout the
treatment period (3-5 pg g~ 1), except for a peak

Table 3. Amount (Mg dry mass ha™') of needles, branches (including bark), stemwood, stembark,
and attached necromass in some stands at Strasan, after 21 years’ treatment. The amounts of macronutri-
ents and micronutrients supplied are given in Tables 1 and 2, respectively. Stands which were supplied

with micronutrients are shown in the Table by +

Trcatment
Fraction Control N,P, N,P; + N,P, N,P, + N,P,Ca + N,P,
Needles 9.7 14.1 153 16.9 16.0 20.8 20.0
Branches 7.1 13.7 14.0 14.4 15.2 19.4 17.7
Stemwood 253 60.9 67.0 66.5 84.4 934 70.3
Stembark 33 6.6 7.2 7.5 8.3 8.9 7.1
Dead 24 50 6.1 6.4 7.5 7.0 8.5
Total 478 100.3 109.6 111.7 1314 149.5 123.6
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Fig. 3. Nitrogen (a, b), boron (c, d), and copper (e, f)
concentrations in current year’s needles in Norway
spruce trees sampled in late autumn, 1966 to 1989.
Fertiliser treatments were started in 1967. Micronutrients
were always added as a mix (boron, copper, manganese
and zinc) and together with potassium and magnesium.
Stands supplied with micronutrients are indicated by +.
The treatments were: control (), N, ([0), N,P, (<),
N; (O} N3 (A), NyP,+ (4), NP, + (@), and
N,P,Ca + ( x). For further explanations, see Fig. 1.

found in all 1984 samples. there was no signifi-
cant effect of the micronutrient additions on
[Cu] in any of the treated stands.

During the first few years’ treatment, [ Fe] in
current-year’s needles increased from about
40-50 pug g~ ' (1966) to 50-60pug g ' (1969;
Fig. 4a,b). A small increase was noted even in
needles from control plots. After 1969 there was
a steady decrease in needle [Fe], and in 1989
the concentration in all treatments, except one
(NP, +), was below 20-25 pg g™, i.e. no long-
term effect was found as a consequence of the
added micronutrient fertiliser.

There was a rapid decrease in needle [ Mn]
in all treatments during the first third of the
treatment period (Fig. 4c,d). The smallest de-
crease was in needles from control plots, from
1.3mg g~ ! (1967) to about 1mg g~* (1974).
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Fig. 4. Tron (a, b), manganese (c, d), and zinc (e, f)
concentrations in current year’s needles in Norway
spruce trees sampled in late autumn, 1966 to 1989.
Fertiliser treatments were started in 1967. The treatments
were: control (M), Ny ( ), N, P, (<), N, (O); N3 (A),
NP, + (#), N,P, + (@), and N,P,Ca+ (x). For
further explanations, see Fig. 3.

The largest change was found in needles from
plots to which ca had been added (n,P,Ca +),
where needle [ Mn] decreased from 1.6 to below
0.3mg g~ during the first seven years. After
1974, needle [ Mn] remained rather stable. The
addition of micronutrients had a small effect on
[Mn], but did not increase the concentrations
above those of the control needles (Fig. 4d).

The change in needle [Zn] over time re-
sembled the pattern found in [Mn], but the
intial fall in needle concentrations was more
rapid (Fig. 4e,f). In stands which did not receive
extra micronutrients (Fig. 4¢), the fall occurred
within thrce years (1966—1969), but where mi-
cronutrients were applied, the rate of decrease
was slower (Fig. 4f). Needle [Zn] in all treated
stands fell below the control concentrations,
but remained rather stable after the initial
decrease.



Biomass sampling (1989)

Boron

The most pronounced effect of long-term fertilis-
ation on concentrations, and total amounts of
element in the aboveground biomass compo-
nents, was found for boron (Fig. 5). [ B] in stems
and branches was rather constant and indepen-
dent of treatment, but needle [B] varied con-
siderably. The concentration in current needles
was higher than that in the control in all treat-
ments, and [B] was positively affected by the
extra supply of micronutrients. When extra
boron had not been supplied, [ B] in the total
needle biomass, was, however, lower than that
in control trees, indicating a retranslocation of
boron from older to younger foliage.

BORON

Content
(kg ha?)

Ratio B/N
(mgg)

Concentration
(g g1)

Current needles

Needles(ail)

Branches

The total needle content of B (kg ha™!) was
four to five times higher in plots which had
received additions of micronutrients, than in
control plots or plots fertilised with N and P
only. The effect was seen also in the total B
content of branches and stems, but the amounts
were determined to a larger degree by biomass
accumulation than by the extra supply of boron.
Fertilisation did not decrease the B: N ratio in
current needles, but without addition of B, the
B:N ratio in the total needle biomass, and
branches, fell below the ratios found in control
trees. The B: N ratio in stems was unaffected by
fertilisation as well as by growth rate.

Copper

[Cu] in all aboveground biomass components
was very constant and did not reflect treatment
or growth rate (Fig. 6). The same [Cu] was
found in all components (5-6 pg g~ '), with the
exception of stems, in which the concentration
was considerably lower (ca. 1.5pg g !). The

COPPER
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Fig. 5. Boron concentrations (left column), total content
(mddle column), and the ratio between boron and
nitrogen (right column) in the aboveground organs of
30-year-old Norway spruce trees from control plots and
five different long-term fertiliser treatments, after 21
years’ treatment. Different amounts of nitrogen, alone
and in combination with other nutrients, were annually
applied. The individual treatments were a combination
of supply rates, ie. a stand denoted N,P, had received
twice as much N and P as the treatment N, P, (¢f. Tables
1, 2). Stands receiving K, Mg, and micronutrients are
indicated by +. For further explanations, see text.
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Fig. 6. Copper concentrations (left column), total con-
tent (middle column), and the ratio between copper and
nitrogen (right column) in the aboveground organs of
30-year-old Norway spruce trees from control plots and
five different long-term fertiliser treatments, after 21
years’ treatment. For further explanations, see Fig. 5.




somewhat higher stem [Cu] in trees from con-
trol plots (22 ug g7 %) and NP, (24ug g™ 1),
resulted from a few sample trees’ having much
higher stemwood [Cu].

The total amount of Cu (kg ha ™ !) was directly
proportional to the differences in standing bi-
omass, the main pool of Cu being found in the
stemwood. As an effect of stable tissue [Cu],
variations in the Cu:N ratios were caused by
variations in N rather than in Cu.

Iron

Needle concentrations of Fe were stable (ca.
30 pg g~ ') across treatments (Fig. 7), except for
a higher concentration found in foliage from the
N,P, + treatment, which had a mean [Fe] of
39 ng g~ L. This higher [ Fe] was the effect of a
considerably higher [ Fe] in trees on one of the
two N,P, + plots. [ Fe] in branches varied by
a factor of two, branches on control plots having
the highest concentration (110 pgg™'), and a

IRON

Content
{kg ha 1}

Ratio Fe/N
(mgg1)

Concentration
wg gy

decreasing trend in [ Fe] was observed with in-
creasing rate of fertilisation. A similar pattern
was found in stem [ Fe], but here the [ Fe] were
much lower (4-8 ng g™ Y).

Independent of treatment, most of the Fe was
found in branches (0.8-1.1 kg ha '), with a rela-
tively small variation with treatment. There was,
however, considerable variation between treat-
ments in the relative proportion of e in differ-
ent organs.

Fertilisation decreased the Fe:N ratio in foli-
age, but the most pronounced effect was in
woody biomass components, where Fe: N ratios
decreased as an effect of a decrease in [ Fe] with
increasing [N1].

Manganese

Needle [ Mn] decreased as an effect of fertilis-
ation, especially at higher rates of supply
(Fig. 8). The high N treatment (N5P,) resulted
in needle [ Mn] decreasing to less than one-third

MANGANESE
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of the concentrations found in control trees.
When micronutrients were included, a positive
effect on [ Mn] was observed, except in trees on
plots which initially had received Ca
(N,P,Ca +). The highest [Mn] was found in
needles and the lowest in stemwood. With ferti-
lisation, there was a decrease in the Mn: N ratio,
the most marked decrease occurring in the N3P,
treatment, where the ratio fell to 20 mg g, as
compared to 150 mg g~* on control plots.

Zinc

There was a pronounced decrease in [Zn] in
current needles as an effect of fertilisation
(Fig.9). The decrease was, however, fully
counterbalanced by the addition of micronutri-
ents. At higher supply rates of N (N,, N;), the
mean [Zn] of all needles was lower (10-20 pg
g~ 1) than in control needles (60 pg g 1), indicat-
ing a transport of Zn from older to younger
foliage. With increasing rates of fertilisation, the
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7Zn: N ratios decreased in all organs, but most
of all in the foliage.

Accumulated amounts of nitrogen and
micronutrients

After 21 years’ treatment, there was considerable
variation in the amounts and patterns of accumu-
lation of nitrogen and micronutrients in the abov-
eground biomass (Fig. 10). The total amount of
nitrogen in the biomass (kg ha™!) followed the
increase in supply rate, and was closely related
to the total standing biomass (cf. Fig. 1). Copper
followed the same pattern, and showed no in-
creased accumulation as an effect of the supply
of micronutrients. The total aboveground
amount of Fe was approximately the same in all
fertilised stands, and no effect was seen of differ-
ences in fertiliser regimes. The amount of Zn was
similar to that for Fe (2kgha™), but here a
positive effect of the additions of micronutrients
was evident. This was also the case for the ac-
cumulated amount of Mn which, in spite of the
fact that it was ten times higher as compared
with Fe and Zn, still showed a clear response to
the added micronutrient mix. The most positive
response to the addition of micronutrients was,
however, seen in the accumulated amount of B.
All treatments resulted in an increased boron
accumulation, but where extra B had been given,
the total amount was approximately twice as
high as in the equivalent treatment without
micronutrients.
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Discussion

Growth and allocation of biomass

Fertilisation with nitrogen in temperate forests
normally gives a strong positive effect on tree
growth (e.g. Linder, 1987; Tamm, 1991), even in
arcas with rather high rates of anthropogenic
nitrogen deposition (e.g. Nilsson & Wiklund,
1994). The Strasan site was initially nutrient-
poor, and the prescribed burning, which pre-
ceeded planting, decreased the amount of avail-
able N even further (¢f. Tamm et al., 1974). The
annual N deposition at Strasan is low,
4-8kgha~'a™' (¢f. Lovblad, Kindbom,
Grennfelt, Hultberg & Westling, 1995), hence a
pronounced response to N fertilisation could be
expected (¢f. Linder, 1987; Tamm, 1991). The
accumulated aboveground biomass and stem vol-
umes (1958-1989), after 21 years’ annual N ferti-
lisation and frequent addition of P, were two to
three times higher than those in control stands
(Fig. 1, Table 3). The most productive stands
(N,P, +, N,P,Ca +), reached, towards the end
of the treatment period, annual rates of stem
volume production exceeding 25 m* ha™' a™’,
which is exceptional for conifer stands at such
high latitude (¢f. Linder, 1990; Tamm, 1991).
The partitioning of biomass in seedlings (e.g.
Rook, 1991; McDonald et al., 1991) and forest
trees (eg. Linder & Rook, 1984; Ingestad
& Agren, 1991) is strongly affected by the avail-
ability of nutrients. In 1989, the control trees at
Strasan had more biomass in branches and
needles in relation to stemwood, than was found
in the fertilised trees (Fig. 2, Table 3). These re-
sults agree with an earlier sampling (1982), in
which some of the same stands were included
(Axelsson & Axclsson, 1986). Axelsson and
Axelsson (1986) also included stumps and
coarse roots in their sampling and found, in
agreement with earlier forest experiments (cf.
Linder, 1990), that relatively less biomass is allo-
cated belowground, when nutrient availability
is improved by fertilisation. This is also sup-
ported by the fact that, on control plots, only
26% of the soil carbon (down to 80 cm) was
found in the mor layer, whereas the mor layer
on fertilised plots (N, P,, N,P,, N3P, ) contained
more than 32% (Eriksson et al., 1996). A further
factor which could affect the pattern of biomass
allocation, is the degree of canopy closure. At

the time of the 1989 biomass sampling, control
stands had not closed canopy, which in most of
the treated stands had occurred seven years
carlier {¢f. Axelsson & Axelsson, 1986). Before
canopy closure, a larger number of living branch
whorls can be maintained, which will affect the
relative proportion of different components in
the tree (¢f. Madgwick & Tamm, 1987).

Between-year variations in needle
concentrations

One of the aims of the nutrient ‘optimisation
experiments’ was to establish different needle
concentrations of macronutrients, and thereafter
to maintain them at separate levels (¢f. Tamm,
1968; Tamm et al, 1974). Rather stable [N]
were obtained after approximately five years (see
Tamm, 1991 for annual [ N]), but the levels were
not in proportion to the supplied amounts
(Fig. 3a,b). It took approximately the same
length of time before the concentration of mi-
cronutrients (B, Cu, Mn, Zn) had reached
‘stable’ levels (Fig. 3, 4). In stands which did not
receive K, Mg and a mix of micronutrients, the
concentration of all micronutrients, except Cu,
decreased during the initial period of the experi-
ment. In plots fertilised with micronutrients, the
only effect observed was increased [B], which
throughout the experimental period stayed
above [B] in control trees (Fig. 3d). The initial
decrease in needle micronutrient concentrations
is interpreted as mainly being a ‘dilution effect’,
caused by growth increasing without a corre-
sponding increase in nutrient availability in the
soil. However, there may also have been some
interactions between nutrient elements, resulting
in changes in both availability and uptake of
different nutrient elements. It should be noted
that the initial supply rates of macronutrients
(cf- Table 1), were high in relation to the demand
of the young spruce stands.

In an earlier study, Aronsson (1983) found
that damage, caused by boron deficiency, in-
creased when [B] in current needles fell below
5ug g L. This level corresponds well with criti-
cal levels given by Stone (1968) and Moller
(1984), but is lower than levels suggested by
other authors (e.g. Jones, 1972; Nihlgérd, 1990).
In a current long-term nutrient experiment in
young Norway spruce at Flakaliden in northern
Sweden, however, no damage was seen during
the first seven years of treatment, in spite of
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autumn [B] consistently being 3-4 pgg~! (cf.
Linder, 1995).

The years selected for micronutrient analysis
coincided on four occasions with years when mi-
cronutricnts were applied (1967, 1969, 1974,
1984), but on one of these occasions (1984), only
B was added. In the time series, it is only in [ B]
that an effect of the addition can be seen, especi-
ally after the large supply in 1984 (Fig. 3d). The
peak in [Cu] seen during the same year, cannot
have been the effect of nutrient supply, since it
occurred both in plots with, and plots without,
addition of micronutrients (¢f. Fig. 3e,f).

The between-year variation in concentrations
of Cu (Fig. 3e,f) and Fe (Fig. 4a,b) was not affec-
ted by the supplying of the micronutrient mix.
One reason could be that the elements were sup-
plied in the form of sulphates, which is not as
efficient as when the elements are chelated (¢f.
Lindsay, 1974). Cu 1s readily immobilised in the
humus layer, while Fe to a large extent can be
oxidised into insoluble forms (Mengel &
Kirkby, 1987).

After the initial period of change in most ¢l-
ements (1967-1974), [Cu] varied between
3 4puggt (Fig. 3ef), and [Fe] between
20-30 pg g~ ! (Fig 4a,b). [Cu] was low in re-
lation to most ‘critical’ values found in the litera-
ture (e.g. Turvey, 1984; Hunter, Hunter &
Nicholson, 1990; Nihlgard, 1990), but consistent
with [Cu] found at Flakaliden (Linder, 1995)
and [Cu] considered to be satisfactory by Ahrens
(1964) and Will (1985). [Fe] was lower than the
concentration recommended as ‘optimal for plant
growth’ by Goransson (1993), but similar to [ Fe]
found in current needles at Flakaliden. The fact
that needle concentrations were stable, in spite
of increased demand (growth), at the same time
as the Fe pool in the branches decreased, is a
strong indication that Fe is not limiting.

[ Mn] in needles decreased by more than 50%
during the seven years (Fig. 4c,d), but was still
more than onc order of magnitude above the
concentration considered optimal for plant
growth (¢f. Goransson, 1994).

Needle [ Zn] decreased rapidly during the first
few years (Fig.4e,f), but the rate of decrease
was somewhat lower on plots receiving mi-
cronutrients. After the initial decrease, [Zn]
stabilised at 20-40 pgg~', the control trees
having the higher concentrations. The lower
part of the range is close to the [Zn], reported
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by some authors to be the point at which de-
ficiency symptoms appear (e.g. Ballard & Carter,
1985; Nihlgard, 1990). [Zn] at Strasan are
considerably lower than those observed at
Flakaliden, but well above the target value
(9 ug g~ ") used as optimal for Zn in that experi-
ment (¢f. Linder, 1995).

Micronutrient allocation in aboveground
biomass

The total content of B increased with fertilisation
(Fig. 10), and was considerably higher in stands
which had received additions of micronutrients.
The increased amount of B was found in all
aboveground biomass components, but was most
pronounced in foliage (Fig. 5). Current needles
had higher [ B] than the mean concentration in
all needles, indicating an increase in structural
mass with age or transport of B from older to
younger foliage. The decrease in concentration
was, however, larger than can be expected from
the mean increase in structural mass which
occurs with age in Norway spruce needles (cf.
Flower-Ellis, 1993). Another explanation could
be that passive transport of B via the transpi-
ration stream cannot counterbalance leakage of
B from older needles. The most plausible in-
terpretation, however, seems to be that, despite
reports of the immobility of B within plants, there
is some reallocation of B from older to younger
foliage (¢f. Raven, 1980; Chamel, 1981; Dugger,
1983). This 1s supported by observations of re-
translocation of most elements out of senescing
needles of Scots pine (Helmisaari, 1992).

The total amount of Fe in the aboveground
biomass was found to be independent of treat-
ment and growth (Fig. 10), which can be inter-
preted as an uptake of all available Fe in the
soil. The highest [ Fe] were found in branches
(Fig. 7), in contrast to agricultural plants, where
most of the Fe is found in the chloroplasts
(Neish, 1939; Dekock, Commisiong, Farmer &
Inkson, 1960), where excess Fe is stored as phy-
toferritin (Barton, 1970; Hyde, Hodge, Kahn &
Birnstiel, 1963; Mengel & Kirkby, 1987).
Evidence for the role of branches and twigs as
storage organs for excess Fe is that there was a
corresponding decrease in branch [Fe] when
the total Fe content in the needle biomass in-
creased as an effect of treatment. The net result
was a constant total aboveground Fe content



(Fig. 10), independent of treatment, indicating
reallocation of Fe from branches to needies.

Most of the total Zn was found in stemwood,
and the amounts increased in relation to pro-
duction (Fig. 9). Since total Zn in the above-
ground biomass was unaffected by treatment,
except for somewhat higher amounts on plots
which had received micronutrients (Fig. 10), the
amount available for other organs was reduced,
which resulted in decreased needle [ Zn] (Fig. 9).
Zinc is considered to be rather immobile in
plants (Mengel & Kirkby, 1987), in older leaves
especially (Rinne & Langston, 1960; McGrath
& Robson, 1984). However, in treatments in
which the pronounced reduction in available Zn
reduced needle [Zn] to low levels, the concen-
trations were higher in current than in older
foliage, indicating a reallocation of Zn. This
result is contrary to findings by Loneragan
(1975) and McGrath & Robson (1984), who
reported that Zn transport, from older to
younger tissues, is particularly reduced in
Zn-deficient plants. This discrepancy may be the
effect of differences between species, and in
degree of stress.

The only micronutrient present in amounts
and concentrations far above the physiological
requirement, was Mn (Fig. 8). The high amounts
found in various aboveground components can
therefore not be interpreted as the ‘normal’
allocation pattern of Mn. The addition of Ca at
the start of the experiment had a strong negative
effect on [Mn], and on Mn content in all abov-
eground organs. This was probably the effect of
decreased Mn availability, since higher pH re-
duces the solubility of Mn (Lindsay, 1972;
Kabata-Pendias & Pendias, 1984). Even though
the addition of Ca reduced needle [Mn] by
more than 60%, the needle concentrations were
still more than one order of magnitude above
‘critical’ levcls (¢f. Hill & Lambert, 1981). That
the uptake of Mn was determined by availability
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