





























The amount of total aluminium in Figure 7 was calculated as AI’*. The analysis
of inorganic aluminium in November 1997 indicated that the main fraction of
total aluminium in the soil solution was in the form of AI’* both at 20 and 50 cm
depth and both in C and NS plots. This was expected because of the relatively
low pH values and the low concentration of dissolved organic compounds (DOC)
in the soil solution, which otherwise might have reacted with aluminium. The
A" comprised up to about 70% of the total aluminium. The other 30% was
bound to organic complexes in the C plots and to sulphate in NS plots. It was also
demonstrated that the aluminium in the soil solution at 50 cm depth was in
equilibrium with gibbsite (Paper II), while at 20 cm depth this was the case for
only a few of the samples. At 20 cm depth, the solubility of aluminium was
regulated by equilibrium complexation with soil organic matter, a common
reaction at pH <4.2 (Berggren and Mulder, 1995).

The BC/Al ratio, the relationship between the molar sum of potassium,
magnesium and calcium and the molar concentration of aluminium in the soil
solution, has been used as a measure of a toxic environment for the fine roots
(Sverdrup and Warfinger, 1995). If BC/AI<I there could be a risk for decreasing
tree production. The BC/Al ratio was <1 and decreasing in the soil solution at 20
cm depth in C plots during the period 1988-1998 (Figure 8). However, tree
production was high and there was no sign of a decrease in growth. The BC/Al
ratio was >1 during the period 1988-1989 in NS plots, decreased sharply in the
following year to low values and continued at that level (about 0.3) for the rest of
the period. The production in NS was higher than in C plots until 1995 (Nilsson,
pers. comm.) indicating that the BC/Al ratio is not a good indicator for risk of
forest decline, which also was postulated by de Wit (2000).

Rhizosphere soil (Paper 1V)

The thin soil layer (0-2 mm) on the fine roots, the rhizosphere soil, may be
affected by the nutrient flux to the fine root surface, the presence of mycorrhizal
hyphae and exudates from the roots. Nutrients are transferred from the soil
solution to the root surface either by diffusion, e.g. phosphorus and potassium, or
by mass transport, e.g. ammonium, magnesium and calcium. In the case of
diffusion, nutrients are transported along a concentration gradient. When a
nutrient is taken up by the root, the concentration outside the root surface
decreases, and more nutrients are transferred to the surface. In the case of mass

transport, the nutrients follow the water transport into the root as a result of plant
transpiration.

The pH was significantly lower in NS plots compared to C plots (Paper IV).
Majdi and Rosengren-Brinck (1994) showed that the rhizosphere soil gradually
became more acid and the concentrations of sulphate, magnesium and calcium
gradually increased in NS compared to C plots. This was in agreement with the
changes in nutrient concentration in soil solution in NS plots (Paper II). The
concentration of potassium in the rhizosphere in NS varied from year to year in
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relation to C. The variations between years were more pronounced in C than in
NS plots. The reason for the variations in concentration of potassium was
probably the mobility of potassium in the soil and the environmental conditions
prior to the sampling occasions.
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Figuer 8. BC/Al ratio (mol mol™) in soil solution at 20 cm depth during 1988-1998 in C
and NS plots. C=control plots and NS= ammonium sulphate treated plots.

The concentrations of ammonium, aluminium (Figure 9) and sulphate (not
shown) were similar in bulk and rhizosphere soil. The concentrations of
potassium, magnesium (Figure 9) and calcium (not shown) were higher in
rhizosphere soil than in bulk soil. The higher concentration of potassium in the
rhizosphere soil (2.5 times) was in contrast to the diffusion model (Marschner,
1995). However, Dieffenbach and Matzner (2000) demonstrated that the soil
solution concentration of potassium increased towards the root surface of long
root tips while the ammonium concentration decreased. For the mycorrhizal
roots, the opposite was demonstrated. The increasing concentration of potassium
from bulk to rhizosphere soil in Skogaby agrees with rhizosphere soil being
attached to long roots. Majdi et al. (2001) reported on the other hand that more
than 85% of fine roots in Skogaby were mycorrhizal roots. The data show that
rhizosphere soil chemistry follows a similar pattern to the soil solution.
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Figure 9. The concentration (mg 1) of NH,, K, Mg and Al in water extract from bulk and rhizosphere soil from mineral soil in 1992. Data from
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three depths (0-10, 10-20 and 20-30 cm) were plotted. Filled dot=control plots and open dots= ammonium sulphate treated plots.
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Figure 10. Relative (NS/C) concentrations of K, Mg and Ca in fine roots in four soil layers in C and NS plots. C=control plots, NS=

ammonium sulphate treated plots.
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Fine root biomass and nutrients (Paper V)

Root sampling and preparation of fine roots is tedious work, which may explain
why there are only a few investigations concerning fine root biomass and fine

root nutrient determinations. The fine root studies at Skogaby cover the period
1987-1992.

The mean fine root biomass in forest floor and mineral soil was 5.0+0.3 ton in
C and 4.940.3 ton ha™ in NS plots. The FF alone contained 2.3+0.4 and 2.1+0.5
ton ha' in C and NS plots, respectively. The mineral soil (0-30 cm) contained
more fine root biomass than FF in both C and NS plots. The total amount of
nitrogen in the fine roots decreased in FF and increased in mineral soil in both
NS and C plots during the period 1988-1992, although the change was not
statistically significant (p<0.05). During the same period, the concentrations of
total potassium, magnesium and calcium in fine roots in NS plots decreased in
relation to C plots both in forest floor and mineral soil (Figure 10). The decrease
in potassium was not as pronounced in FF as in the upper mineral soil layers. The
total concentration of calcium decreased only in the FF, while the concentration
of magnesium was affected in all soil layers.

The decreasing concentration of calcium and magnesium in fine roots in NS
plots (Figure 10) could not be an effect of decreasing concentrations in the soil
solution. The concentration in the soil solution was rather higher in NS than in C
plots (Figure 11). Enhanced concentrations of ammonium and aluminium reduce
the uptake of base cations (Gloser and Gloser, 2000). Aluminium would not be a
problem in FF as the concentration of free aluminium was low and below the
concentrations that may have effects on seedling roots (2.7-5.4 mg I"', G6ransson
and Eldhuset, 1991). The decreasing concentration of magnesium and calcium in
fine roots in FF in NS plots was probably caused by the high concentrations of
ammonium added to the soil. The decreasing concentrations of magnesium in fine
roots in the upper two mineral soil layers may have been an effect of both high
ammonium and high aluminium concentrations in the soil solution. The
aluminium concentration at 20 cm depth followed a similar pattern as at 50 cm
(Paper II) and was about 14 mg I in 1992. The decreased concentration of
potassium in the fine roots in the mineral soil could reflect the low concentration
in the soil and soil solution. The demand for potassium was higher in NS than in
C plots due to increased uptake by the litter biomass (Paper V).

Effects on nutrient uptake (Paper III and V)

The annual accumulation of nitrogen in the total biomass in NS plots (58 kg ha™)
was nine times more than was accumulated in the biomass in C plots during the
period 1988-1993. Most of the nitrogen was incorporated into the needle biomass
(60%). The needle biomass increased as well as the concentration of nitrogen,
which gradually increased from about 14 mg g" to about 20 mg g” in current
needles. The nitrogen pool in C needles was not affected during the same period.
The accumulation of phosphorus, potassium, calcium, magnesium and sulphur
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was slightly higher in NS than in C plots. The trees in NS plots utilised the
additional nitrogen to increase the above ground biomass by 47% more than the
trees in C plots during the period 1988-1993, despite a low input of other
macronutrients.
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Figure 11. Annual mean concentrations of K (diamond), Mg (triangle) and Ca (circle) in
soil solution at 20 cm depth in NS (open symbols) and C plots (filld symbols). C=control
and NS= ammonium sulphate treated plots.

The retention of nitrogen in NS plots was 93% and the leaching was 7% of the
total addition. Of the amount retained, 48% was accumulated in the trees and
43% in the soil. Of the amount accumulated in the soil, 10% came from fine root
and needle litter and 31% from deposition and fertilisation.

The addition of nitrogen to NS plots increased the amounts of nitrogen and
potassium circulating in the ecosystem. Compared to C plots, the uptake of
nitrogen by needles increased by a factor of 2.6 and the flux in litterfall and net
mineralisation increased by a factor of 1.5. The fluxes of potassium increased in
an almost identical way. The annual accumulation of nitrogen in the soil was 52
kg ha', of which 8 kg ha™' was in the form of ammonium. During a 6-year period,
the NS plots became nitrogen saturated, whichwas indicated by increased
nitrogen concentration in the needles and nitrate in the soil solution. However,
the total fine root biomass had not decreased, which could be expected as this is
also a sign of nitrogen saturation (Aber et al., 1989).

Production (measured as annual basal area increment) started to decrease in NS
plots in 1992 and from 1996 onwards it was lower than in C plots (Nilsson, pers.
comm.) indicating nutrient imbalances.
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Figure 12. Nutrient/nitrogen ratio in current needles in relation to the nutrient/nitrogen
values proposed by Braekke (1998). C=control plots and NS= ammonium sulphate treated
plots.

Nutrient:nitrogen ratios in needles are often used as indicators of nutrient
imbalances (Braekke, 1998). Ratios lower than the limit values: P/N=0.1,
K/N=0.3, Ca/N=Mg/N=S/N=0.04, indicate nutrient imbalances. Figure 12
indicates that there was already a deficiency of potassium in C plots in 1990 and
that phosphorus was just at the border of deficiency. The Ca/N ratio decreased
gradually and there was also a tendency for a decreasing S/N ratio. During the
winter 1993/1994, a 25% thinning of the stand was performed and during the
growing season 1994 the ratios for potassium, calcium and magnesium increased.
A rough estimate indicates that the increased concentration of potassium in
current needles in 1994 corresponded to an uptake of about 6-7 kg ha™'. The
concentration in the needles increased by 2.3 mg g' compared to 1993. The
production of current needles was about 4 ton ha” 1990 (Nilsson and Wiklund,
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The nitrogen addition increased nitrogen accumulation in the biomass without a
corresponding increase in accumulation of other nutrients, while the turnover rate
of nitrogen and potassium in the soil increased.

The input of nutrients by decomposition of fine root litter was higher than the
input by decomposition of litterfall.

Most soils in the region are acidified by sulphuric acid deposition. The
contribution from nitrogen deposition is of minor importance as ammonium and

nitrate are taken up in almost similar proportions and there is no leaching of
inorganic nitrogen.
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