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nutrient status and growth of Scots pine stands on drained peatlands. Silva Fennica
33(3): 187-206.

The aim of the study was to compare the effects of phosphorus fertilisers of different
solubility and different phosphorus doses. The material was collected from 8 field
experiments situated on drained peatlands in southern and central Finfar&5{60.

The sites were drained, oligotrophic pfieas and pine bogs, which had been fertilised
between 1961 and 1977 with different combinations of N, K and P. In 1991-94 stand
measurements and foliar and peat sampling were carried out on 162 sample plots.

Apatite, rock phosphate and superphosphate affected basal area growth to a rather
similar extent. However, apatite slightly surpassed superphosphate and rock phosphate
at the end of the study period in two hollow-righ fuscumbogs. Higher doses of
phosphorus did not significantly increase the basal area growth. The foliar phosphorus
concentrations clearly reflected the effect of the P fertilisation. Especially on the pine
bogs basic fertilisation with 66 kg P/ha maintained the needle phosphorus concentra-
tions at a satisfactory level for more than 25 years after fertilisation. The amount of
phosphorus in the 0—20 cm peat layer was not significantly increased either by basic
fertilisation or refertilisation. The phosphorus reserves in the peat in the individual
experiments were between 88 and 327 kg/ha. There was a strong correlation between the
amounts of phosphorus and iron in the peat. Large amounts of iron in peat may reduce
the solubility and availability of phosphorus.

According to the foliar phosphorus concentrations in the basic-fertilised plots, the need
for refertilisation seems to be unnecessary during the 25-year postfertilisation period at
least. None of the basic fertilisation treatments seriously retarded the basal area growth
compared to the refertilised treatments. There seems to be a greater shortage of potassium
than of phosphorus, because the foliar potassium concentrations and the amounts of po-
tassium in the 0—20 cm peat layer were very low in several of the experiments.
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1 Introduction potassium in improving volume growth. The stem
volume and basal area development of (NK)P-
As a result of intensive forest drainage, particufertilised Scots pine stands in northern Finland
larly in the 1960’s and 70’s, over 5 million hec-have been intensively studied by Moilanen
tares of peatland have been drained for forest(§993). The volume growth of PK and NPK-
purposes in Finland. The annual increment dertilised plots exceeded that of the control by 2—
stem volume growth due to drainage is over 18 mf/ha/a and the effect lasted for at least 7 years
million m3 (e.g. Paavilainen and Paivanen 1995when N, in the surface peat exceeded 2.1 %.
About 1.37 million hectares of peatland fores20-44 kg P per hectare was sufficient for at least
are situated on oligo-mesotrophic peatland (Kelt0 years. The effect of phosphorus in refertilisa-
tikangas et al. 1986), where the nitrogen resourcéisn was generally weaker than that of the basic
are generally satisfactory. On these sites the piffiertilisation (Moilanen 1993). Veijalainen (1994)
stands often need additional phosphorus and peeported annual growth increments of 2-2.5
tassium in order to maintain a balanced nutriemt®/ha compared to unfertilised stands during the
status and good growth (e.g. Kaunisto and Tuk&8-year period after phosphorus fertilisation
va 1984, Kaunisto et al. 1993, Moilanen 1993)alone in southern Finland. Finér (1986) reported
The duration of phosphorus fertilisation is, inequal stem volume increases for different P fer-
addition to that of potassium, a key factor irtilisers — including rock phosphate and super-
maintaining sustainable timber production orphosphate — after 18 years.
drained peatland sites with sufficient N, but poor The finely ground PK fertiliser for peatlands
in other macronutrients (Paarlahti and Karsistased in the 1960’s and 70’s did not contain wa-
1968, Paavilainen 1977, Paavilainen and Paivé&er-soluble phosphorus. The leaching of phos-
nen 1995). phorus from peatlands fertilised with finely
Forests on drained peatlands should preferground PK was initially low, but increased with
bly be able to grow without fertilisation. Ontime (Ahti 1983). However, the rapid leaching
many sites, however, the application of nutrientef phosphorus from the more recent granulated
with long- (e.g. apatite; Kaunisto et al. 1993) oPK fertiliser with 20 % of the phosphorus in
short-term (e.g. wood ash; Ferm et al. 1992%oluble form, caused great environmental con-
effects will be needed in order to ensure theern (Paarlahti and Ahti 1988, Nieminen and
development of existing stands. Evaluation oAhti 1993). Kaunisto and Paavilainen (1988) ob-
the need for nutrient application in peatland forserved that high phosphorus doses had probably
ests with a low or lowered productivity is thus arled to substantial leaching of phosphorus from
urgent task (see e.g. Moilanen 1992, Veijalainethe site. Possible leaching problems therefore
1992, Moilanen et al. 1996). About 1.6 millionemphasize the importance of the solubility of
hectares of peatlands have been fertilised at leg#tosphorus in fertilisers.
once, mainly with phosphorus and potassium, In the 1960’s a series of experiments with
although nitrogen and micronutrients have alsdifferent P-fertilisers, primarily apatite, rock
been applied. phosphate and superphosphate, were established
Phosphorus has been recognized as the mastFinland (Huikari 1973). The fall in fertilisa-
important growth-limiting mineral nutrient in tion costs strongly stimulated the interest in phos-
drained peatland forests (Lukkala 1955, Huikarphorus fertiliser studies in the 1960’s (Huikari
1973, Paarlahti et al. 1971, Reinikainen et all998). Early reports from some of these experi-
1998). On mesotrophic sites especially, the stoments (Paarlahti and Karsisto 1968, Karsisto
of phosphorus is often sufficient compared td976, 1977) revealed thatiperphosphate gave
that of potassium, but there is often a shortage tfie strongest initial height growth in Scots pine
phosphorus in relation to nitrogen (Kaunisto andtands. On the other hand, Paavilainen (1977)
Paavilainen 1988, Laiho 1997). found that, within the 10-year period after fertili-
Paarlahti and Veijalainen (1988) found thasation on an oligotrophic site, superphosphate
the effect of phosphorus on a drained low-sedg#id not increase the radial growth as much as
bog was more important than that of nitrogen ofinely ground rock phosphate. According to Pent-
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tilA and Moilanen (1987) the origin, water solu-undergrowth of Norway sprucPicea abiegL.)
bility and particle size of the phosphorus fertilisKarst. in some of the experiments. Thinnings
er seemed to be of less importance. Kaunisto eere not carried out during the study period.
al. (1993) reported that apatite increased growtonsiderable natural removal occurred in the
more slowly than rock phosphate; however, botRautavaara experiment as a result of fungal dis-
fertilisers increased the height growth of Scoteases and nutritional growth disorders. The older
pine. pine stands (Heinola, Rautavaara, Kettula) had
High foliar phosphorus concentrations in P-suffered from damage by a funguss€ocalyx
fertilised Scots pine stands support the results abieting.
growth measurements, indicating considerably The experimental designs followed the rand-
long-term, similar effects for rock phosphate an@émized block concept. The basic fertilisations
apatite (Kaunisto et al. 1993, Moilanen 1993). Inwere carried out between 1961 and 1977 (Tables
Sweden, Carlsson and Méller (1985) and Sundt and 2). In all the experiments nitrogen and
strom (1995) reported an increase in foliar angotassium fertilisation was carried out simulta-
peat P concentrations and stand growth, as in theously with the phosphorus fertilisation in or-
Finnish experiments. der to eliminate or prevent a deficiency of nitro-
The aim of this study is to determine whethegen and potassium. The amounts of different
there are any long-term differences (15-34 yearghosphorus fertilisers applied in basic fertilisa-
between different types and doses of phosphortisn were 200-802 kg per hectare, correspond-
fertilisers 1) in the growth development of Scotsng to 22—-66 kg elemental P/ha. Three experi-
pine stands, 2) in the present nutrient status afents were fertilised only once and the others
the tree stands as based on foliar analysis andt@)ice (Table 2).
in the amounts of phosphorus in the surface peat.The macronutrients applied in refertilisation
1975 (in five experiments) were the same as
those in the basic fertilisation. In addition, the
plots were given micronutrients (Tables 1, 2).

2 Material and Methods The refertilised experiments in Haadetjarvi, Hei-
nola and Rautavaara form a homogenous group
2.1 Field Experiments with respect to site type, fertilisation age, drain-

age and also have an identical experimental de-
Eight field experiments, located between latisign. The lay-out of the Alkkia 2 and Kettula
tudes 60 and 65 N and drained for the first experiments was a split-plot design. The referti-
time between 1939 and 1976 were chosen fdisations were applied on entire plots (Heinola,
this study (Table 1). The original ditching stripHaadetjarvi, Rautavaara) or by dividing the orig-
width varied between 20 and 100 m, and the siteal plots into four equal-sized subplots (Alkkia
types from hollow-richS. fuscumbog to tall- 2, Kettula). The treatments of the experiments
sedge pine fen. When fertilised for the first timevere randomized totally or blockwise. The
the sites had been recently drained or in theumber of replications within the individual ex-
transitional stage of post-drainage successioperiments varied from 1 to 12.
The peat thickness in most cases exceeded on& he types and amounts of fertilisers used are
meter. The mean total nitrogen content in theresented in Table 2. The phosphorus in super-
surface peat (0—10 cm) of the control plots varphosphate was over 90 % water soluble The cor-
ied from 1.05 to 2.61 % (Table 1). At the time ofresponding figure for apatite was less than 0.1 %
fertilisation the tree stands consisted almost solebnd for rock phosphate 0 (J. Issakainen, unpub-
of naturally regenerated Scots pirRtinus syl- lished). The phosphorus in the multinutrient fer-
vestrisL.) with a median ¢s; age of 6-43 years tiliser was probably superphosphate. The solu-
The mean height of the stands varied between bility of phosphorus in polyphosphate is not
15 m, and the current volume growth betweerknown. Most of the phosphorus fertilisers were a
1.8 and 8.1 ftha. There was an admixture ofnon-granulated powder consisting of particles
downy birch Betula pubescenkhrh.) and an with a diameter of less than 1 mm.
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Rock phosphate and superphosphate were comeurs at 65C. The N (Kjeldahl), K Ca, Mg, Fe,
pared in all the experiments except that in JylkkyMn, Zn, and Cu (AAS), P and B (spectrophoto-
Apatite was included in Alkkia 2, Alkkia 66 and metrically) concentrations were determined ac-
in Puras. Polyphosphate, especially importedording to Halonen et al. (1983).
from France, and a multinutrient (“normaali su- Measurements of the tree starvasre carried
per Y” containing N, P and K) fertiliser from outin 1993 and 1994. All trees with 4> 4.5 cm
Kemira Ltd were used only in Jylkky. were tallied. Total height and the height growth

durig 5-year periods were measured with an ac-
curacy of 10 cm. P; was measured crosswise to
2.2 Sampling, Chemical Analyses and an accuracy of 1 mm, and increment cores were
Statistical Treatment of the Material taken from the sample trees. The stem number
per hectare varied from 100 to 2400, and the
When the experiments were evaluated, in 1993zumber of sample trees was 2—-23 per plot. In
94, 15 to 34 years had elapsed since the first feseme experiments the small size of the plots and
tilisation. The total number of sample plots (stanthe lack of buffer zones made sampling difficult
measurement, needle and peat samples) was 168d reduced the number of sample trees. The age
Peat samplingvas carried out in autumn 1993.at breast height was determined in five experi-
One sample consisted of 5 volumetric subsanments by boring into the heartwood of every 5th
ples, four of which were taken along the diagonalsample tree. Circular plots were used in some
of the plot and one at the crossing point. Ditcltases in Puraand inKettula (r = 10 and 7 m).
spoil and hummocks were avoided. The peat sam-BMDP, Systat and SPSS programs were used
ples were taken from the 0—10 (humus layer inin the statistical analysis. The results were ana-
cluded) and 10-20 cm layers. In Heinola antlyzed both jointly and separately for each exper-
Kettula the humus layer was sampled separatelynent using analysis of variance. The pairwise
but added to the 0—10 cm peat layer. The samplegemparison of treatment means was made with
were of a type used in peat sampling at the Finthe Bonferroni test. Current stem volume and
ish Forest Research Institute (e.g. Kaunisto et gjrowth (n¥/5 years/ha) were calculated using the
1993). The total peat sample volume [area KPL programme (Heinonen 1994). Basal area
10(depth)x 5(subsamples)] per plot varied, de-growth was tested for the whole and for the last 5
pending on the sampler, between 912 and 123#ars of the study period. The basal area growth
cme. After drying and weighing, the bulk density preceding fertilisation was also tested as a cov-
and nutrient concentrations of the peat samplesiate.
were determined according to Halonen et al.
(1983). The total nitrogen concentration was de-
termined by the Kjeldahl method. Total K, Ca,
Mg, Mn, Fe, Zn, Cu, and Al concentrations were3 Development of the Tree
analysed by dry digestion followed by determina- Stands
tion by AAS and for P and B spectrophotometri-
cally. Soluble phosphorus (extracted with 1M
ammonium acetate pH 4.65) was determined b§.1 Experiments Fertilised Once
ICP/AES. The nutrient concentrations were ex-
pressed per dry mass of peat. The nutriefithe stem volumef the tree stands in the ferti-
amounts per hectare were calculated using thised treatments in Alkkia 66 and Puras (after 25
(dry) bulk density of the peat samples. and 15 years) were clearly higher than in the

Foliar sampling was mainly carried out in control plots (Fig. 1). The differences between
March 1993 and 1994, and at Alkkia 66 alreadwpatite, rock phosphate and superphosphate were,
in 1991. Current needles from 4-10 Scots pindsowever, non-significant. In Jylkky the total stem
per plot were taken from the topwhorls of domivolume varied between 28.4 and 48.3/ha.
nant and co-dominant pines according to VeiThe differences between the individual fertilisa-
jalainen (1992). The needles were dried for 2fion treatments and the three types of phospho-
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Stem volume,
m3/ha  ALKKIA 66

"
1204 —
— PURAS JYLKKY
90 —]
] m3/ha
601 —
G  S— © o o 0
1 2 3 4 4 5
1968 1977
Treat- N K P Treat- K P Treatment
ment kg/ha ment kg/ha
1 Control - - - 1 Control - - ; m;
2Apatite | 92 100 52 2 Apatite | 50 44 3 M
3Pr 92 100 52 3Pr 50 44 4 PprKChvUrea
4Ps 92 100 52 4Ps 50 44 5 PoiKOhUrea
6 Pp+KCl+Urea
7 Pp+Mf
8 Pp+Mf
9 Pp+Mf

Fig. 1. Current stem volumeX + S.E.) in the experiments fertilised once. For abbreviations, see Table 2.

rus fertilisers were statistically also non-signifi-ments with an identical fertilisation design (Hei-
cant in Jylkky. There was no significant interacnola, Haadetjarvi, Rautavaara) showed consid-
tion between the phosphorus levels (including Nrable variation both between and within the
and K) and type of phosphorus fertiliser. individual experiments (Fig. 3). After 25 years,
Thebasal area growtlin Alkkia 66 was high- the effects of the fertilisation treatments non-
est with apatite, particularly during the last fivesignificant Only in Rautavaara the stem vol-
years (Fig. 2). In Puras, apatite was inferior taames were throughout higher than in the control
rock phosphate and superphosphate (Fig. 2). Tipdots. Refertilisation seemed to increase the stem
basal area growth (18 years) in Jylkky was lowvolume of the superphosphate-fertilised stands,
est in the treatments with the lowest P and NKut not in the stands fertilised with rock phos-
doses. The multinutrient fertiliser increased baphate.
sal area growth at all three phosphorus levels The post-fertilisatioftbasal area development,
more than polyphosphate (Fig. 2). Polyphosphats well as that during the last five years, revealed
(P = 22 kg/ha) was the weakest individual treatro significant differences between the fertilisa-
ment. The effect of the polyphosphate + multinution treatments (Fig. 4). Refertilisation increased
trient fertiliser mixture was intermediate. tree growth on the superphosphate plots only
There were no significant differences betweeslightly more than on the rock phosphate plots
the treatments, in either total post-fertilisationHaadetjarvi, Rautavaara).
basal area growth or during the last five years, atin the early 1980s’ the tree growth was im-
Alkkia 66, Puras and Jylkky. paired byAscocalyx abietinagspecially on the
fertilised plots (also Kaunisto 1989). It should be
noted that the tree stands in Heinola, Haadetjarvi
3.2 Refertilised Experiments and Rautavaara have a relatively high mean age
(Table 1). The generally low basal area growth
The currentstem volumen the three experi- in Heinola is also due to the fact that birch and
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Basal area
m2/ha

24}
— =
,__1 — ]
20 o B o
E\——-\_ 1989
16 e N
— = =
— — m2/ha PURAS m2/ ha
121 1 — 121 12+ JYLKKY
— =
87 L 84 m— 84 1
— ] M - —]
- — o — m— —
— ] N\ = H — 5
- ] 1989 1IN 1 EH A 1988
— 1] 1 ] e 7
44 L 44 1 44 - = [ =
— ] — 1 —
L [ — = = — = =
— — H = B
1 1 — — = —
— 1968 — 1977 — e =R = =R
of == o = 0 =ESE=E=R=
1 2 3 4 1 2 3 4 1 2 3 4 5 6 7 8 9
1968 1977 1975
Treat |y ko Treat | p Treatment N K P
ment kg/ ha ment ko/ha kg/ha
1 Control - - - 1Control | . R ; m; :_Z :; ii
2 Apatite 92 100 52 2 Apatite 50 44
3 M 112 93 66
3Pr 92 100 52 3Pr 50 44 P
4Ps 92 100 52 4Ps 50 44 p+KCl+Urea | 37 31 22
5 Pp+KCl+Urea 75 62 44
6 Pp+KCl+Urea | 112 93 66
7 Pp+Mf 19 16 22
8 Pp+Mf 38 32 4
9 Pp+Mf 57 48 66

Fig. 2. Cumulative basal area development for Scots pine in the experiments fertilised once.

spruce were omitted from the calculations. 1975 was almost equal. The effect of apatite
Thestem volumén Alkkia 2 reflect the impor- given in basic fertilisation probably continued as
tance of applying phosphorus in the basic fertilithe refertilisation did not increase growth (Fig.
sation. The plots that received no phosphorus ). After refertilisation, the growth increased the
the 1975 refertilisation had higher stem volumemost on the superphosphate plots. The differ-
than the NK plots. The stem volume on the corence (1975-1992) between apatite and super-
trol and NK-fertilised plots was 76 and 98/m phosphate, as well as in the last five years’
ha, while on the apatite plots it was 168 and ogrowth, was still non-significant.
the superphosphate plots 132ma (Fig. 3). The
refertilised apatite plots had a lower stem vol-
ume than the unrefertilised ones, while the oppo-
site was true for superphosphate (Fig. 3). 4 Foliar Nutrient
The volumes in the different treatmeHisttu- ;
la varied between 24 and 12G/tra. Phosphorus Concentrations
fertilisation only slightly increased the stem vol-
ume compared to NK. On the average the stethl Experiments Fertilised Once
volumes were 54, 37 and 49 for the control, NK
and NK+P, respectively (Fig. 3). The foliar phosphorus concentrationsAlkkia
Thebasal area growtlwith apatite and super- 66 and Puras were significantly higher on the
phosphate in Alkkia 2 before refertilisation inapatite, rock phosphate and superphosphate plots
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HAADETJARVI

m?/ha m2/ha

161 164

RAUTAVAARA

Basal area HEINOLA
m?/ha

121 12

1988
121

(T

=
—
I
— —
— —
81 — —
—_— —
= —
= —
—
— 1975 1
== 4 =
1 1
— —
— —
— 1965 =
e "EE "
2
1 2 3 4 5
1965 1975
Treatment | N K P N K P
m2/ha ALKKIA 2 kg/ha kg/ha
d 1 Control - - = —_— -
167 = 2 Pr 92 96 66 | 100100 —
2 d - 3 Pr 92 64 44 | 100 100 44
= M 2 H 4 Ps 92 96 66 |[100100 —
121 H - 5 Ps 92 64 44 | 100100 44
81 M H ]
a a - — refertilization
™ M — period
41 HH HO
0 s 11975
2/h 1 2 3 4 1961 1
m2/ha ] 975
19+ Iﬂ:ﬁ K P|N K P
kg/ha kg /ha
81 — —] ; ;;6 1;; -|=Zz =z
— [ basic ferilization - - -
— — period 3a 100 100 44
4 — _ 3d |[100 100 44 | 100 100 44
= = 4a |100 100 44 - - -
0 =] = 191 4d |100 100 44 | 100 100 44
3 4

3=apatite 4 =superphosphate

Fig. 4. Cumulative basal area development for Scots pine in the refertilised experiments. At Alkkia 2 P 44 kg/
ha is the mean of 22, 44 and 66 kg P/ha levels.

than on the control plots, 23 and 15 years aftegjiven 22 kg P/ha had foliar phosphorus concen-
fertilisation. The phosphorus concentrations wertrations under the deficiency limit, 1.13 g/kg.
still relatively low. The differences between theThe 44 and 66 kg P/ha levels resulted in signifi-
phosphorus fertilisers were statistically non-sigeantly higher foliar phosphorus concentrations,
nificant (Table 3). 1.36 and 1.57 g/kg, respectively. Polyphosphate
The potassium and especially the nitrogen cornincreased foliar P concentrations to a somewhat
centrations in Alkkia 66 were high, indicatinglower extent than the multinutrient fertiliser (Ta-
good nitrogen availability. Fertilisation signifi- ble 3). No interaction was found between the
cantly lowered the manganese, zinc and bordertiliser type and the phosphorus dose.
concentrations, but increased the magnesium con-The foliar nitrogen concentrations were be-
centrations. In Puras the stands suffered from tWeen 1.22 and 1.53 % (Table 3), thus indicating
and K deficiency. a relatively low supply of nitrogen. Despite the
In Jylkkythe foliar phosphorus concentrationspotassium application the K concentrations were
increased along with the phosphorus dose. Plots all cases below the severe potassium deficien-
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Table 3. Foliar nutrient concentrations in the experiments fertilised once. Underlining means significant devia-
tion from the control. * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.

Fertilisation (kg/ha) N P K Ca Mg Fe Mn Zn Cu B
N K P % a/kg mg/kg
Alkkia 66
1 Control - - - 189 118 396 223 127 nd. 482 68 3.7 121
2 Apatite 92 100 52 166 132 379 219 136 nd. 408 55 35 84
3Pr 92100 52 1.71 141 363 219 152 nd. 393 7 3.6 100
4 Ps 92 100 52 1.58 144 399 235 148 nd. 354 58 35 95
F-value 4.72* 452** 1.80 0.57 4.70** nd. 3.37* 4.85* 0.56 4.89**
Puras
1 Control - - - 1.18 146 4.27 192 1.15 47 368 57 34 148
2 Apatite - 50 44 126 2.15 489 216 1.22 42 267 49 32 204
3 Pr - 50 44 122 217 505 194 1.12 44 216 47 3.2 156
4 Ps - 50 44 123 179 438 175 119 42 283 48 3.0 157
F-value 0.98 4.44* 210 0.74 0.77 114 157 219 046 0.28
Jylkky
1 Mf 37 31 22 141 122 289 118 1.11 36 199 41 3.1 139
2 Mf 75 62 44 135 148 3.18 111 1.06 35 172 34 26 143
3 Mf 112 93 66 134 163 296 116 1.07 31 150 32 26 121
4 Pp+KCI+U 37 31 22 153 110 321 119 1.05 32 177 44 31 11.2
5Pp+KCI+U 75 62 44 149 120 295 135 1.09 33 191 40 28 116
6 Pp+KCI+U 112 93 66 1.22 156 3.12 1.10 0.97 40 141 36 2.7 7.3
7 Pp+Mf 19 16 22 140 107 268 132 1.19 30 250 40 28 145
8 Pp+Mf 38 32 44 123 142 267 113 111 30 169 33 25 131
9 Pp+Mf 57 48 66 130 154 259 103 1.00 30 169 31 28 131
F-value 1.86 548+ 258* 092 129 086 186 258* 093 241

cy limit (Veijalainen 1992, Sarjala and Kaunistonot have significanthhigher foliar phosphorus
1993). concentrations than the corresponding basic-fer-
tilised treatments or control plots (Table 4).

The foliar nitrogen concentration on the con-
trol plots at Heinola was sufficient, but lower in

Haadetjarvi and Rautavaara (Table 4) and indi-
The foliar phosphorus concentrations in the ferticated nitrogen deficiency (< 1.3 mg/g, Reinikai-

lised treatmentsHeinola Haadetjary andRau- nen et al. 1998) The potassium concentrations
tavaaracombined) were significantly higher thanwere at a satisfactory level and no significant
those on the control plots (cf. Table 4). Significanthanges caused by basic or refertilisation were
differences between the experiments were olmbserved.

served, but no interaction between fertilisation In Alkkia 2 severe phosphorus deficiency (P

and the experiment. The differences between rodk12 and 1.14 g/kg) was found on the control and
phosphate and superphosphate were statisticaNiK plots (Table 4). Plots given apatite and su-

non-significant. The foliar phosphorus concentraperphosphate in the basic fertilisation still had

tions were still above the deficiency limit (Paar-higher needle phosphorus concentrations (1.27
lahti et al. 1971), 25 years after fertilisation. Theand 1.24 g/kg) than the control and NK treat-

refertilised (rock and superphosphate) plots dichents. On the refertilised (apatite, superphos-

4.2 Refertilised Experiments
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Table 4. Foliar nutrient concentrations in the refertilised experiments. Time elapsed since basic fertilisation is
more than 25 years. Underlining means significant deviation from the control. * = p < 0.05, ** = p < 0.01 and

*** =p < 0.001.

Fertilisation 1966 1975 N P K Ca Mg Fe Mn Zn Cu B
treatment
N K P N K P % g/kg mg/kg
Heinola
1 Control - - - - - - 144 137 452 221 111 284 213 411 3.0 226
2Pr 92 96 66 100 100 - 148 154 468 254 112 27.1 240 386 25 231
3Pr 92 64 44 100 100 44 152 153 461 2.16 1.05 28.3 192 318 2.6 20.0
4 Ps 92 96 66 100 100 - 1.51 150 4.81 251 1.03 30.0 194 404 28 218
5Ps 92 64 44 100 100 44 142 154 464 2.07 099 29.1 171 356 2.6 17.0
F-value 0.33 2.60 0.10 0.64 2.98 0.51 0.35 0.61 0.37 1.21
Haadetjarvi
1 Control - - - - - - 1.23 1.29 388 141 112 269 192 385 3.2 19.0
2Pr 92 96 66 100 100 - 131 148 431 146 1.09 28.8 198 328 2.7 17.2
3Pr 92 64 44 100 100 44 1.35 1.54 425 2.03 1.28 26.2 183 345 29 184
4 Ps 92 96 66 100 100 - 1.34 148 434 152 103 275 158 36.3 29 184
5Ps 92 64 44 100 100 44 127 146 428 144 1.02 244 151 311 24 1738
F-value 1.53 3.17 0.95 4.81*0.63 1.27 0.58 1.47 2.36 0.13
Rautavaara
1 Control - - - - - - 1.15 159 4.76 240 1.16 26.8 448 49.2 35 233
2 Pr 92 96 66 100 100 - 1.30 1.89 476 235 1.29 259 320 464 34 20
3Pr 92 64 44 100 100 44 1.17 181 476 249 127 27.1 347 431 33 174
4 Ps 92 96 66 100 100 - 1.16 1.58 450 2.29 1.14 25.7 328 46.2 3.1 204
5Ps 92 64 44 100 100 44 125 1.74 454 228 121 256 275 425 3.3 188
F-value 0.30 0.67 1.06 0.30 1.31 0.71 1.27 1.62 0.02 0.53
Alkkia 2
1 Control - - - - - - 154 112 444 181 090 33.6 263 532 35 17.3
2 NK 100 100 - - - - 155 114 429 176 082 37.3 313 546 35 152
3 a Apatite 100 100 4 - - - 1.49 1.27 3.89 156 0.96 36.7 190 47.2 4.0 154
3 d Apatite 100 100 44 100 100 44 1.4656 3.81 1.46 0.91 33.2127 354 25 131
4 aPs 100 100 44 - - - 151 1.24 3.58 154 0.98 371B6 43.6 2.9 1438
4dPs 100 100 44 100 100 44 1.4654 3.80 1.58 0.93 36.0171 37.6 2.4 12.0
F-value 0.11 8.60**2.27 0.90 2.64 0.45 13.8***2.262.89 3.75*
P 44 is the mean of 22, 44 and 66 kg P/ha levels
Kettula
1 Control S 1.21 1.10 3.66 2.22 1.22 50.6 314 73.7 4.4 205
2Pr - - -100 100 33 1.39 144 423 166 1.07 39.0 262 61.7 2.6 159
3 NK 100 50 - - - - 122 1.24 417 193 1.30 411 284 66.3 39 204
4 Pr 100 100 - 100 100 33 1.30 1.39 3.31 1.77 1.26 40.6 298 57.2 3.0 19.1
5Ps 100 100 52 - - - 1.28 149 414 245 140 51.0 245 625 4.0 221
6 Ps 100 100 52 100 100 33 140 1.30 3.43 2.00 1.41 38.2 296 77.3 3.4 16.8

phate 44 kg/ha) plots the concentrations were According to the site type and nitrogen con-
higher than those on the unrefertilised plots. Theentration in the surface pe&phagnunfuscum
plots at Kettula not given phosphorus (P-) habtog, 1.05 % and dwarf shrub pine bog, 1.21 %)
needle phosphorus concentrations below the dédkkia 2 and Kettula were infertile. The relative-
ficiency limit and were lower than those on thdy high foliar nitrogen concentrations in the pine
(P+) plots (Table 4).
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suffering from nitrogen deficiency (Table 4). The5 Nutrients in the Peat
K, Mn and B concentrations were lower in the

apatite and superphosphate treatments than Bnl Experiments Fertilised Once

the control and NK treatment, while the differ-

ences between the two P-fertilised treatmentBhe fertilised plots at Alkkia 66 and Puras had

were small. approximately the same amounts of phosphorus
The range of the foliar nitrogen concentrationss the control (Fig. 5). The fertilised plots at

at Kettula was 1.21-1.40 % (Table 4). The neeAlkkia 66 contained 65-157 kg P/ha, while the

dle potassium concentrations were in most casaserage was 105 kg for the control plots (Appen-

below the deficiency limit. dix 1). Thus, there was apparently little surplus

phosphorus left in the P-fertilised plots 23 years

Pin peat
ko/ha .
5001 ALKKIA 66 5001 PURAS 5001 JYLKKY
400+ ’ 400- 4004
3004 3004 300+
200 2004 2001
1004 wzBRun 100+ 1004
1AE
0+ 2R = 04 04
0 — 52—
5007 HEINOLA 5007  HAADETJARVI 5001 RAUTAVAARA
4001 4001 400+
3001 3001 300+
200 M EH 200 200
H
1004 — 100 1001
= =
1 ]
== 0 0
0 66 88 66 88
5001 ALKKIA 2 500+ KETTULA
4001 400
3001 300+
{7 No phosphorus
200 200- Apatite
100 EJ Rock phosphate
T RIS PR e
P applied 55
o ol kg ha Polyphosphate
0 0 44 88 44 88 0 33 0 338 52 85

Fig. 5. Total amounts of phosphorug, + S.E. by treatment, in the peat layer 0-20 cm. * = no
control plots.
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after fertilisation. About 20 % of the total phos-5.2 Refertilised Experiments
phorus was in a soluble form (Appendix 1). At
Puras the range for the fertilised plots was 106Fhe range in the amount of phosphorus in the
192 P kg/ha, and 132 kg for the control. fertilised plots atHeinola, HaadetjarviandRau-
The nitrogen stores in the control plots at Alktavaarawas 102—-309 k¢ /ha in the 0-20 cm
kia 66 and Puras were about 2500 kg/ha, and thagat layer (Appendix 1). Basic fertilisation (P =
of potassium 84 and 51 kg/ha (Appendix 1). Thé6 kg/ha) did not significantly increase the
potassium store was lower in the fertilised ploteamount of phosphorus compared to the control.
than in the control plots. The refertilised (P 44+44 = 88 kg/ha) treatments
In Jylkkythe amounts of phosphorus were highdid not differ significantly from the basic fertili-
over 300 kg/hgand they correlated well with the sation treatments or the control (Fig. 5).
phosphorus doses applied (22, 44 and 66 kg/ha;The whole range of nitrogen was 2121-5745
Fig. 5). The multinutrient fertiliser increased thekg/ha and of potassium 50-231 kg/ha (Appendix
phosphorus stores more than polyphosphate. Thg
amounts of soluble phosphorus were extremely At Alkkia 2the control plots contained 96, and
low in all the treatments, probably due to thdhe fertilised plots 69-112 kg P/ha. The amounts
large amounts of iron in peat (between 2000 amef P in the basic and refertilised plots were at the
4000 kg/ha, Appendix 1). same level as in the control plots (Fig. 2). The
The nitrogen concentration in peat (0—20 cmjvhole nitrogen range was 1550-2924 kg/ha. The
in Jylky exceeded 2,5 %, corresponding to 850@mount of potassium was 80 kg/ha in the control
kg N/ha and was by far the highest in this studplots and 29-152 kg in the fertilised plots (Ap-
(see Fig. 6)., The potassium stores were in shapendix 1).
contrast to nitrogen, very low, 36-53 kg/ha. The The control plots &ettulahad 75 and the NK
amounts of Ca, Mg and the microelements Bplots 97 kg P/ha, which was approximately the
Mn and Zn were the lowest in this study. Despitsame as the P-fertilised plots (Fig. 5). The range
fertilisation Jylkky is still a site with strong nu- of nitrogen was 1000-2595 and that of potassi-

trient imbalances in the soil. um 35-138 kg/ha (Appendix 1).
-1
P kg ha
5001
400+
3
300+
200+ :
5
2 . 1 =Alkkia 66 5 = Haadetjarvi
1004 2 = Puras 6 = Rautavaara
3 Z 3 = Jylkky 7 = Alkkia 2
4 =Heinola 8 = Ketttula

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
-1
N kg ha

Fig. 6. The amount of i; and R, in the 0—20 cm peat layer. Means, min. and
max. (for plots) are marked.
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Table 5. Correlations for current basal area growthcomplicated by the refertilisations in 1975 with
(m?/ha/5a) versus peat (kg/ha 0-10 cm) and foliaN, P, K and microelements. The study on the

nutrients. For site types, see Table 1. duration of basic fertilisation was hampered by
this in some of the experiments.
Field Alkkia 66 Jylkky Hagdetjarvi This study did not reveal any major differenc-
es between the effects of apatite, rock phosphate
Peat R -, 38l - and superphosphate. There were only a few sig-
g;‘:’t‘ '35_7 _'ggg*** i nificant differences between the phosphorus fer-
Foliar P ) G w ; tilisers with respect to tree growth, and foliar
Ca - _ _538* and peat nutrients. Apatite seemed to be equal to
B —.549%* - - rock phosphate and superphosphate particularly
during the last five years of the study period (see
Significance levels: also Penttila and Moilanen 1987). Apatite thus

- not significant. * 5%; ** 1% and *** 0.1%. .
seems to be a suitable source of phosphorus,

(also Kaunisto et al. 1993) and is used as the
phosphorus compartment in PK-fertilisers by
Kemira Ltd. The solubility of the phosphorus in
Only a few peat and foliar nutrients correlatedhe fertilisers seems to be of minor importance
positively with the basal area growth during theas regards stand development. Superphosphate
last five years. The significant correlations bewas almost as effective as rock phosphate and
tween the current basal area growth and the napatite even at the end of the study period. Su-
trient variables are presented in Table 5. Thperphosphate has not been recommended in peat-
experiment at Jylkky had the most and the strongand forests because of the rapid leaching of
est correlations. The positive correlations wittphosphate after application (e.g. Karsisto 1968).
calcium are due to the fact that the Ca content of Karsisto (1977) developed a model for the
rock phosphate is 38 % and of (Siilinjarvi) apa-duration of the fertilisation effect of phosphorus
tite 22 % (Paavilainen 1979, Karsisto 1976). fertilisers containing different proportions of
The amounts of total P and N in the peatvater soluble phosphorus. This concept does not
correlated strongly with each other, both withircompletely fit with the growth results obtained
the indidvidual experiments and in the wholéhere, particularly in the case of superphosphate,
material (Fig. 6). as the differences between the P fertilisers used
were non-significant. Foliar nutrient deficien-
cies and imbalances (N, P, K) and a need for
. . refertilisation primarily occurred on the original-
Discussion ly open mire sites.
Potassium, rather than phosphorus, seemed to
The sites studied represent nutrient-poor draindsk the critical element, according to both the
peatlands in Finland (Huikari 1952, Keltikangadoliar analyses and the low amounts of K in the
et al. 1986). The very low infertility and scarcesurface peat. The potassium given in both the
nitrogen resources in most of the experimentsasic and refertilisation probably had a transito-
was a disadvantage, despite the nitrogery effect on foliar concentrations (see Kaunisto
fertilisation(s), when performing this study. Thel988, Kaunisto and Tukeva 1984, Moilanen
effect of different phosphorus fertilisers is not1993). The use of biotite might ensure a suffi-
easy to evaluate when nitrogen (and potassiumgient, and long-lasting availability of potassium
instead of phosphorus, is the growth-limiting el{Kaunisto 1992).
ement. The response to the fertilisation treatments was
The design of the experiments did not includatrongest in the needles, weaker in tree growth
treatments with only phosphorus fertilisation anénd negligible in the surface peat. Foliar analysis
there were only a few with NK alone. Evaluationseems to be a reliable method for evaluating the
of the effects of the basic fertilisation was alsautritional status of pine stands (Paarlahti et al.
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1971, Veijalainen 1992, Reinikainen et al. 1998)phorus fertilisation on the foliar phosphorus con-
Basal area growth, however, generally did notentrations was strong and long-lasting. At Pu-
correlate with foliar nutrient concentrations andas 44 kg P/ha provided enough phosphorus for
amounts in the peat. Stand growth does not coat least 15 years, but at Jylkky only the highest
relate with the foliar concentrations of individu-dose (66 kg P/ha), maintained a sufficient foliar
al nutrients, if other nutrients are minimumphosphorus concentration 18 years after fertili-
growth factors (Paarlahti et al. 1971). It is diffi-sation. On the basic fertilised (66 kg P/ha) pine
cult to determine the optimum time of refertili-bog plots only slight signs of phosphorus defi-
sation with respect to current growth, as thereiency were observed after 28 years. On the
were few clear signs of decreasing growth on thieollow-rich S. fuscunibogs phosphorus deficien-
basic-fertilised plots. cy occurred 23 and 31 years after basic fertilisa-
Phosphorus + NK fertilisation increased tredgion (P 52 and 44 kg/ha). On the refertilised
growth in most of the experiments. Unfortunate{1975) plots the foliar phosphorus concentra-
ly, a simple P+ vs P— comparison was possibligons were insignificantly or not higher than those
only in Alkkia 2. A surprisingly high stem vol- on the unrefertilised plots.
ume was obtained with basic fertilisation (1961— The foliar nitrogen concentrations on the un-
1993) on this hollow-ricts. fuscunbog. Com- fertilised plots were sufficient only at Alkkia 66,
pared to NK fertilisation the increase resultinglylkky and Heinola. A deficiency of potassium
from apatite (44 kg/ha) alone was 2.¥ma per was found on originally open or sparsely treed
year. The oligotrophic pine bogs generally had anires (Alkkia 66, Alkkia 2, Jylkky), as well as at
weak growth response to fertilisation. The exHaadetjarvi and Kettula. Thus the initial N and
periments on the pine fens (Puras, Jylkky) werk-fertilisation was highly necessary in these ex-
too young to permit conclusions to be drawn operiments. However, fertilisation with potassi-
the duration of the effect influence, and thisum probably had only a weak or transitory effect
should be followed up. on the potassium concentrations (Kaunisto and
Refertilisation with rock phosphate and apaTukeva 1984, Moilanen 1993). Scots pine stands
tite in most cases only slightly increased then drained, nutrient-poor pine bogs are generally
basal area growth. Even repeated fertilisationot considered very susceptible to micronutrient
with N, P and K (N 192, K 164 and P 88 kg/hadeficiencies (Kolari 1983). The foliar Mn, Zn,
gave only a non-significant increase in basal aréau and B concentrations were at a satisfactory
growth and stem volume. The stands fertilisetevel, because even the control plots received
for the first time with apatite seemed to gain lesmicronutrients in 1975. In several experiments
benefit from refertilisation than the superphosphosphorus fertilisation lowered the concentra-
phate plots. The current basal area growth on thiens of Zn in particular.
unrefertilised plots does not reveal any substan- The rangef total nutrients in the whole mate-
tial weakening in the growth response, despitgal (by plots, 0-20 cm) was 63—440 for P, 1000—
the low foliar nutrient concentrations and thel0712 for N and 29-231 kg/ha for K. The rela-
low nutrient reserves in the surface peat. Thigonship between nitrogen and phosphorus was
growth is only slightly lower than on the referti-linear along the trophic gradient. There were
lised plots. This indicates that apatite has a longnly a few significant differences between the
lasting growth effect (see also Kaunisto et altreatments, although the amounts given were of-
1993). Somewhat surprisingly, superphosphaten considerable compared to the amounts in the
seemed to increase growth in a similar mannemfertilised plots. A slight surplus of phosphorus
as rock phosphate and apatite. Within 20 or momnd potassium after fertilisation was found in the
years after basic phosphorus fertilisation thersurface peat of the younger, once fertilised ex-
will probably not be a need for phosphorus referperiments and also in the refertilised treatments.
tilisation. The figures obtained for P agree rather well with
A deficiency of phosphorus in the needles wasearlier results for drained peatlands (e.g. Kaunis-
found on the control plots of all the experimentsto and Paavilainen 1988, Laiho and Laine 1995).
except that at Rautavaara. The effect of phos-The antagonism between elements in the soil
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