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Thc intcrrclationships bctwccn thc pcat total and mincral nitrogcn conccntrat ions at diffcrcnt timcs during the 
unfrozen pcriod and thc relationships bctwccn thcm and nitrogcn, phosphorus. potassium and boron nutrition and growth 
of  Scots pine (P inrr .~  s j~ lvcs t r i s  L.) wcrc studicd on a draincd, afforcstcd and fcrtiliscd mirc having a widc peat total 
nitrogcn gradicnt (0.87% -2.91%) in castcrn Finland. Thrcc diffcrcnt fcrtilisation trcatmcnts wcrc involvcd: PK,  PKB 
and wood ash all with six rcplicatcs, choscn cvcnly along thc nitrogcn gradicnt. Thc highcst rnincral nitrogcn conccntrations 
wcrc in the 0-5 cm pcat laycr. Thc  main form was NH,-N. It corrclatcd closcly with thc total N conccntrations at all 
sampling timcs but NO,-N only occasionally. Thc  conccntrations dccrcascd towards autumn. Stand ~ r o w t h  rcspondcd 
similarly to diffcrcnt fcrtilisation trcatmcnts. Nccdlc nitrogcn conccntrat ions and stand growth corrclatcd closcly 
positivcly with total pcat N and PC but ncgativcly with thc CIN ratio. Nccdlc p h o s p h o r ~ ~ s  corrclatcd positivcly but boron 
ncgativcly with pcat total N. 

Key words: Ammonium, boron. CIN ratio, niincralisation, mirc, nccdlc nutricnts, nilratc, nitrogcn, nutrition, pcat, 
pcatland. phosphorus, Scots pinc. Pitlrrs .s.~~li~cstr~is, potassium, stand growth. 

Introduction 

On boreal forested peatlands stand growth in- 
creases from nitrogen poor dwarf shrub pine bogs and 
low sedge spruce swamps towards nitrogen rich pine 
and spruce mires (Huikari 1952, Heikurainen 1959b, 
1960, Holmen 1964, Westman 198 1, Keltikangas et a[. 
1986, Kaunisto & Paavilainen 1988). Holmen (1964) and 
Silfverberg & Huikari (1985) also found a positive re- 
lationship between the peat nitrogen concentrations 
and stand growth. Similarly, on afforested originally 
treeless mires pine growth increased along with the 
increasing gradient of the total peat nitrogen concen- 
tration (Kaunisto 1982, 1985 and 1987). 

It seems, however, that very high peat nitrogen 
concentrations may lead to reduction in pine growth 
(Kaunisto 1987). This was attributed to excess nitro- 
gen mineralisation and the consequent imbalance be- 
tween nitrogen and some other nutrients leading to 

needle and bud damage during winter. Nitrogen min- 
eralisation in different peat types and in the connec- 
tion with different fertilisation or soil amelioration treat- 
ments has been studied especially in the British Isles 
by using different incubation methods (Gardiner 1975, 
Gardiner & Gegghegan 1975, Williams & Cooper 1979, 
Williams 1983, 1984, Williams & Wheatley 1988, 1992). 
Williams (1984) showed in an incubation experiment that 
the amount of mineral nitrogen correlated with the total 
peat nitrogen concentration. In peatland forests, how- 
ever, the relationship between the mineral nitrogen and 
the peat total nitrogen concentration is more compli- 
cated, because, in addition to the total peat nitrogen 
concentration, the magnitude of nitrogen mineralisa- 
tion depends also e.g. on water regime (Williams 1974, 
Williams & Wheatley 1988) and temperature (Kaunis- 
to & Norlamo 1976) of the substratum. 

The aim of the present study is, on an afforested 
mire with a wide gradient of  peat total nitrogen con- 
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centration, to clarify 1) the relationships between the 
peat total and mineral nitrogen concentrations at dif- 
ferent times during the unfrozen period, 2) the rela- 
tionships between peat nitrogen and the nitrogen, 
phosphorus, potassium and boron nutrition of  Scots 
pine, and 3) the relationship between peat total nitro- 
gen concentrations and the growth of pine stands. 

Material and methods 

Site and treatments 

The experimental area (Sarkka) is located (62" 45' N, 
3 I" 00' E and 148 m a.s.1.) in the easternmost part of 
Finland (for more details see Kaunisto 1987, Hartman 
et al. 2001). This originally treeless mire was drained 
in 1970-71 with 40-metre ditch spacing and ploughed 
with a double mould board plough. Scots pine was 
sown on the spots in 1970 and 1971. All sowing spots 
were fertilised with a NPK multinutrient fertiliser for 
peatland forests (Suomaiden Y-lannos: (14-8-8) 30 g 
per spot (= 0.25 m'). 

A refertilisation experiment involving altogether 
143 experimental plots was established in the area in 
198 1-82 (Kaunisto 1987). The treatments had been 
randomised inside three sites, two of which bordered 
each other and the third one, which was about three 
hundred metres apart but still in the same mire area. 
The sites differed in their vegetation and had a wide 
range of the total peat nitrogen concentration (Kaun- 
isto 1987, Hartman et a[. 2001). The present study in- 
volves 18 plots the mean total nitrogen concentrations 
of which varied in the 0-5 cm peat layer from one site 
to another as follows (classification according to Laine 
& Vasander 1990): Site I, herb-rich fen (N 1.87-2.91%), 
Site 2, tall sedgelherb-rich fen (N 1.15-2.38 %) and Site 
3, Sphagnum fusc~rnzAow sedge bog (N 0.87-1.80%). 
The present study involves three different fertilisation 
treatments. Every treatment was replicated six times. 
The fertilisation treatments were (A) rock phosphate 
+ KCI, (B) the same as A, added with fertiliser borate 
and copper oxide, and (C) wood ash, 5000 kg ha-' 
(Kaunisto 1987). Accordingly, the amounts of nutri- 
ents applied were 45, 45 and 28 kg ha-' for phospho- 
rus, 78, 78 and 91 kg ha-' for potassium, 0, 1.0 and 5.5 
kg ha-l for boron, and 0, 8.0 and x kg ha-' for copper. 
Copper was not determined from wood ash. Wood ash 
contained 15 % of organic material. The plots inside 
each treatment were chosen to cover a wide and even 
total peat nitrogen gradient. The experimental plots 
measured mainly 40x40 m or  40x50 m each with no 
buffer zones between the fertilisation treatments. Ten- 
metre wide subplots for more intensive sampling were 

marked off across the strips leaving a 10- 15 meter buffer 
zone to the next refertilisation treatment. 

Sampling and analy.~es 

Six pines in the middle of the plot parallel to and 
at least six metres from the ditch were selected for 
sampling on each plot in 1994 and another group of 
six pines in 1995. Needle samples were taken from the 
top third of the crown facing south of four trees at a 
time. The needles were sampled in the middle of Au- 
gust, September and October in 1994 and 1995 and also 
in the winter of 1996. Branches with current year nee- 
dles were put into plastic bags and stored at -21°C. 
Needles were dried at 60°C and the dry weight deter- 
mined after drying at 105OC for 24  hours. Nutrient 
analyses were performed with the methods routinely 
used at the Finnish Forest Research Institute (Halo- 
nen et al. 1983). Foliar nitrogen was analysed by the 
Kjeldahl method, potassium from ashed samples (at 
550°C) with an atomic absorption spectrophotometer 
(Hitachi 100-40) and phosphorus and boron spectro- 
photometrically at Muhos Research Station. 

The samples for the peat nutrient analyses were 
taken in June 1994 and in May, August, September and 
October 1995. Peat samples were taken from the edge 
of the area covered by the crown of each of the six 
sample trees. Four subsamples were taken from each 
subplot and pooled by 0-5, 5- 10 and 10-20 cm layers 
at every sampling time and kept frozen (-20°C) until 
analysed. The total nitrogen concentration was ana- 
lysed with the Leco CHN 2000 analyser at Parkano 
Research Station. NH,-N was determined from 0.5 M 
KC1 extract by distilling in an alkaline MgO solution 
and nitrate from the KC1 extract by first removing NH,- 
N with NaOH + distillation as free ammonia. The total 
phosphorus, potassium and iron concentrations were 
analysed. They were extracted with hydrochloric acid. 
Phosphorus was determined spectrophotometrically 
with the vanado-molybdate method and the other 
nutrients with an  atomic absorption spectrophotome- 
ter (Hitachi 100-40) at  Muhos research station. 

Calculations 

Calculations concerning the effects of fertilisation 
on the mineral nitrogen concentrations in peat and on 
the needle nutrient concentrations were done using the 
analysis of variance with repeated measures (BMDP 
software packing) and the relationship between the nee- 
dle nutrient concentrations and the peat nitrogen sta- 
tus using correlation and linear regression analyses. 
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Results 

Mirzeral nitrogen iiz peat 

The average NH,-N concentrations in the 0-20 cm 
peat layer were 16, 16, and 14 mg I- '  and the NO3-N 
concentrations 2.6, 1.3, and 1.5 mg 1.' for PK, PKB and 
wood ash fertilised plots respectively. Fertilisation did 
not significantly affect the mineral nitrogen concen- 
trations in any layer. The concentration of NH,-N de- 
creased quite clearly from the peat surface downwards 
in all treatments but the variation in the NO,-N con- 
centrations between different layers was quite incon- 
sistent (Tab. I) .  The concentrations of NH,-N were 
manifold compared with NO,-N in all peat layers. The 
concentrations of both NH,- and NO3-N varied great- 
ly during the growing season (Tab. 1). The highest 
mineral nitrogen concentrations were detected in the 
spring and there was a clearly decreasing trend from 
spring towards autumn. The differences were most 
pronounced and statistically significant in the two 
most superficial peat layers. 

Table 1. Peat NH,- and NO,-N concentrations (mg I - ' )  in 
different pcat laycrs and sampling times (miy = monthlyear) 
in 1994-1995. Analysis of variance with repeated mcasures 
( n  = 90 for each layer). 

C o m -  Laycr  Timc.  mly 
pound  c m  5 / 9 4  5195 8 / 9 5  9 / 9 5  10195 p 

N H ,  0 - 5  
5 - 1 0  
10-20  
- 

NO,  0 - 5  
5 - 1 0  
1 0 - 2 0  
- 
X 

NH,-N and the peat total nitrogen concentrations 
were in a close positive correlation in the 0-5 cm peat 
layer at every sampling time in 1995 (Fig. 1) and in all 
peat layers in the early summer sampling. However, 
in the 5-10 cm and 10-20 cm peat layers the correla- 
tions were rather weak or insignificant in late summer 
and in autumn. The concentrations of NO3-N behaved 
quite differently from those of NH,-N and were incon- 
sistent along with the increasing total nitrogen con- 
centration according to bivariate scatter plots. The 
correlation of NO3-N with the peat total nitrogen con- 
centration was significant in the 0-5 and 10-20 cm peat 
layers at the last sampling time (10195, r = 0.436* and 
0.548** respectively) and in the 5-10 cm layer ( r  = 

0  1 2  3 0 7 2 3 4 0 1 2 3 4  

0-5 cm 610crn 10-20 on 

Peat lolal N 

Figure 1. Correlations betwccn the peat NH,-N and total N 
concentrations in 0-5, 5-10 and 10-20 cm peat layers in 1995. 
Kcy: A = PK, = P+Cu+PK, and 0 = Wood ash fertili- 
sation. * = p < 0.05, ** = p < 0.01, * * *  = p < 0.001 

0.648***) only in the early summer sampling. All the 
other correlations between NO,-N and the peat total 
nitrogen concentrations were insignificant. 

The correlations between the mineral nitrogen 
concentrations and the C/N ratio in peat were calcu- 
lated only for the autumn months. The correlations 
were negative but agreed quite well with the ones 
between the mineral nitrogen and peat total nitrogen 
concentrations. 

Nutrition of trees 

Analyses of variance with repeated measures were 
calculated to find out the effects of the different ferti- 
lisation treatments. In 1994 and 1995-96 the needle phos- 
phorus concentrations o n  the ash fertilised plots were 
lower than in the other treatments but there were no 
significant differences in the potassium concentrations. 
The needle boron concentrations were lowest in the mere 
PK-fertilised trees and highest in the ash fertilised trees 
in both years. The boron concentrations in the needles 
decreased with PK fertiliser without boron to the criti- 
cal deficiency level (5-7mg kg-', Reinikainen & Veijalai- 
nen 1983, Reinikainen et 01. 1998) on average (Tab. 2). 
PK fertiliser containing boron as well as wood ash in- 
creased the boron concentrations in the needles to a 
satisfactory or good level (see also Kaunisto 1987). 
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Table 2. Effect of  fcrtilisation on the needle N, P, K,  B and 
ash concentrations. Analysis of variance with repeated rncas- 
ures. Thc figures are the means o f  the ycars 1994 and 1995- 
96. B as mg kg-' and the others as mg g-' (n = 54 in 1994 
and 72 in 1995-96). 
- -- -- ~~~- ~ 

Year Nutrient Fertilisation 

P K PK+B+Cu Ash P 

9 4  N 15.0 16.2 14.8 0.327 
P 2.04 2.29 1.53 0.005 
K 4.58 5.64 5.20 0.143 
R 7.3 12.4 19.4 0.003 
Ash 19.4 22.4 22.2 0.202 

1995 N 12.8 12.5 11.7 0.040 
-96 P 1.64 1.58 1.35 0.128 

K 3.94 4.10 3.99 0.873 
n 5 . 1  10.5 17.7 0.000 
Ash 17.6 18.2 19.1 0.278 

The concentrations of the main nutrients were 
considerably lower in the needles of 1995 than in these 
of 1994 (Tab. 2). The nitrogen concentrations dropped 
from the optimum level (15.0-16.0 mg g-', Paarlahti et 
al. 1971, Kaunisto 1982) below the deficiency level, 
which indicates the need for nitrogen fertilisation (13.0 
mg g-', Paarlahti et al. 1971) in 1995. Similarly, the fo- 
liar phosphorus concentrations dropped from an op- 
timal nutritional level (1 .GO mg g- '  Reinikainen et al. 
1998) below it, and with wood ash even below the 
deficiency level. (1.40 mg g-' Paarlahti et al. 197 1). The 
needle potassium concentrations dropped close to or 
below the slight deficiency limit (4.0 mg g-I) and in the 
control trees below the severe deficiency limit (3.5 mg 
g I, Paarlahti et al. 197 1, Sarjala & Kaunisto 1993). 

The needle and peat total nitrogen concentrations 
of the 0-5 cm peat layer correlated positively, and quite 
closely with each other at all sampling times in 1994 
and 1995 (Fig. 2). The correlations of the needle ni- 
trogen with the peat total nitrogen concentrations were 
at their highest in the topmost 0-5 cm layer and de- 
creased downwards, being at their lowest in the 10-20 
cm layer (Fig. 2 and Tab. 3). The needle nitrogen con- 
centrations correlated quite closely also with peat iron, 
especially with iron in the deepest layer (Tab. 3). The 
CIN ratio was determined only from the peat samples 
taken in the autumn of 1995. The correlations of the 
needle nitrogen concentrations with the CIN ratio were 
negative and slightly lower than these with peat total 
nitrogen (Fig. 3). 

Similarly to the total peat nitrogen, the needle 
nitrogen concentrations correlated fairly closely also 
with the peat NH,-N concentrations in the 0-5 cm peat 
layer in 1995 (Fig. 4). The same was also true with the 
correlations between needle nitrogen during dorman- 
cy in March 1996 and the NH,-N concentrations in the 

Needle N ,  rng g-' Needle N ,  mg g" 

15 

0 1 2 3 0 1 2 3 
Peat total nitrogen, % 

0 - 5 c m  25 -17 
Figure 2. Correlations betwecn 
the nitrogen concentrations of  
needlcs collected during August, 
September and October in 1994 r=0.889"' 5u and 1995 and during dormancy 0 

in 1996, and the total nitrogen O 1 2 3 
Peat total nitrogen, % 

concentrations in the 0-5 cm 0 - 5 cm 
surface peat layer. y = mean of  
the needle nitrogen concentra- 
tions. At 3/96 needle sampling 
the mean of the peat N concen- 
trations was used. Key as  in 
Fig. 1 .  

Table 3. Correlations betwcen the nitrogen concentrations 
of  needlcs collected during August, September and October 
in 1994 and 1995 and during dormancy in 1996, and the total 
nitrogen and iron concentrations in different pcat layers. At 
3/96 needle sampling the means of the peat N and Fc con- 
centrations in 1995 used. (n = 18). See also Fig. 2. 

Time 

m/a 

8/94 
9/94 
10194 
8/95 
9/95 
10195 
3/96 

Peat layer, cm 
5- 10 10-20 0-5 5-10 
N N Fe Fc 

0.671 * *  0.574"* 0.47 1 0.495* 
0.5 10" 0.458* 0.757*** 0.720f * *  
0.566** 0.436 0.508" 0.538* 
0.787*** 0.762*** 0.562** 0.406 
O.693*** 0 .5  lo*  0.540* 0.474* 
0.748*** 0.656** 0.695** 0.78Xf **  
0.854*** 0.794*** 0.652** 0.745*** 
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Needle N, m g  g' 

20i 8/95 I 2 0 T l o i 9 5  

Peat CIN 0  - 5 cm Peat CIN 0 - 5 cm 

Figure 3. Correlations between the nitrogen concentrations 
of needles collected during August, Scptember and October 
in 1995 and during dor~nancy in 1996, and the C/N ratio in 
the 0-5 cm pcat layer. At 3/96 needle sampling the mean of 
the peat C/N ratios was used. Key as in Fig. 1 

Needle N, mg g ' Needle N ,  mg Q ' Needle N, mg g ' 

5 
r=0 678" r=o  656" 

0 - 
0 20 40 60 80 0 20 40 60 10 0 20 10 60 8C 

PBII NH' -N mp I' o 5 cm 

Figure 4. Correlations between the needle nitrogen and pcat 
NH4-N concentrations in the 0-5 cnl surface peat layer dur- 
ing August, Septcmber and October in 1995. Key as in Fig. I. 

0-5 cm peat layer analysed at different times during 
1995 (Fig. 5). However, in most cases the correlations 
were considerably weaker between nitrogen in the 
needles and NH,-N in the deeper peat layers. 

The correlations of the needle phosphorus con- 
centrations were positive but quite weak with the peat 
total nitrogen concentrations in the 0-5-cm peat layer 
(Fig. 6a), and even weaker with the nitrogen concen- 
trations in the deeper peat layers. There were no cor- 
relations between the needle potassium and the peat 
total nitrogen concentrations (Fig. 6b). The needle 
boron concentrations correlated negatively with the 
peat total nitrogen concentrations at all sampling times 
and dropped to the critical boron level (5-7 mg g-I 
Reinikainen & Veijalainen 1983, Veijalainen et al. 1984) 
in high peat total nitrogen concentrations (Fig. 7). This 
was shown especially clearly on the PK-fertilised plots, 
which had not recejved boron. 

Needle N, rng g'l 3196 Needle N, rng g.' 3/96 
2 0 1 1  

0 2 0  40 60 80 0 10 2 0  30 40  

20 1-1 Peal NH4 - N  mg i1 0-5  cn 

-r:0.894'.' 

0 
*I951 

0 20 40 60 

Peal  NH4-N rng 1.' 0-5 cm 

Figure 5. Correlations between thc ncedle nitrogen conccn- 
trations collccted in March 1996 and the peat NH4-N con- 
centrations in the 0-5 cm surfacc peat laycr sampled at dif- 
ferent times in the previous year. Key as in Fig. 1 .  

Stand growth 

There were no differences in stand charcteristics 
between the different fertilisation treatments but there 
was a strong positive correlation between them and 
the peat total nitrogen concentration in the 0-5 cm peat 
layer but a negative one between the stand charac- 
teristics and the peat C/N ratio in 1995 (Figs. 8 and 
9). However, there seemed to be a slight reduction in 
the height increment at the highest peat total nitro- 
gen concentrations. The correlations between the peat 
nitrogen concentration, C/N ratio and iron in all stud- 
ied peat layers and the mean height and volume of the 
tree stands in 1994 are shown in Table 4. Both stand 
characteristics were in a strong positive correlation 
with both the nitrogen and iron concentration but in 
a strong negative correlation with the C/N ratio of all 
studied peat layers. 

The variation in tree characteristics was explained 
quite similarly by the peat total nitrogen concentra- 
tion in the 0-5 cm and 5-10 cm peat layers (Figs. 8 and 
9, Tab. 4). The correlations between the peat total iron 
concentration and tree characteristics were similar or 
even higher than the correlations between the tree 
characteristics and peat nitrogen (Tab. 4). Contrary to 
the correlation of tree characteristics with nitrogen the 
correlation was closest with the iron concentrations 
of the deepest, 10- 20 cm, peat layer. 
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A Needle P, rng g" Needle P,  rng g.' 
3 1 8195 

Needle 0 ,  mg kg-' Needle 0 ,  m g  kg-' 

0 1 2 3  
Peal lolal nilrogen, 90 

0 - 5 c m  

Peat to la l  nitrogen, % 
0  - 5 cm r= -0.592" 

Figure 7. Correlations between 
the boron concentrations of nee- 
dles collected during August, Sep- l o  

tember and October in 1994 and 0 

1995 and during dormancy in O 
Peat total ni lrogen, % 1996, and the total nitrogen con- 0 - 5 c m  

centrations in the 0-5 cm surface 
peat layer. y = mean of the nee- 
dle boron concentrations. At 3/96 
needle sampling the mean of the 
peat N concentrations was used. 
Key as in Fig. I. 

r=0.503' 

0 1 2 3  
Peal tolal nitcogen. % 

0 - 5 c m  

B Needle K, rng g.' Needle K, rng g- I  

Table 4. Correlation coefficients between some stand char- 
acteristics in 1994, and the C/N ratio and the total nitrogen 
and iron concentrations in different peat layers. 10194 

2 
r= 0.101 

0 
0 1 2 3  

Peat lolal nilrogen. % 
0 - 5 cm 

Measured  L a y e r  P e a t  

q u a n t i t y  c m  N CIN Fe 

H e i g h t  0-5 0.779*** -0.806*** 0.791*** 
5-10 0.775*** -0.794*** 0.788*** 
10-20 0.712*** -0.735*** 0.821*** 

Figure 6. Correlations between the 
phosphorus and potassium concentra- 
tions of needles collected during Au- 
gust, September and October in 1994 
and 1995 and during dormancy in 
1996, and the total nitrogen concen- 
trations in the 0-5 cm surface peat 
layer. y = means of the needle phos- 

Volume 0-5 0.879*** -0.877*** 0.8 lo*** 
5- 10 0.868*** -0.823*** 0.802*** 
10-20 0.873*** -0.812*** 0.813*** 

Peal total nitrogen, % 
0 - 5 cm 

Discussion 

phorus and potassium concentrations. 
At 3/96 needle sampling the mean of 
the peat N concentrations was used. 
Key as in Fig. 1.  

T h e  resul ts  s h o w e d  that in  comparison to NH,-N, 
NO,-N had only a minor  role in  the amount  of mineral 
n i t rogen  in pea t .  T h i s  a g r e e s  w e l l  wi th  the  resu l t s  
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Figure 8. Correlations be- 
tween the stand character- 
istics in 1995 and the to- 
tal nitrogen concentration 
of the 0-5 cm surface peat 
layer. The peat nitrogen 

0 1 2 3  concentration is the mean 
of the samples taken 

Peat t o t a l  in 0-5 in1995. Key as in Fig. 1. 

fpq between Figure the 9. stand Correlations charac- 
4 0 . -  teristics in 1995 and the 
20  A C/N ratio of the 0-5 cm 

0 = -0'878"' 
surface peat layer. The 

o 10 20  3 0  40 50 peat C N  ratio is the mean 
of the samples taken in 

peat C,N i n  0-5 cm 1995. Key as in Fig. I .  

obtained in other studies (Gardiner 1975, Gardiner & 
Gegghegan 1975, Kaunisto & Norlamo 1976, Williams 
1983, 1984). Nitrification is closely dependent on the 
pH of the substrate (Alexander 196 1,  Gardiner 1975) 
and its rate falls off markedly below pH 6.0 and be- 
comes negligible below pH 5.0. In the present materi- 
al pH, even in the surface peat of  the ash fertilised 

plots, was only 4 . 8  and in the other trfatments even 
lower, about 4.0 (see Hartrnan et al. 2001). 

The results showed that the concentration of NH, 
in peat was closely related to the total nitrogen con- 
centration of peat. This was coherent with the results 
of Williams (1984) The results also indicated that the 
most active part for nitrogen mineralisation was the 
surface peat. On the other hand, the fairly close cor- 
relation between NH,-N and the peat total nitrogen 
concentrations in the  deeper peat  layers in spring 
implies that some nitrogen mineralisation had also 
occurred during winter as shown also by Williams & 
Wheatley (1992) o r  nitrogen was released from the 
dead and decaying microbial body as a consequence 
of the freezing and thawing of peat (Williams & Ed- 
wards 1993). The build up of NH,-N into the lower 
layers was  p ~ s s i b l y  a lso  partly due  to downward 
leaching of NH,-N from the surface layer. The con- 
centrations of  NH4-N decreased from spring towards 
autumn. This is accordance with the results obtained 
by Paavilainen (1980) on a dwarf shrub pine bog. 

Needle nitrogen concentrations correlated most 
closely with both the peat total nitrogen and ammoni- 
um nitrogen (NH,-N) concentrations in the 0-5 cm peat 
layer. This is quite understandable because the 0-5 cm 
layer was the most active part of  peat in nitrogen 
mineralisation as shown above and because tree roots 
in peat soils are quite superficial (Heikurainen 1959a, 
Paavilainen 1966). Kaunisto (1982) and Lauhanen & 
Kaunisto (1999) also showed the importance of the 
nitrogen status of the surface peat in maintaining the 
nitrogen nutrition of trees. 

The needle boron concentrations were in a close 
negative correlation with the total peat nitrogen con- 
centration and dropped even to the deficiency level 
in high peat nitrogen concentrations (Reinikainen & 
Veijalainen 1983, Reinikainen et nl. 1998). This was 
supposedly due to the dilution of boron in the nee- 
dles (Smith 1962, Veijalainen 1977, Pietilainen et al. 
1996) because of more intensive tree growth along with 
the increasing peat nitrogen concentrations in the area. 
The needle phosphorus concentrations were lower in 
the wood ash fertilised than in the other trees. The 
reason supposedly is the poor quality of wood ash. 
The amount o f  phosphorus in wood ash was only 
about 213 of the phosphorus applied in the other fer- 
tilisation treatments even though the amount of wood 
ash was quite high. However, there were no differences 
in tree stand growth between the treatments. 

The needle nitrogen, phosphorus and potassium 
concentrations were considerably lower in 1995 than 
in 1994. The temperature sums in 1994 and 1995 were 
quite similar in the area ( I  I08 and 1 15 1 d.d.  respec- 
tively). The mean temperature in June 1994 was 
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13.1 "C, being under the 20-year average (13.7 "C). In 
July the mean temperature was 17.5 "C, being well 
above the average (15.8 "C). In 1995 the situation was 
quite the opposite. The mean temperature was 15.9 "C 
in June and only 13.9 "C in July. The low temperature 
in July may have hampered nitrogen and phosphorus 
~nineralisation in peat and consequently nitrogen and 
phosphorus nutrition of trees. However, it is difficult 
to explain the low potassium concentrations in 1995, 
because potassium is not organically bound in peat 
and its availability is not dependent on microbial ac- 
tivity. 

The total nitrogen concentration was a good in- 
dicator for the growth of tree stands. Breast height 
diameter and height more than doubled and the stand 
volume increased 3-4 fold along with the increasing 
peat total nitrogen concentration. This agrees well with 
the earlier results (Kaunisto 1982, 1985, 1987, Kaunis- 
to and Paavilainen 1988). There were only slight dif- 
ferences in the correlations between the stand char- 
acteristics and the peat total nitrogen concentrations 
in the 0-5 or 5-10 cm peat layer. This differs somewhat 
from the earlier results by Kaunisto (1987) concern- 
ing the whole experiment where the 5-10 cm peat lay- 
er explained variation slightly better than the 0-5 cm 
layer. It seems that since the earlier results the decom- 
position of the surface peat has progressed and pos- 
sibly decreased the variation in the peat total nitro- 
gen concentration of the surface peat. 

An interesting finding was that tree growth cor- 
related as closely with the peat total iron a s  with the 
peat total nitrogen concentration. As reported before, 
the peat total nitrogen and iron concentrations-and also 
the peat total phosphorus and iron concentrations were 
in a close positive correlation in this study area (Hart- 
man et al. 2001), which explains the result. 

The height growth of trees seemed to decline at 
the highest peat total nitrogen concentrations. The 
same phenomenon was seen already in the earlier re- 
sults 3-4 years after refertilisation in the study involv- 
ing the whole experiment, and especially so if fertilised 
with fertilisers containing nitrogen (Kaunisto 1987). It 
was assumed that high peat nitrogen concentrations 
caused excess nitrogen ~nineralisation and a conse- 
quent decrease in the frost resistance of  trees on the 
most nitrogen-rich sites. Similar results have also been 
obtained when applying mere nitrogen even on quite 
nitrogen-poor peatland sites (Kaunisto & Paavilainen 
1977). Aronsson (1 980) found that frost hardiness of 
Scots pine decreased when the needle nitrogen con- 
centrations exceeded 18 mg g- ' .  In the present study 
the needle nitrogen concentrations were above that 
level on the most nitrogen-rich sites in October 1994. 

Conclusions 

The ammoniu~n  and nitrate nitrogen concentra- 
tions are highest in early summer and at their lowest 
in late autumn. Ammonium is the main inorganic form 
of nitrogen in peat and its highest concentrations are 
in the most superficial 0-5 cm peat layer. The ammoni- 
um and total nitrogen concentrations as well as the 
CIN ratio of the surface peat layer explain well the 
nitrogen nutrition of trees. The total nitrogen concen- 
tration of the surface peat is a good indicator of the 
growth of a tree stand. Trees are susceptible lo bo- 
ron deficiency on sites with high peat total nitrogen 
concentrations. 
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COCTOHHHE TOPQHHOrO A30TA El EI'O BJIRHHHE HA IIEITAHIIE II POCT 
COCHbI (PINUS SYLVESTRIS L.) HA OEJIECEHHOM EOJIOTE 

B A B H H O M  W C C I I e A O B a H U U  U 3 Y Z l e H O  B n M R H U C  a 3 0 T a  H a  C O f l e p K a H A e  I I P i T a T e n b H L l X  B e U C C T B  B  TOP+^, a T a K X e  H a  

I I A T a T C J I b H b I e  B e L I l e C T B a  B X B O e  U H a  pOCT n p e B O C T O R  COCHbI O ~ ~ I K H O B ~ H H O ~ ~  H a  ~ A O ~ ~ ~ H H ~ I X ,  0 6 J I e ~ e H H b l ~  O T K p b l T b I X  ~ O J I O T ~ X ,  

me c o n e p m a r - t c r e  a 3 o ~ a  B ~ o p @ e  O C O ~ ~ H H O  B ~ I C O K O ~ .  

B 1994, 1995 U 1996 r O A y  ~ 0 6 p a H b 1  M a T e p U m b I  I l C C n e A O B a H M R  B C R ~ K R  H J I O M ~ H T C R ,  T A e  6b1~10 I I p O B e A e H O  0 6 1 1 l U ~ ~ b ~ f i  

O n b l T  IIO B H e C e H M H ,  y n o 6 p e ~ w f i  B B o c ~ o r ~ o f i  @ A H I I R H A A A  B 1981-82 r O A b r  ( K ~ ~ H H C T O  1987, Y Y a C T O K  O ~ C ~ ~ ~ O B ~ H C I R  

X ~ ~ T M ~ H ) .  Anrr U C C J I e A O B a H A R  Pi3 M H O > K e C T B a  O I I b l T H b I X  Y W C T K O B  ~ b 1 6 p a n A  18, K O T O p b I e  I IpeACTaBJlRJIM T P M  p a 3 H b I e  B U A a  

0 6 p a 6 0 ~ ~ u  Y A O ~ ~ ~ H U R M H ,  a U M e H H O :  PK-, PKB U n e n e n b H o e  yno6peawe. T O P @ R H ~ I ~  npo6br 6 p a n ~  B 1994 r O A y  B ~ C H O ~ ~ ,  

~ 1 9 9 5  r O A y  O C e H b H )  H a  T J T Y ~ U H ~  O T  0-5 C M  5-10 CM Pi  O T  10-20 C M .  npo6br X B O A  6 p ~ ~  B C e p e n e H c  a B I y C T a ,  C ~ H T R ~ P R  U 

O K T R ~ P R  B 1994 A 1995 ronbr, a T a K m e  ~ A M O G  1996 rona. Onpenenrrnocb c o n e p m a H n e  a s o ~ a  @oc+opa, ~anurr PI 6opa B xsoe. 
n o  B C e M  n p 0 6 H b l M  H a 6 0 p a M  6 o n b u r e  B C e r O  M N H e p a J I b H O r O  a 3 O T a   TOP$^ C O A e p X a n O C b  B 0-5 C M  C n O e  U n O t l T U  6 e 3  

NCK;IH,1TeHAR B O  B C e X  CJIORX B M B ~ ~ C K H X  npo6ax er0 6 b m o  6onbure. Y e M  B C C H T I ~ ~ P C K A X .  C O A ~ P X ~ H U C  a M M M a Y H O r O  a 3 0 T a  

K O p p e n M p O B a J l O  C T ~ ~ U J I ~ H O  C O ~ U M M  K O n M q e C T B O M  a 3 0 T a  ~ 0 p $ a .  
Conepxa~ue  +oc@opa B x ~ o c  coccrbr, y n 0 6 p e H H o f i  n e n n o M  6 b m o  H r l m e ,  q e M  B n p y r l ; r x .  Yno6pnrr P K ,  n o H u z a e T c r r  

6opoconepma~ue B X B O e  A0 r p a H M  H e n O C T a T O r H 0 C T l . i  U n U  H U X e  3 T O T O .  

Conepma~ue a s o T a  B x B o e  K o p p e n u p o s a n o  c ~ a 6 r m b ~ o  c O ~ ~ M M  c o n e p x a H u e M  a s o T a  ~ o p @ a ,  H O  H e r a T M B H o  - c C N .  
H a f i n e H a ~  K o p p e n r r q u r r  6bma ~an6onee ~ b r c o ~ o f i  B cnorrx 0-5 c h i .  

C o n e p X a H P i e  a 0 T a  B X B O e  K O p p e n U p y e T  T a K X e  C C O n e p X a H U e M  X e J I e 3 a  B TOP@, I I p A V e M  3 T 0  H ~ A ~ O J I C C  B b I p a X e H O  B 

~ ~ ~ O K U X  cnorrx. M H T ~ H C A B H O ,  HO H e r a m H o  K o p p e n u p y e T  c o n e p x a H A e  6opa B x B o e  c c o n e p m a H H e M  o6uero a 3 o ~ a  ~op+a .  
~ ~ U ~ O C T  A p e B O C T O R  n O 3 U T A B H O  K O P P e J I H P Y e T  C C O A e p X a H U e M  o6qero a 3 O T a   TOP@^ U C O n e p X a H U C M  X e n e 3 a  B . T o ~ @ c ,  U 

H e r a T k l B H O  - C A H n e K C O M  C/N  TOP@^ IIO B C e M  Y P O B H R h f  m y 6 u ~ b l .  0 6 5 e h f  A p e B O C T O R  H a  6 0 r a ~ b l x  a 3 0 T O M  U C I I b l T a T e n b H b l X  

n J I O L U a n K a X  6bm B 3-4 p a 3 a  6onbu1e no C p a B H e H U H ,  C 6 e n H b l ~ H  a 3 0 T O M .  P e 3 y n b ~ a ~ b 1  I I O A T B C p X A a i O T  B I I p C A b I n y ~ U X  

U C C J I e A O B a H U R X  H a f i n e H H y H ,  C T ~ ~ U J I ~ H ~ W  C B X 3 b  M C H c n y  O ~ U A M  C O n e p X a H U C M  a 3 0 T a  B ~ 0 p @ e  A POCTOM A p e B O C T O n .  
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