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Thc  cffccts  o f  drainagc and fcrtilization and tlicir interactions on soi l  p rope r t i c s  and thc  nutritional statc of  a pinc 
stand wcrc s tudicd on a draincd pinc fcn s i tc  in Ccntral Finland (6S052' N, 26"07' E, 6 2  ni a.s.1.). Tlic s i tc  was draincd 
in 1975 (d i t ch  intervals 10 rn, 2 0  m and  4 0  m)  and fcr t i l izcd in 1977  (con t ro l ,  PK and NPK fcr t i l izat ion) .  T h c  s tudy 
consis tcd of  groundwatcr  moni tor ing,  dccomposi t ion tcsts o f  thc  pcat substra tc .  nutr icnt  analyscs  o f  thc pcat and Scots  
pint nccdlcs ,  and s tand incrcmcnt  nicasurcmcnts  conductcd in tlic ycars  1995-1999.  

Whcn thc di tch intcrval  was  r cduccd ,  it was  found that  thc  g roundwatc r  lcvcl  d roppcd  fur thcr  down and  thc  
dccomposition of  ccl lulosc  in thc  surfacc pcat laycr (0 - 10 cni)  was s ignif icant ly  accclcratcd. In wintcr,  thc wcight loss 
of  thc ccl lulosc  saniplcs  locatcd in thc su r facc  pcat laycr was  c l ca r ly  grcatcr  on  thc fcrtilizcd plots  wlicn comparcd to 
that on tlic control plots.  A s imilar  cffcct  was obscrvcd rcgarding drainagc intcnsity: tlic dccornposition o f  ccllulosc was 
s ignif icant ly  fas tcr  on  thc s t r ip  10 m in width than on  tlic othcrs. O n  thc narrowcst  10 m s t r ips ,  tllc total nitrogcn and 
calc ium conccntra t ions  in tlic surfacc pcat wcrc  s ignif icant ly  higlicr, and tliosc o f  potass ium signif icant ly  lowcr than on 
thc 40  m s t r ips .  Fertilization incrcascd phosphorus  conccntra t ions  in thc  su r facc  pca t .  

Thc  unfcr t i l izcd s t a n d s  su f fc rcd  from ni t rogcn,  phosphorus  and potass ium dc f i c i cnc ics  on  the 4 0  m s t r ips .  T h c  
ni t rogcn and a rg in inc  conccn t ra t ions  o f  thc pinc nccd lcs  incrcascd with  inc rcas ing  d ra inagc  cff ic icncy.  T h c  cffcct  o f  
NPK fcrtilization was  not vis iblc  in thc ni t rogcn conccntra t ion o f  thc nccdlcs  a t  thc end of  thc  s tudy pcriod. PK and 
NPK fcr t i l izat ion dcc rcascd  thc  conccntra t ions  o f  argininc and boron o f  thc  t rccs  g rowing  on  thc narrowcr  s t r ips ,  but 
incrcascd thc conccn t ra t ions  o f  phosphorus  o f  thc  nccdlcs  on  all  thc s t r ips  22 yca r s  af tcr  thc appl icat ion.  Tlic boron 
conccntra t ions  of  thc nccdlcs  dccrcascd with dccrcasing s t r ip  width and wcrc at thcir  lowcst  dcf ic icncy lcvcl on thc 10 
rn s t r ips .  

T h c  cffcct  o f  PK fcr t i l izat ion on  s tand growth and its nutr i t ional  s t a tus  wcrc  vis iblc  19 ycars  latcr. Tree growth 
dcpcndcd both on  s t r ip  width and  thc fcr t i l izat ion t rcatmcnt  app l i cd .  A c l c a r  and  s ign i f i can t  in tcract ion was not iccd 
bctwccn s t r ip  width and  fcr t i l izat ion:  fcr t i l izat ion a lmos t  doub lcd  t rcc  g rowth  o n  thc widcs t  4 0  In s t r ip ,  whcrcas  thc  
corrcsponding rcsponsc o n  10 m s t r ips  w a s  fairly wcak.  

Key words:  pca t l and ,  ni t rogcn,  nutrients, dccompos i t ion ,  s t r ip  width,  fcr t i l izat ion,  s tand vo lumc  

Introduction 

Site type classifications for wood production on 
peatlands have been presented by Huikari (1952) and 
Heikurainen (1959). In both of  these classifications, 
drainage is a prerequisite for profitable wood produc- 
tion. Pristine mires are generally unfavourable as sites 
for wood production from the viewpoint of the slow 
peat decomposition and nutrient mineralization due to 
their high groundwater table and anaerobic conditions. 
Drainage of mires lowers the groundwater table and 
improves the soil properties, thereby also accelerat- 
ing stand productivity. The increased supply of oxy- 
gen to the root systems improves tree growth (e.g. 
Boggie, 1977) and also increases the bacterial biomass 

and further intensifies the enhanced mineralization of 
plant nutrients (Lahde 1966, Karsisto 1979a, 1979b, 
Lieffers 1988). 

Wood production on drainage strips of varying 
widths has been discussed in several studies (Huika- 
ri and Paarlahti 1967, Meshechok 1969, Seppala 1972, 
Heikurainen et al .  1983, Penttila 1987, Sundstrom 
1995). The results obtained show that stand growth 
has generally increased with the narrowing of ditch 
intervals andlor lowering of  the groundwater level 
following drainage. Depending on the inclination and 
peat depth of the peatland site, ditches 0.6 - 1 .1  m in 
depth and 30 - 40 m in width are currently applied in 
practical peatland forestry in Finland when carrying 
out remedial drainage. 
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Generally, drainage leads to increases in plant 
available nitrogen and phosphorus due to the accel- 
erated deco~nposit ion and increased bulk density of 
the surface peat layer (Kaunisto and Paavilainen 1988, 
Laiho and Laine 1994). On the other hand, potassium, 
boron and zinc stores may remain equal to those in 
the top peat layer of undrained mires or they can sig- 
nificantly diminish due to leaching and absorption into 
the vegetation (including the tree stand) (Paavilainen 
1980, Fin6r 1992, Laiho and Laine 1995, Sundstrom et 
al. 2000). 

Tree growth on drained mires is often restricted 
by lack of phosphorus and potassium. Moreover, es- 
pecially on nutrient-poor sites and in northern climat- 
ic conditions, there is often a simultaneous lack of 
nitrogen (Paarlahti et al. 1971, Kaunisto and Tukeva 
1984, Veijalainen et al. 1984, Moilanen 1993). Also, the 
amounts of micronutrients - especially of boron - are 
low in peat, and can induce growth disturbances in 
trees on drained mires (Huikari 1977, Veijalainen et al. 
1984). 

Nutrient deficiencies and imbalances in pine 
stands growing on drained mires have been remedied 
by fertilization treatments.  To ensure good stand 
growth, fertilization with NPK compound fertilizer is 
recommended on nitrogen-poor sites, whereas PK fer- 
tilization is recommended on nitrogen-rich sites (Paavi- 
lainen 1979). Several studies have demonstrated that 
nutrient application has improved tree growth on drain- 
age areas (e.g. Paavilainen 1972, Kaunisto 1977, Kau- 
nisto 1982, Moilanen 1993, see also Paavilainen and 
Paivanen, 1995). According to Paarlahti et al. (1971) 
and Veijalainen (1977), phosphorus, potassium and 
boron deficiencies can be overcome with PKB fertili- 
zation treatments. On nitrogen-poor sites in general, 
and in the harsh climatic conditions of northern Fin- 
land specifically, the importance of adding nitrogen to 
improve forest growth increases (Penttila 1984, Moil- 
anen 1993). 

The interactions between drainage and fertiliza- 
tion have been examined in some studies (Huikari and 
Paarlahti 1967, Kaunisto 1977, Heikurainen et al. 1983, 
Sundstrom 1995, Lauhanen and Kaunisto 1999, Sund- 
strom et al. 2000). However, the results have been 
partly contradictory. In older studies fertilization has 
increased tree stand growth similarly regardless of the 
drainage intensity (Kaunisto 1977, Heikurainen et al .  
1983, Sundstro~n 1995). On the other hand, increased 
drainage maintenance intensity has increased peat and 
pine needle nitrogen concentrations but decreased the 
needle boron concentration (Lauhanen and Kaunisto 
1999). 

There is insufficient knowledge on the changes 
taking place in the nutrient characters of the substrate 

and on the nutritional developlnent in a stand as the 
drainage intensity increases. The practitioners of peat- 
land forestry need to know to what extent fertilization 
requirements and growth increment following fertili- 
zation depends on the efficiency of drainage on the 
s ~ t e .  

The object of this study was to investigate indi- 
vidual and interaction effects of drainage intensity and 
fertilization on the nutrient concentrations of peat 
substrate and on the wood production and nutrient 
status of Scots pine (Pinus  silvestris L.) stands on a 
thick-peated drained mire. We hypothesised that the 
development of tree stand on drained mires depends 
on drainage intensity and on the nutrients applied, and 
that the effect of fertilization depends on the drain- 
age intensity. Accordingly, the changes resulting from 
these measures should be observable both in the de- 
composition rate of the surface peat and in the nutri- 
ent concentrations of  the tree stands. 

Material and methods 

Field experimerzt 

The study was conducted in an oligotrophic tall- 
sedge pine fen, partly a cottongrass sedge pine fen 
(classification by Laine and Vasander 1990) located in 
Central Finland, Muhos (65O52' N, 26O07' E, 62 m a.s.1.). 
The pole stage Scots pine stand (mean height 3-4 m) 
growing on the site was of natural origin. The thick- 
ness of the peat layer was over one metre. The site 
was drained in 1975 applying three strip widths, which 
were randomized on the area: 10 m, 20 m and 40 m. The 
ditches were 90 cm deep. 

The fertilization treatments on each strip width 
were carried out in 1977 and they consisted of (a) an 
unfertilized control, (b) PK (phosphorus-potassium) 
fertilization and (c) NPK (phosphorus-potassium-nitro- 
gen) fertilization. The fertilizers used were the follow- 
ing: PK fertilizer for peatlands (P 10.5%, K 12.5%) at 
the rate of 400 kg ha-' and urea (N 46 %) at the rate of 
200 kg ha-'.  Each fertilization treatment was repeated 
three times on each strip width. The size of the plots 
was 0.16 ha. 

Meostirements and analyses 

The data were collected in the years 1995 - 1999. 
Three groundwater table wells (0.9 In in depth and 21 
mm in diameter) were drilled on each plot in the mid- 
dle of the strip in line with the ditches. The ground- 
water table depth (= the distance between groundwa- 
ter table and peat surface) was monitored at two-week 
intervals from July to September in 1995. 
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The relative index of microbial activity (fungi and 
bacteria) and decomposition rate in the surface peat 
was obtained as a result of the cellulose decomposi- 
tion test. Pieces of cellulose (70 mm x 35 mm x I mm, 
mesh size 0.20 mm) were dried at 50°C for 48 hours, 
weighed and then placed in nylon-net bags into the 
peat at a depth of 7-8 cm (24 pieces on each plot in 
the centre of the strip). The sets of bags were kept 
buried in the peat from 9'" June to 29"' September in 
1995 and from 29"' September 1995 to 3'" June 1996. 
At the end of each period, the pieces of cellulose were 
dug up, cleaned, dried at 50°C for 48 hours and then 
weighed. 

Four composite peat core samples per each plot 
were taken in September 1999. Each sample consisted 
of five sub-samples collected equally from different 
parts of the plot. The living vegetation and non-de- 
composed plant material at the top of the peat cores 
were discarded and the following 0-5 cm, 5- 10 cm and 
10-20 cm layers were separated and put into plastic 
bags and stored at -21 C". After drying (at 70 "C for 
48 hours) and weighing, the nutrient concentrations 
were determined. The samples were analysed for their 
ash content and total nutrients (P, K, Ca, B) following 
HCI digestion (Halonen et al .  1983). The concentra- 
tions of N and NH,-N were determined using the Kjel- 
dahl method, K and Ca concentrations by using an 
atomic absorption spectrophotometer (AAS-method), 
B concentration was determined spectrophotometrical- 
ly by using the azomethine-H method, and that of P 
by using the vanado-molybdate method (see Halonen 
et al. 1983). 

In the winter of 1999, foliar samples were taken 
from 8 dominant or co-dominant trees selected from 
the centre of the plot parallel to the ditches. The high- 
est lateral current branch produced in the previous 
summer on the southern side of each sample trees pine 
was taken as a sample. The current intact needles from 
each sample tree were put into separate plastic bags 
and stored at -2I0C to await nutrient analyses. The 
needle samples from each tree were analysed individ- 
ually. The nitrogen concentrations of the needle sam- 
ples were determined using the Kjeldahl method as 
outlined by Halonen et al. 1983. After dry combustion 
and dissolving in hydrochloric acid, K concentrations 
were determined using an atomic absorption spectro- 
photometer (AAS-method, Hitachi 100-40). The con- 
centrations of B were determined using the azome- 
thine-H method, and that of P using the vanado-mo- 
lybdate method as outlined by Halonen et al. (1983). 
The free arginine concentrations in the needles were 
determined using the method introduced by Sakaguchi 
(195 1) as modified by Messioneo (1966) and Pietilain- 
en et al. (1996). 

The Scots pine stands were measured in the au- 
tumn of 1995. The trees were counted according to their 
breast height diameter classes (cni). The heights (dm) 
and diameters at breast height (d 1.3, mm) of randomly 
chosen 24 sample trees from each plot were measured. 
The height increments of the sample trees was focused 
on two five year periods ( 1  967-7 1 and 1972-76) before 
the establishment of  the experiment, and periods 1977- 
8 1, 1982-86, 1987-9 1 and 1992-95 after establishment 
of the experiment. The development of tree stand vol- 
ume during the study periods was calculated using the 
equations described by Heinonen (1994). 

The effects of drainage and fertilization treatments 
on the soil and tree stand characteristics were esti- 
mated by applying one and two-way analyses (SPSS 
Base 8.0, 1998). The treatment effects and the interac- 
tions between the treatments and experiments were 
analysed according to the following ANOVA-  nod el: 

y = S + F + S F + 8 ,  
where y is the value of response (element concentra- 
tions of peat and needles, decomposition rate and tree 
growth), S is the strip width, I; is the fertilization treat- 
ment, and B is a random variable (error). The respons- 
es  in the groundwater table depth in the summer of 
1995 were tested with the GLM repeated measures 
procedure. The statistical significance of the differenc- 
es between the treatments versus the unfertilised con- 
trol was analysed using Tukey's paired t-test. 

Results 

Changes in sub.strntr properties 

Depending on strip width, the groundwater table 
depth within the experimental area varied from 30 to 
53 cm in mid-July 1995 (Figure 1). The groundwater 
table was at its lowest underlying the 10 In strip and 
highest underlying the 40 m strip. Through the sum- 
mer, the differences between strip widths increased. 
From the end of September onwards the groundwater 
level began to rise underlying the 40 m strips. The 
intensification of drainage decreased the variation in 
water table level. The differences between the strip 
widths were statistically significant. Also, fertilization 
appeared to influence the water table level, but its 
effect was distinct only in a few cases: interaction 
between fertilization and measure point of time was 
significant according to repeated measure procedure 
(p < 0.05). Analyses also revealed a significant inter- 
action between strip width and fertilization, and be- 
tween strip width and measure point of time. The fer- 
tilization effect became apparent mainly in the autumn. 

During the summer of 1995, the decomposition of 
the pieces of cellulose sheets was not significantly 
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control plots; the difference between the control and 

A- 
PK treatment was statistically significant. There were 
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-100 1 I no interaction effects between fertilization treatments 
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Figure 2. Thc decomposition rate of cellulose sheets in soil 
durinp summer time in 1995 (upper columns) and winter time 

and strip width. 
The effects of drainage and nutrient application 

-80 - 

were observed in the nutrient concentrations of the 
Figure 1 .  The groundwater table depth (cm) by strip widths 
and fertilization treatments in July - September 1995 surface peat at the end of the study period. In the case 

of the narrowest 10 m strips, the total nitrogen and 

cm 

influenced by fertilization nor drainage efficiency (Fig- 
ure 2). The weight loss due to decomposition was the 
same order of magnitude for the pieces buried in the 
10 m and 40 m strips (23%) than for those buried in 
the 20 m strip (17%). In the winter of 1995-1996, the 
decomposition of cellulose was statistically fastest in 
the peat of the 10 m strips. The mean weight losses 
were the following: 10 tn strips 21%, 20 m strips 15% 
and 40 ms strip 13%. Weight loss was clearly greater 
in the peat of fertilized plots than in the peat of the 

-100 

calcium concentrations in the surface peat (0 - 5 cm) 
were significantly higher, and potassium concentration 
was significantly lower than those of the 40 m strips 
(Table 1). Fertilization had the effect of increasing 
phosphorus concentrations in the peat layer 0 - 5 cm. 

Nutrient status of tree starld 

The highest foliar nitrogen concentrations were 
found in the trees growing on the unfertilized plots 
on 10 m strips. A decrease in the foliar nitrogen con- 
centration with the increasing strip width was signif- 
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Table I .  Mean nutrient concentra- 
tions on different strip widths re- 
gardless of fertilization (left side), 
and on different fertilization treat- 
ments regardless of strip width 
(right side) in surface peat in Sep- 
tember 1999. Underlined bold val- 
ues indicate statistical difference 
(p < 0.05) compared to 10 m strip 
(= test between strip widths) and 
compared to control plot (= test 
between fertilization treatments). 

PEAT LAYER 0 - 
Strip width, m 

10 20 40 

N,,t, mg g-' 19 17 - 15 

NHrN, pg g-' 118 92 112 

P. mg g-' 0.99 0.88 0.89 

K, mg g-' 0.46 - 0.58 0.58 
Ca, mg g-' 3.0 2.5 - 2.3 

B. mg kg.' 2.5 2.4 2.5 

Fertilization treatment 

Control PK 

16 16 

135 90 

0.77 1.01 - 
0.49 0.54 

2.4 2.6 

2 5 2.0 

PEAT LAYER 5 - 10 CM 

Strip width, m Fertilization treatment 

10 20 40 Control PK NPK 

Nlol, mg g-' 23 22 24 24 24 22 

NH4-N, pg g '  102 - 169 - 158 159 120 116 

P, mg g-' 1.07 1.18 1.21 1.08 1.14 1.17 

K, mg g" 0.33 - 0.39 - 0.47 0.41 0.41 0.33 

Ca. mg g.' 2.1 - 1.7 - 1.7 1.8 1.9 1.9 

B, mg kg-' 1.7 1.8 1.7 1.6 1.8 1.9 

PEAT LAYER 10 - 20 CM 

Strip width, rn Fertilization treatment 

10 20 40 Control PK NPK 

NI~I, mg g" 22 23 23 23 23 22 

NH4-N, pg g-' 60 - 86 - 96 84 86 69 

P, mg g-' 0.85 0.80 0.92 0.81 0.91 0.86 

K, mg g-' 0.17 0.16 0.25 0.19 0.18 0.20 

Ca. mg g" 2.3 1.8 2.1 2.4 1.9 1.8 

€3. mg kg" 1.6 2.5 1.4 1.7 0.9 2.8 

icant (Figure 3). The foliar nitrogen concentrations on 
the 20 m and 40 m control strips were close to the 
deficiency level 1.2 % (see Reinikainen et  al.  1998). 
Fertilization treatments applied 22 years ago had the 
effect of decreasing the nitrogen concentrations of the 
needles; it was at its maximum on the 10 m strips. PK 
and NPK fertilization treatments did not differ from 
each other. 

The highest arginine concentrations were encoun- 
tered in the unfertilized stands growing on the nar- 
rowest strips (Figure 3). A decrease in the arginine 
concentrations of the needles with the increasing strip 
width was significant. On the 40 m strips, the arginine 
concentrations were less than 0.5 mglg. PK and NPK 
fertilization significantly decreased the foliar arginine 
concentrations of trees growing on the 10 In strips. 

Phosphorus deficiency was observed in the nee- 
dles of trees on all of the unfertilized plots regardless 
of strip width (Figure 3). PK and NPK fertilization sig- 
nificantly increased the phosphorus concentrations of 
the needles and phosphorus deficiencies (concentra- 
tion below 1.3 mg g-I, see Reinikainen et 01. 1998) were 

remedied on all the strips. The potassium concentra- 
tions of pine needles on the unfertilized plots were 
close to the deficiency level 3.5 mg g-I. PK and NPK 
fertilization slightly increased potassium concentra- 
tions but the concentrations were still alarmingly low. 
The boron concentrations in the pine needles signif- 
icantly differed between the unfertilized 10 m and 40 
m strips. The effect of fertilization on the boron con- 
centrations of  the needles remained minor and the 
boron values on plots treated with PK and NPK ferti- 
lization on the 10 m strips were at the deficiency level 
5 mg kg-[ (Reinikainen et a[ .  1998). 

Stand growth development 

Growth developnlent of the pine stand depended 
both on strip width and fertilization treatment (Fig- 
ure 4). On the 10 m strips on the control plots the 
annual mean height increment, during the entire study 
period 1977 - 1995, was 25 cm, which was significant- 
ly higher than in the controls of the 20 and 40 m strips. 
PK and NPK fertilization significantly increased height 
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10 20 40 

Strip width m Strip width m 

Strip width rn Strip width m 

Figure 3. The nutrients (N, P, 
K, B) and arginine concentra- 
tions in the pine needles by 20 

strip widths and fertilization 
treatments in  the winter of j 10 

1999 
(o = Control, x = PK fertili- o 

zation and = NPK fertili- 
zation. The error bars indicate -10 

M . 4 . 3  # a >  a , .  

95% confidence level and N = 10 20 40 

number of samples) strip width rm 

30 
E 
G 25 
C 
0 

$ 20 
6 
.g 15 
CI 

.c 

.C" 10 a .!= - 
m 5 
3 
C 

3 O 
10 m 20 m 40 m 

Strip width 

Figure 4. Annual height growth (cm) of trec stand during 
the years 1977 - 1995 by strip widths and fertilization treat- 
ments 

increment. A clear and significant interaction effect 
was noticed between strip width and fertilization: fer- 
tilization almost doubled tree growth on the widest 40  
m strip, whereas the corresponding response on 10 m 
strips was fairly weak. 

Tree growth in the years 1992 - 1995 showed a 
similar trend as was observed for the entire period 
(Figure 5). The differences between the different strip 
widths were still significant, but the effect of the fer- 
tilization on tree growth appeared to weaken towards 
the end of  study period, especially on 40  m strips. 
However, the needle weight o f  the pines in 1995 was 
still a little higher on the PK-fertilized plots than on  
the control plots. 

10 m 20 m 40 m 

Strip width 

10 m 20 m 40 m 
Strip width 

Figure 5. Annual height growth (cm) of trec stand during 
the years I992 - 1995 and dry mass (g per I00 needles) of 
needles in 1995 

In 1995, the total volume of  the tree stand varied 
between 17 m3 ha-l and 68 m'ha-I, depending on the 
fertilizer treatment and the strip width. When the area 
taken up by the ditches was taken into consideration, 
the mean stand volume o f  the unfertilized plots locat- 
ed  on  the 10 m and 20 m strips was 37 and 40 m3 ha-' 
and on  the 40  rn strips it was 20 m3ha-' (Figure 6). On 
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-. 
10 m 20 rn 40 rn 

Strip width 

Figure 6. Stem volume (m3 ha- ' )  of tree stand by strip 
widths and fcrtilization treatments in 1995 

the fertilized plots, stand volume varied from 40 m'ha-' 
to 53 m' ha-'.  On the PK-fertilized plots, the stand 
volume was significantly higher than 011 the unferti- 
lized plots. The interaction between strip width and 
fertilization was significant; overall, the fertilization 
effect was detected only on the 40 m strips. 

Discussion 

In this study, ditch spacing proved to be an im- 
portant variable in determining drainage efficiency: the 
depth of the groundwater table level was at its lowest 
underlying the narrow strips. Also, the fluctuation of 
the groundwater level during the summer was at its 
minimum underlying the narrowest strips. This com- 
plies with the results of previous studies (e.g. Huikari 
et al. 1966). The objective of drainage is to lower the 
groundwater table to a depth of at least 35 - 55 cm, 
depending on the site and peat type, in order to en- 
sure sufficient aeration and favourable conditions for 
the root systems of trees (Paavilainen and Paivanen 
1995). This precondition was fulfilled in this study 
during the latter part of the growing season in plots 
representing all strip widths. It should also be borne 
in mind that the groundwater wells were situated in 
the middle of the strips where the groundwater table 
level is at its highest. The conclusion is that the tree 
stand did not suffer from excess water during the 
study period. 

Height increment and stem volume increment were 
both promoted along with drainage efficiency as strip 
width decreased from 40 m to 10 m. The long-term and 
short-term growth patterns were similar. The results 
obtained were consistent with previous research results 
on the effect of strip width on stand development: as 
drainage becomes more intense, stand development 

speeds up (Huikari and Paarlahti 1967, Meshechok 1969, 
Seppiila 1972, Heikurainen et al .  1983, Penttila 1987, 
Lauhanen and Ahti 2001). According to the results 
obtained by Huikari and Paarlahti (1967), the effects of 
drainage along with that of fertilization on height de- 
velopment were at their maximum when the groundwa- 
ter level dropped from 10 cm to 50- 70 cm (see also 
Karsisto 1979a). Seppala (1972) discovered that by in- 
creasing strip width from 20 m to 60 m had the effect of 
reducing stand growth and volurue. Heikurainen et al. 
(1983) found that after drainage the height development 
of pine stands on nutrient-poor bogs was so much the 
faster the narrower the strips were (the treatments were 
I0 m, 20 In and 30 m). The enhanced growth conditions 
of trees growing on narrow strips were a consecluence 
of the lower water table. 

The nitrogen concentration of the surface peat 
increased with decreasing ditch spacing and was high- 
est on the narrowest strip as was observed by Lau- 
hanen and Kaunisto (1999). The effect of fertilization 
was evident in the nutrient status of surface peat even 
22 years after the application. However, the effect was 
restricted mostly to the 0 - 5 cm peat layer and it was 
confined to phosphorus. Similar results have been 
observed also earlier: in the study by Sundstrom et 
al. (2000) more than half of the added phosphorus and 
10 - 20 ?4 of potass iun~ were detected in the surface 
peat layer 22 years after the fertilization treatment. 

In this study, the pines had suffered from phos- 
phorus and potassium deficiencies prior to the fertili- 
zation treatment (for deficiency limits see Reinikainen 
et  al. 1998). Fertilization treatments increased tree 
growth most of all on the widest 40 m strips. On the 
narrower strips, the nitrogen nutrition was adequate 
and the effect of the additions of the main nutrients 
(PK)  were fairly modest. The result is similar to that 
obtained by Penttila (1987). In his study fertilization 
increased stand growth on 30 m and 50 m strips and 
decreased it on narrower strips. 

The effect of nitrogen application with phospho- 
rus and potassium (NPK treatment) could not be de- 
tected in the height growth of tree stand 18 years af- 
ter the fertilization. Several studies have shown that 
the duration of  nitrogen fertilization effect on tree 
growth is relatively short - less than ten years - es- 
pecially on nitrogen-rich sites (Kaunisto 1977, Paavi- 
lainen 1977, Moilanen 1993). 

Studies conducted by Kaunisto 1977, Heikurain- 
en et nl. (1983) and Sundstrom (1995) showed that NPK 
fertilization increased tree stand growth equally on 
plots representing all the strip widths - the data were 
collected from nutrient-poor and nitrogen-deficient 
drained mires, where nitrogen probably limited tree 
growth also in the efficiently drained areas. In this 
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study, the site type in question was relatively rich in 
nitrogen. The results of needle analysis enable one to 
conclude that the availability of nitrogen for the trees 
had improved essentially as a result of efficient drain- 
age and that this resulted in nlaxinlal height increment 
reaction, which masked part of the PK-fertilization re- 
action. Moreover, on the 10 nl strips, all the sample 
trees were located by the sides of ditches where the 
nitrogen mobilization is high (Lahdesmaki and Piis- 
panen 1983). 

On fertilized 40 m strip plots - where the increased 
tree growth was most conspicuous - the groundwater 
table was lower than on the corresponding unfertilized 
plots. Presumably the tree stand's increased volume 
due to fertilization has resulted in greater interception 
and transpiration, which had then lowered the ground- 
water table. This possibility has been discussed also 
in previous studies (Heikurainen and Paivanen 1970, 
Paivanen 1982, Laine 1986). 

Karsisto (1 979a), among others, presented results 
on cellulose decomposition activity and the increase 
in microbial activity as drainage efficiency increases. 
In this study, the phenomenon was encountered only 
during the winter, from October to May, when the drop 
in the weight of cellulose on average was so much 
greater narrower the strip in question. 

Fertilization had a somewhat confusing impact on 
the decornposition of cellulose: the treatments appeared 
to increase the decomposition rate during the winter 
whereas in summer the differences in the decomposi- 
tion rate were very small. The effect of  NPK and ash 
fertilization on cellulose decomposition - indicating 
microbe biomass and basal respiration activity - has 
been observed also in other studies (Karsisto 1979a, 
1979b, Paavilainen 1980). In the results obtained by 
Brzkke and Fin& (1990), fertilization improved cellu- 
lose decornposition in the surface peat of a low-shrub 
pine bog both in summer and in winter. 

Despite the high nitrogen concentrations in the 
peat, nitrogen deficiency affected the needles of trees 
forming the unfertilized stands in the middle of the 40 
ni strips and the nitrogen concentrations increased with 
increasing drainage efficiency. The mean nitrogen 
concentrations of the control stands were sufficient 
on the narrower (10 and 20 m) strips. The results are 
in agreement with the results presented by Lauhanen 
and Kaunisto (1999): as drainage maintenance inten- 
sity increased the foliar nitrogen content was higher. 

According to Paarlahti et al. (1971), PK-fertiliza- 
tion decreases the foliar nitrogen concentrations of 
pines growing on drained mires. In this study, this 
proved to be the case in stands growing on 10 m strips. 
The foliar nitrogen concentrations in the fertilized 
stands on the 10 and 20 n~ strips were well over the 

deficiency level (1.30 YO). In this study, the addition 
of nitrogen had no effect on the foliar nitrogen con- 
centrations. 

Foliar nitrogen concentrations can be quite high 
if there is an excess of available nitrogen with a si- 
multaneous shortage of mineral nutrients in peat and 
needles (Paarlahti et 01. 1971, Kaunisto 1982, 1987, 
Pietilainen et al.  1996) as was the case in this study 
on the 10 m strips. In such a situation, trees store 
excess nitrogen as arginine (Pietilainen and Lah- 
desmaki 1986, Pietilainen et nl. 1996). If mineral nutri- 
ents are added, trees utilize their arginine stores, tree 
growth increases, and foliar nitrogen concentrations 
decrease (Pietilainen et nl. 1996). The decrease in fo- 
liar nitrogen concentration due to PK and NPK fertili- 
zation has been demonstrated in several other stud- 
ies, too, focusing on peatland forests in Finland (Paar- 
lahti et al .  1971, Kaunisto 1982, 1987, Moilanen 1993). 
In this study, PK and NPK fertilization decreased the 
arginine concentrations of  the needles on all strip 
widths. These concentrations were extremely low in the 
stands on the 40 m strips, indicating nitrogen deficien- 
cy in these stands. 

Regardless of strip width, the phosphorus concen- 
trations were below the deficiency level (1.4 mg g-') in 
the needles of trees growing on the control plots. Both 
PK and NPK fertilizations increased the phosphorus 
concentrations of the needles and eliminated the phos- 
phorus deficiencies, thereby serving to indicate that the 
effect of the applied phosphorus still continued. Hart- 
man et al. (2001) showed that the effect of broadcast 
fertilization can last for 25 - 30 years (see also Kaunis- 
to 1989). 

Paarlahti et al. (1971), Sarjala and Kaunisto (1993 
and 1996) determined the potassium deficiency level 
as being at 3.5 mg g-I. In this study, the potassiun~ 
concentrations were low on plots representing all strip 
widths. Evidently the effect of the added potass~um 
had ceased in 22 years: earlier investigations have 
shown that the effect of potassium fertilization with 
potassium chloride on tree growth or nutrient status 
lasts for about 15 - 20 years (Kaunisto 1989, 1992). 
The high NIK ratio of the needles also indicated de- 
creasing potassium contents. Several factors can af- 
fect foliar potassiun~ concentrations. In this study, the 
most likely reason for the decrease in the potassium 
concentrations of the foliage was simply its scarcity 
in the substrate, which is characteristic of this kind 
of thick-peated fens (Kaunisto and Paavilainen 1988). 

The applied fertilizers did not contain boron. The 
boron concentrations of  the needles were effected by 
the interaction of drainage intensity and fertilization. 
On 10 m strips, the boron concentrations in the nee- 
dles of the fertilized trees diminished close to the 
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deficiency level of 7 mg kg-'. The NIB ratio of  the 
needles increased as drainage efficiency increased. 
Lauhanen and Kaunisto (1999) also observed low 
boron concentrations on drainage maintenance areas. 

It appears to be inevitable that pine stands on 
the 10 In strips will run into boron deficiencies. In 
cases where stands have suffered from severe boron 
deficiency alone or  accompanied by concurrent po- 
tassium deficiency, frequent apical dieback has been 
observed in pine stands (Huikari 1977, Reinikainen et 
01. 1998). To avoid such situations, boron containing 
peatland fertilizers should be used. 

Conclusions 

The results show that in Northern Central Finland 
the narrowing of strip width of thick-peated tall-sedge 
fen drainage areas improves the nitrogen status in the 
stands, but it also causes potential problems with re- 
spect to sufficiency of mineral nutrients. On more ef- 
ficiently drained shoulders and narrow strips ( 1  0-20 
m), powerful nitrogen mineralization and improved tree 
growth deplete potassium and boron stores and en- 
hances PKB fertilization requirement as the nutrient 
stores are depleted. As the fertilization effects are most 
beneficial on the presently recommended 40 m strips, 
the narrowing of the strips from 40 In is not justified 
even when fertilization treatments are considered: as 
the drainage intensity increases the cost of drainage 
as well as the wood production area lost in the ditch- 
es increases. If thick-peated areas are drained intense- 
ly applying narrow strips, boron-containing PK or 
NPK fertilizers must be used to prevent the occurrence 
of potassium and boron deficiencies. 
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OCYUICHIIR k1 n o 6 a ~ n e ~ r r ~  n M T a T e n b H b l X  BCIIICCTB H a  O J I ~ I ~ O T ~ O C $ H O M  6ono~e.  r P f n o ~ e 3 a  3 a K n m T l X K l C b  B TOM, 9 T O  YBCnMZICHPIC 

IIHTCHCMBHOCTII OCYUICHHR YCKOPRCT KaK I IPOIIeCC M U H e p a J I U 3 a I I U I I  I l A T a T e n b H b l X  B e q e C T B  ~ 0 p $ a ,  T a l c  PI P O C T  npCBOCTOR.  

OGaerc~ U c c n c n o s a H u n  o c y u r e H  B 1975 r. (wupcr~a o c y u r e w b r x  nonoc 10 M, 20 hr u 40 M ) .  B 1977 rony B H e c e H b r  

y n 0 6 p e ~ ~ ~  (6e3 yno6pc~rri3, o 6 p a 6 o ~ ~ a  PK, 06pa6o~ria NPK). B 1995-1999 ronax s a ~ e p e ~ b r  cr n p o a ~ a n r 1 3 ~ p o ~ a ~ b r  

n a p a a r e ~ p b r  n p e B o c r o x  rr ~ e c ~ o n p o ~ 3 p a c ~ a ~ m .  
O C ~ W ~ H A C  1I yno6pc~rrc n O n O ? K I I T e n b H O  B n M R n A  H a  r M n p O C T p y K T y p y  ~ o p ( t ) a  U n a p a M C T p b 1 ,  X a p a l i T e p A 3 y l O U A . I e  er0 

I I I l T a T e n b H O C T b ,  a T a K X C  H a  C O n C p X a H k l C  n r l T a T C n b H b 1 X  BCWCCTB B n p C B O C T O e  Pi  er0 pOCT. Ha Y3KMX nOJIOCaX 10 11 20 hf B 

n e ~ ~ u i i  nepuon y p o s e H L  r p y H T o s b r x  B o a  nanm, pacnan r r e n n m n o s b ~  n p o M c x o n r r n  6 b l c ~ p e ~ ,  s e M  H a  u r c r p o l t u x  nonocax 40 x[. 
Y n 0 6 p e ~ U R  y c l c o p e n r r  pacnan r r e n n r o n o 3 b r  B s e p x H c h f  cnoc ~ o p $ a  B ~ M M M U ~ ~  ITCPHOA. B T e Y e l I H e  3 1 . 1 ~ ~ 1  1995- 1996 r. n o T e p c r  

B M a C C e  U e n n K ) J I 0 3 H b l X  ~ P A K ~ T O B  B I IOBCpXHOCTHOM C n O e  ~0pC$a  COCTaBMnU C O O T B ~ T C T B ~ H H O  2 1 % H a  1 O - M C T ~ O B ~ I X  n O n O C a X ,  

15 % H a  ~ ~ - M ~ T P O B ~ I X  M 13 % H a  ~ O - M ~ T P O R ~ I X  IlOJIOCaX. Ha I 0-MCTPOB~IX llOJIOC8X BCnklZIUHLI KOHUCHTpaUWA 06uler0 ti3OTa, 

a h l h l 1 I a 1 I H O ~ O  a 3 0 T a ,  M C O n e p W a H U R  ( b 0 ~ @ 0 p a  6 ~ 1 n u  ~ a k 1 6 0 n b U I U h l P 1 ,  130 3HaZleHI lR K W U R  PI 6opa 6 ~ m u  3 H a t I M T e n h H 0  HM?Ke, cleLf 

H a  ~ O - M ~ T ~ O B ~ I X  I l O n O C a X .  B H C C ~ H U ~  y n o 6 p e ~ ~ i r  n p M B e n 0  Ii I K O B b 1 t l I e l l H ~  C O n e p X a H l r R  I $ o c ( ~ ) o ~ ~  II KanMR B T O ~ I $ C  U K 

YMeHbLUeHMK) K O H U e H T P a U U U  aMMMacIHOrO a 3 0 T a .  H e y n 0 6 p C H ~ b l e  COCHbI H a  UIUpOKHX IIOJIOCaX C T p a n X I P I  OT H e n O C T a T K a  a 3 O T a ,  

( t ) o c ( t ) o p a  1.1 K a n u R  ( n p e n c n b r  n e ( t ) m r ~ ~ a :  N = 12 ~ r i r .  P = 1,4 h r r l r ,  K = 3,5 ~ r l r ) .  3 ~ a r e ~ ~ ~  c o n e p x i a H m  a3o~a u a p r w m a  B 

X B O e  p O C n U  no M e p e  y B e J I U c I e I ~ l i R  AHTeHCABHOCTH n p e H a X a .  0 6 p a 6 o ~ ~ a  y n o 6 p e ~ u ~ ~ r r  I l O B b l U I a e T  KOHUCHTpaUWKl C $ O C $ O ~ ~  11 

K W A R  B X B O e  H a  BCCX I lOJ lOCaX U - K CHrTXZleT K O H U e H T p a U r f l I  6opa IT a p I ' A H U H a  H a  y3KPlX n 0 ~ 7 0 C a X .  no M e p C  Cy?t ieHl lR n O n O C L l  

n a p a M e T p b 1  C O J I C p X a H U R  6opa R B H O  Y M C H L W a n M C b .  y h l ~ l - l b U I e ~ U ~  U l U P A H b I  n O n O C b I  I IPWBOIlHT K YJIYZIUIeNUIO COCTORHUR 

H a C b I U e H H O C T M  a 3 0 T O M  COCHRKa H a  O J I M ~ O T ~ O ( ~ ) H ~ I X  60no~ax C T O n C T b I M  C n O e h f  ~ 0 p @ a .  B O ~ M O X H ~  n p o 6 n c h r a  n O n y L 1 e H U R  a 3 O T a  

PI A p y r U X  n M T a T e n b H b I X  BeU[eCTR:  C yJ lyZIUIeHMeM p O C T a  FI YRCnPIZIeHPlCLf 6 u o ~ a c c b r  n p e ~ 0 ~ ~ 0 f i  C B R 3 b I B a e T  3HaL111TenbHy10 

q a C T b  3 a n a C O B  C O n e p X a L U U X C R  B TO PI$^ M l l H e p U b H b l X  BeI l [eCTB (P, K, B) Pi ,  T a K U M  06pa30~,  yBeJIPlclPIBaeT H ~ O ~ X O ~ P I M O C T ~  

UCIIOnb3OBaHUR yno6pe~wi3 no M e p e  UCTeYeHMR 3 a n a C O B  B b 1 I l r e y n O % l R H y T b I X  n U T a T e n b H b 1 X  B e q e C T B .  B ~ U R H H ~  yno6pe~rrir 
~au6onee B b I p a K e H O  H a  I I IUpOKO F l C n O n b 3 y e M b l X  B HaCTORlllCC B p e M R  n O n O C a X  U I M ~ U H O ~  40 &I. 

C y x t c ~ ~ e  n o n o c b r  H C O ~ O C H O B ~ H O ,  n o c K o n b K y  B o s p a c T a m T  p a c x o n b r  no npceaxy u y s c n M r r n s a e T c x  e b r n a n a m r u a x  n3 

n p e ~ o n p o ~ 3 ~ o n c ~ s a  n n o q a n b ,  ~ e o 6 x o n k r ~ a ~  n n R  C O ~ ~ ~ H M R  n p e H a x H b r x  t i a H m o s .  n p ~  BbrnonHeH1rr - r  n p e H a x i a  c ys~rrs!rr 
n o n o c a M M  H a  y v a c T K e  c T o n c T b r h i  c n o e M  TOP@, B K a l r e c T B e  y n o 6 p e ~ r r ~  c n e n y e T  n p w e H R T b  6opconepxaqee PK-yno6pe~ue 
C I I e n b K I  n p e n O T B p a q e H M R  BO3HWKHOReHMR COCTORHUR n U T a T e n b H O r 0  A C T O I ~ C H U R .  
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