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Introduction

The impact of atmospheric deposition of nitrogen and sulphur on forest ecosystems is the main 

focus of the ICP Forests/Forest Focus monitoring programme. On the other hand, both of these 

elements are essential macronutrients the availability of which strongly regulates plant growth. 

The monitoring of foliar chemistry is one of the central activities of the programme because it 

has proved to be a useful and practical tool for diagnosing the nutrient status of the trees and 

to monitor the large-scale effects of atmospheric deposition on forest ecosystems. In principle, 

ejgokecn"cpcn{uku"qh"vjg"uqkn"tgÞgevu"vjg"rqvgpvkcn"cxckncdknkv{"qh"pwvtkgpvu."yjkng"rncpv"cpcn{uku"
indicates the actual nutrient status of the plants (Marschner 1995). The aim of this study is to 

investigate how the concentrations of sulphur and nitrogen in the nutrient sources of plants, i.e. in 

fgrqukvkqp."kp"rgteqncvkqp"ycvgt"cpf"kp"vjg"wrrgt"uqkn"nc{gtu."ctg"tgÞgevgf"kp"vjg"pwvtkgpv"uvcvwu"qh"
Scots pine and Norway spruce in Finland.

Material and methods

In Finland, the nutrient status of conifer needles has been monitored on both the Level I (extensive 

monitoring) and Level II (intensive monitoring) networks of the ICP Forests/Forest Focus 

programme. Needles have been sampled on a sub-set of the Level I plots almost every year since 

1987. This has provided a useful time series for evaluating the extent to which elevated N and S 

deposition has affected the mineral nutrient composition of Scots pine (Pinus sylvestris L.) and 

Norway spruce (Picea abies L. Karst.) needles during the period 1987 – 2000 (Luyssaert et al. 

2004, 2005). Needle chemistry has been monitored biannually on 27 (on mineral soil sites) of 

the Level II plots since 1995, thus allowing us to explore the relationships between the elemental 

composition of needles and the concentrations of the respective elements in the soil and in 

percolation water. 

The effect of N and S deposition on needle chemistry based on the Level I 
data

Needle samples were collected from 36 (16 spruce, 20 pine) of the Level I plots located on 

mineral soil sites in background areas in different parts of the country. The stands were sampled 

almost every year between 1987 and 2000, resulting in 367 needle samples (Luyssaert et al. 
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2005). Sampling and chemical analysis of the needles were carried out according to the ICP 

Forests Manual, and are presented and discussed in Luyssaert et al. (2004).

Vtgg"pwvtkvkqp"ycu"fguetkdgf"d{"ogcpu"qh"pwvtkgpv"rtqÝngu"*PRu+"*Nw{uucgtv"gv"cn0"4226."4227+0"Vjg"
PR"qh"vtgg"hqnkcig"ku"fgÝpgf"cu"vjg"pwvtkgpv"uvcvwu"vjcv"ceeqwpvu"hqt"cnn"vjg"gngogpv"eqpegpvtcvkqpu."
contents and interactions between two or more elements. Stands with similar NPs, and thus a 

ukoknct" gngogpvcn" eqorqukvkqp" qh" vjg" hqnkcig." ygtg" ejctcevgtk¦gf" d{" c" itqwr" pwvtkvkqp" rtqÝng"
(GNP). Current-year N, S and P concentrations and needle mass were used in calculating the 

IPRu0"Vjg"xcnwgu"hqt"Oi."Ec"cpf"Cn"ygtg"cffgf"yjgp"rtgugpvkpi"vjg"rtqÝngu0"C"pgwtcn"pgvyqtm."
in this case a self-organizing map (SOM) (Kohonen 2001) and an agglomerative clustering 

algorithm with pruning (Vesanto and Sulkava 2002), were used in calculating which NPs were 

members of a given GNP. 

A two-step approach was applied in calculating the relationship between N deposition and the 

elemental composition of the needles. (1) The hypothesis was tested that the mean N deposition 

between already established GNPs could statistically not be considered equal. (2) The conditional 

probability was calculated that, given the GNP, the total N deposition was higher than 4.0 kg ha-

1year-1, which was considered to be an elevated deposition level (i.e. above the threshold level) 

in Finland. The same two-step approach was used to determine the relationships between the NPs 

and S deposition, using a threshold deposition of 5.0 kg ha-1year-1.

A literature study of controlled experiments revealed that acidifying deposition mediates increasing 

P"cpf"U"eqpegpvtcvkqpu."cpf"fgetgcukpi"Oi<P"cpf"Ec<Cn"tcvkqu"kp"vjg"pggfngu0"Yjgp"vjku"Ýpigtrtkpv"
for elevated N and S deposition in tree foliage was observed simultaneously with increased N and 

U"kprwvu."kv"ycu"eqpukfgtgf"uwhÝekgpv"gxkfgpeg"vq"cuuwog"vjcv"cekfkh{kpi"fgrqukvkqp"jcf"cnvgtgf"vjg"
elemental composition of the tree needles on that plot in the given year. Evidence for deposition-

induced changes in the elemental composition of the tree foliage was calculated on the basis of a 

simple frequency model.

Relationships between soil and soil solution chemistry and needle 
 chemistry

The organic and uppermost mineral soil layers were sampled once for chemical analyses at the 

beginning of the monitoring programme (1995 – 1997) on the 27 Level II plots located on mineral 

soil sites. Percolation water has been collected continuously at 4-week-intervals during the snow 

free period using zero tension lysimeters on 16 of the Level II plots. Sampling and chemical 

analysis of the needles, soil and soil percolation water were carried out according to the ICP 

Forests Manual (Manual on... 2006), and are presented and discussed in Merilä (2007) and in 

Derome et al. (2007).

Annual plot averages for S and N concentrations in current (c) needles, in the upper soil layers 

(organic and 0 – 5 cm mineral soil) and in percolation water (5 cm depth) were utilized in calculating 

Urgctocp"tcpm"eqttgncvkqp"eqghÝekgpvu0"Pkvtqigp"cpf"U" kp" vjg"pggfngu"ygtg"ecnewncvgf"rgt"ft{"
weight of needles (mg kg-1), per needle and per needle biomass. Needle biomass was estimated 

using equation presented by Marklund (1987, 1988), and the N and S pools in needle biomass 

were then calculated by multiplying the biomass by the corresponding needle concentrations. 

Nitrogen and S in the organic and in the upper mineral soil (0 – 5 cm) layer were calculated per 

dry weight (mg kg-1), and in case of the organic layer also on an areal basis (g m-2).
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Results and discussion

The effect of N and S deposition on needle chemistry based on Level I 
data

Vjg"ejgokecn"eqorqukvkqp"qh"vjg"vtgg"pggfngu"*PRu+"ycu"encuukÝgf"kpvq"ukz"fkuvkpev"IPRu"*Nw{uucgtv"
et al. 2004, 2005). The relationship between the N and S deposition and the established GNPs 

showed that high N deposition coincided more often within two groups (1 and 5) than within 

the other GNPs for spruce. For pine, on the other hand, there was no evidence to show that the 

ogcp"P"fgrqukvkqp"xcnwgu"ygtg"fkhhgtgpv"hqt"fkhhgtgpv"IPRu0"Jqygxgt." vjgtg"ycu"c"ukipkÝecpv"
relationship between the exceedance of the threshold for N or S deposition and the occurrence 

qh"IPRu"3"qt"7"hqt"dqvj"vtgg"urgekgu0"Kp"cffkvkqp."IPRu"3"cpf"7"ygtg"dguv"fguetkdgf"cu"rtqÝngu"
that are consistent with the expectations of the needle composition for simultaneously elevated 

N and S deposition. On the average, the elemental composition of <13% of the spruce samples 

and 6% of the pine samples was associated with elevated N and S deposition during 1987 – 2000. 

The extent to which elevated deposition affected the elemental status of spruce needles decreased 

fwtkpi"3;:9"Î"42220"Vjg"ucog"vtgpf"ycu"pqv"crrctgpv"kp"rkpg0"Yjgp"Ývvgf"wukpi"Nqikv"oqfgnu."
the relationships between the NPs and selected stand, site and climatic variables were found to be 

pqp"ukipkÝecpv0

Relationships between soil and soil solution chemistry and needle 
 chemistry

The N concentrations in the organic and 0 – 5 cm mineral soil layers correlated strongly with the 

respective concentration in the c needles on the spruce plots. On the pine plots, however, the 

eqttgncvkqpu"ygtg"pqp/ukipkÝecpv"*Vcdng"3+0"Qp"vjg"urtweg"rnqvu."vjg"eqttgncvkqp"dgvyggp"vjg"P"
uvcvwu"qh"vjg"qticpke"nc{gt"cpf"P"kp"vjg"pggfngu"ycu"cnuq"ukipkÝecpv"yjgp"vjg"pggfng"P"uvcvwu"ycu"
gzrtguugf"cu"vjg"P"eqpvgpv"rgt"pggfng0"Vjgtg"ygtg"pq"ukipkÝecpv"eqttgncvkqpu"dgvyggp"vjg"P"rqqn"
in the needle biomass and the N concentrations in the uppermost soil layers. 

On the spruce plots, the concentration of total N and dissolved organic N (DON) in percolation 

water consistently showed positive correlation (0.047 < p < 0.10) with the N concentration in the c 

needles in every year of needle sampling (1999, 2001, 2003 and 2005, n = 6 – 8). In contrast, there 

ygtg"qpn{"urqtcfke"ukipkÝecpv"eqttgncvkqpu"dgvyggp"vjg"kpqticpke"hqtou"qh"P"kp"rgteqncvkqp"ycvgt"
and the needle N concentrations. On the pine plots, only DON in percolation water correlated 

positively with the N concentration in the c needles; this occurred in 2003 (p = 0.071, n = 8) and 

in 2005 (p = 0.094, n = 7).

Vjg"U"eqpegpvtcvkqp" kp" vjg"e"pggfngu"eqttgncvgf"ukipkÝecpvn{"qpn{"ykvj" vjg"coqwpv"qh"U" kp" vjg"
organic layer, calculated on an areal basis (combined dataset of pine and spruce; Table 1). On the 

spruce plots, the total S and SO4-S concentrations in percolation water were consistently positively 

correlated with the S concentration in the needles in every sampling year (1999, 2001, 2003 and 

2005). On the pine plots, positive correlation between the total S and SO4-S concentrations in 

percolation water and needle S was found only in 1999 (p < 0.076).

Kp" eqpenwukqp." vjg" pggfng" U" cpf" P" eqpegpvtcvkqpu" ujqygf" ukipkÝecpv" eqttgncvkqpu" ykvj" vjg"
concentrations of N and S in the organic layer, in the upper mineral soil layer, and in percolation 

water, more consistently on the spruce than on the pine plots. One reason behind this difference 

okijv"dg" vjcv" kp"rkpg"rnqvu"ycvgt"cxckncdknkv{" nkokvu"pwvtkgpv"wrvcmg0"Vjg"eqpukuvgpv" ukipkÝecpv"
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relationship between the DON concentration in percolation water and the N status of the 

trees suggests that DON may serve as an important indicator of N availability in boreal forest 

ecosystems.
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Vcdng"30"Urgctocp"tcpm"eqttgncvkqp"eqghÝekgpvu"dgvyggp"c+"pkvtqigp"*P+"cpf"d+"uwnrjwt"*U+"eqpegpvtcvkqpu"kp"
vjg"qticpke"nc{gt."kp"vjg"wrrgtoquv"okpgtcn"uqkn"nc{gt"*2/7"eo+"cpf"kp"ewttgpv"*e+"pggfngu"ucorngf"kp"3;;9"*p"
?"35."35"cpf"48"kp"rkpg."kp"urtweg"cpf"qp"cnn"rnqvu."tgurgevkxgn{="r">"20223",,,."r">"2023,,."r">"2027,+0

a) P."oi"mi/3"kp"qticpke"nc{gt P."oi"mi/3 in mineral soil P."i"o/4"kp"qticpke"nc{gt

Pine Spruce Total Pine Spruce Total Pine1 Spruce2 Total3

P."oi"mi/3"fyv0"pggfngu 205;3 20:24 206;6 20574 2096; 204;; 20655 209:8 20994

,, , , , ,,

N, needle/3 20582 20995 Î20269 2032: 20573 Î20538 202:4 20579 Î20396

,

N, needle biomass/3 20296 20692 20585 Î20452 20447 20584 Î2042; 20722 20368

b) U."oi"mi/3"kp"qticpke"nc{gt U."i"o/4"kp"qticpke"nc{gt

Pine Spruce Total Pine1 Spruce2 Total3

U."oi"mi/3"fyv0"pggfngu 20656 204;7 20573 20636 2089; 2075:

,

S, needle/3 2036: 203;4 Î20373 2022; 20293 Î20425

S, needle biomass/3 Î20233 20524 20432 Î203:4 20329 20297

1n = 11,  2p"?"9."3p"?"3:
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