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Preface 

This dissertation is part of the acquisition of the Ph.D. degree at The Royal Veterinary 
and Agricultural University, Copenhagen. The study was carried out at The Danish 
Forest and Landscape Research Institute, Department of Forest Ecology. I was enrolled 
as a Ph.D. student at The Royal Veterinary and Agricultural University, Department of 
Agricultural Sciences. During the Ph.D. study two Ph.D. courses were passed: 
"Advanced Plant Nutrition, Part A and B" by preparation of literature review 
manuscripts entitled: "Copper, boron, and manganese deficiency and fertilization in 
Norway spruce (Picea abies [L.] Karst.) plantations on nutrient poor soils in western 
Denmark" and "Geochemical effects of liming in Spruce on nutrient poor soils - Liming 
management in Norway spruce stands in western Denmark". Supervisors were Jan K. 
Schjørring (The Royal Veterinary and Agricultural University), Lennart Rasmussen 
(Risø National Laboratory) and Per Gundersen from the 1. February 1996 (Danish 
Forest and Landscape Research Institute). 

The Ph.D. project was a part of The Nordic Forest Research Co-operation 
Committee project; "unbalanced Forest Nutrition - Vitality Measures", which started in 
1993. The following co-operating institutions were involved in the project: The Danish 
Forest and Landscape Research Institute, The Finnish Forest Research Institute, The 
Norwegian Forest Research Institute and The Swedish University of Agricultural 
Sciences. The Danish part of the project has been focused on the potential to improve 
the vitality of mature Norway spruce stands on nutrient poor soils in western Denmark 
by fertilization and liming. The need for discussing revitalization actions is at present 
highly relevant, since the health status of these stands has been declining over the last 
decade. The project contained the following main questions: 

• How should nutritional imbalances, deficiencies, and the need for fertilization and 
liming be identified? 

• How should tree vitality be defined and measured in relation to the nutritional status 
of the trees? 

• How does fertilization and liming affect the forest ecosystem and the nutritional 
status of the trees? 

This dissertation is based on four paper manuscripts (Paper I-IV) which contain 
the results obtained in the Ph.D. project, and a compilation of the main findings from 
these papers and the relevant literature. The second author on two of the manuscripts 
Leif Hallbacken has given a co-author declaration in Appendix I. 

Apart from the present dissertation, results and conclusions from the study have 
been presented in two final reports from connecting research programs, at international 
and national conferences, symposiums, seminars and workshops, and in information 
sheets to the forest management sector (Appendix II). 
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Summary 

During recent years indications of nutritional imbalances in coniferous forest ecosystems 
have become more common in southern Scandinavia and central Europe; Denmark 
being no exception. Deposition of acidifying substances, relative deficiencies of 
nutrients, and soil acidification are supposed to be important contributing factors in the 
picture of the observed forest damages. It has been suggested that nutritional disorders 
mainly involving N, P and K, and soil acidification can impair the vitality of the Norway 
spruce plantations in western Denmark. The need for counteractions such as liming and 
fertilization is thus pressing. 

The purpose of the present study was to continue and further develop an existing 
fertilization and liming experiment in a mature Norway spruce stand (58 years old) on a 
nutrient poor soil at Klosterheden, Lemvig, in western Denmark in order to investigate 
the effects of soil amelioration on the nutritional balance of the ecosystem and on forest 
health conditions and production. Different strategies and methods have been applied to 
clarify and develop the tree vitality concept and its applicability. 

Two types of lime (calcite and dolomite combined with additional kieserite and 
phosphorus) were applied alone and in combination with conventional NPK fertilizer to 
form five different treatments. All the treatments were carried out in 1986 and in 1994 
and the NPK treatment was additionally carried out in 1991. 

All treatments increased the leaching of ions from the soil significantly (P<0.05) 
within the first 8 months after treatment. Application of kieserite combined with calcite 
induced acidification pushes in the soil solution in the first period after the treatments. 
The magnitude of these changes varied strongly according to the different treatments. 
The effects on chemical composition of the soil solution seemed to peak within 8 
months following the treatments. They were largely eradicated 8 years after 
establishment of the trial, and 3 years following the last NPK fertilization. 

The expected geochemical changes of the soil solid phase regarding the 
counteraction of acidification were only achieved in the upper horizons of limed plots 
(decreased exchangeable acidity and concentration of exchangeable Al3+, and increased 
concentration of exchangeable Ca2+ and Mg2+, base saturation, cation exchange capacity, 
and pHH20). Results from the O horizons (N and C concentration, C/N-ratio, and horizon 
thickness) indicated that mineralization of nitrogen had not been increased notably 
within the first eight years of treatment in the limed plots, even though the pHH20 in the 
O horizon was increased and the C/N-ratio was below 30. 

The various treatments caused no significant (P>0.05) differences in growth 
increment. The strongest effect observed was a growth rate reduction caused by 
application of kieserite and calcite. This reduction could presumably be ascribed to 
stress or even toxicity caused by the increased concentrations of Al3+ and S04

2", and 
decreased pH in the soil solution in the first period after the treatment. 

Five sample trees of different size classes were felled in four of the treatment 
plots and the concentrations of N, P, K, Ca, Mg and S were analyzed at various heights, 
dividing the biomass in seven compartments (stem wood, stem bark, living branches, 
dead branches, current year needles, older needles and cones). The nutrient 
concentrations were generally highest in the actively growing parts of the trees (e.g. 
needles and stem bark). The concentrations of N, P, K and S were generally higher in 
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current year needles than in older needles, whereas the opposite pattern was observed for 
the concentration of Mg and Ca. The concentrations of N, P, S and Ca were increased by 
the treatments, most pronounced in the actively growing parts of the trees. However, the 
concentration of K and Mg seemed unaffected by the treatments. The above ground 
biomass and nutrient distribution was determined for the sample trees and the total 
above ground biomass and nutrient content in all trees was calculated and related to the 
ground surface area. The biomass was closely correlated with the tree size 
(height*DBH2) for stem wood, stem bark, living branches and older needles (/?2>0.70). 
The biomass accumulation was not affected significantly (P>0.05) by the different 
treatments. However, an increase in the above ground biomass caused by NPK 
fertilization was indicated. The stem wood and living branches contained the main part 
of the above ground biomass (approx. 80 %, corresponding to 70 t dry weight ha"1). The 
main part of the N, P, K, Mg and S was in the living branches and needles (>60 %), 
while stem bark, living branches and needles contained a significant part of the Ca 
content (>70 %). The accumulation of nutrients in stem bark and needles increased 
significantly following fertilization and liming, especially in the current year needles. 
The calculated annual mean accumulation of P in the above ground biomass increased 
from 2.3 kg ha"' for the control plot to more than 5 kg ha"1 for the strongest treatments 
(approx. 200 kg P ha"1). 

Analysis of the current year needles from the control plot indicated N and P 
deficiencies. Nitrogen, P and Ca concentrations in the current year needles and the 
relative nutrient uptake (RNU) in the above ground biomass were generally increased by 
the lime and fertilization treatments. The effect of conventional NPK fertilization on the 
nutrient status in current year needles seemed to have ceased five years after treatment. 

The needle biomass was found to be better correlated with the cross-sectional 
sapwood area at canopy limit than with the sapwood area at breast height. Furthermore, 
the treatments appeared to have altered the slope and intercept of the linear correlation 
between the sapwood area and the needle biomass. 

The effects of the treatments on the measured vitality indicators (defoliation, 
needle discoloration, "index of vigour", needle productivity, presence of cones) was 
small. Defoliation and "index of vigour" was not dependent on the stem volume 
increment within the treatment period or on the total stem volume. Even though the 
nutritional status of the needles was improved significantly by the treatments with 
respect to N and P, some of the measured vitality indicators did not reflect this 
improvement (needle discoloration, presence of cones). Some of the indicators gave 
even contradictory results. The reason presumably being that the trees at the initiation of 
the experiment did not show low vitality due to deficiencies of any of the applied 
nutrients. However, the treatments combining liming with NPK fertilization were found 
to overcome the N and P deficiency significantly, increasing the "index of vigour", the 
needle productivity, and the accumulation of above ground biomass, and decreasing the 
defoliation notably. But these effects were disturbed by considerable "within plot" 
variation and they were not statistically significant. 

In comparison with similar data from other Norway spruce plantations in western 
Denmark, soil and needle analysis have shown that soil acidity, nutrient availability and 
tree nutrient status vary considerably both between stands and sites. Therefore, it is not 
possible to point on a single specific growth and vitality limiting nutrient in this area of 
Denmark. Since the demand for fertilization and/or liming obviously differs from site to 
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site it is recommended that soil analyses and diagnostic analyses of the nutritional status 
of the trees are carried out before fertilizers and/or lime is applied. 



Resumé (In Danish) 

I de seneste årtier er der fundet tegn på næringsstofubalance i nåleskovenes økosystemer 
i det sydlige Skandinavien og Centraleuropa. Disse observationer er blevet hyppigere i 
de seneste år. Deposition af forsurende stoffer, relativ næringstofmangel samt 
jordbundsforsuring antages at være vigtige faktorer i den forringede skovsundhed, som 
er blevet iagttaget i de vestjyske rødgranplantager. Det er blevet foreslået at manglende 
balance mellem næringsstofferne; N, P og K og jordbundsforsuring kan indvirke på 
rødgranernes vitalitet. Der eksisterer derfor et aktuelt behov for at modvirke dette ved 
hjælp af f.eks, kalkning og gødskning. 

Formålet med denne undersøgelse har været at fortsætte og videreudvikle et 
eksisterende gødsknings- og kalkningsforsøg i en ældre rødgranbevoksning (58 år 
gammel) på næringsfattig jord i Klosterheden plantage ved Lemvig i Vestjylland, med 
henblik på at undersøge effekten af gødskning og kalkning på skovøkosystemets 
næringstofbalance og på træernes sundhedstilstand og vækst. Forskellige strategier og 
metoder er blevet benyttet for at illustrere og videreudvikle et praktisk anvendeligt 
vitalitetskoncept for skovtræer. 

De anvendte behandlinger bestod af to forskellige typer kalkninger (calcit og 
dolomit kombineret med kieserit og fosfor) og en almindelig NPK gødskning, samt NPK 
gødskningen kombineret med hver af kalkningerne (i alt fem forskellige behandlinger). 
Alle behandlingerne blev udført i 1986 og 1994. Herudover blev der gødsket med NPK i 
1991. 

Alle behandlingerne forårsagede en signifikant (P<0,05) forøget udvaskningen af 
ioner fra jordbunden i de første otte måneder efter behandling. Behandling med calcit 
kombineret med kieserit medførte en forsuring af jordvæsken i perioden umiddelbart 
efter behandling. Størrelsen af de fem behandlingers påvirkning af jordbunden og 
jordvæsken varierede stærkt. Behandlingernes påvirkning af den kemiske 
sammensætning af jordvæsken syntes at være aftagende efter en periode på cirka otte 
måneder. Endvidere var disse påvirkninger stort set forsvundet i 1994; 8 år efter den 
første behandling, og tre år efter den sidste NPK gødskning. 

Kalkningerne modvirkede kun jordbundsforsuringen i de øvre 
jordbundshorisonter inden for den undersøgte periode på 8 år (lavere aciditet og lavere 
koncentration af ombyttelig Al3+, samt forøget koncentration af ombyttelig Ca2+ og 
Mg2+, forøget basemætningsgrad samt forøget kationdbytterkapacitet og hævet pHH20). 

Resultaterne fra O horisonterne (N og C koncentrationerne, C/N-forholdet, samt 
tykkelsen af jordbundshorisonterne) indikerede at N-mobiliseringen ikke var væsentligt 
påvirket af behandlingerne i de første otte år efter forsøgets start, på trods af at pHH20 i O 
horisonten var forøget i de kalkede parceller og C/N-forholdet generelt var under 30. 

Ingen af behandlingerne påvirkede stammevolumentilvæksten signifikant 
(P>0,05). Den tydeligste observation var en tilvækstnedgang forårsaget af behandling 
med kieserit kombineret med calcit. Denne tilvækstnedgang skyldes formodentlig stress 
eller endog toksicitet forårsaget af en forøget koncentration af Al3+ and S04

2", samt 
lavere pH i jordvæsken i perioden efter behandling. 

Fem forsøgstræer repræsenterende forskellige størrelsesklasser blev fældet i fire 
af behandlingsparcellerne og koncentrationerne af N, P, K, Ca, Mg, og S blev analyseret 
i forskellige højder i syv forskellige biomass fraktioner (stammeved, stammebark, 
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levende grene, døde grene, årsnåle, ældre nåle og kogler). Koncentrationen af 
næringsstoffer var generelt højest i de aktivt voksende dele af træerne (f.eks, nålene og 
stammebarken). Koncentrationerne af N, P, K og S var generelt højere i årsnålene end i 
ældre nåle, hvorimod det modsatte gjorde sig gældende for koncentrationerne af Mg og 
Ca. Behandlingerne forøgede koncentrationerne af N, P, S og Ca; mest markant i de 
aktivt voksende dele af træerne. Derimod forblev koncentrationerne af K og Mg 
tilsyneladende upåvirkede af behandlingerne. Forsøgstræernes overjordiske biomasse-
og næringsstoffordeling blev bestemt, og den samlede mængde af overjordisk biomasse 
og næringsstoffer blev beregnet på arealbasis. Biomassen i stammeved, stammebark, 
levende grene og gamle nåle var tæt korreleret med træernes størrelse 
(træhøjde*DBH2)(7?2^0,70). Behandlingerne påvirkede ikke akkumuleringen af 
biomasse signifikant (P>0,05). Derimod indikerede resultaterne at biomassen var blevet 
forøget ved NPK-gødskningen. Stammeveddet og de levende grene udgjorde 
hovedparten af den overjordiske biomasse (ca. 80 %, svarende til 70 ton tør vægt ha"'). 
De levende grene og nåle indeholdt hovedparten af N, P, K, Mg og S (over 60 %), 
hvorimod stamme bark, levende grene og nålene indeholdt størstedelen af Ca (over 70 
%). Akkumuleringen af næringsstoffer i stammebarken og nålene steg signifikant efter 
gødskning og kalkning, specielt i årsnålene. Den beregnede gennemsnitlige 
akkumulering af P i den overjordiske biomasse, steg fra 2,3 Kg ha"' år"1 i 
kontrolparcellen til mere end 5 kg ha"1 år'1 for behandlingen med den største tilførsel af P 
(ca. 200 kg P ha1). 

En analyse af årsnåle fra kontrolparcellen indikerede N og P mangel. 
Koncentrationerne af N, P og Ca i årsnålene, og "det relative næringsstofoptag" (RNU) 
af disse stoffer i den overjordiske biomasse blev generelt forøget ved behandlingerne. 
Almindelig NPK-gødsknings påvirkningen af næringsstofkoncentrationerne i årsnålene 
var tilsyneladende ophørt fem år efter behandlingen. 

Nåle-biomassen var bedre korreleret med tværsnitsarealet af det væskeførende 
ved i kronegrænsehøjde end i brysthøjde. Desuden, syntes behandlingerne at have 
påvirket hældningskoefficienten og skæringspunktet for den lineære korrelation mellem 
nålebiomassen og tværsnitsarealet af det væskeførende ved. 

De målte vitalitetsindikatorer (nåletab, nålemisfarvning, "vitalitetsindeks", 
nåleproduktivitet, kogleproduktion) virkede forholdsvis upåvirkede af behandlingerne. 
Nåletab og "vitalitetsindeks" var ikke afhængig af stammevolumentilvæksten i 
behandlingsperioden, eller af det totale Stammevolumen. På trods af at behandlingerne 
forøgede årsnålenes koncentration af N og P signifikant og dermed forbedrede træernes 
næringsstofstatus, blev denne forbedring ikke entydigt reflekteret af de målte 
vitalitetsindikatorer (nålemisfarvning, kogleproduktion). Nogle af indikatorerne gav 
modstridende resultater. Begrundelsen for dette er sandsynligvis at træerne ikke led af 
udtalt mangel på de tilførte næringsstoffer ved forsøgets begyndelse. Resultaterne fra de 
behandlinger hvor kalkningerne blev kombineret med NPK gødskningen, viste dog at 
disse behandlinger modvirkede N og P manglen signifikant, og forøgede 
"vitalitetsindekset", nåleproduktiviteten og akkumuleringen af overjordisk biomasse, 
samt mindskede nåletabet. Disse behandlingseffekter kunne dog ikke påvises at være 
statistik signifikante, da variationerne indenfor de enkelte parceller var store. 

Data fra nåle- og jordbundsanalyser fra de vestjyske rødgranplantager viser, at 
forsuringen af jordbunden, næringsstoffernes plantetilgængelighed og træernes 
næringsstof-status varierer betydeligt imellem de forskellige bevoksninger og lokaliteter. 
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Det er derfor ikke muligt at pege på et specifikt næringsstof som værende generelt 
vitalitets- og tilvækstsbegrænsende i de vestjyske rødgranplantager. Da behovet for 
gødskning og/eller kalkning tydeligvis varierer fra lokalitet til lokalitet anbefales det, at 
man undersøger behovet for tilførsel af næringsstoffer og/eller kalkning via analyse af 
jordens og nålenes næringsstofindhold før man gødsker og/eller kalker. 
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Introduction 

Atmospheric deposition of acidifying N and S compounds as well as removal of biomass 
from forests, contribute to the acidification of forest soils. Soil acidification and N 
deposition may lead to an imbalanced forest nutrition and, eventually, a decreasing 
forest health condition, especially on nutrient poor soils (Berdén et al., 1987; Liljelund et 
al., 1990; Evers and Hiitfl, 1990/91; Nihlgård, 1996). 

Soil acidification and increased base cation leaching in forest ecosystems, caused 
by deposition of acidifying air pollution compounds have been indicated or documented 
in a large number of countries in Europe (e.g. Denmark: Rasmussen, 1988; Bille-
Hansen, 1990; Rasmussen and Hansen, 1992; Pedersen, 1993. England: Billett et al., 
1990. Germany: Ulrich et al., 1980; Hurtle, 1986; Zoettl and Huettl, 1986. Netherlands: 
Breemen et al., 1983; Vries and Breeuwsma, 1986. Norway: Steinnes et al., 1993, and 
Sweden: Hallbäcken and Tamm, 1986; Tamm and Hallbacken, 1988; Falkengren-
Grerup and Tyler, 1992) and in the United States (e.g. Breemen et al., 1984; Reuss et al., 
1987). 

Soil acidification and a subsequently increased concentration of inorganic Al in 
the soil solution may cause Al toxicity and disturbed nutrient uptake in tree roots (Ulrich 
et al , 1980; Ulrich, 1983; Eldhuset et al , 1987; Godbold et al , 1988). The increased 
concentration of inorganic Al can furthermore lead to P immobilization and deficiency 
(Andersson, 1988). 

It is hypothesized that Norway spruce has adapted to low N availability within its 
natural geographical distribution area over a long time period, probably by genetic 
adaptation, and that Norway spruce can grow well under conditions where N is the 
growth limiting element (Aber et al , 1989; Brække et al. 1997). Nitrogen deposition, 
soil acidification, and nutrient leaching may lead to a relative deficiency of nutrients 
such as P, Ca, Mg, K and other elements in relation to N (Ulrich, 1983; Roelofs et al, 
1985; Schulze, 1989; Evers and Hiitfl, 1990/91). 

Wood production increases the risk of development of nutrient deficiencies 
within the forest ecosystem by removal of biomass and thereby nutrients from the forest 
ecosystem (Berdén et al , 1987; Liljelund et al , 1990; Nihlgård, 1996). Although 
atmospheric S deposition has decreased in Europe during recent years the deposition of 
N is still constant or slightly increasing (Galloway, 1995). Therefore, the need for 
investigation of possible counteractions of soil acidification, nutrient depletion and 
nutritional imbalances, in the form of liming and fertilization is highly relevant. 

In many areas of central Europe it has been shown that the forest stands are 
suffering from soil acidification, nutrient leaching and nutrient deficiencies due to an 
increased deposition of air pollution compounds (Huettl et al , 1990; Katzensteiner et al, 
1995). The observed nutrient imbalances and deficiencies involve first of all Mg, but 
also K, Ca, Mn and Zn (Huettl and Zoettl, 1993). Fertilization and liming of forests in 
central Europe has been shown effectively to be able to counteract the deficiencies and 
the soil acidification (Huettl and Zoettl, 1993; Katzensteiner et al , 1995; Meiwes, 
1995a). Especially, application of dolomite (MgCa(C03)2) has appeared to increase both 
growth and vitality of stands suffering from Mg deficiency and soil acidification 

A series of research projects concerning forest liming in approx. 150 experiments 
were started or reexamined in Sweden and Finland in 1983 (reviewed by Staaf et al . 
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1996a). Results from these experiments showed that liming with more than 5 tons ha"1 

often lead to an increased soil pH and base saturation and a decreased concentration of 
Al in the soil solution, and that these geochemical changes could be expected to last for 
a relatively long period of time (30-70 years). 

Fertilization trials conducted in Denmark in the 1950's and 60's in Norway spruce 
plantations suggested that stem volume increment could be expected to increase by 3-4 
m3 ha"1 year"1 measured over a five year period, when NPK fertilizers (120 kg N ha"1) 
were applied on nutrient poor soils every fifth year (Lundberg and Ravnsbæk, 1992). 
Nitrogen was at that time assumed to be the main limiting nutrient for the growth of 
Norway spruce in western Denmark. Later studies from the 1970's and 80's have shown 
that these expectations could not be fulfilled. NPK fertilization (120 kg N ha"1) applied 
every fifth year only increased the stem volume increment by 0.76 m3 ha"' year"1 over a 
ten year period (Dralle and Larsen, 1995). Furthermore, the increase in stem volume 
increment in NPK treated plots was only found to be statistically significant one of the 
11 investigated regions. The same authors concluded that the assumption of N being the 
main limiting nutrient for tree growth no longer seemed valid and that this might be a 
result of the increased N deposition during the 1970's and 80's. 

At present it is not clear how the ongoing N deposition, soil acidification, and 
removal of wood in the long-term will affect the health condition of Norway spruce 
stands on the nutrient poor soils in western Denmark. However, the health condition of 
these stands expressed in terms of needle loss declined from 1989 to 1994 and is now 
stabilized at a low level (Danish Forest and Nature Agency, 1996). Results from long-
term investigations of forest soils and stand growth in western Denmark indicated that K 
deficiency, and to some extent P deficiency, may be contributing factors (Lundberg and 
Ravnsbæk, 1992; Clausen, 1995; Dralle and Larsen, 1995; Pedersen and Bille-Hansen, 
1995a). However, severe nutrient deficiencies in Norway spruce plantations have in 
Denmark so far only been documented in very few cases by means of diagnostic needle 
analyses (Lundberg and Ravnsbæk, 1992; Raulund-Rasmussen and Vesterdal, 1996). 

The aim of fertilization and liming in forest management has changed during the 
last decades from increasing the stem volume increment to revitalizing the forests by 
counteracting the ongoing acidification of the soil and stabilizing a sufficient and 
balanced nutrient uptake for the trees. In this perspective it is essential that parameters 
such as tree vitality, nutrient availability, imbalanced tree nutrition and nutrient 
deficiencies are well defined and transformed to measurable and applicable forest 
management strategies. 

The purpose of this study was to continue and further develop an existing 
fertilization and liming experiment in a mature Norway spruce stand on a nutrient poor 
soil in western Denmark in order to restore the nutritional balance of the stand and study 
the liming and fertilization effects on the chemical composition of the soil and soil 
solution and on the forest production. Different strategies and methods were applied to 
clarify and develop the vitality concept and its applicability. Furthermore, various 
strategies for detecting the need for fertilization and/or liming in Norway spruce stands 
in western Denmark have been examined. 
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Is fertilization and liming of Norway spruce stands 
needed in Denmark? 

This chapter presents an analysis of growth and vitality limiting factors, with special 
emphasis placed on nutritional disorders. The study focus on examining the current 
situation in Norway spruce stands on nutrient poor soils in western Denmark. Various 
strategies for detecting the need for soil amelioration by fertilizer and/or lime application 
have been examined and likely responses to applications are discussed. Furthermore, the 
vitality concept and methods for measuring tree vitality are discussed and some 
fertilization and liming recommendations are given. 

The chapter is a compilation of the main findings from Paper I-IV and a review 
of the literature. The four papers are based on a study of a fertilization and liming 
experiment in a mature Norway spruce stand on a nutrient poor soil at Klosterheden, 
Lemvig, in western Denmark. At the "Klosterhede site" two types of lime (calcite and 
dolomite combined with additional kieserite and phosphorus) were applied alone and in 
combination with conventional NPK fertilizer to form five different treatments. All the 
treatments were carried out in 1986 and in 1994 and the NPK treatment was additionally 
carried out in 1991. The effects of the treatments on: i) chemical composition of the soil 
and soil solution, ii) stem volume increment, iii) biomass and nutrient accumulation, iv) 
nutritional status of the trees, and v) vitality, were examined at the Klosterhede site. 
Treatments, treatment abbreviations and site and stand description are presented in detail 
in Paper I-IV. 

1. Growth factors: water and nutrients 

The growth rate of Norway spruce stands in western Denmark is in general highly 
dependent on water and nutrient availability (Holstener-Jørgensen and Holmsgaard, 
1988; Beier and Rasmussen, 1993). Naturally, the nutrient uptake is closely related to, 
and to some extent restricted by, the water availability. Combined irrigation and 
fertilization experiments in two mature Norway spruce stands on nutrient poor soils in 
western Denmark showed that stem volume increment mostly depended on the water 
supply, especially in the spring and early summer. The stem volume increment was 
increased 25-30 % by irrigation in these stands. No further growth response was 
observed by adding fertilizers to the irrigated plot (Beier and Rasmussen, 1993). 
Fertilization with conventional NPK (23:3:7) fertilizer without irrigation (only applied in 
one of these experiments) did not affect the growth rate notably (Holstener-Jørgensen 
and Holmsgaard, 1988). 

Results from irrigation and fertilization experiments conducted in Ireland, 
Netherlands and Germany generally confirmed that stem growth was increased by 
irrigation, whereas combined irrigation and modest fertilization did not improve the 
growth rate notably compared to irrigation alone (Beier and Rasmussen, 1993). They 
concluded that either the water supply was the most important growth limiting factor at 
the investigated sites, or that due to increased decomposition of organic matter in the 
irrigated plots, the nutrient availability was improved sufficiently to ensure a growth 
response similar to that in the both fertilized and irrigated plots. 
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Drought episodes presumably play a dominating part in growth limitation of 
Norway spruce in Denmark. Results from Danish fertilization experiments in middle-
aged to old Norway spruce stands show a relatively large variation in the growth 
response. The effect of the nutrient application is often lacking in dry years (Lundberg 
and Ravnsbæk, 1992). Optimization of the nutrient supply to the trees by fertilization 
and liming should therefore aim at an improvement of the nutritional status and thereby 
the vitality of the trees; more than controlling the growth rate, since the growth rate 
seem to be more restricted by the water supply than the nutrient availability. 

2. Detecting the need for fertilization and liming 

The effect of fertilization and liming has been found to be site and stand specific (Evers 
and Hiittl, 1990/91). Huettl (1988) stated that fertilization and liming experiments have 
demonstrated that a swift and sustained revitalization of declining forest ecosystems 
marked by nutritional disturbance can be achieved in young, as well as in old, forest 
stands. However, a prerequisite for achieving good results is a stand and site specific 
fertilizer and lime application strategy, based on sufficient knowledge of the nutritional 
status of the ecosystem (foliage and soil analysis) (Huettl 1988). Methods for detecting a 
need for fertilization and liming and methods for diagnosing nutritional disorders in the 
trees are discussed in the following. 

2.1. Soil acidification and liming 

Liming serves the purpose of counteracting the ongoing acidification and supplying 
nutrients (Ca in calcite, CaC03 and Ca and Mg in dolomite, CaMg(C03)2). The need for 
liming is normally investigated by measurements of parameters related to the soil acidity 
(pH, concentration of Al in the soil solution, base saturation (BS), and Ca/Al-molar-ratio 
in the soil solution) and the actual deposition and effect of acidifying compounds (Staaf 
et al., 1996b). 

In Sweden, Lundmark (1988) investigated the need for liming by using pHH20 = 
4.4 in the upper part of the B-horizon as a threshold value. This pHH20 value has been 
used in several studies because Al generally is mobilized from the mineral soil at pHH20 

below 4.4-4.5 (Staaf et al., 1996a). Rosen and Lundmark (1990) suggested that liming 
should be carried out when pHH20 is below 4.3 and that liming should be seriously 
considered when pH varies between 4.3 and 4.5. At the investigated Klosterhede site the 
pHjco value was below 4.1 in the Bh horizons in all the treated plots, indicating a need 
for liming (Paper I). No notable differences in pHm o values beneath the AE horizons 
were found between the different treatments 8 years after liming. 

The combination of pHH20<4.5 and BS<3 % in the upper part of the B-horizon 
has also been used as threshold values (Staaf et al., 1996b). The BS was above 3 % in 
the Bh horizon for all the treatments at the Klosterhede site (Paper I). The lowest values 
were found in the NPK fertilizer- and/or dolomite applied plots (BS: 4-7 %). 

Soil acidification and a subsequent increased concentration of Al in the soil 
solution may cause Al toxicity, root damage, disturbed nutrient uptake and reduced 
growth (Ulrich et al., 1980; Ulrich, 1983; Eldhuset et al , 1987; Godbold et al., 1988). 
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The concentration of Al in the soil solution has therefore been proposed as a parameter 
to detect the need for liming. The literature points at a threshold value around 1-8 mg AI 
T' for Norway spruce (Göransson and Eldhuset, 1991; Sverdrup and Warfvinge, 1993), 
but large variations from this value can be found in the literature. Another problem by 
using the concentration of Al is that the concentration varies notably both in space and 
time. At the Klosterhede site, the Al concentration in the soil solution in the lower part 
of the Bs horizon was generally below 3 mg 1"1 before new treatments were carried out in 
1994, indicating a low risk for Al stress (Fig. 5) (Paper I). However, the concentration of 
Al was increased notably in the period following fertilization and liming, indicating a 
severe risk for Al stress. The increased Al concentration in the soil solution can be 
explained by ion exchange of adsorbed Al from the soil and cations from the applied 
fertilizer and lime; mainly Mg2+ and Ca2+ (Paper I). The concentration of Al seemed to 
peak within eight months following the treatments, but notably elevated Al 
concentrations could still be observed 17 months after the treatments (Fig. 5). 
Comparison of Al concentrations from the Klosterhede site with threshold values from 
the literature should be made with the provision that the soil solution was sampled under 
the root zone. 

Relatively high concentrations of base cations in the soil solution may restrict the 
Al stress (Godbold et al., 1988). The ratio between the molar concentration of Ca and Al 
(Ca/Al-molar-ratios) in the soil solution has thus been found to be a better indicator of 
Al stress than just the concentration of inorganic Al (Sverdrup and Warfvinge, 1993; 
Cronan and Grigal, 1995). However, Staaf et al. (1996b) concluded that there were some 
general problems involved in applying the Ca/Al-molar-ratio as an indicator of the need 
for liming, because many of the studies concerning the Ca/Al-molar-ratio were carried 
out in the laboratory with small plants and not in the field with big trees. Furthermore, 
the soil solution in the rhizosphere may have a different chemical composition compared 
to the soil solution in the rest of the soil. On the other hand, Staaf et al. (1996b) also 
concluded that it is unlikely that the roots will be damaged due to acidification at a 
Ca/Al-molar-ratio above 1.0, whereas the risk is considerably increased when the Ca/Al-
molar-ratio is below 0.1. There is a risk for growth reduction and unbalanced nutrient 
uptake of base cations and P compared to N at Ca/Al-molar-ratios between 0.1 and 1.0. 
(Staaf et al., 1996b). At the Klosterhede site, the Ca/Al-molar-ratio below the root zone 
generally varied between 0.1 and 1.1 in the period before treatment (Fig. 1) (Paper I). 
However, the Ca/Al-molar-ratio increased notably in the CaMgPS and CaMgPS+NPK 
applied plots during the following five months after treatment. Over the next couple of 
months, the Ca/Al-molar-ratio decreased to a level close to 2 and seemed relatively 
constant during the next ten months (Fig. 1). These variations can be explained by the 
different dissolution rates of the applied compounds and the involved ion exchange 
processes (Paper I). In the period after treatment the Ca/Al-molar-ratio varied between 
0.06 and 0.38 in the control and NPK treated plots, and between 0.15 and 1.1 in the 
CaMgP and CaMgP+NPK treated plots. 

At the Klosterhede site, the pHH20, the concentration of Al, and the Ca/Al-molar-
ratio indicated a need for liming in the control plot. However, in some of the already 
limed plots these parameters also indicated a need for liming. This may be explained by 
the fact that the calcite and dolomite used in the first application in 1986 had a relative 
low dissolution rate. The amount of exchangeable ions in the soil was only affected in 
the upper horizons during the first 8 years after application (Paper I). 
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Figure 1. Ca/Al-molar-ratio in the soil solution from February 1994 to November 1995 
at the Klosterhede site. Sampling and analysis is described in Paper I. 

2.2. Critical load for acidification 

The critical load for acidification can be defined as: "The highest deposition of 
acidifying compounds that will not cause chemical changes leading to long-term 
harmful effects on ecosystem structure and function" (Nilsson and Grennfelt, 1988). 
Determination of the need for liming by application of the critical load for acidification 
has the advantage of taking into account both the deposition of acidifying compounds 
and the capability of the soil to counteract the acidification load (Staaf et al., 1996b). 
The critical load for acidification can be calculated in different ways. These calculation 
methods will not be presented here, but can be found in Nilsson and Grennfelt (1988), 
Sverdrup et al. (1990), Hettelingh et al. (1991), Sverdrup et al. (1992) and Sverdrup and 
Warfvinge (1995). Reynolds et al. (1997) calculated the critical load for a Norway 
spruce stand at Klosterhede situated close to the Klosterhede site examined in the 
present study and with similar stand and soil conditions. The critical load (4.2 keq ha"1 

yr"1) slightly exceeded the actual acid deposition with S and N compounds (3.9 keq ha"1 

yr"1) indicating no pressing need for counteractions. 

2.3. Soil analyses and nutrient status of the trees 

Chemical analyses of the exchangeable nutrients in the soil have traditionally been used 
to assess the nutrient supply in Denmark (Møller, 1965). However, the nutrient 
concentration in the soil does not necessarily correlate with the nutrient concentration in 
the foliage of the trees. 
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Nohrstedt and Jacobson (1994) investigated the relationship between the nutrient 
concentrations in the current year needles and the corresponding nutrient concentrations 
in the humus layer and the upper five cm of the mineral soil (N, P, K, Ca and Mg) in 63 
control plots in middle-aged to old coniferous stands located all over Sweden. They 
concluded that the nutrient concentrations in Scots pine needles were, with the exception 
of N, not related to the corresponding nutrient concentrations in the soil. Similar 
observations were obtained for Norway spruce. However, significant (P^O.05), but weak 
(slopeO.l for mg g"1 in needles vs. mg 100g"1 in humus layer) positive linear 
correlations were found for the concentration of P, K and Ca in the humus layer in 
Norway spruce stands. For both tree species, the concentration of N in the needles was 
positively correlated with the N concentration in the soil. The correlation coefficients 
were generally higher for the humus layer than for the mineral soil. Nihlgård (1992) 
found that the nutrient concentration (Ca, K, Mg and P) in current year needles from 42 
middle-aged coniferous stands in Sweden were, with the exception of Ca, not correlated 
with the corresponding concentration of exchangeable nutrients in the soil. The Ca 
concentration in the needles was found to be significantly positively correlated with the 
Ca concentration in the humus layer. Liu and Truby (1989) found no or very weak 
correlations between the nutrient concentrations (K, Mg and Ca) in the current year 
needles and in the upper 20 cm of the soil (incl. a thin humus layer) in 44 Norway 
spruce stands in Germany. By use of diagnostic foliage analysis, Liu and Truby (1989) 
observed K, Mg and Ca deficiency and suggested threshold values for the corresponding 
concentration in the upper 20 cm of the soil (incl. a thin humus layer): K<0.20 cmol+ 
kg"1, CaO.10 cmol+ kg"' and Mg<0.20 cmol+ kg"1. At the Klosterhede site, the similar 
concentrations of Ca and Mg in the O+A+AE horizons were well above these deficiency 
values (NPK: Ca=0.71 cmol+ kg"1, Mg=0.50 cmol+ kg"1; CaMgPS: Ca=4.9 cmol+ kg1, 
Mg=0.85 cmol+ kg1; CaMgPS+NPK: Ca=4.2 cmol+ kg"1, Mg=1.07 cmoB- kg1; CaMgP: 
Ca=2.7 cmol+ kg1, Mg=2.3 cmol+ kg"1; CaMgP+NPK: Ca=2.9 cmol+ kg1, Mg=2.2 
cmol+ kg"1). However, the concentrations of K were below the deficiency value (NPK: 
K=0.19 cmol+ kg1; CaMgPS: K=0.14 cmol+ kg"1; CaMgPS+NPK: K=0.11 cmol+ kg"1; 
CaMgP: K=0.15 cmol+ kg1; CaMgP+NPK: K=0.09 cmol+ kg"1) indicating a need for K 
fertilization; most pronounced in the CaMgPS, CaMgPS+NPK, CaMgP and 
CaMgP+NPK treated plots. A diagnostic needle analysis did, however, not indicate K 
deficiency (Paper IV). 

Aamlid.et al. (1992) examined 18 coniferous stands in Norway and found 
significant positive correlations between the concentration of N, Ca and Mn in the 
needles and in the humus layer, whereas no correlation could be found for K. Raulund-
Rasmussen and Vesterdal (1996) investigated 7 middle-aged to old Norway spruce 
stands located in western Denmark and found that the concentration of P, K and Ca 
correlated positively with the corresponding nutrient concentration in the soil. The 
correlations for N was not examined. 

Examination of the correlations between the nutrient concentration in the soil, 
soil solution and needles (N, K, Ca and Mg) within the different treatment plots at the 
Klosterhede site (Ingerslev, 1997, in Appendix II, 2.) showed that: i) the correlations 
between the nutrient concentrations in the soil solution and needles were relatively 
strong for Ca and N, and weaker for K and Mg, ii) the correlations between the nutrient 
concentrations in the soil and needles were very strong for Ca, whereas no significant 
correlations could be established for N and K, and iii) generally, the nutrient 
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concentration in the needles appeared to be better correlated with the nutrient 
concentration in the soil solution than in the soil. 

The nutrient concentrations in the soil were not in general closely correlated with 
the nutrient status of the trees, represented by the corresponding nutrient concentrations 
in the needles with the exception of the concentrations of N. However, in cases where 
severe nutrient deficiency occurs due to low nutrient availability, it may be logical to 
believe that the concentration of the deficient nutrient in the needles is better correlated 
with the corresponding nutrient concentration in the soil solution and soil than in cases 
where the nutrient availability exceeds the actual need. Only few studies have provided 
deficiency threshold values for the nutrient concentrations in the soil and such values 
may turn out to be very site specific due to differences in soil properties and root 
distribution. 

2.4. Nitrogen leaching 

In several of our neighboring countries N leaching caused both by increased N 
deposition and by the inability of the trees and other plants to sequestrating excess N has 
been observed; e.g. Sweden, Germany and the Netherlands (Gundersen and Bashkin, 
1994; Nohrstedt et al., 1996). Nitrogen leaching from the root zone indicates that the 
forest ecosystem is in a stage of N saturation (Aber et al., 1989). Nitrogen leaching is not 
only a threat to our ground water quality but also to the nutrition of the trees since N 
leaching often involves leaching of essential nutrients such as Ca, Mg and K (with 
nitrate) and/or mobilization of Al. When N leaching occurs other nutrients than N, or 
water or light may become growth limiting. In Norway spruce stands on nutrient poor 
locations, these relative nutrient deficiencies compared to N may turn out to be serious 
threats to the forest nutrition and health status, because Norway spruce is believed to 
grow quite well without losing the vitality when N is the growth limiting element. For 
other elements, the trees do not tolerate deficiencies to the same extend (Aber et al., 
1989; Brække et al., 1997). In stands where N leaching occurs fertilization with the 
growth limiting nutrients may lead to a more balanced forest nutrition, increased 
biomass accumulation and N uptake, and decreased N leaching (Liljelund et al., 1990). 

Nitrogen leaching from intensively studied Danish forest ecosystems has only 
been determined in few cases (e.g. Gundersen, 1992; Pedersen and Bille-Hansen, 
1995b). However, Callesen et al. (1996) examined the nitrate concentration in 111 
different Danish forest soils (the soil was sampled from different depths down to 100 cm 
and KCl-soil suspensions were analyzed) and found that the concentration of nitrate in 
the soil was generally dependent on the: i) size of the forest (forests smaller than 10 ha 
had higher N concentrations than forest larger than 50 ha), ii) type of forest (newly 
established stands and greenerys had higher N concentrations than more extensively 
managed forest types), and iii) type of soil (soils with a high content of humus had a 
high N concentration and soils with a high clay content had a higher concentration of N 
than more sandy soils). No general differences in the N concentrations in the soils were 
found between different tree species (spruce, pine and various deciduous tree species). 
They concluded that the nitrate concentration in the soil solution under the Danish 
forests in general was low and that this indicated that the investigated forests were not 
yet in a stage of N saturation. However, relatively high N concentrations (>11.3 mg 
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N03"-N l"1) were observed in the soils in approx. 10 % of the investigated sites. These 
cases were explained by high N deposition caused by neighboring animal farms, and 
forest management related disturbances of the ecosystem (e.g. thinning or draining of 
the soil) (Callesen et al., 1996). This study also indicated that there was a large variation 
in the leached amount of N between different sites. Some of the stands that showed high 
N concentrations in the soil were located on relative nutrient poor sandy soils. These 
stands may suffer from relative nutrient deficiencies compared to N and fertilization 
with the deficient nutrients may appear to improve the nutrient status in the trees and 
decrease the N leaching. At the Klosterhede site the N concentration in the soil solution 
was relatively low (<1.2 mg N03"-N NH4

+-N 1"') in time-periods apart from the 9-10 
months following treatments (Fig. 5). 

2.5. Diagnostic foliage analysis 

Diagnostic foliage analysis has proven to be one of the most powerful tools for 
determination of the current nutrient status in the trees and the plausible need for 
fertilization (Huettl et al., 1990; Evers and Hüttl, 1990/91; Brække, 1994; Rosengren-
Brinck, 1994; Linder, 1995; Brække, 1996; Andersson et al., 1997). However, the 
needle sampling strategy influences the results and thus caution should be taken when 
choosing a strategy. Differences in nutrient concentrations occur within the canopy 
between different branch whorls, light conditions, needle age classes, and positions of 
shoots (Walker, 1991; Raitio, 1994; Rosengren-Brinck, 1994; Paper II; IV). 
Furthermore, inter-annual variations (temperature and precipitation), seasonal changes, 
and the social status of the tree affects the nutrient concentration in the needles 
(Helmisaari, 1990; Walker, 1991; Raitio, 1994). The sampling method used at the 
Klosterhede site (Paper IV) followed the guidelines from the 'International Co-operative 
Programme on Assessment and Monitoring of Air Pollution Effects on Forests' 
(UN/ECE, 1994). Diagnostic use of foliage analysis was initiated in the early 1930's, 
and since then different interpretation methods has been developed. These methods are 
discussed in the following. 

2.5.1. Nutrient concentrations and diagnostic threshold values. 

Various deficiency threshold values (critical levels) for the nutrient concentration in 
current year needles from Norway spruce have been provided by a large number of 
studies (e.g. Van den Burg, 1985; 1990; Hüttl, 1986; Nihlgård, 1990; Brække, 1994; 
Linder, 1995). These values normally refer to a certain reduction in tree growth or 
visible deficiency symptoms on the needles. A basic assumption for the use of 
deficiency threshold values is that the trees are suffering from growth limiting 
deficiency when the concentration of the nutrient in question is below the chosen critical 
level. On the other hand, optimal nutrition is assumed when the concentration is above 
this critical level. The critical level is often determined under laboratory and growth 
chamber conditions (with seedlings exposed to controlled climatic conditions) which are 
not comparable to field conditions for mature trees. The closer the experimental 
conditions match the environmental conditions and sampling strategy, the better the 
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nutritional diagnosis is likely to become (Leaf, 1973). The interpretation is relatively 
simple when the concentration is far above or far below the critical value, but when the 
concentration is within the range of the critical level the interpretation is difficult. 
Brække (1994) compiled the findings for current year needles from Norway spruce and 
Scots pine from a large number of studies and provided tables of threshold values for 
macro-nutrients (N, P, K, Ca, Mg and S) and micro-nutrients (B, Fe, Mn, Zn, Cu and 
Mo), separating the nutrient concentrations into four diagnostic classes (strong 
deficiency, deficiency, pre-optimum and optimum) (Table 1). This set of diagnostic 
classes has the advantage of dividing the traditionally used critical value into more 
sensible and easily interpreted concentration ranges. The optimum level for N given by 
Brække (1994) may seem relatively high (18 mg g"1 N). However, Table 1 aims at 
optimizing the growth rate and not only stabilizing a healthy tree nutritional status. 
Aiming at a relatively high optimum level for the concentration of N in the current year 
needles, may prove to be sensible for optimizing the growth rate, but at the same time 
imply a risk for increasing the N leaching (Paper IV). The toxic levels has not been 
included in Table 1, since only very few investigations and data on toxic levels for 
Norway spruce has been reported in the literature. 

Table 1. Diagnostic levels for nutrient concentrations in current year Norway spruce 
needles (CO), sampled from the upper 1/3 of the canopy for optimization of the growth 
rate (Brække, 1994 revised by the author in 1996). Nutrient/N-ratios is given for optimal 
growth rate; N=100 %. 
Elements 

N(mgg ' ) 
K(mgg ' ) 
CaOngg-1) 
Mg (mg g1) 
P (mgg ' ) 
S(mgg-') 

B(ugg-') 
Fe (ug g"1) 
Mn (ug g'1) 
Zn (ug g"1) 
CuOigg-1) 
Mo (ug g1) 

Strong 
deficiency 

<12 
<3.5 
<0.4 
<0.4 
<1.2 
<0.4 

<4 

<10 
<8 

Deficiency 

12-15 
3.5-5.0 
0.4-0.6 
0.4-0.6 
1.2-1.5 
0.4-0.6 

<20 

<2 
<0.02 

Pre-optimum 

15-18 
5.0-6.0 
0.6-0.7 
0.6-0.8 
1.5-1.8 
0.6-0.8 

Optimum 

>18 
>6 

>0.7 
>0.8 
>1.8 
>0.8 

>8 
>20 
>15 
>12 
>2 

>0.02 

Nutrient/N 
-ratio (%) 

100 
33 
4 
4 
10 
4 

0.04 
0.11 
0.08 
0.07 
0.01 
0.001 

Increasing N concentration with increasing needle age and high concentrations of 
arginine in the needles are considered to indicate N saturation, under which conditions 
other elements may be growth limiting (Aber et al., 1989; Nohrstedt et al., 1996). 

In order to make the comparison with literature values more quantitative the DOP 
index (Deviation from Optimum Percentage) has been proposed (Montanes et al., 1993). 
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The DOP index gives the deviation between the observed nutrient concentration and the 
corresponding optimum threshold reference value, in percentage. The DOP index is 
given by: DOPx=((Cx*100)/Cxref)-100, where Cx is the observed concentration of 
nutrient x, Cxref is the optimal nutrient concentration used as a reference value 
(Montanes et al., 1993). The advantage of the DOP index is claimed to be that 
deficiency (negative DOP index), excess (positive DOP index), and the nutritional 
limitation order (the most restricting nutrient has the most negative DOP index) are 
easily detected through standard methodology (Montanes et al., 1993). DOP does not 
include any new interpretations, because the reference values are the same. 

Table 2. DOP ("Deviation from Optimum Percentage") calculated for current year 
needles sampled at the Klosterhede site in autumn 1995 (Paper IV). 

Treatments 

Control 
NPK 
CaMgPS 
CaMgP+NPK 
CaMgP 
CaMgP+NPK 
Optimum 
reference 
values2 

DOPN 

-28 
-8 

-21 
-12 
-18 
-11 

18 
(mg g"1) 

DOPP 

-25 
-9 
25 
19 
36 
26 

1.8 
(mg g"1) 

DOPK 

20 
34 
20 
40 
26 
29 

6 
(mg g"1) 

DOPCa 

230 
210 
610 
630 
540 
390 

0.7 
(mg g"1) 

DOPMg 

46 
45 
63 
75 
75 
61 

0.8 
(mg g"') 

DOPMn 

710 
560 
780 
740 
890 
440 

15 
(ugg ' ) 

a: Brække (1994) 

Diagnostic foliage analyses is widely used in our neighboring countries. Mg and 
K deficiency and low status of Ca and Zn have been detected in a number of studies; e.g. 
in Germany and Austria, by means of needle analysis and thereafter cured by 
fertilization and/or liming (Hiittl, 1990; Huettl et al., 1990; Evers and Hiittl, 1990/91; 
Liu and Huettl, 1991; Katzensteiner et al., 1995). Low status or deficiencies of N, P, K, 
Cu and B have also been detected in Sweden by means of needle analyses (Rosengren-
Brinck, 1994; Andersson et al. 1995; Linder, 1995; Thelin et al., 1996. Brække et al., 
1997). 

However, in Denmark the use of diagnostic foliage analyses in relation to 
fertilization experiments have until now been limited. Needle analyses (N, P, K, Ca, Mg 
and Cu) have been carried out in fertilization experiments on relative nutrient poor soils 
in western Denmark by Lundberg and Ravnsbæk (1992). Their results generally 
indicated N, P and/or K deficiencies in the control plots, when compared to the threshold 
values given by Brække (1994). They found that the concentration of K and Cu had 
declined significantly in the control plots during the experimental period (approx. 1965-
1988). Raulund-Rasmussen and Vesterdal (1996) presented results from analysis of 
Norway spruce needles from 31 relative nutrient poor sites in western Denmark. The 
nutrient status in the investigated trees varied for N from optimum (11 sites) over pre-
optimum (17 sites) to deficient (3 sites), for P from optimum (1 site) and pre-optimum 
(21 sites) over deficient (8 sites) to strong deficiency (1 site), and for K from optimum 
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(13 sites) over pre-optimum (13 sites) to deficiency (5 sites) according to Brække 
(1994). For both studies large variations between the different sites were found. 

The threshold values given by Brække (1994) were used for interpretation of 
needle analyses carried out at the Klosterhede site, and N and P deficiencies were 
detected in the control plot (Paper IV). It could not be assessed which of the two 
nutrients were the growth limiting element. A similar conclusion is reached using the 
DOP indexes presented in Table 2. DOPN and DOPP for the control plot are at the same 
level which again makes it difficult to decide which of the two nutrients is growth 
limiting. Gundersen and Rasmussen (1995) presented needle analyses from another 
Norway spruce stand at Klosterhede which also showed N and P deficiency. 

In general, the results from western Denmark express a considerable variation in 
the nutrient status of the trees between different sites, often involving deficiencies of N, 
P and/or K, whereas Ca and Mg deficiencies were not revealed by diagnostic needle 
analysis. Our knowledge concerning the micro nutrients is at present very limited. 
Hence, general conclusions concerning the need for fertilization with a specific nutrient 
or combination of nutrients in Norway spruce stands in western Denmark should not be 
attempted. But, it is recommended that diagnostic needle analyses is carried out to verify 
the specific need for nutrient applications in cases where fertilization is considered. 

At the Klosterhede site, the concentrations of N and P in the needles in the 
control plot were highest in the upper part of the canopy (Paper II). The results indicated 
that N and P deficient trees preferentially have retranslocated these nutrients to the upper 
part of the canopy to maintain a relatively higher concentration in the part of the tree 
where the photosynthetic activity is highest. When N and P were applied, the 
concentrations were increased, especially for needles in the middle and lower parts of 
the canopy, to a level that could be considered above deficiency in all parts of the 
canopy. The sampling strategy given in the UN/ECE (1994) protocol (taking one sample 
from the upper 1/3 of the canopy) is suitable for diagnostic comparison with literature 
values on nutrient status. However, Paper II showed that other needle sampling 
strategies, such as sampling from various heights in the canopy, may preferentially be 
used to obtain additional knowledge concerning the nutrient status of the trees. Results 
from the Klosterhede site showed that fertilization with nutrients which are mobile 
within the trees (e.g. N and P) in stands suffering from low nutritional status or 
deficiency may show the largest effects on the nutrient concentrations in needles from 
the lower part of the canopy (Paper II). 

2.5.2. Ratios between nutrient concentrations 

The proportions between the concentrations of different nutrients are often used for 
diagnostic interpretation of nutrient concentrations in needles because the influence of 
inter-annual variation and growth dilution is decreased compared to interpretation of the 
specific nutrient concentrations (Schutz and de Villiers, 1987; Rosengren-Brinck, 1994). 
Especially, the nutrient/N-ratio is often used for Norway spruce (Brække, 1994; 
Rosengren-Brinck, 1994; Linder, 1995; Brække et al., 1997), since this tree species can 
be vital and grow quite well with N as the growth restricting element, if not severely N 
deficient (Andersson et al. 1997). Various threshold values for the nutrient/N-ratio can 
be found in the literature (e.g. van den Burg, 1985; 1990; Brække, 1994; Linder, 1995). 
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In Denmark, the K/N and P/N-ratios have been calculated for 31 Norway spruce 
stands in the western part of the country (Raulund-Rasmussen and Vesterdal, 1996). In 
five of these stands, one or both of these ratios were more than 30 % lower than the 
optimum ratios given by Brække (1994). In the stands where low K/N-ratios were 
observed, also K deficiency was detected. In case of low P/N-ratios either pre-optimum, 
P deficiency, or strong P deficiency was detected. Results from needle analysis from the 
control plots of 28 older (1953-1988) fertilization experiments in middle-aged to old 
Norway spruce stands on relatively nutrient poor soils in western Denmark also showed 
several cases with either low K/N or P/N-ratios (Lundberg and Ravnsbæk, 1992). 
Nutrient/N-ratios were calculated at the Klosterhede site and interpreted in Paper IV. For 
the control plot the P/N-ratio was at the level of optimum and the other nutrient/N-ratios 
were considerably above the optimum levels (more than 70 %) when compared to the 
threshold values given by Brække (1994) and Linder (1995). 

A more advanced system for analyzing nutrient proportions in the foliage and/or 
soil is the Diagnosis and Recommendation Integrated System (DRIS) (Beaufils, 1973). 
DRIS consider all nutrient concentration ratios in the foliage and/or soil along with 
various yield data and suggests: i) which nutrient is likely to be the most yield 
restricting, and ii) the order in which other nutrients are likely to limit the yield (Schutz 
and Villiers, 1987; Walworth and Sumner, 1987; Sumner, 1990). The calculations 
implied in DRIS are described in detail by Jones (1981), Letzch and Sumner (1984), 
Schutz and de Villiers (1987), Walworth and Sumner (1987) and Sumner (1990). DRIS 
was originally developed for agricultural crops as a system for recommendation of 
fertilizer application. Since the 1980s, the system has been experimentally applied to 
different tree species (Leech and Kim, 1981; Schutz and de Villiers, 1987; Alkoshab et 
al., 1988; Hockman and Allen, 1990; Shumway and Chappell, 1995; Romanyå and 
Vallejo, 1996). DRIS was proven to be a powerful tool for interpretation of the 
nutritional balances in the foliage. However, before DRIS can be made fully useful a 
large number of data from various stands with different nutritional status is required for 
establishing the basic norms used by DRIS (Letzch and Sumner, 1984). Alkoshab et al. 
(1988) found that DRIS failed in diagnosing some deficiencies, and they recommended 
that DRIS should be used as a supplement to the traditionally used deficiency threshold 
values to obtain the best conclusions regarding the nutritional status of the trees. 

DRIS has not yet been applied to Danish forests. The Danish data material on the 
nutrient compositions of foliage may at present be considered too limited for 
establishing the basic DRIS norms necessary for an application of the system to Danish 
stands. The most serious lack in the Danish data material is that it does not contain result 
from repeated sampling during the growing season in different stands representing 
different age classes and locations. 

The concentration of N in the current year needles from the Klosterhede site 
indicated N deficiency which makes an interpretation of the nutrient/N-ratios difficult 
(Paper IV). However, the use of DRIS may be a way to overcome such interpretation 
problems in the future (when a sufficient amount of data is available for initiating DRIS) 
since DRIS interprets a larger number nutrient ratios. 
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2.5.3. Graphical vector analysis 

Graphical vector analysis originates from agriculture and has been successfully used in 
evaluating the nutritional status and fertilization growth response potential in forest 
stands (Timmer and Stone, 1978; Timmer and Morrow, 1984; Weetman, 1989; 
Valentine and Allen, 1990; Rosengren-Brinck, 1994; Swift and Brockley, 1994; Brække, 
1996; Brække et al., 1997; Thelin et al., in prep.). The idea underlying the method is to 
alter the nutrient supply in various ways by the use of different fertilization regimes and 
then draw conclusions concerning the nutritional status of the unfertilized stand by 
examining the growth and the fertilizer responses in the foliage. The method is 
thoroughly described by Timmer and Stone, (1978), Timmer and Morrow (1984) and 
Weetman (1989). It may also be used to assess the nutritional effects of forest 
management practice other than fertilization, such as thinning, irrigation, and removal of 
competing vegetation and brush (Timmer and Morrow, 1984; Weetman, 1989). The 
method relies on sampling of current year needles from the upper third of the tree, 
preferably lateral terminal shoots sampled at the end of the first growing season after 
treatment (Weetman, 1989). The vector analysis technique evaluates the fertilization 
induced changes in needle weight (weight of a fixed number of needles; 100-500), 
nutrient concentration and nutrient content per needle by applying the system presented 
in Fig. 2. The nutrient status of the control trees and the fertilization response potential 
are examined by interpreting the relative alterations of the nutrient composition in the 
needles from the fertilized trees compared to the control trees - examining the direction 
and magnitude of the response vectors illustrated in Fig. 2. 

The vector analysis technique uses the needle weight as a relative measure of the 
biomass growth response, to reveal dilution effects and luxury consumption. A 
prerequisite for this method is therefore the existence of a correlation between the needle 
weight and the biomass growth response. This requirement seem to be met by Abies, 
Picea, Pseudosuga, and most Pinus species during the first growing season after 
treatment, where the fertilizer biomass growth response is reflected by the current year 
needle biomass and the number of the current year needles on the shoots is unaffected 
by the treatment; fixed in the buds before treatment (Timmer and Stone 1978; Timmer 
and Morrow, 1984; Weetman, 1989). However, this requirement is not necessarily met 
after more than one growing season after treatment because both the needle weight and 
the number of current year needles on the shoots can be affected by the treatment 
(Timmer and Stone, 1978). Weetman (1989) suggests that verification of the correlation 
between the needle weight and the fertilizer biomass growth response is carried out by 
additional measurement of leader and/or basal area growth in the years following 
treatment. Timmer and Morrow (1984) examined 8 fertilization trials in 28-year-old pine 
stands by use of vector analysis and by measuring the basal area increment during the 
years following treatment. Nitrogen deficiency was successfully detected and overcome 
by fertilization. In the first season current year needle weight was found to be closely 
correlated (R2>0.88) to the basal area increment (during 6 years following treatment). 
Similar observations have been done in several other studies e.g. Keay et al. (1968), 
Weetman and Algar (1974), Timmer and Stone (1978) and Valentine and Allen (1990). 
It has therefore been suggested that the fertilizer biomass growth response within several 
years following treatment may be estimated with reasonable accuracy from initial 
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foliage biomass growth response such as the current year needle weight measured after 
the first growing season after treatment (Timmer and Morrow, 1984). 

A second prerequisite for the use of the graphical vector analysis method is that 
the stand is not subject to stress factors which interact seriously with the nutrient 
availability and/or determine the growth and needle weight during the test period such as 
for example drought episodes (Brække, 1996). 
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Figure 2. Interpretation of directional relationships between foliage concentration and 
absolute content of an element following fertilization (A-F) relative to the control 
(adapted from Timmer and Stone, 1978 and Timmer and Morrow, 1984). + and -
indicates that the value of the response variable is increased or decreased respectively, 
and 0 indicates no significant response. 
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A third and logic prerequisite is that the applied nutrients should be available for 
root uptake during the growing season preceding needle sampling, which is not always 
the case, since the dissolution rates of the applied fertilizer are strongly influenced by the 
current climate. Brække (1996) suggests that this problem can be solved by fertilizing in 
the autumn the year before needle sampling. However, this may introduce undesirable 
leaching of the applied nutrients from the root zone during the following winter (Paper 

I). 
The graphical vector analysis method has the advantage of examining both the 

concentration and the nutrient content per needle and thereby taking into account both 
dilution effects and luxury uptake. Other diagnostic methods based only on the nutrient 
concentrations (e.g. use of diagnostic threshold values for nutrient concentrations) may 
misinterpret the fertilizer responses (Weetman, 1989). However, the graphical vector 
analysis method has the disadvantage of not directly examining the ratios and 
interrelations between the different nutrients and if more than one nutrient is deficient, 
the method does not directly rank the deficient nutrients. Furthermore, the graphical 
vector analysis does not provide information concerning the nutritional status of the 
fertilized trees such as deficiencies induced by the treatment. Brække (1996) gives an 
example of a N deficient spruce stand that became B deficient when the N deficiency 
was corrected by fertilization. Some of the mentioned disadvantages of the graphical 
vector analysis method may be more or less eliminated by combining the graphical 
vector analysis method with the use of diagnostic threshold values for nutrient 
concentrations and nutrient concentration ratios. 

Valentine and Allen (1990) examined several fertilization experiments in N 
and/or P limited 9 to 14 years old loblolly pine stands by using different diagnostic 
methods. They made the following conclusions concerning the vector analysis method: 
i) The method did not give consistently more accurate nutrient limitation assessments 
compared to the use of diagnostic threshold values for nutrient concentrations; ii) The 
method should be limited to the element added (foliage responses of non-applied 
nutrients were found to have little relationship with the current deficiencies); and iii) The 
method may overestimate the number of limiting nutrients when the treatment contains 
several nutrients (the needle weight may increase in response to addition of the truly 
limiting nutrients but the concentration of other nutrients added may at the same time 
increase falsely indicating deficiency of these nutrients; shift C in Fig. 2). 

Graphical vector analysis of current year needles sampled at the Klosterhede site 
in autumn 1995 (Paper IV) is presented in Fig. 3 with the major aim of illustrating this 
method, although the experimental design used at the Klosterhede site is not particularly 
suitable for vector analysis, since: i) no control plots were included at the time of 
establishment, ii) thorough chemical analysis of the needles was not carried out before 
autumn 1995 (two growing seasons after the last treatments in spring 1994 and 9 years 
after the first treatments were initiated), iii) all treatments contained several nutrients, 
and iv) both growing seasons after the last treatments and before the needle sampling 
were relatively dry. Thus caution should be taken by the interpretation of the results. In 
spite of the mentioned drawbacks, there seem to be an agreement between the needle 
weights (Fig. 3) and the biomass accumulation measured in Paper III in the four of the 
treatment plots at the Klosterhede site (Control, CaMgPS, CaMgPS+NPK and 
CaMgP+NPK). According to Fig. 2 and 3 the effect of the treatments on the nutrient 
composition of the needles can be ascribed to luxury consumption of the examined 
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nutrients in the NPK, CaMgPS and CaMgP treated plots, because the needle weight was 
not affected significantly by these treatments. However, the needle weight was 
significantly increased in the CaMgPS+NPK and CaMgP+NPK treated plots (Fig. 3). 
When the graphical vector analysis was combined with the threshold values for nutrient 
concentrations given by Brække (1994) (Paper IV) the following conclusions were 
reached: i) The increased concentration and content per needle of Ca, Mg and K can be 
ascribed to luxury consumption, ii) The increased concentration and content per needle 
of N and P indicated that these nutrients were deficient and growth limiting in the 
control plot. It could not from the graphical vector analysis be determined which of 
these two nutrients that were growth limiting. 

The graphical vector analysis method appears to be a strong tool for assessment 
of the nutritional status and the fertilization growth response potential, especially when 
combined with the use of threshold values for the foliage nutrient concentrations. 
However, the fact that drought episodes during the growing season often determines the 
growth of Norway spruce stands on nutrient poor soils in Denmark may make a 
sufficient water supply a serious prerequisite for the method that can not easily be met. 

2.6. Sustainable forest management and input-output budgets 

Investigations concerning the specific need for fertilization are often focused on 
diagnosing nutritional deficiencies and imbalances in the trees. However, in a long-term 
and in a system ecological perspective the stability and productivity of the forest 
ecosystem relies on the nutritional balance of input and output processes. The most 
important nutrient input processes are soil mineral weathering within the root zone, 
atmospheric deposition, and fertilization. The most important nutrient output processes 
are leaching and removal of biomass from the ecosystem. The forest ecosystem includes 
in this context the total biomass, humus layer, and forest soil layers within the root zone. 
The basic principle of a nutritionally sustainable forest ecosystem is that the nutrient 
inputs equal or exceed the outputs. 

Danish forestry is at present in the process of establishment of a sustainable forest 
management practice (Ministry of Environment, 1994). An important part of this aim is 
to insure the long-term soil fertility (Larsen, 1995). Hence, the soil should have the 
ability of supporting stable and continued forestry: i) provide the trees with sufficient 
amounts of water and available nutrients to ensure a balanced and healthy nutrition, and 
ii) support a continuous biomass harvesting without risking a nutrient source drainage. 
Furthermore, the soil should have the ability to buffer soil acidification caused by 
biogeochemical processes in the soil and deposition of acidifying atmospheric N and S 
compounds. 

Vejre (1995) discussed the nutritional sustainability of the Norway spruce 
ecosystems in western Denmark. He emphasized that the most important ecological 
problems in these stands are: i) the soils are relatively nutrient poor, ii) the water storage 
capacity in the soil is relatively poor, iii) the precipitation surplus mitigates nutrient 
leaching (mainly during winter time), iv) the current biomass harvest provides a serious 
threat to the continuous nutrient supply by depleting the nutrient sources, v) the mineral 
weathering rates are too slow to provide a substantial nutrient input compared to the 
outputs, and vi) an increasing amount of nutrients are immobilized in the humus layer 
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due to a relatively low turnover rate. An increasing amount of N is thus being 
accumulated in the humus layer, which explains why the trees can be exposed to a 
relatively high atmospheric N deposition and still suffer from N deficiency (Paper IV). 
After clearcutting, the turnover rate of the humus layer is rapidly increased and 
potentially large amounts of nutrients may, during the first yeas, be leached from the 
forest ecosystem, because the remaining vegetation lacks the capability to take up the 
excess nutrients. 

In a laboratory experiment Vejre (1995) investigated the nutrient release from 
weathering of soils from 22 Norway spruce stands in western Denmark. From input-
output budget comparisons (deposition, leaching, nutrient uptake and nutrient export 
from biomass harvesting) Vejre (1995) concluded that in the future Ca and P 
deficiencies were likely to occur in most of the investigated stands, because the 
estimated outputs of these nutrients exceeded their inputs. Therefore, forest management 
should be changed towards a more nutritionally sustainable practice for example by 
changing tree species and/or biomass harvesting strategy. If the current growing and 
harvesting practice of Norway spruce stands on the nutrient poor soils in western 
Denmark is continued, then the application of additional nutrient inputs, e.g. via 
compensatory fertilization, is necessary in many stands in order to maintain a balanced 
nutrient input-output budget (Vejre, 1995). Similarly Pedersen and Beier (1996) found 
that the output of Ca was greater than the input in a 75-year-old Norway spruce stand at 
Klosterhede in western Denmark. This finding agreed with Vejre (1995), that Ca 
deficiency may appear in the future in Norway spruce stands on nutrient poor soils in 
western Denmark, even though the marine input is high in this part of the country. Input-
output budgets have not been made for the Klosterhede site, since it is similar to that 
investigated by Pedersen and Beier (1996). However, at the Klosterhede site, Ca 
deficiency was not detected by means of diagnostic needle analysis within the examined 
period of time (Paper IV). 

Monitoring of nutritional input-output budgets is the only long-term way to show 
that a given forest management practice is nutritionally sustainable. Such monitoring 
will at the same time naturally provide valuable information for implementation of 
fertilization strategies. The method and results from the measurements of the biomass 
and nutrient accumulation within the Klosterhede site (Paper III) may aid the 
establishment of input-output budgets in the future. 

2.7. A dichotomous system for assessment of the need for fertilization and liming 

A series of nutritional status parameters and some more general health indicators (needle 
loss and/or discoloration) has been compiled in a theoretical dichotomous system for 
assessment of the need for fertilization and liming (Fig. 4) (Liljelund et al., 1990). The 
dichotomous system aims at establishment of a balanced and sufficient tree nutrition and 
is not focused on increasing the growth rate. The system has the advantage of not 
recommending fertilization and liming in cases where an observed decline in tree health 
conditions is caused by other factors than nutritional disturbances and/or soil 
acidification. The system may thus act as a useful toll in practical decision making 
concerning forest fertilization and liming. However, practical application of the system 
in forest management demands intensive chemical soil and needle analysis. 
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Fertilization and/or liming is not recomended. 

Figure 4. A dichotomous system for assessment of the need for fertilization and liming 
(Liljelund et al., 1990). 

At the Klosterhede site nutritional disorders involving both N and P have been 
documented. However, since other factors such as drought, sea salt deposition and the 
current tree species also restricts the growth rate and vitality at this site, fertilization 
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and/or liming can not be unambiguously recommended according to Fig. 4. The water 
availability is probably the most growth rate and vitality restricting factor at the 
Klosterhede site. However, fertilization and liming may correct the nutritional disorders 
and thus limit the overall sum of the tree health restricting factors and enable the trees to 
withstand drought episodes that otherwise would be fatale. 

3. Response to fertilization and liming - concluding recommendations 

3.1. Soil and soil solution chemistry, and nutrient leaching 

Research results from analysis of the chemical composition of soil and soil solution have 
proven that fertilization and liming can counteract soil acidification and increase the 
nutrient availability (Nihlgård and Popovic, 1984; Hallbäcken and Popovic, 1985; 
Derome et al., 1986; Huettl, 1988; Huettl and Zoettl, 1993; Abrahamsen, 1994; 
Katzensteiner et al. 1995; Kreutzer, 1995; Meiwes, 1995b; Staaf et al., 1996b; Traaen, et 
al., 1997; Paper I). In Sweden liming with more than 5 tons ha"1 calcite resulted in 
increased pH and base saturation of the soil, and a decreased Al concentration in the soil 
solution (Staaf et al., 1996b). This effect was also observed at the Klosterhede site 
(Paper I). Furthermore, these geochemical changes could be expected to last for a 
relatively long period of time (Staaf et al., 1996b). The positive and desired effects of 
fertilization and liming on the chemical composition of soil and soil solution are not 
further commented on in this chapter. However, fertilization and liming often involve 
subsequent undesired effects such as nutrient leaching, increased mineralization of 
organic matter and/or induction of deficiencies of nutrients other than those applied. It is 
at present difficult to predict how these effects, in the long term, are going to affect the 
health status of the trees, the forest ecosystem, and the ground water quality. 

Increased leaching of nutrients by fertilization and liming was observed at the 
Klosterhede site (Fig. 5) (Paper I). All the treatments caused increased leaching of ions, 
although leaching of Mg2+, Ca2+ and S04

2' from the kieserite and calcite treated plots was 
the most pronounced. The observed leaching of nutrients was presumably due to: i) 
solute movement of dissolved fertilizer or lime components, and ii) ion mobilization by 
ion exchange processes (the concentration of some ions, e.g. Na+, are increased in the 
soil solution by ion exchange of ions adsorbed to the soil and ions from the dissolved 
fertilizer and/or lime components) (Paper I). Liming and fertilization with fast dissolving 
products and products containing easily dissolved and leachable anions (such as CI" and 
S04

2" ) clearly resulted in alterations of the chemical composition of the soil solution, 
and leaching of notable amounts of essential nutrients (Fig. 5) (Paper I). Many of the 
treatments caused acidification of the soil solution and increased the concentrations of 
Al3+ in the soil solution. Similar observations of soil solution acidification and nutrient 
leaching caused by fertilization and liming were made by Nohrstedt (1992), Huettl and 
Zoettl (1993) and Ponette et al. (1997). Hence, in order to avoid nutrient leaching and 
soil solution acidification, the dissolution rate and chemical composition, particularly of 
anions, should be given great attention when products for fertilization and liming are 
chosen (Paper I). The dissolution rate is recommended to be of a magnitude that 
corresponds with the nutrient uptake rate of the trees. 
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beginning of June. Dashed lines indicate missing soil solution samples. (Paper I). 
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Furthermore, it is recommended that the easily dissolved and leached anions are 
replaced by less easily leached anions such as P04

3" or C03
2". 

Lundberg and Ravnsbæk (1992) investigated the content of nutrients in the soil in 
a series of Danish fertilization experiments in middle-aged to old Norway spruce stands 
in western Denmark. They found that the K content in the humus layer was in general 
significantly decreased from the 1970's to the 1980's in the control and especially in the 
N applied plots. An increase in the K content in deeper soil horizons could not be 
detected and the decreased K content in the humus layer could not be explained by K 
sequestration in the trees. It was concluded that a large amount of K was leached from 
the forest ecosystem, presumably due to soil acidification and N input from deposition 
and fertilization. 

Liming can increase the mineralization rate of the organic soil compounds and 
lead to mobilization of N due to increased microbial activity. The amount of mobilized 
N may subsequently reach levels that exceed the uptake rate of the plants and N leaching 
may be inevitable (Matzner, 1985; Katzensteiner et al., 1995; Kreutzer, 1995; Meiwes, 
1995b; Staffetal., 1996a). 

Results from Swedish experiments in spruce stands indicated that the growth 
response was related to the effect of liming on N mobilization (Staaf et al., 1996a). 
Liming was found to increase the N mobilization and leaching in soils with a high N 
content in stands with a high growth rate, whereas the N mobilization and leaching were 
not notably affected by liming on N poor soils in N limited stands (Staaf et al., 1996a). It 
was concluded that liming should be avoided on soils with a high N content in Skåne, 
Halland and Blekinge due to risk of increased N mobilization and leaching (Staaf et al., 
1996a). Nilsen (1994) summarized the findings concerning the effects of liming on C 
and N mobilization in the humus layer in northern European fertilization experiments. 
He reported that if the C/N-ratio in the humus layer was relatively low (<30), then 
liming generally led to mobilization of N. However, if the C/N-ratio was relatively high 
(>30), liming led to immobilization of N. Also German experiments showed that the 
effect of liming on N leaching varied between different sites (Huettl; 1988; 
Katzensteiner et al., 1995; Kreutzer, 1995). Kreutzer (1995) discussed different site 
specific conditions which can influence the effect of liming on N mobilization, such as 
the C/N-ratio in the humus layer, humus type (mor or mull), N deposition, growth rate of 
the trees, development of the ground flora, and aeration of the soil. Results from soil and 
soil solution analysis at the Klosterhede site did not indicate increased mobilization of N 
within the first eight years of treatment in the limed plots, although the C/N-ratio in the 
O horizon was below 30 in all the investigated plots (Paper I). 

Raulund-Rasmusen (1989) recommended the use of slow-reacting dolomite or 
limestone (dolomite) at small application rates to avoid increased mineralization. Liming 
should be carried out at times when the tree uptake is largest, and never within 15 years 
before clear cutting due to the generally increased risk of nutrient leaching after clear 
cutting (Raulund-Rasmusen, 1986; 1989). Nitrogen leaching involves leaching of 
cations in combination with NCy (Reuss and Johnson, 1986; Raulund-Rasmussen, 
1989). Therefore it was suggested that liming should be combined with additional 
fertilization with base cations such as K and Mg (if dolomite is not used) (Raulund-
Rasmussen, 1986). If liming is to be carried out on nutrient poor soils in stands which 
suffer from nutrient deficiencies other than N deficiency, then liming combined with 
application of the deficient nutrients may have the advantage of balancing the forest 
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nutrition, enabling the trees to take up the possible excess N, and thus counteracting the 
N leaching. 

The availability of nutrients is closely correlated with the pH level in the soil. As 
liming affects the soil pH, the availability of several nutrients is subsequently affected. 
The availability of P, Mn, B, Cu and Zn can be restricted by the increased pH in limed 
forest soils. In Swedish forest liming experiments the availability of P, Mn and B was 
found to decrease in limed soils (Nihlgård and Popovic, 1984; Popovic and Andersson, 
1984; Aronsson, 1985; Nihlgård et al., 1996). It is recommended that liming of stands 
with a low P, Mn, B, Cu and Zn status is thoroughly considered due to the risk of 
introducing deficiencies of one or more of these nutrients and liming may preferentially 
be combined with application of the lacking nutrients (Nihlgård and Popovic, 1984). 
Liming did not induce deficiency of any of the measured nutrients (N, P, K, Ca, Mg, 
Mn, Fe and S) at the Klosterhede site (Paper IV). 

3.2. Growth response and nutrient status 

Fertilization and/or liming, of forests with a declining health status in central Europe, 
has been shown to effectively counteract diagnosed deficiencies (primarily involving 
Mg, but also K, Ca, Mn and Zn) and soil acidification (Evers and Hiittl, 1990/91; Huettl 
and Zoettl, 1993; Katzensteiner et al., 1995; Meiwes, 1995a). The application of 
dolomite (MgCa(C03)2) has especially appeared to improve the vitality and the nutrient 
status in the foliage, and increase the growth rate of trees suffering from Mg deficiency 
and soil acidification. However, in some of the German experiments the growth rate was 
not significantly affected by the altered nutrient supply (Evers and Hiittl, 1990/91; 
Nohrstedt, 1995). 

The situation appears to be different in the Nordic countries where Nohrstedt 
(1995) has stated that results from fertilization and liming experiments indicated that the 
health status of Nordic stands is not as impaired by nutritional disorders and 
acidification of the soil as is the case in Central Europe. In general, fertilization and 
especially liming has so far not been shown to effectively improve the vitality and/or 
increase the growth rate of the trees in the Nordic countries, although some of the 
experiments have documented that the nutrient status in the foliage was improved by the 
treatments (Popovic and Andersson, 1984; Derome et al., 1986; Nohrstedt et al., 1996; 
Staff et al. 1996a; Andersson et al., 1997; Paper IV). However, some Swedish 
fertilization experiments, based on knowledge of the nutrient concentration in the 
needles and soil, improved the nutrient status in the needles and increased the growth 
rate of trees by application of the nutrients considered deficient (Rosengren-Brinck and 
Nihlgård, 1994; Linder, 1995). Binkley and Högberg (1997) concluded that Swedish 
forests, aside from those located in south-west Sweden, generally do not suffer from N 
deposition and that the majority of coniferous forests in Sweden still suffered from 
chronic N deficiency. They also concluded that the forest growth rate in Sweden has 
increased during recent decades, presumably due to increased deposition of N, and that 
there is no substantial evidence of a connection between this increased growth rate and a 
decrease in tree vitality. A large number of liming experiments conducted in Sweden 
and Finland have shown that liming can affect the growth rate in different ways and that 
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this effect often is linked with N mobilization (discussed in the previous chapter) (Staff 
etal. 1996a). 

Application of N has in some cases been found to increase the risk of relative 
deficiencies of nutrients apart from those applied such as K and micro-nutrients (Cu and 
B) (Holstener-Jørgensen and Lauritsen, 1983; Turvey and Grant, 1990; Lundberg and 
Ravnsbæk, 1992; Rosengren-Brinck and Nihlgård, 1994; Van den Driesche and 
Ponsford, 1995; Seith et al., 1996). 

Conclusions and results from several Danish liming experiments have been 
evaluated by Matthesen, (1982). In general there seems to be a possibility that liming in 
plantations on former heathland stimulates growth. However, the experiments seemed to 
show that this effect is either of a rather short duration or of only modest extent. 
Matthesen (1982) stated that liming in Danish forests on former heathland was found to 
increase the amount of nutrients available to the plant in older Danish experiments. 
These conclusions were based on evaluation of the forest floor flora. The results 
indicated that liming had enhanced the decomposition of organic material in the soil and 
increased the mobilization of N. It was also stated that liming with exaggerated amounts 
of lime can lead to a decline in the growth rate (Matthesen, 1982) 

Reviews of the growth responses in Danish fertilization experiments in Norway 
spruce stands have been presented by e.g. Lundberg and Ravnsbæk (1992), Dralle and 
Larsen (1995), Vejre (1995). In agreement with Huettl (1988), Vejre (1995) found that 
the growth response was dependent on the specific stand and site conditions in question. 
Lundberg and Ravnsbæk (1992) found that N fertilization gave a notably positive 
growth response in the 1960's, whereas continued N fertilization in the long-term gave 
no or a negative growth response. The negative growth response has been interpreted as 
N induced K deficiency (Lundberg and Ravnsbæk, 1992). Danish fertilization 
experiments, established in the late 1960's, showed that a positive growth response to N 
fertilization, at some locations, was dependent on simultaneous addition of P and/or K. 
Dralle and Larsen (1995) concluded that the initial assumption of N being the main 
limiting factor for tree growth no longer seemed valid and that this might be a result of 
the increased deposition of atmospheric N during the 1970's and 80's. 

At the Klosterhede site the variation in year ring width between the different 
years clearly exceeds the variation between the treatments (Fig. 6). This may be due to 
inter-annual differences in the weather conditions, water supply etc. Even though the 
treatments combining liming with NPK fertilization were found to overcome the 
detected N and P deficiencies significantly (measured via diagnostic needle analysis in 
Paper IV), these treatments caused no statistically significant differences in stem growth 
increment and biomass accumulation (Paper I; HI). However, the results indicated that 
these treatments increased the needle productivity, and the accumulation of above 
ground biomass, and decreased the defoliation (Paper IV), but these effects were 
apparently disturbed by considerable within plot variations and could not be proven to 
be statistically significant. The strongest effect observed was a growth rate reduction 
caused by the CaMgPS treatment during the first two growing seasons after the 
applications (Fig. 6). This reduction can presumably be ascribed to stress or even 
toxicity caused by the increased concentrations of Al3+ and S04

2", and decreased pH in 
the soil solution (Paper I). The negative effect of the CaMgPS treatment seemed to be 
partly compensated by the addition of NPK fertilizer in the CaMgPS+NPK treatment. 
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This may be explained by Al3+ immobilization brought about by phosphorus from the 
relatively fast dissolving NPK fertilizer (Paper I). 

There are various possible reasons for the lack of growth response to the 
nutritional manipulation: i) the trees do not suffer from severe growth limiting nutrient 
deficiencies or imbalances, but the growth rate is more restricted by other factors such as 
e.g. poor water supply, wind stress, fungal infestation or pests (Liljelund et al., 1990), ii) 
the stand is old and the nutrient supply to the currently growing parts of the trees is 
largely dependent on nutrient retranslocation rather than nutrient uptake (Miller, 1995), 
iii) the treatment may have overcome one or more deficiencies but at the same time 
created other growth limiting conditions (e.g. nutritional imbalances, nutrient 
deficiencies, impaired nutrient uptake and/or soil solution acidification), which was 
presumably the case for the CaMgPS treatment at the Klosterhede site (Paper I), and/or 
iv) only a small part of the applied nutrients are taken up by the trees due to a high 
leaching rate, a low solubility rate of the applied fertilizer and/or due to sequestrated of 
the applied nutrients in the ground vegetation or in the humus layer. The most 
pronounced effects of fertilization and liming should therefore be expected in young 
nutritional susceptible stands where diagnosed severe nutritional disorders restrict the 
growth rate and health status of the trees, and where other conditions such as e.g. wind 
stress or water availability may be of less importance compared to the nutritional 
disturbances. 
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Figure 6. Year ring width from stem cores sampled in autumn 1994 at the Klosterhede 
site (Paper IV). The encircled observations denote a significant (PW.05) difference 
from the other treatments. 
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3.3. Liming and rot infestation 

Heterobasidion annosum (formerly know as Forties annosus) causes butt rot in 
coniferous stands. Economically, it is one of the most important fungi in coniferous 
forests. Heterobasidion annosum is spread via airborne spores or between trees via root 
contact. Stenlid and Bendz-Hellgren (1996) examined the effects of liming on H. 
annosum infestation in a series of Swedish liming experiments and reviewed several 
papers on the subject. In Sweden the frequency of H. annosum infestation was found to 
be generally higher on soils containing lime and having a relative high pH level (Stenlid 
and Bendz-Hellgren, 1996). However, a clear relation between the occurrence of lime 
and H. annosum infestation was not established. They concluded that liming can 
increase the risk for infestation of H. annosum in the long-term. Some of the Danish 
liming experiments have shown that liming can lead to an increased spread and 
infestation of H. annosum in plantations which have not already been severely attacked, 
but liming was found to have a minor effect on the spread and infestation of the fungus 
in plantations which were already infested (Matthesen, 1982). 

At present there seem to be a relation between liming and an increased infestation 
of H. annosum. However, this relation has not been clearly established, and further 
investigations of different liming regimes are recommended before general advise for 
forest management can be given. 

4. Vitality and vitality indicators 

Tree vitality is defined by Liljelund et al. (1990) and Naturvardsverket (1991) as the 
ability to withstand stress and maintain a healthy and natural life cycle. A vital forest is 
according to Naturvardsverket (1991) characterized by: i) the trees can tolerate air 
pollution and other external stress factors, ii) the damages caused by fungi and pests are 
limited, iii) the soil has the ability to support a stable forest production in the long-term, 
iv) the soil is non-toxic to living organisms, and v) the leaching of nutrients in runoff is 
limited. The ability to a support high stem volume production is thus not necessarily the 
same as being vital (Liljelund et al., 1990, Helmisaari, 1997). Examination of the 
Klosterhede site has been mostly focused on examining the vitality of the trees (Paper 
IV). However, the vitality concept covers the whole forest ecosystem. This fact should 
be kept in mind when fertilization and liming strategies are considered, since such 
actions affect the whole forest ecosystem (Paper I). Vitality fertilization is defined as 
nutrient and/or lime application with the purpose of counteracting both nutritional 
disorders of the trees and acidification of the soil in the long-term (Liljelund et al., 
1990). In the perspective of forest management, vitality fertilization aims at sustaining a 
stable basis for the continuation of a healthy forest production (Liljelund et al., 1990). 

The definitions given above appear closely linked to the concept of sustainable 
forest management, and the concept of sustainability is likely to consume the vitality 
concept in the future. The vitality concept will then appear as a part of the overall 
concept of sustainability rather than appearing as an independent concept. 

Vitality indicators provided for the trees can be separated into two classes: i) 
"general vitality indicators", which provide information concerning the general health 
status without diagnosing the specific cause of a decline in health status (e.g. needle loss, 
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needle discoloration, accumulation of carbohydrates, needle productivity, "the index of 
vigour" and growth increment), and ii) "diagnostic vitality indicators" which provide 
information concerning a specific presumed vitality restricting parameter that acts as a 
prerequisite for a vital tree (e.g. diagnostic needle analysis, the Ca/Al-molar-ratio in the 
soil solution and examination of the soil conditions, water supply, wind stress, fungal 
infestation insect attack etc.). Since terms such as vitality and vitality indicators covers a 
large area of parameters, these terms need to be defined in the context in which they are 
used (Nilsson et al., 1995). 

The different diagnostic vitality indicators only concern individual prerequisites 
for a vital tree. Hence, diagnostic vitality indicators may indicate good vitality in cases 
where the general vitality is clearly impaired. A simple vitality indicator which takes 
into account the different nutritional disorders is not easily established. However, it is 
recommended that several diagnostic vitality indicators may be used at the same time to 
give a better characterization of the vitality (Paper IV). At present the key diagnostic 
vitality indicators concerning nutritional disorders and soil acidification in Norway 
spruce stands on nutrient poor soils in western Denmark are: i) diagnostic needle 
analysis of N, P and K, ii) P/N and K/N-ratios in the needles, iii) base saturation of the 
soil, iii) Ca/Al-molar-ratio in the soil solution, iv) N-leaching, and v) water availability. 

The various vitality indicators may not be able to provide a highly sensitive 
graduation system which will be suitable for different stand conditions (e.g. 
geographical location, climatic condition and stand age). However, a reliable and 
generally usable measuring technique for assessment of tree vitality may be provided by: 
i) examining parameters that have been documented to be connected with nutritional 
disturbances or acidic soil conditions, and ii) only classifying trees which have "low 
vitality" in cases where sever nutritional problems or the acidity of the soil can clearly 
be considered limiting to the tree vitality (e.g. Ca/Al-molar-ratio in the soil solution < 
0.1, the nutrient concentration or nutrient/N-ratio in the foliage shows sever deficiency 
or imbalance). The Norway spruce stands in Germany in which sever Mg deficiency has 
been documented to impair tree vitality and growth can, according to this strategy, be 
taken as an example of stands which should be classified as having "low vitality". 

The key diagnostic vitality indicators may change over time because the forest 
ecosystem is continuously influenced by changing conditions such as e.g. deposition of 
air pollution components, climate and forest management practice. An example is the 
above mentioned diagnostic needle analysis of Ca, which is likely to become a key 
diagnostic vitality indicator in Denmark in the future, if the existing forest management 
practice regarding Norway spruce plantations in western Denmark is not changed 
(Vejre, 1995; Pedersen and Beier, 1996). 

The fertilization and liming experiment at the Klosterhede site concerned 
nutritional disorders, soil acidification and possible counteractions. Hence, the examined 
diagnostic vitality indicators were aimed at clarifying these nutritional problems (Paper 
IV). Results from the current year needles in the control plot indicated N and P 
deficiencies when compared to the deficiency threshold values given by Brække (1994). 
However, the results did not show that the trees were suffering severely from these 
nutrient deficiencies. Some of the treatments increased the concentration of N and P in 
the current year needles significantly to a level above deficiency (Paper IV). However, 
the examined general vitality indicators (defoliation, "index of vigour", needle 
productivity, needle discoloration, presence of cones, stem volume increment and 
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accumulation of above ground biomass) did not reflect the improvement of the nutrient 
status in the current year needles significantly (Paper IV). None of the examined trees 
could be classified as having "low vitality" due to sever nutritional disorders. 

5. Concluding remarks 

It has been shown in several studies that nutritional disorders, mainly involving N, P and 
K and soil acidification, may impair the vitality of the Norway spruce plantations in 
western Denmark. Soil and needle analyses have shown that soil acidity, nutrient 
availability and tree nutrient status vary between the different stands in western 
Denmark and general conclusions on which of the mentioned nutrients is the most 
growth and vitality restricting is not possible to draw. In spite of this, most Danish 
fertilization experiments have been established without a preceding analysis of the tree 
nutrient status. Since the need for fertilization and liming obviously differs between 
various localities, it is recommended that soil analysis and a diagnostic analysis of the 
nutritional status in the trees is carried out to verify the specific need for fertilization and 
liming at each locality that applications are being considered for. In Sweden, Liljelund et 
al. (1990) recommend a national and regional survey of the nutrient status of forest trees. 
Taking into account the lack of information on the nutritional status of forest trees in 
western Denmark, such a survey is also recommended in Denmark as a usable tool for 
investigation of the current nutritional status in the trees and the possible need for 
vitality fertilization. The need for fertilization and liming is likely to change with time as 
the forest ecosystems is continuously influenced by changing conditions such as 
deposition of air pollution compounds, climate, forest management practice etc. In 
Denmark, several fertilization experiments have indicated an effect of increased 
deposition of air pollution components (mainly N) on the nutritional status of the trees 
without actually examining the nutritional status. A national survey could reflect these 
specific effects on the nutritional status of the trees by repeating the diagnostic analysis 
over time. 

Diagnostic needle analysis combined with the use of graphical vector analysis 
appear to be a suitable and powerful tool for both diagnosing deficiencies, nutritional 
changes over time and estimating fertilization growth responses. 

At the Klosterhede site a diagnostic analysis of the nutritional status of the trees 
and the acidity of the soil was not carried out prior to establishment of the trial. Such an 
analysis could have revealed the potential N and P deficiencies and indicated a need for 
liming at an earlier stage. Thereby a better fertilization and liming strategy could have 
been applied, focusing more directly on removing the nutrient deficiencies and 
counteracting the soil acidification, and the application of the harmful kieserite could 
have been avoided. 

Fertilization experiments have documented that the nutritional status of the trees 
can be manipulated and deficiencies overcome with respect to the nutrient concentration 
in the foliage. However, this may not necessarily be reflected by increased stem volume 
increment and/or biomass accumulation. Seen from a forest management point of view, 
vitality fertilization may thus not in the short-term appear as being economically 
profitable. However, vitality fertilization may prove profitable in the long-term, since 
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balanced nutrition may enable the trees to withstand stress factors that could otherwise 
turn out to be lethal. 

Even though the input of N through deposition of air pollution compounds is 
high, N deficiency occur, probably because the incoming N is accumulated in the humus 
layer without becoming available to the trees. Hence, N fertilization may be required to 
improve the vitality of the N deficient trees. In cases where N deficiency occurs together 
with other nutrient deficiencies (e.g. P and K), N fertilization combined with application 
of other nutrients may turn out to be required to insure a balanced nutrient uptake. 
Liming and/or application of nutrients apart from N may have the advantage of 
increasing the N mobilization in the humus layer and subsequently increase the N uptake 
in the N deficient trees. However, this strategy imply the risk of increasing the N 
leaching if the mobilization of N exceeds the rate of uptake. 

The present study have emphasized the importance of considerations concerning 
the chemical composition and dissolution rate of available fertilizers before application. 
To avoid unnecessary nutrient leaching, the dissolution rate should equal the rate of 
uptake and easily dissolved and leached anions (such as CI" and S04

2" ) should be 
avoided. 

Forest management in western Denmark is currently in a phase of change from 
the traditionally managed Norway spruce plantations to a more sustainable management 
strategy. This will undoubtedly include changes to other coniferous and broad-leaved 
species. From this perspective the topic of this dissertation may at first appear to be of 
decreasing relevance. However, Norway spruce plantations will continue to be present in 
this area of Denmark for many years to come and N will still accumulate in the forest 
soils. Consequently nutritional problems in Norway spruce stands will still have to be 
solved. 

References 

Aamlid, D., Venn, K. and Frogner, T., 1992. Sammenheng mellom naeringsstoffer i 
nåler og jord på de faste intensive skogovervåkningsflatene i Norge. (In 
Norwegian). Norsk institutt for skogforskning, og Institut for skogfag, Norges 
landbrukshøjskole, Ås. Skogforsk, 11/92. 10 pp. 

Aber, J. D., Nadelhoffer, K. J., Steudler, P. and Melillo, L. M., 1989. Nitrogen saturation 
in northern forest ecosystems. BioScience, 39: 378-386. 

Abrahamsen, G., 1994. Soil chemical effects of liming - considerations related to forest 
liming. In: Nilsen, P. (ed.), 1994. Proceedings from an international seminar on 
counteractions against acidification in forest ecosystems. March 3-4 1994, 
Mastemyr, Norway. Aktuelt fra skogforsk, NISK, NLH, Norway, Nr. 14 - 94: 8-
12. 

Alkoshab, O., Righetti, T. L. and Dixon, A. R., 1988. Evaluation of DRIS forjudging 
the nutritional status of hazelnuts. J. Amer. Soc. Hort. Sei., 113(4): 643-647. 

Andersson, M., 1988. Toxicity and tolerance of aluminium in vascular plants. Water, 
Air, Soil Pollut., 39: 439-462. 

Andersson, F., Bergholm, J., Hallbäcken, L., Möller, G., Pettersson, F. and Popovic, B., 
1995. Farabolförsöket, Försurning, kalkning och kvävegödsling av en 

30 



sydostsvensk granskog (In Swedish, with summary in English). Swedish 
University of Agricultural Sciences, Uppsala, Sweden, Report no. 70. 136 pp. 

Andersson, F., Braekke, F. and Hallbäcken, L. (eds.), 1997. Imbalanced forest nutrition -
vitality measures. A SNS project 1993-1996. Final report. Internal report, Section 
of Systems Ecology, Swedish University of Agricultural Sciences, Uppsala, 
Sweden. (Will be further published in 'TEMA NORD', Nordic Council of 
Ministers.) 

Aronsson, A., 1985. Indications of stress at unbalanced nutrient contents of spruce and 
pine. (In Swedish with summary in English). J. Royal Swedish Acad. Agricult. 
For. Suppl., 17:40-51. 

Beaufils, E. R., 1973. Diagnosis and recommendation integrated system (DRIS). A 
general scheme for experimentation and calibration based on principles 
developed from research in plant nutrition. Soil Sei. Bul., 1, University of Natal, 
Pietermaritzburg, South Africa. 132 pp. 

Beier, C. and Rasmussen, L. (eds.), 1993. The EXMAN project, Experimental 
manipulation of forest ecosystems in Euorpe. Commission of the European 
Communities, Dissemination of Scientific and Technical Knowledge Unit, 
Directorate-General Information Technologies and Industries, and 
Telecommunications, Luxembourg, Ecosystems Research Report n°7. 124 pp. 

Berdén, M., Nilson, S. I., Rosen, K. & Tyler, G., 1987. Soil acidification extent, causes 
and consequences, An evaluation of literature informations and current research. 
National Swedish Environmental Protection Board Research, Solna, Sweden, 
Report no. 3297. 164 pp. 

Bille-Hansen, J., 1990. Acidification and leaching of base cations in relation to air 
pollution levels and base status of soil. Aquilo Ser. Bot., 29: 3-12. 

Billett, M. F., Parker-Jervis, F., Fitzpatrick, E. A. and Cresser, M. S., 1990. Forest soil 
chemical changes between 1949/50 and 1987. Journal of Soil Science, 41: 133-
145. 

Binkley, D. and Högberg, P., 1997. Does atmospheric deposition of nitrogen threaten 
Swedish forests? For. Ecol. Manage., 92: 119-152. 

Breemen, N., Grinsven, J. J. M. and Jordens, E. R., 1983. H+-budgets and nitrogen 
transformation in woodland soils in the Netherlands influenced by high input of 
atmospheric ammonium sulfate. VDI-Berichte Nr. 500: 345-348. 

Breemen, N., Driscoll, C. T. and Mulder, J., 1984. Acidic deposition and internal proton 
sources in acidification of soils and waters. Nature, vol. 307: 599-604. 

Brække, F. H., 1994. Diagnostiske grenseverdier for næringselementer i gran- og 
furunåler. (In Norwegian). Tables revised by author in 1996, NISK, NLH, 
Aktuelt fra Skogforsk, 15-94: 11. 

Brække, F. H., 1996. Needle analyses and graphic vector analyses of Norway spruce and 
Scots pine stands. Trees, 11: 23-33. 

Brække, F. H., Hallbäcken, L., Ingerslev, M., Mälkönen, E. and Salih, N., 1997. 
Nutrient status of stands, Chapter 6.6: 137-144. In: Andersson, F., Braekke, F. 
and Hallbäcken, L. (eds.)., 1997. Imbalanced forest nutrition - vitality measures. 
A SNS project 1993-1996. Final report. Internal report, Section of Systems 
Ecology, Swedish University of Agricultural Sciences, Uppsala, Sweden. (Will 
be further published in 'TEMA NORD', Nordic Council of Ministers.) 

31 



Callesen, I., Thormann, A., Raulund-Rasmussen, K., Stryhn, H. and Østergaard, H. S., 
1996. Nitrat-koncentrationen i jordvand under danske skove. (In Danish). Dansk 
Skovbrugs Tidsskrift, København 81 (3): 73-94. 

Clausen, J. T., 1995. Ændrer kemien i skovjordene sig - eller er det et 
nedbørsspørgsmål? Dansk Skovbrugs Tidsskrift, 2: 78-89. 

Cronan, S. C. and Grigal, D. F., 1995. Use of calcium/aluminium ratios as indicators of 
stress in forest ecosystems. Journal of Environmental Quality 24: 209-226. 
Danish Forest and Nature Agency, 1996. De danske skoves sundhedstilstand, 
Resultater af overvågningen i 1995 (In Danish, with English summary). Danish 
Forest and Nature Agency, Copenhagen, Denmark. 107 pp. 

Danish Forest and Nature Agency, 1996. De danske skoves sundhedstilstand, Resultater 
af overvågningen i 1995 (In Danish, with English summary). Danish Forest and 
Nature Agency, Copenhagen, Denmark. 107 pp. 

Derome, J., Kukkola, M., Mälkönen, E., 1986. Forest liming on mineral soils, results 
from Finnish experiments. National Swedish Environmental Protection Board, 
Solna, Report 3084. 107 pp. 

Dralle, K. and Larsen J. B., 1995. Growth response to different types of NPK-fertilizer 
in Norway spruce plantations in western Denmark. Plant and Soil, 168-169: 501-
504. 

Eldhuset, T., Göransson, A. and Ingestad, T., 1987. Aluminium toxicity in forest tree 
seedlings. In: Effects of atmospheric pollutants on forests, wetlands, and 
agricultural ecosystems. Edited by Hutchinson, T. C. and Meema, K. M., NATO 
ASI Series, Vol. G16: 401-409. 

Evers, F. H. and Hüttl, R. F., 1990/91. A new fertilization strategy in declining forests. 
Water, Air, Soil Pollut., 54: 495-508. 

Falkengren-Grerup, U. and Tyler, G., 1992. Changes since 1950 of mineral pools in the 
upper c-horizon of Swedish deciduous forest soils. Water, Air, Soil Pollut., 64: 
495-501. 

Galloway, J. N., 1995. Acid deposition: perspectives in time and space. Water, Air, Soil 
Pollut., 85: 15-24. 

Godbold, D. L., Fritz, E. and Hüttermann, A., 1988. Aluminium toxicity and forest 
decline. Proc. Natl. Acad. Sei. USA, Ecology, Vol. 85: 3888-3892. 

Gundersen, P., 1992. Nitrogen circulation in three spruce forests in Denmark. In: Teller, 
A., Mathy, P. and Jeffers, J. N. R. (eds.), 1992. Response of forest ecosystems to 
environmental changes. Pre. of the First European Symposium on Terrestrial 
Ecosystems, Florence, 20-24 May 1991. CEC, Brussels: 724-725. 

Gundersen, P. and Bashkin, V. N., 1994. Nitrogen cycling. In: Moldan, B. and Cerny, J. 
(eds.), 1994. Biogeochemistry of small catchments, A tool for environmental 
research. Scientific Committee on Problems of the Environment Scope 51. John 
Wiley & Sons Ltd, England: 255-283 

Gundersen, P. and Rasmussen, L., 1995. Nitrogen mobility in a nitrogen limited forest at 
Klosterhede, Denmark, examined by NH4N03 addition. For. Ecol. Manage., 71: 
75-88. 

Göransson, A. and Eldhuset, T., 1991. Effects of aluminium on growth and nutrient 
uptake of small Picea abies and Pinus sylvestris plants. Trees, 5: 136-142. 

32 



Hallbäcken, L. and Popovic, B., 1985. Markkemiska effekter av skogsmarkskalkning -
Revision av skogliga kalkningsforsøk. (In Swedish with summary in English). 
National Swedish Environmental Protection Board, Solna, Report 1880. 240 pp. 

Hallbäcken, L. and Tamm, C. O., 1986. Changes in soil acidity from 1927 to 1982-1984 
in a forest area of south-west Sweden. Scand. J. For. Res., 1: 219-232. 

Helmisaari, H.-S., 1990. Temporal variation in nutrient concentrations of Pinus 
sylvestris needles. Scand. J. For. Res. 5: 177-193. 

Helmisaari, H.-S., 1997. Vitality of trees and forest ecosystems - concepts and criteria, 
Appendix 2. In: Andersson, F., Braekke, F. and Hallbäcken, L. (eds.)., 1997. 
Imbalanced forest nutrition - vitality measures. A SNS project 1993-1996. Final 
report. Internal report, Section of Systems Ecology, Swedish University of 
Agricultural Sciences, Uppsala, Sweden. (Will be further published in 'TEMA 
NORD', Nordic Council of Ministers.): 158-175. 

Hettelingh, J. P., Downing, R. J. and Smet, P. A. M., 1991. Mapping critical loads for 
Europe. CCE Technical Report No 1. Coordination Center for Effects, Nat. Inst. 
of Public Health and Envi. Protection, RIVM, Bilthoven, The Netherlands. 

Hockman, J. N. and Allen, H. L., 1990. Nutritional diagnoses in Loblolly pine stands 
using a DRIS approach. In: Gessel, S. P., Lacate, D. S, Weetman, G. F. and 
Powers, R. F. (eds.), 1990. Sustained productivity of forest soils. Proceedings 
from the 7th North Amarican Forest Soil Conference: 500-514. 

Holstener-Jørgensen, H. and Holmsgaard, E., 1988. Irrigation and fertilization of old 
Norway spruce on outwash plain in Gludsted plantation, Jutland. The Danish 
Forest Experiment Station., vol 42, 1: 1-14. 

Holstener-Jørgensen, H. and Lauritsen, G., 1983. Copper deficiency in Sitka spruce at 
Meilgaard. (In Danish with summary in English). Det forstlige forsøgsvæsen i 
Danmark. Beretning nr. 328, bd. XXXIX, h. 1: 83-91. 

Hüttl, R. F., 1986: Forest fertilization: Results from Germany, France, and the Nordic 
countries. The Fertilizer Society, 250: 1-40. 

Huettl, R. F., 1988. "New type" forest declines and restabilization/revitalization 
strategies. Water, Air, Soil Pollut., 41: 95-111. 

Hüttl, R. F., 1990. Nutrient supply and fertilizer experiments in view of N saturation. 
Plant and Soil 128: 45-58. 

Huettl, R. F. and Zoettl, H. W., 1993. Liming as a mitigation tool in Germany's declining 
forest - reviewing results from former and recent trials. For. Ecol. Manage., 61: 
325-338. 

Huettl, R. F., Fink, S., Lutz, H. J., Poth, M. and Wisniewski, J., 1990. Forest decline, 
nutrient supply and diagnostic fertilization in Southwestern Germany and in 
Southern California. For. Ecol. Manage., 30: 341-350. 

Jones, C. A., 1981. Proposed modifications of the diagnosis and recommendation 
integrated system (DRIS) for interpreting plant analyses. Commun in Soil Sei. 
Plant Anal., 12(8): 785-794. 

Katzensteiner, K., Eckmuellner, O., Jandl, R., Glatzel, G., Sterba, H., Wessely, A. and 
Hüttl, R. F., 1995. Revitalization experiments in magnesium deficient Norway 
spruce stands in Austria. Plant and Soil, 168-169: 489-500. 

Keay, J., Turton, A. G. and Campbell, N. A., 1968. Some effects of nitrogen and 
phosphorus fertilization of Pinus pinaster in Western Australia. For. Sei., 14: 
408-417. 

33 



Kreutzer, K., 1995. Effects of forest liming on soil processes. Plant and Soil, 168-169: 
447-470. 

Larsen, J. B., 1995. Ecological stability of forests and sustainable silviculture. For. Ecol. 
Manage., 73: 85-96. 

Leaf, A. L., 1973. Plant analysis as an aid in fertilizing forests. In: Walsh, L. M. and 
Beaton, J. D. (eds.), 1973. Soil testing and plant analysis. Soil Sei. Soc. Am., 
Madison, WL: 426-454. 

Leech, R. H. and Kim, Y. T., 1981. Foliar analysis and DRIS as a guide to fertilizer 
amendments in Poplar plantations. The Forestry Chronicle, Feb.: 17-21. 

Letzsch, W. S. and Sumner, M. E., 1984. Effect of population size and yield level in 
selection of diagnosis and recommendation integrated system (DRIS) norms. 
Commun in Soil Sei. Plant Anal, 15(9): 997-1006. 

Liljelund, L.-E., Lundmark, J.E, Nihlgård, B , Nohrstedt, H.-Ö. and Rosen, K, 1990. 
Vitality fertiliztion - present knowledge and research needs. (In Swedish with 
summary in English). Naturvårdsverket, Solna, Rapport 3813. 129 pp. 

Linder, S , 1995. Foliar analysis for detecting and correcting nutrient imbalances in 
forest stands. Ecol. Bull, 44: 178-190. 

Liu, J. C. and Huettl, R. F , 1991. Relations between damage symptoms and nutritional 
status of Norway spruce stands (Picea abies Karst.) in southwestern Germany. 
Fertilizer Research, 27: 9-22. 

Liu, J-C. and Truby, P , 1989. Bodenanalytische diagnose von K- und Mg-mangel in 
fichtenbeständen (Picea abies Karst.). (In German). Zeitschrift für 
Pflanzenernaerung und Bodenkunde, 152: 307-311. 

Lundberg, J. and Ravnsbæk, P. F. V, 1992, Skovgødskning på heden, Gødskning af 
ældre rødgran. (In Danish, with English summary). Hedeselskabets 
Forskningsvirksomhed, beretning nr. 50. 77 pp. 

Lundmark, J. E , 1988. Marktillstånd och markförändringar. (In Swedish). Skogsfakta 
Konferens nr. 12: 11-19. 

Matthesen, P , 1982. Some early Danish experiments with liming in plantations on 
former heathland. (In Danish, with English summary). Det forstlige 
Forsøgsvæsen i Danmark nr. 313, bind XXXVIII, hæfte 2: 95-178. 

Matzner, E , 1985. Auswirkung von düngung und kalkung auf den elementumsatz in 
zwei waldökosystemen in Soiling. Alleg. Forstz, 41: 1143-1147. 

Meiwes, K. J , 1995a. Symposium "10 Jahre Waldkalkung". Allgemeine Forst 
Zeitschrift, 50: 928. 

Meiwes, K. J , 1995b. Application of lime and wood ash to decrease acidification of 
forest soils. Water, Air, Soil Pollut, 85: 143-152. 

Miller, H. G, 1995. The influence of stand development on nutrient demand, growth 
and allocation. Plant and Soil, 198-169: 225-232. 

Ministry of Environment, Danish Forest and Nature Agency (ed.), 1994. Strategi for 
bæredygtig skovdrift, Betænkning nr. 1267. (In Danish). Danish Forest and 
Nature Agency, Copenhagen, Denmark. 217 pp. 

Montanes, L , Heras, L , Abadia, J. and Sanz, M , 1993. Plant analysis interaction based 
on a new index: Deviation from optimum percentage (DOP). Journal of Plant 
Nutrition, 16(7): 1289-1308. 

Møller, C. M , 1965. Vore skovtræer og deres dyrkning. (In Danish). Dansk 
Skovforening, København. 552 pp. 

34 



Naturvårdsverket, 1991. Skogsvitalizering. (In Swedish). Naturvårdsverket, Solna, 
Sweden, Report no. 3984. 31 pp. 

Nielsen, P. (ed.), 1994. Konsekvenser av ulike tiltak mot forsuring av skog., 
Consequences of different counteractions against acidification in forests. (In 
Norwegian, with summary in English). Norsk Institut for Skogforskning, 
Skogforsk nr. 14/94, Ås, Norway. 53 pp. 

Nihlgård, B., 1990. Svenska skogsträds vitalitet och naringstillstånd, Stressymptom och 
orsakssamband. In: Liljelund, L.-E., Lundmark, J.E., Nihlgård, B., Nohrstedt, H.-
Ö. and Rosen, K., 1990. Vitality fertiliztion - present knowledge and research 
needs. (In Swedish with summary in English). Naturvårdsverket, Solna, Rapport 
3813:45-70. 

Nihlgård, B., 1992. Barrkemi och barrstrukturer på skogsprovytor i Skåne 1990. (In 
Swedish). Länsstyrelsen i Kristianstads Ian, Skånes samrådsgrupp mot 
skogsskador, Rapport 11.21 pp. 

Nihlgård, B., 1996. Skogsskadornas mångfaldiga bakgrund. (In Swedish). Skog & 
Forskning, 3:7-13. 

Nihlgård, B. and Popovic, B., 1984. Effekter av olika kalkningsmedel i skogsmark, En 
litteraturöversikt. (In Swedish with summary in English). National Swedish 
Environmental Protection Board, report 1851, Solna. 85 pp. 

Nihlgård, B., Nilsson, S. I., Popovic', B., Bramryd, T., Fransman, B, Gyllin, M. and 
Ljungström, M., 1996. Markkemiska effekter av kalkning. (In Swedish). In: 
Staaf, H., Persson, T. and Bertills, U. (eds.), 1996. Skogsmarkskalkning, Resultat 
och slutsatser från Naturvårdsverkets försöksverksamhet. (In Swedish with 
summary in English). National Swedish Environmental Protection Board, 
Rapport 4559: 45-58. 

Nilsson, J. and Grennfelt, P., 1988. Critical loads for sulphur and nitrogen, NORD 1988: 
15. Nordic Council of Ministers, Copenhagen. Miljörapport, 15. 418 pp. 

Nilsson, L. O., Hüttl, R. F., Johansson, U. T. and Jochheim, H., 1995. Nutrient uptake 
and cycling in forest ecosystems - present status and future research directions. 
Plantand Soil, 168-169: 5-13. 

Nohrstedt, H.-Ö., 1992. Soil water chemistry as affected by liming and N fertilization at 
two Swedish coniferous forest sites. Scand. J. For. Res., 7: 143-153. 

Nohrstedt, H.-Ö., 1995. Centraleuropeiska erfarenheter av hur kalkning och gödsling 
påverkar skogstillståndet - en litteraturstudie, Experiences from Central Europe as 
regads the effects of ameliorative fertilization on forest growth and health - a 
literature review. (In Swedish with summary in English). Skog Forsk, The Forest 
Research Institute of Sweden, Uppsala, Redogörelse nr 3. 22 pp. 

Nohrstedt, H.-Ö. and Jacobson, S., 1994. Samband mellan näringshalter i mark och 
årsbarr, Relationship between nutrient concentrations in soil and current year 
needles. (In Swedish with summary in English). The Forestry Research Institute 
of Sweden. Skog Forsk, Redegörelse nr 7. 18 pp. 

Nohrstedt, H.-Ö., Sikström, U., Ring, E., Näsholm, Högberg, P. and Persson, T., 1996. 
Nitrate in soil water in three Norway spruce stands in southwest Sweden as 
related to N-deposition and soil, stand, and foliage properties. Can. J. For. Res., 
26: 836-848. 

Pedersen, L. B., 1993. Stofkredsløb i Sitkagran, rødgran og bøgebevoksninger i 
Danmark. (In Danish, with abstract in English). Forskningsserien nr. 1-1993, The 

35 



Danish Forest and Landscape Research Institute, Hørsholm, Denmark 1993. 
XIV+252 s., ill. 278 pp. 

Pedersen, L. B. and Beier, C , 1996. Stofkredsløb i skove, Kalcium (Ca). (In Danish). 
Information Sheet, Forestry, 8.5-3, Danish Forest and Landscape Research 
Institute, Hørsholm, Denmark. 

Pedersen, L. B. and Bille-Hansen, J., 1995a. Effects of airborne sea salts on soil water 
acidification and leaching of aluminium in different forest ecosystems in 
Denmark.. Plant and Soil, 168-169: 365-372. 

Pedersen, L. B. and Bille-Hansen, J., 1995b. Effects of nitrogen load to the forest floor 
in sitka spruce stands (Picea sitchensis) as affected by difference in deposition 
and spruce aphid infestation. Water, Air, Soil Pollut, 85: 1173-1178. 

Ponette, Q., Dufey, J. E. and Weissen, F., 1997. Downward movement of dolomite, 
kieserite or a mixture of CaC03 and kieserite through the upper layers of an acid 
forest soil. Water, Air, Soil Pollut., 95: 353-379. 

Popovic, B. and Anderson, F., 1984. Markkalkning och skogsproduktion, 
Litteraturöversikt och revision av svenska kalkningsförsök.. (In Swedish). 
National Swedish Environmental Protection Board, report 1792, Solna. 107 pp. 

Raitio, H., 1994. Chemical needle analysis as a diagnostic and monitoring method. In: 
Nilsson, L. O., Hüttl, R. F., Johansson, U. T. and Mathy, P. (eds.), 1993. Nutrient 
uptake and cycling in forest ecosystems. Proceedings of a symposium held in 
Halmstad, Sweden, 7-10 June 1993. European Commission, Office for official 
publications of the European communities, Luxembourg, Ecosystems research 
report 21: 197-206. 

Rasmussen, L., 1988. Sur nedbørs effekt på ionbalancen og udvaskningen af metaller og 
anioner i danske nåleskovøkosystemer i perioden 1983-1987, Effects of acid rain 
on the ion balance and leaching of metals and anions in Danish spruce forest 
ecosystems in the period 1983-1987 (In Danish, with abstract in English). 
Technical University of Denmark, Laboratory of Environmental Sciences and 
Ecology, Energiministeriets Forskningsudvalg for produktion og fordeling af el 
og varme, Miljø og restprodukter, Denmark, EM-journal nr. 1323/86-16. 74 pp. 

Rasmussen, L. and Hansen, K., 1992. Air pollution effects on forests examined by 
manipulation of the forest ecosystem. Technical University of Denmark, Lab. of 
Environmental Sciences and Ecology, Energiministeriets Forskningsudvalg, 
Energistyrelsen, EFP-89, område 3: Prodution og fordeling af el og varme, 
Denmark, J.no. 1323/89-1. 46 pp. 

Raulund-Rasmussen, K., 1986. Effekten af kunstig sur nedbør på basestatus i en sur 
skovjord og kalknings virkning på eventuelle skader i skovøkosystemet, som 
følge af dettes forsuring. (Ph.D. thesis in Danish.) Akademiet for de Tekniske 
Videnskaber. 156 pp. 

Raulund-Rasmussen, K., 1989. Effect of artificial acid rain and liming on the base status 
in an acid forest (Picea abies (L.), Karst.) soil (typic haplohumod). Scand. J. For. 
Res., 4: 417-425. 

Raulund-Rasmussen, K. and Vesterdal, L., 1996. Rapport for projektet løvanalyser i 
gødskningsforsøgene. (In Danish). The National Forest and Nature Agency, 
Copenhagen. 22 pp. (Unpublished.) 

Reuss, J. O. and Johnson, D. W., 1986. Acid deposition and the acidification of soils and 
waters. Springer-Verlag, New York. 119 pp. 

36 



Reuss, J. O., Cosby, B. J. and Wright, R. F., 1987. Chemical processes governing soil 
and water acidification. Nature, vol. 329: 27-32. 

Reynolds, B. Wilson, E. J. and Emmett, B. A., 1997. Evaluating critical loads of nutrient 
nitrogen and acidity for terrestrial systems using ecosystem-scale experiments 
(NITREX). For. Ecol. Manage. (In press). 

Roelofs, J. G. M., Kempers, A. J., Houdijk, A. L. F. M. and Jansen, J., 1985. The effect 
of air-borne ammonium sulphate on Pinus nigra var. maritima in the Netherlands. 
Plant Soil, 84: 45-56. 

Romanyå, J. and Vallejo, V. R., 1996. Nutritional status and deficiency diagnosis of 
Pinus radiata plantations in Spain. For. Sei., 42(2): 192-197. 

Rosen, K. and Lundmark, J. E., 1990. Skogsvitalizering, Atgärdsbehov samt 
möjligheterna art identifiera sårskilt utsatta marker. In: Liljelund, L.-E., 
Lundmark, J.E., Nihlgård, B., Nohrstedt, H.-Ö. and Rosen, K., 1990. Vitality 
fertiliztion - present knowledge and research needs. (In Swedish with summary in 
English). Naturvårdsverket, Solna, Rapport 3813: 33-44. 

Rosengren-Brinck, U., 1994. The influence of nitrogen on the nutrient status in Norway 
spruce {Picea abies L. Karst). Ph.D. thesis. Department of Ecology, Plant 
Ecology, Lund University, Lund, Sweden. 139 pp. 

Rosengren-Brinck, U. and Nihlgård, B., 1994. Nutritional status in needles of Norway 
spruce (Picea abies) in relation to water and nutrient supply. Ecological Bulletin 
44: 168-177. 

Schulze, E.-D., 1989. Air pollution and forest decline in spruce (Picea abies) For. Sei., 
244: 776-783. 

Schutz, C. J. and de Villiers, J. M., 1987. 6. Foliar diagnosis and fertiliser prescription in 
forestry - The DRIS system and its potential. South African Forestry Journal, No. 
141:6-12. 

Seith, B., George, E., Marschner, H., Wallenda, T., Schaeffer, C , Einig, W., Wingler, 
A., Hampp, R., 1996. Effects of varied soil nitrogen supply on Norway spruce 
(Picea abies [L.] Karst.), I. Shoot and root growth and nutrient uptake. Plant and 
Soil, 184:291-298. 

Shumway, J. S. and Chappell, H. N., 1995. Preliminary DRIS norms for coastal 
Douglas-fir soils in Washington and Oregon. Can. J. For. res., 25: 208-214. 

Staaf, H., Persson, T. and Bertills, U. (eds.), 1996a. Skogsmarkskalkning, Resultat och 
slutsatser från Naturvårdsverkets försöksverksamhet. (In Swedish with summary 
in English). National Swedish Environmental Protection Board, Rapport 4559. 
299 pp. 

Staaf, H., Andersson, F., Hallbäcken, L., Nihlgård, B., Nilsson, S. I., Persson, T., Rosen, 
K. and Sverdrup, H., 1996b. Hur uppskattar man åtgardsbehovet? (In Swedish). 
In: Staaf, H., Persson, T. and Bertills, U. (eds.), 1996. Skogsmarkskalkning, 
Resultat och slutsatser från Naturvårdsverkets försöksverksamhet. (In Swedish 
with summary in English). National Swedish Environmental Protection Board, 
Rapport 4559. 299 pp. 

Steinnes, E., Flåten, T. P., Varskog, P., Låg., J and Bølviken, B., 1993. Acidification 
status of Norwegian forest soils as evident from large scale studies of humus 
samples, scand. J. For. Res., 8: 291-304. 

Stenlid, J. and Bendz-Hellgren, M., 1996. Påverkar kalkning granens känlighet for 
rotröta. (In Swedish) In: Staaf, H., Persson, T. and Bertills, U. (eds.), 1996. 

37 



Skogsmarkskalkning, Resultat och slutsatser från Naturvårdsverkets 
försöksverksamhet. (In Swedish with summary in English). National Swedish 
Environmental Protection Board, Rapport 4559. 299 pp. 

Sumner, M. E., 1990. Advances in the use and application of plant analysis. Commun. in 
Soil Sei. Plant Anal., 21(13-16): 1409-1430. 

Sverdrup, H. and Warfvinge, P., 1993. Effects of soil acidity on trees, as expressed by 
the (Ca+Mg)/Al ratio. Reports in Ecology and Environmental Engineering. 
2:1993. Lunds Universitet, Avd. for kemisk teknologi. 

Swerdrup, H. and Warfvinge, P., 1995. Critical loads of acidity for Swedish forest 
ecosystems. Ecological Bulletins (Copenhagen) 44: 75-89. 

Sverdrup, H., de Vries, W. and Henriksen, A., 1990. Mapping critical loads. Nord 
1990:98 Report. Nordic Council of Ministers, Copenhagen. 

Sverdrup, H., Warfvinge, P., Frogner, T., Haöya, A. O., Johansson, M. and Andersen, 
B., 1992. Critical loads for forest soils of the Nordic countries. Ambio, 21: 348-
355. 

Swift, K. I. and Brockley, R. P., 1994. Evaluting the nutrient status and fertilization 
response potential of planted spruce in the interior of British Colombia. Can. J. 
For. Res., 24: 594-602. 

Tamm, C. O. and Hallbäcken, L., 1988. Changes in soil acidity in two forest areas with 
different acid deposition: 1920s to 1980s. AMBIO, vol. 17, no.l: 56-61. 

Thelin, G., Rosengren-Brinck, U. and Nihlgård, B., 1996. Skanska barrskogar i obalans. 
(In Swedish). Skog & Forskning, 3: 13-17. 

Thelin, G., Nihlgård, B. and Rosengren-Brinck, U., in prep. Correction of micro nutrient 
deficiency in a declining Norway spruce stand. In prep. 

Timmer, V. R. and Morrow L. D., 1984. Predicting fertilizer growth response and 
nutrient status of Jack pine by foliar diagnosis. In: Stone, E. L. (ed.), 1984. .Forest 
soils and treatment impacts. Proceedings from the 6th North Amarican Forest 
Soil Conference, June 1983. University of Tennessee, Knoxville. Department of 
Forestry, Wildlife and Fisheries, University of Tennessee, Knoxville: 335-351. 

Timmer, V. R. and Stone, E. L., 1978. Comparative foliar analysis af young balsam fir 
fertilized with nitrogen, phosphorus, potassium, and lime. Soil Sei. Soc. Am. J., 
vol. 42:125-130. 

Traaen, T. S., Frogner, T., Hindar, A., Kleiven, E., Lande, A. and Wright, R. F., 1997. 
Whole-catchment liming at Tjønnstrond, Norway: an 11-year record. Water, Air, 
Soil Pollut., 94: 193-180. 

Turvey, N. D. and Grant, B. R., 1990. Copper deficiency in coniferous trees. For. Ecol. 
Manage., 37: 95-122. 

Ulrich, B., 1983. An ecosystem oriented hypothesis on the effect of air pollution on 
forest ecosystems. In: Ecological effects of acid deposition. National Swedish 
Environmental Protection Board, Report no. 1636. 221-231. 

Ulrich, B., Mayer, R. and Khanna, P. K., 1980. Chemical changes due to acid 
precipitation in a loess-derived soil in central Europe. Soil Sei., vol. 130, nn. 
4:193-199. 

UN/ECE, 1994: International Co-operative Programme on Assessment and Monitoring 
of Air Pollution Effects on Forests, Manual on methodologies and criteria for 
harmonized sampling, assessment, monitoring and analysis of the effects of air 
pollution on forests, Programme Co-ordinting Centres: Hamburg/Prague. 177 pp. 

38 



Valentine, D. W. and Allen, H. L., 1990. Foliar responses to fertilization identify 
nutrient limitation in loblolly pine. Can. J. For. Res., Vol. 20: 144-151. 

van den Burg, J., 1985. Folliar analysis for determination of tree nutrient status - A 
compilation of literature data. Institute for Forestry and Urban ecology, "De 
Dorschkamp", Wageningen, The Netherlands. 615 pp. 

van den Burg, J., 1990. Folliar analysis for determination of tree nutrient status - A 
compilation of literature data, 2. Literature 1985-1989. Institute for Forestry and 
Urban ecology, "De Dorschkamp", Wageningen, The Netherlands. Report no. 
591.220 pp. 

Van den Driesche, R. and Ponsford, D., 1995. Nitrogen induced potassium deficiency in 
white spruce (Picea Glauca) and Engelmann spruce (Picea engelmannii) 
seedlings. Can. J. For. Res., 25: 1445-1454. 

Vejre, H., 1995. Systemøkologiske effekter af N-gødskning i rødgran, -en analyse af 
jordbundsforhold i relation til vækst og gødskningsrespons, samt en analyse af 
den stoflige bæredygtighed i rødgranplantager på sandede jorde i Vestjylland. (In 
Danish and English). Ph.D. thesis submitted at the Royal Veterinary and 
Agricultural University Copenhagen, November 1995. 167 pp. 

Vries, W. and Breeuwsma, A., 1986. Relative importance of natural and anthropogenic 
proton sources in soils in the Netherlands. Water, Air, Soil Pollut, 28: 173-184. 

Walker, R. B., 1991. Measuring mineral nutrient utilization. In: Lassoie, J. P. and 
Hinckly, T. M. (eds.), 1991. Techniques and approaches in forest tree 
ecophysiology. CRS Press, Boston: 184-206. 

Walworth, J. L. and Sumner, M. E., 1987. The diagnosis and recommendation integrated 
system (DRIS). Advances in Soil Science, vol. 6: 149-188. 

Weetman, G. F., 1989. Graphical vector analysis technique for testing stand nutritional 
status. In: Dyck, W. J. and Mees, C. A. (eds.), 1989. Research strategies for long-
term site productivity. Proceedings from IEA/BE CaMgPS+NPK Workshop, 
Seattle, WA, August 1988. IEA/BE CaMgPS+NPK Report No. 8, Forest 
Research Institute, New Zeeland, Bulletin 152: 93-109. 

Weetman, G. F. and Algar, D., 1974. Jack pine nitrogen fertilization and nutrition 
studies: tree year results. Can. J. For. Res., 4: 381-398. 

Zoettl, H. W. and Huettl, R. F., 1986. Nutrient supply and forest decline in southwest 
Germany. Water, Air, Soil Pollut., 31: 257-265. 

39 



40 



PAPER I 

Effects of liming and fertilization on growth, soil 
chemistry and soil water chemistry in a Norway spruce 
plantation on a nutrient poor soil in Denmark 

Morten Ingerslev, 
Forest Ecology and Management 92 (1997): 55-66. 



ELSEVIER Forest Ecology and Management 92 (1997) 55-66 

Effects of liming and fertilization on growth, soil chemistry and 
soil water chemistry in a Norway spruce plantation on a 

nutrient-poor soil in Denmark 

Morten Ingerslev 
Danish Forest and Landscape Research Institute, Hoersholm Kongevej I], DK-2970 Hoersholm, Denmark 

Accepted 8 October 1996 

Abstract 

During recent years indications of nutritional imbalances in coniferous forest ecosystems have become more common in 
southern Scandinavia and central Europe. Deposition of acidifying substances, and relative deficiencies of nutrients, and soil 
acidification are supposed to be important contributing factors in the picture of forest damage. The need for counteractions 
such as liming and fertilization is thus pressing. A combined liming and fertilization trial was performed in a 59-year-old 
Norway spruce stand on a nutrient-poor soil at Klosterhede, Denmark. Two types of lime (calcite and dolomite combined 
with additional kieserite and phosphorus) were applied alone and in combination with conventional NPK fertilizer to form 
five different treatments. The treatments were carried out in 1986 and in 1994. All the treatments led to significantly 
increased leaching of ions from the soil within the first 8 months after treatment. Combined calcite and kieserite applications 
induced acidification pushes in the first period after the treatments. The magnitude of these changes varied strongly 
according to the different treatments. The alteration of the chemical composition of the soil water seemed to peak within 8 
months following the treatments and it was largely eradicated 8 years after establishment of the trial, and 3 years following 
the last NPK fertilization. The desired geochemical changes of the soil solid phase regarding the counteraction of 
acidification were achieved in the upper horizons of limed plots (decreased exchangeable acidity (AC) and concentration of 
exchangeable Al3+, and increased concentration of exchangeable Ca2+ and Mg2+, base saturation (BS), cation exchange 
capacity (CEC) and pHH50). Results from the O horizons (N and C concentration, C/N ratio and horizon thickness) indicate 
that mobilization of nitrogen did not increase notably within the first 8 years of treatment in the limed plots, even though the 
pHH 0 in the O horizon of the limed plots was increased and the C/N ratio was below 30. The various treatments caused no 
significant differences in growth increment. The strongest effect observed was a growth rate reduction caused by application 
of kieserite and calcite. This reduction can presumably be ascribed to stress or even toxicity caused by the increased 
concentrations of Al3+ and SO,2-, and decreased levels of pH in the soil water in the first period after the treatment. 

Keywords: Liming; Fertilization; Soil water; Acidification; Soil chemistry; Norway spruce 

1. Introduction compounds have enhanced the acidification of forest 
soils. This acidification can result in an imbalance in 

Air pollution and the subsequent deposition of the nutrient supply and increasing aluminium toxi-
acidifying substances such as nitrogen and sulphur city, leading to reduced health conditions for the 
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forest trees on nutrient-poor soils (e.g. Ulrich, 1983; 
Evers and Hiittl, 1990/91). 

Revitalization by liming and fertilization has been 
a success at many locations in Germany (Evers and 
Hiittl, 1990/91; Huettl and Zoettl, 1993; Meiwes, 
1995). The positive effects of the treatments on the 
forest health condition in Germany have been most 
pronounced when dolomite has been applied in stands 
suffering from soil acidification and magnesium de
ficiency. Therefore, the application of dolomite to 
declining forests suffering from air pollution, soil 
acidification or an imbalance in the nutrient supply 
has become common practice in many areas of Ger
many (Meiwes, 1995). 

In Sweden, a large number of experiments con
cerning liming and fertilization have been carried out 
in forests with the purpose of revealing positive or 
negative ecological effects of various treatments 
(Hallbäcken and Popovic, 1985; Andersson and Pers
son, 1988). Some areas, especially in south-west 
Sweden, are found to be acidified to the extent that 
liming is recommended (Warfvinge et al., 1993). 
Decreased growth has been observed in periods of 
10-20 years, as a result of liming conducted on 
nitrogen-poor soils. This has been explained by a 
decrease in the net nitrogen mineralization caused by 
liming. However, a period of depressed growth may 
be followed by a long-lasting period of increased 
growth (Andersson and Persson, 1988). 

Similar soil amelioration experiments have been 
performed in Norway (summarized by Nielsen, 
1994a,b) and in Finland (summarized by Derome et 
al., 1986). In Finland, liming has been found to 
increase the amount of organic matter in the humus 
layer. Accordingly, the amount of organic matter is 
decreased in the mineral layers. The annual growth 
was furthermore found to decrease in limed plots. 
This decrease in growth was avoided when addi
tional nitrogen was applied. 

Ongoing acidification of Danish forest soils has 
been documented by Rasmussen and Hansen (1992), 
Rasmussen (1988) and Pedersen (1993). Rasmussen 
(1988) concluded that approximately 60% of the 
total acidification of different forest ecosystems was 
caused by air pollution, in relation to acidification 
caused by forest management and natural biological 
processes. Pedersen (1993) reached a similar conclu
sion. He found that 40-65% of the total acidification 

in the forests in question was caused by air pollution. 
The extent of forest soil acidification in Denmark 
has proved to be most serious on the nutrient-poor 
soils with low acid neutralizing capacity (Rasmus-
sen, 1988; Raulund-Rasmussen, 1989). Counterac
tions on nutrient-poor sites such as liming and ferti
lization have been widely discussed, but so far with
out any general decision for forest management prac
tice. However, due to the supply of magnesium from 
the sea in Denmark, the problem of magnesium 
deficiency, even on nutrient-poor sandy soils, is of 
little concern. Long-term investigations on forest 
soils in western Denmark do, however, indicate that 
deficiencies of potassium and to some extent phos
phorus may be expected (Lundberg and Ravnsbæk, 
1992; Clausen, 1995; Dralle and Larsen, 1995; Ped
ersen and Bille-Hansen, 1995). Since the atmo
spheric deposition of nitrogen is 20-40 kg ha - 1 

year"' in this part of the country, it should be more 
than sufficient to cover the demands of the trees 
(Pedersen, 1993). However, a major part of the 
nitrogen input to the forest may be immobilized in 
the organic layer of the soil and thus be unavailable 
for the trees (Rasmussen and Hansen, 1992). Liming 
of Danish forest soils has traditionally been very 
limited because of the risk of increasing butt rot 
infestation (Matthesen, 1982). The present know
ledge of the effects of soil amelioration in Danish 
forests is thus limited. 

The purpose of this study was to investigate the 
effects of liming and fertilization on the soil solid 
phase, soil water and tree growth on a nutrient-poor 
soil in a Norway spruce stand at Klosterhede in 
western Denmark. 

2. Materials and methods 

2.1. Site description 

The research site is located at Klosterheden State 
Forest in western Jutland, Denmark (8°27'E, 
56°27'N), 20 km from the North Sea. The site is at 
33 m above sea level. The topography is flat, and the 
parent material consists of glacio-fluvial sand. An 
organic layer (mor humus) of approximately 10 cm 
covers the mineral soil. The soil is well drained and 
classified as a haplic podzol (FAO, 1977). The soil is 
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nutrient poor and consists mainly of coarse sand with 
low clay content (generally less than 10%). The soil 
was ploughed prior to planting of the trees. The 
annual precipitation is 860 mm, only a small percen
tage of which falls as snow. Annual mean tempera
ture is 9°C, with a mean January temperature of 
0.3°C and a mean July temperature of 16°C. West
erly winds from the North Sea, often strong, domi
nate. Thus throughfall and soil water chemistry is 
dominated by high inputs of sea salt. The total 
deposition of nitrogen is approximately 25 kg N 
ha"1 year"1 (55% NHj and 45% N03") and the 
deposition of sulphur from sources other than the sea 
is approximately 25 kg S ha~' year"' (Gundersen 
and Rasmussen, 1995). The research site is located 
in a Norway spruce plantation with a stand density 
of 800 trees ha - 1 . The stand is even-aged, 59 years 
old from seed (in 1995) and the average height is 16 
m and the stem volume is 225 m3 ha^'. The stand is 
second generation after heathland. The trees are 
planted in rows, and managed for wood production. 
The stand had been fertilized twice with NPK ferti
lizers (1977, 1982; see Pretreatment in Table 1) 
before the trial was established since NPK fertiliza
tion has been common practice for Norway planta
tions in this area of Denmark. 

2.2. Treatments and experimental design 

The trial was established in 1986 with various 
combinations of conventional NPK fertilizer, two 
different liming treatments (calcite and dolomite) 
and additional phosphorus and sulphur (Table 1). 
The study includes five different treatment plots 
repeated in three blocks. The treatments are listed in 
Table 1. Each plot is 0.15 ha and contains approxi
mately 120 trees. The NPK fertilization was repeated 
again in 1991 in all the plots where NPK was 
applied in 1986 (NPK, CaMgPS + NPK, CaMgP + 
NPK), but this time with a fertilizer with a different 
chemical composition compared with that used in 
1986 (Table 1). The liming and fertilization carried 
out in 1986 was repeated early in June 1994 (Table 
1). Until 1994 the trial contained no true control 
plots, since the whole forest has been fertilized with 
NPK fertilizers. However, one earlier NPK-fertilized 
plot was included as a control plot when the treat
ments were repeated in spring 1994.for the purpose 
of investigating the geochemical changes of the soil 
water, during the period of treatment. Before 1994, 
this control plot was fertilized with NPK fertilizers 
in 1986 and 1991 parallel to the NPK-treated plots 
(Table 1). 

Table 1 
Applied amounts of nutrients (kg ha - 1 ) in the different treatments. Note that different types of NPK fertilizers have been applied 

Pretreatment 
All plots 
All plots 

Treatment 
Control 

NPK 

CaMgPS 
CaMgPS + NPK 

CaMgP 
CaMgP + NPK 

Year 

1977 
1982 

1986 
1991 
1986, 
1991 
1986, 
1986, 
1991 
1986, 
1986, 
1991 

1994 

1994 
1994 

1994 
1994 

N 

120 
120 

120 
120 
120 
120 

-
120 
120 

-
120 
120 

P 

15 
33 

31 
15 
31 
15 
200 
230 
15 
200 
230 
15 

K 

35 
80 

140 
34 
140 
34 

-
140 
34 

-
140 
34 

Ca 

-
35 

43 
40 
43 
40 
1710 
1750 
40 
1720 
1760 
40 

Mg 

-
6.7 

8.5 
8.3 
8.5 
8.3 
730 
740 
8.3 
730 
740 
8.3 

S 

-
-

37 
21 
37 
21 
1150 
1190 
21 

-
37 
21 

Applications 

NPK—23:3:7 a 

NPK—18:5:12 a (incl. Mg, Cu and B) 

NPK—14:4:17 a (incl. Mg, Cu and B) 
NPK—23:3:7 " (incl. Mg, Cu and B) 
NPK—14:4:17 a (incl. Mg, Cu and B) 
NPK—23:3:7 a (incl. Mg, Cu and B) 
Calcite b, kieserite c, 'superphosphate' 
Combination of NPK and CaMgPS 
NPK—23:3:7 a (incl. Mg, Cu and B) 
Dolomite d, 'raw phosphate' 
Combination of NPK and CaMgP 
NPK—23:3:7 a (incl. Mg, Cu and B) 

Conventional agricultural NPK fertilizer containing approximately 50% N0 3 and 50% NHj. 
1 CaCO,. 

MgS04. 
1 CaMg(CO,),. 
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2.3. Monitoring programme 

Basal area, average tree height and stem volume 
were estimated in spring 1986, 1991 and 1994 from 
measurements of the diameter at breast height of all 
the trees, and the tree height of 30 trees per plot. 
Growth increment was then calculated for all 18 
plots for the periods: 1986-91 and 1991-94. 

Chemical analyses of soil water and soil solid 
phase were performed in one block. Soil samples 
were collected from five pits in each plot in spring 
1994, 8 years after the first treatment and just before 
liming and fertilization was repeated. The upper five 
pedological horizons (O, A, AE, Bh and Bhs) were 
sampled in all five pits and the lower three horizons 
(Bs, BC and C) were sampled in one pit per plot. 
The A and AE horizons were for practical reasons 
sampled representatively as one horizon. For each 
plot, equal amounts (on weight basis) of soil samples 
from the same horizons but from the five different 
pits were pooled to form the samples (one per hori
zon) that were used for chemical analyses. The soil 
samples were dried at 55°C, sieved (2 mm) and 
mixed thoroughly before the chemical analyses were 
carried out. The soil samples were extracted with 
BaCl2 (0.1 M) (the method is described in UNEP 
and UN/ECE, 1992) and analysed for exchangeable 
cations: K+ and Na+ by flame emission spectrome
try and Ca2+, Mg2+, Al3+, Mn2+ and Fe3+ by 
atomic absorption spectrometry. Exchangeable acidi
ty (AC), base saturation (BS) and cation exchange 
capacity (CEC) were determined at soil pH accord
ing to UNEP and UN/ECE (1992). The soil samples 
were analysed for C and N concentration by a LECO 
CHN-analyzer. 

Soil water samples were sampled each month 
with five samplers (type: PRENART; pore size: 5-10 
|xm; material: poly(tetrafluoroethene)/glass) per 
treatment plot in one block. The soil water was 
sucked through the sampling cups by continuous 
suction during each sampling month. Detailed de
scriptions of samplers and sampling technique are 
given by Beier et al. (1992). The samplers were 
installed in the Bs horizon at 45 cm depth in the 
mineral soil. The soil water samplers were installed 
in between the tree rows in such a way that they had 
approximately the same distance (1.5 m) to the two 

nearest trees. In order to avoid microbial activity 
during the sampling period, collecting bottles were 
kept cool and dark in thermo-boxes in soil pits. The 
soil water samples were analysed for: CI", NO^ and 
SO2 - by high performance liquid chromatography 
(ion chromatography), Ca2+, Mg2+ and Al3+ by 
atomic absorption spectrometry, K+ and Na+ by 
flame emission spectrometry, NHj and P by contin
uous flow colorimetry, pH and electric conductivity. 
Statistical tests were performed using analysis of 
variance (SAS system: PROC ANOVA and PROC 
GLM). 

3. Results 

3.1. Soil 

The results from the chemical analyses of soil 
samples collected in spring 1994, 8 years after the 
first treatment and just before liming and fertilization 
was repeated, are presented in Table 2. The repli
cated experimental design was not used when soil 
chemistry was measured. Also the soil sampling 
method used in this study did not provide informa
tion about the variation within the plots. Therefore, 
the data presented in Table 2 cannot be used to 
provide statistical evidence for the conclusions, but 
only to indicate if the soil chemistry will be altered 
by the treatments and to give an idea as to which 
chemical processes might have been involved in 
these alterations. Liming (CaMgPS, CaMgPS + 
NPK, CaMgP and CaMgP + NPK) increased CEC, 
BS, pHH 0 and the concentration of exchangeable 
Ca2+ and Mg2+, and decreased AC and the concen
tration of exchangeable Al3+ in the upper horizons 
(most pronounced in the O horizons) compared with 
the NPK-treated plot. The concentration of ex
changeable Mg2+ seemed to increase more under the 
dolomite liming (CaMgP, CaMgP + NPK) than un
der the kieserite (CaMgPS and CaMgSP+NPK) 
treatment. Horizons below approximately 35 cm (un
der the Bhs horizon) were not notably affected by 
the different treatments. The combination of liming 
and NPK fertilization (CaMgPS + NPK and CaMgP 
+ NPK) seemed to have decreased the concentration 
of exchangeable K+ in the O horizon compared with 
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Table 2 
Chemical characteristics of the different soil horizons in the various treatments 8 years after establishment of the trial and just before 
fertilization and liming was repeated. Exchangeable cations (cmol + kg - 1 ) , pH H i 0 , exchangeable acidity (AC, cmol -f kg"1), cation 
exchange capacity (CEC, cmol + kg" ') , base saturation (BS, %), C and N concentration (g kg""') and C/N ratio on weight basis (g g~') . 
Note that the A and AE horizons for practical reasons have been representatively sampled as one horizon 

Horizons 

NPK 
O 
A + AE 
Bh 
Bhs 
Bs 

CaMgPS 
0 
A + AE 
Bh 
Bhs 
Bs 

CaMgPS 
0 
A + AE 
Bh 
Bhs 
Bs 

CaMgP 
0 
A + AE 
Bh 
Bhs 
Bs 

Depth (cm) 

- 9 - 0 
0-11 

11-15 
15-30 
30-56 

- 9 - 0 
0-12 

12-15 
15-39 
39-62 

+ NPK 
- 1 0 - 0 

0-9 
9-12 

12-30 
30-48 

- 9 - 0 
0-13 

13-17 
17-33 
33-55 

CaMgP + NPK 
0 - 1 0 - 0 
A + AE 
Bh 
Bhs 
Bs 

0-13 
13-17 
17-36 
36-57 

K + 

1.31 
0.08 
0.07 
0.03 
0.01 

1.20 
0.04 
0.05 
0.03 
0.01 

0.90 
0.04 
0.05 
0.02 
0.01 

1.25 
0.04 
0.06 
0.03 
0.01 

0.71 
0.03 
0.05 
0.02 
0.02 

Na + 

1.03 
0.08 
0.14 
0.05 
0.01 

1.06 
0.06 
0.22 
0.05 
0.00 

1.09 
0.09 
0.13 
0.09 
0.01 

1.08 
0.06 
0.15 
0.07 
0.01 

1.18 
0.06 
0.14 
0.06 
0.01 

Ca2 + 

6.91 
0.12 
0.12 
0.05 
0.01 

49.15 
0.68 
1.44 
0.08 
0.01 

41.99 
0.68 
1.08 
0.09 
0.00 

30.06 
0.18 
0.17 
0.04 
0.01 

31.24 
0.22 
0.18 
0.22 
0.01 

Mg- + 

4.46 
0.13 
0.15 
0.03 
0.00 

7.24 
0.24 
0.70 
0.06 
0.00 

7.34 
0.48 
0.48 
0.07 
0.00 

22.21 
0.38 
0.38 
0.06 
0.01 

20.98 
0.41 
0.45 
0.06 
0.00 

Al , + 

2.01 
0.95 

10.41 
4.18 
0.29 

0.07 
1.02 
7.30 
3.19 
0.32 

0.20 
1.20 
6.23 
2.91 
0.38 

0.09 
2.13 

10.11 
3.56 
0.40 

0.12 
1.33 
9.70 
2.78 
0.27 

Mn2* 

0.05 
0.00 
0.00 
0.00 
0.00 

0.17 
0.00 
0.00 
0.00 
0.00 

0.09 
0.00 
0.00 
0.00 
0.00 

0.07 
0.00 
0.00 
0.00 
0.00 

0.14 
0.00 
0.00 
0.00 
0.00 

Fe3 + 

0.51 
0.20 
1.06 
0.20 
0.02 

0.03 
0.14 
0.86 
0.11 
0.01 

0.08 
0.28 
0.89 
0.11 
0.01 

0.02 
0.23 
0.94 
0.15 
0.03 

0.06 
0.10 
0.89 
0.06 
0.01 

PHH20 

3.65 
4.04 
3.91 
4.47 
4.87 

4.76 
4.21 
4.09 
4.66 
4.9 

4.21 
4.01 
3.97 
4.65 
4.78 

4.55 
4.02 
4.01 
4.52 
4.67 

4.64 
4.17 
4.06 
4.51 
4.91 

AC 

6.54 
2.15 

11.16 
3.80 
0.44 

1.38 
2.14 
8.38 
2.91 
0.55 

1.80 
2.84 
7.54 
3.03 
0.68 

2.10 
3.22 

11.37 
3.82 
0.80 

2.28 
2.88 

11.39 
3.19 
0.64 

CEC 

20.25 
2.57 

11.64 
3.97 
0.46 

60.03 
3.16 

10.79 
3.13 
0.56 

53.12 
4.13 
9.28 
3.30 
0.70 

56.71 
3.88 

12.13 
4.02 
0.84 

56.39 
3.60 

12.20 
3.55 
0.68 

BS 

68 
16 
4 
4 
5 

98 
32 
22 
7 
3 

97 
31 
19 
8 
3 

96 
17 
6 
5 
4 

96 
20 
7 

10 
5 

C 

478.7 
24.0 
65.4 
27.8 
2.06 

437.2 
24.3 
62.3 
20.5 
2.6 

441.7 
32.33 
54.76 
27.9 

2.55 

427.4 
31.0 
69.2 
34.34 
4.48 

447.7 
31.3 
76.6 
27.7 

1.9 

N 

18.73 
0.43 
2.09 
0.80 
0 

17.54 
0.35 
2.08 
0.65 
0 

16.10 
0.75 
1.90 
0.92 
0 

14.77 
0.74 
2.35 
1.14 
0 

17.06 
0.58 
2.46 
0.93 
0 

C/N 

25.6 
55.7 
31.3 
34.8 

-

24.9 
69.5 
29.9 
31.5 

-

27.4 
43.1 
28.8 
30.4 

-

28.9 
41.9 
29.4 
30.3 

-

26.2 
54.0 
31.1 
29.8 

-

the NPK, CaMgPS and CaMgP treatments. The con
centrations of exchangeable Mn2+ and Na+ were 
generally unaffected by the different treatments. 
Liming (CaMgPS, CaMgPS + NPK, CaMgP and 
CaMgP + NPK) decreased the concentration of ex
changeable Fe3 + , most pronounced in the O hori
zons. The CEC, BS, AC and the concentration of 
exchangeable Ca2 + , Mg2+ and Al3+ did not change 
notably by application of NPK fertilizer to either the 
CaMgPS or CaMgP treatments. The N and C con
centrations, the C/N ratio and the thickness of the O 
horizons were not notably affected by the different 
treatments. 

3.2. Soil water 

The concentrations of SO,2-, Mg2+ and Ca2+ are 
presented in Fig. 1 and the electric conductivity, the 
concentration of Al3+ and pH are presented in Fig. 
2. The five different soil water samples from each 
plot are not 'true' replicates but pseudoreplicates in 
the sense that the replicated experimental design was 
only used for tree growth measurements and not for 
soil chemistry. The statistical handling of the soil 
water concentrations is focused on the situation be
fore and after treatment. Restricted interpretations of 
the results have been made accordingly. Results from 
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the analyses of soil water from each soil water 
sampler were pooled (average values were calcu
lated) for the two periods: (a) before the period of 
treatment in spring 1994 (February-June) and (b) 
after the period of treatment in autumn 1994 (Oc
tober-January). A statistical f-test (five samplers per 
plot, n = 5) was performed for each chemical ele

ment and the two periods to reveal if differences 
between treated plots and the control plot were sig
nificant. The results from these tests are presented in 
Table 3. The statistical test was performed on loga
rithmic transformed data for all variables except pH. 
This was done to obtain homogeneity of the vari
ance. 
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Liming and 
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-o—Control — •— NPK —D—Ca+Mg+P+S 

-•—Ca+Mg+P+S+NPK —v— Ca+Mg+P — T — Ca+Mg+P+NPK 

Fig. 1. The concentration of SO^ - , Mg2 + and Ca2+ in soil water from February 1994 to January 1995 (five soil water samplers per 
treatment plot in one block, n = 5). Liming and fertilization was carried out in the beginning of June. Note that the j-axis is broken at "Jul, 
Aug, Sep" due to lack of soil water in these dry months. Dashed lines indicate missing soil water samples. 
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Chemical analyses of soil water samples from 
February-June 1994, 8 years after the first treat
ments (preceding the last liming and fertilization in 
1994), only revealed minor differences between the 
different treatments (Figs. 1 and 2, and Table 3). 
Generally the concentrations of Ca+ and Mg2+ 

seemed to be higher in all limed plots (CaMgPS, 

CaMgPS + NPK, CaMgP and CaMgP + NPK) com
pared with the control plot. This finding was, how
ever, only significant for Ca2+ in the case of kieserite 
and calcite application (CaMgPS and CaMgPS + 
NPK) (Table 3). The other differences observed for 
the period before repetition of the treatments can 
presumably be ascribed to natural variations. 

-\—•—r—>—i—i—i—•—I—T-?/-»—i—•—r-1—r—'—r 
Feb Mar Apr May Jun Ju!.Aug,Sep Oct Nov Dec Jan 

40-
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i ' i '—i—'—I—r75^n—i—'—r 
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T 
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I 
Jan 

1995 

—O— Control —»—NPK — o— Ca+Mg+P+S 
—•—Ca+Mg+P+S+NPK —v— Ca+Mg+P —y— Ca+Mg+P+NPK 

Fig. 2. Electric conductivity, Al3+ and pH in soil water from February 1994 to January 1995 (five soil water samplers per treatment plot in 
one block, n = 5). Liming and fertilization was carried out in the beginning of June. Note that the jr-axis is broken at "Jul, Aug, Sep" due 
to lack of soil water in these dry months. Dashed lines indicate missing soil water samples. 
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Table 3 
Average concentration of soil water before and after liming and fertilization in spring 1994. Results from the analysis of soil water from 
each lysimeter have been pooled (average values were calculated) for the two periods: (a) before the time of treatment in February-June 
1994 and (b) after the time of treatment October-January 1994/95. Bold type indicates that the concentration is significantly (P > 0.05) 
different from that of the control plot in the period in question (five lysimeters per plot, n = 5). No statistical analysis of the SO,j~ 
concentration has been performed in the period before liming because of too few data 

Treatment Ca?* Mg2+ K+ ÄF+ S04
2 "-S N03"-N NHj-N P pH Conductivity 

( m g P 1 ) ( m g r 1 ) ( m g P 1 ) ( m g P 1 ) ( m g P 1 ) ( m g P 1 ) ( m g P 1 ) ( m g P 1 ) (jxScnP1) 

Before liming and fertilization: January-June 1994 
Control 
NPK 
CaMgPS 
CaMgPS + NPK 
CaMgP 
CaMgP + NPK 

0.87 
0.59 
1.60 
1.56 
1.38 
1.09 

After liming and fertilization 
Control 
NPK 
CaMgPS 
CaMgPS + NPK 
CaMgP 
CaMgP + NPK 

0.46 
0.80 

101 
73.9 

3.09 
2.94 

0.93 
0.59 
1.41 
1.16 
1.30 
2.87 

0.63 
0.80 
0.28 
0.60 
0.47 
0.95 

October 1994-Januan 
1.21 
2.86 

148 
122 
11.5 
18.5 

1.10 
9.46 
6.46 

31.1 
1.13 

15.2 

1.61 
1.57 
1.60 
1.78 
2.96 
2.20 

1995 
2.67 
6.01 

27.3 
16.5 
3.84 
5.82 

-
-
-
-
-
-

2.56 
6.44 

296 
256 

23.8 
21.2 

0.01 
0.01 
0.01 
0.18 
0.01 
0.58 

0.01 
8.34 
0.06 
0.74 
0.01 
13.0 

0.00 
0.01 
0.00 
0.01 
0.00 
0.00 

0.03 
0.37 
0.03 
0.14 
0.02 
0.53 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 
0.000 
0.018 
0.004 

4.66 
4.62 
4.70 
4.64 
4.44 
4.64 

4.62 
4.47 
4.30 
4.37 
4.46 
4.50 

93 
85 

101 
98 

129 
145 

136 
248 

1608 
1569 
299 
483 

In contrast with analyses of soil water sampled in 
the periods before repetition of the treatments, soil 
water sampled in the following period gave different 
results according to the different treatments (Figs. 1 
and 2, and Table 3). The concentration of Ca+ and 
Mg2+ increased significantly in all limed plots 
(CaMgPS, CaMgPS + NPK, CaMgP and CaMgP + 
NPK) in comparison with the control plot (Fig. 1 and 
Table 3). All treatments caused significantly in
creased leaching of ions illustrated by the increasing 
conductivity during the time following the treatment 
(Fig. 2 and Table 3). At this location the ions are 
leached by percolating soil water in the period from 
October to April. Also leaching of SO|~ was in
creased significantly in all the treated plots (Fig. 1 

Fig. 3. Stem volume increment in two periods after the establish
ment of the trial (five plots in three blocks, n = 3). 

and Table 3) in comparison with the control plot. 
The concentration of K+ was significantly increased 
in all plots with NPK fertilizer. The CaMgPS treat
ment also resulted in significantly increased concen
trations of K + . All the treatments resulted in in
creased concentrations of Al3+ (Fig. 2 and Table 3). 
However, this was not significant for the CaMgP 
treatment (Table 3). pH decreased significantly in 
plots treated with kieserite and calcite (CaMgPS and 
CaMgPS + NPK). NO^ leaching increased in all 
plots treated with NPK fertilizer. This was signifi
cant for the NPK and CaMgP + NPK treatments. 
The concentrations of NHj and P were generally 
unaffected by the different treatments. The most 
drastic changes in the chemical composition of the 
soil water were obviously in plots treated with 
kieserite and calcite (CaMgPS and CaMgPS + NPK) 
(increased concentrations of Ca+, Mg2+, Al3+ and 
S04

2~, increased conductivity and decreased pH). 

3.3. Growth increment 

The differences in stem volume growth between 
the different treatments were not statistically signifi
cant (Fig. 3). The strongest effect observed during 
the first period was a growth rate reduction caused 
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by the CaMgPS treatment. In the second period 
(1991-1994) no similar growth response was ob
served. 

4. Discussion 

4.1. Soil 

The desired geochemical changes regarding the 
counteraction of acidification were only achieved in 
the upper horizons of the limed plots. Similar geo
chemical changes caused by liming have also been 
reported by Hallbäcken and Popovic (1985) in 
Sweden, Derome et al. (1986) in Finland and, 
amongst others, Kreutzer (1995) and Huettl and 
Zoettl (1993) in Germany. Furthermore, these au
thors stated that the effect could be expected to last 
for a period of 20-25 years or more. Many of the 
treatment-induced changes were presumably caused 
by ion exchange processes. These changes were most 
pronounced in the O and Bh horizons where the 
CEC was highest. CEC was increased almost three 
fold in the O horizons when lime (CaMgPS, 
CaMgPS + NPK, CaMgP and CaMgP + NPK) was 
applied. This increase in CEC caused by liming has 
also been observed by Hallbäcken and Popovic 
(1985) in Sweden, Derome et al. (1986) in Finland 
and Huettl and Zoettl (1993) in Germany. This effect 
of liming is often ascribed to an increasing amount 
of organic matter capable of acting as an ion ex
change complex in the humus layer. CEC in the O 
horizon is normally elevated when pH is elevated 
due to proton dissociation from the carboxylic acids. 
The condition (N and C concentration, C/N ratio 
and horizon thickness) of the O horizojis seems not 
to be affected by the different treatments. Nielsen 
(1994b) summarized the findings concerning the ef
fect on carbon and nitrogen mobilization in the 
humus layer caused by liming in a large number of 
l i m i n g e x p e r i m e n t s in n o r t h e r n 
Europe. It was stated that when pH values increased 
due to liming, the amount of carbon and nitrogen 
available to the microorganisms also increased. If the 
C/N ratio was relatively low (< 30), then liming 
would lead to mobilization of nitrogen because of 
increased microbial activity. However, if the C/N 
ratio was relatively high (> 30), liming would lead 

to immobilization of nitrogen. The C/N ratios in the 
O horizons of the treated plots in this study were 
below 30, which suggests that liming would lead to 
mobilization of nitrogen. However, the results listed 
in Table 2 indicate that the microbial activity and 
thus the mobilization of nitrogen have not been 
increased notably within the first 8 years of treat
ment in the limed plots, even though the p H H 0 in 
the O horizons of the limed plots was increased. 

4.2. Soil water 

One of the negative effects of all the treatments 
was increased leaching and loss of essential nutri
ents. This leaching can presumably be ascribed to: 
(a) solute movement of dissolved components from 
the applied lime and fertilizers and (b) ion mobiliza
tion by ion exchange processes. The relatively 
quickly dissolving calcite and kieserite (CaMgPS 
and CaMgPS + NPK) changed the chemical compo
sition of the soil water drastically. The high concen
tration of Ca2+ and Mg2+ in the soil water caused 
by fast dissolution of kieserite and calcite (CaMgPS 
and CaMgPS + NPK) presumably led to ion ex
change processes, where Ca2+ and Mg2+ from the 
soil water exchanged with cations such as K+, Na+, 
Al3+ and H+, resulting in increased concentrations 
of these ions in the soil water. In the CaMgPS-treated 
plot, the Al3+ concentration reached levels consid
ered to reduce growth of Norway spruce seedlings 
(Eldhuset and Göransson, 1988), whereas the other 
treatments had a more moderate effect on the Al3 + 

concentration. Increased leaching of SO|~ caused 
by fast dissolution of kieserite (CaMgPS and 
CaMgPS + NPK) implied an identical equivalent in
crease in cation leaching. Notable amounts of essen
tial nutrients were lost in the CaMgPS- and CaMgPS 
+ NPK-treated plots. Fertilization on nutrient-poor 
soils with materials containing easily leached anions 
such as SO,2- and Cl~ has the undesirable effect of 
increasing the leaching of essential nutrients (base 
cations), but, on the other hand, it also increases the 
leaching of detrimental acidic cations such as Al3 + 

and H+. Leaching of Mg2+ together with SO2-

presumably explains why the concentration of ex
changeable Mg2+ is lower in the upper horizons of 
CaMgPS- and CaMgSP + NPK-treated plots than in 
the CaMgP- and CaMgP + NPK-treated plots. 
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Combined calcite and kieserite application 
(CaMgPS and CaMgPS + NPK) introduced acidifi
cation episodes. Similar acidification episodes intro
duced by liming and fertilization have been reported 
from Germany, e.g. Huettl and Zoettl (1993), and 
Sweden, e.g. Nohrstedt (1992). The CaMgPS + NPK 
treatment changed the chemical composition of the 
soil water in a similar manner to the CaMgPS treat
ment. However, the additional NPK fertilization 
seemed to have restricted the acidification and the 
increase in the Al3+ concentration. This may be 
caused by Al3+ immobilization brought about by 
phosphorus from the relatively fast-dissolving NPK 
fertilizer. The leaching of ions caused by the CaMgP 
and CaMgP + NPK treatments was relatively small 
compared with the CaMgPS and CaMgPS + NPK 
treatments. This was probably due to the leaching of 
large amounts of SO4" from the applied kieserite 
(CaMgPS and CaMgPS + NPK) (as described ear
lier) and the relatively slow dissolution rate of the 
applied dolomite (CaMgP and CaMgP + NPK). It 
seemed as if the additional NPK fertilization in the 
CaMgP + NPK treatment enhanced the Al3+ con
centration more than the CaMgP treatment. This 
might be due to the fact that the CaMgP + NPK 
treatment increased the ion strength of the soil water 
and subsequently the magnitude of ion exchange 
processes more than the CaMgP treatment. The alter
ation of the chemical composition of the soil water 
induced by the different treatments seemed to have 
peaked within 8 months. It was largely eradicated 
within 8 years after establishment of the trial, and 3 
years following the last NPK fertilization. 

4.3. Growth increment 

Fertilization trials conducted in Denmark in the 
1950s and 60s in Norway spruce plantations sug
gested that stem volume increment could be ex
pected to increase by 3-4 m3 (ha-1 year"1) mea
sured over a 5-year period, when NPK (120 kg N 
ha" ') fertilizers were applied on nutrient-poor soils 
every fifth year (Lundberg and Ravnsbæk, 1992). 
Nitrogen was at that time assumed to be the main 
limiting factor for tree growth in western Denmark. 
Later research work from the 1970s and 80s has 
shown that these expectations could not be fulfilled. 
NPK (120 kg N ha~') fertilization applied every 

fifth year only increased the stem volume increment 
by 0.76 m3 (ha-1 year ') measured over a 10-year 
period after the first fertilization had been carried out 
in this area of Denmark (Dralle and Larsen, 1995). 
They concluded that the assumption of nitrogen be
ing the main limiting factor for tree growth no longer 
seemed valid and that this might be a result of the 
increased nitrogen deposition during the 1970s and 
80s. These results also indicated that other nutrients 
such as potassium and phosphorus might be the main 
growth-limiting nutrients at present. 

The fact that none of the treatments in this study 
had any significant effect on the stem volume incre
ment indicates that this stand does not suffer from 
severe deficiency of any of the applied nutrients. 
Otherwise, the nutrients may be immobilized imme
diately before the trees are capable of taking them 
up. Another explanation for the poor growth re
sponse to the treatments may be the old age of the 
trees (according to Danish conditions). Old trees 
probably retranslocate larger amounts of nutrients in 
comparison with the amounts taken up from the soil. 

The observed reduced stem volume increment in 
the CaMgPS-treated plots may be ascribed to stress 
or even toxicity caused by the increased concentra
tions of Al3+ and SO4, accompanied by decreased 
pH. The negative effect of the CaMgPS treatment 
seemed to be partly compensated by the addition of 
NPK fertilizer in the CaMgPS + NPK treatment. 

5. Conclusion 

The desired geochemical changes of the soil solid 
phase regarding the counteraction of acidification 
were only achieved in the upper horizons of the 
limed plots (increased concentration of exchangeable 
Ca2+ and Mg2+, CEC, BS and pHH i 0 , and de
creased AC and concentration of exchangeable 
Al3 + ). 

All the treatments caused increased leaching of 
ions. Liming and fertilization with fast-dissolving 
products and products containing easily dissolved 
and leached anions (such as Cl~ and SO|~) clearly 
resulted in alterations of the chemical composition of 
the soil water, and leaching and loss of notable 
amounts of essential nutrients. The dissolution rate 
and chemical composition, with special respect to 
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anions, should be given great attention when prod
ucts for fertilization and liming are chosen. Many of 
the treatments caused acidification and increased 
concentrations of Al3+ in the soil water. 

The various treatments caused no significant dif
ferences in growth increment. The strongest effect 
observed was a growth rate reduction caused by 
application of kieserite and calcite. This reduction 
can presumably be ascribed to stress or even toxicity 
caused by the high concentrations of Al3+ and SO|~, 
and low levels of pH induced by the treatment. 
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Abstract. The spatial variation in the concentration of various plant nutrients in the above ground 
biomass was examined in a fertilized and limed 59-year-old Norway spruce stand on a nutrient 
poor soil at Klosterhede, western Denmark. Two types of lime (calcite and dolomite combined 
with additional kieserite and phosphate) were applied alone and in combination with conventional 
NPK fertilizer to form five different treatments. Sample trees of different size classes were felled 
and the nutrient concentrations of N, P, K, Ca, Mg and S were analyzed at various heights from 
ground level, dividing the biomass in seven compartments (stem wood, stem bark, living 
branches, dead branches, current year needles, older needles and cones). The nutrient 
concentrations were generally highest in the actively growing parts of the trees (e.g. needles and 
stem bark). The concentrations of N, P, K and S were generally higher in current year needles than 
in older needles, whereas the opposite pattern was observed for the concentration of Mg and Ca. 
The concentrations of N, P, S and Ca were increased by the treatments, most pronounced in the 
actively growing parts of the trees. However, the concentration of K and Mg seemed unaffected 
by the treatments. When N and P were applied, the concentrations in the current year needles were 
elevated to levels that could be considered above deficiency in all parts of the canopy. The tree 
size did not affect the nutrient concentration. 

Keywords: fertilization, liming, nutrient concentration, nutrient distribution, Norway spruce, 
Picea abies. 

1. Introduction 

From the beginning of this century and until the 1970's, the main aim of fertilization in 
Danish forests was to increase production measured in stem volume growth. Since then 
the aim have changed to revitahzation of forests which have lost vitality due to air 
pollution, forest management, and subsequent unbalanced forest nutrition (Dralle and 
Larsen, 1995). 

It has been shown that soil acidification and imbalanced forest nutrition can be 
counteracted by liming and fertilization of nutrient poor soils in Norway spruce stands at 
many locations in Sweden (Rosengren-Brinck, 1994; Svenson et al., 1995) and Germany 
(Huettl and Zoettl, 1993; Meiwes, 1995). Especially in Germany, fertilization and liming 
have counteracted ongoing acidification and improved the nutrient status measured by 
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needle analyses (Evers and Hüttl, 1990/91). Before amelioration practices suited for 
Danish conditions can be achieved it is essential to define and be able to measure 
parameters such as tree nutrient uptake and status, nutritional imbalance, and nutrient 
deficiency. Furthermore, it is essential to know the effects of fertilization and liming on 
these parameters. 

The paper focuses on the effect of different fertilization and liming treatments on 
the concentration of plant nutrients in various parts of the above ground biomass. The 
spatial variation in the concentration of various nutrients within the canopy in needles, 
living branches, stem wood and bark is examined. The distribution and accumulation of 
biomass and nutrient pools were calculated and examined in Ingerslev and Hallbäcken 
(1997a) (Part II). 

2. Materials and methods 

2.1. Site description 

The research site was located at Klosterhede State Forest, close to Lemvig, in 
western Jutland, Denmark (8°27'E, 56°27'N), 20 km from the North Sea. The soil was a 
well drained haplic podzol (FAO, 1977) developed on a glacio-fluvial deposit. It was 
nutrient poor and consisted of coarse sand with a low clay content (less than 2 %). The 
site was ploughed prior to the planting of the trees. There was an organic layer (mor 
humus) of approx. 10 cm. Further details on soil and soil solution chemistry are given by 
Ingerslev (1997). The annual precipitation was 860 mm. Annual mean temperature was 
9 °C, with a mean January temperature of 0.3 °C and a mean July temperature of 16 °C. 
Westerly winds from the North Sea, often strong, dominated. Thus throughfall and soil 
water chemistry was dominated by high inputs of sea salt. Total atmospheric deposition 
of nitrogen was estimated to approx. 25 kg N ha"1 year"1 (55 % as NH4

+ and 45 % as 
N03") (Gundersen and Rasmussen, 1995). 

The research site was located in a Norway spruce (Picea abies) plantation, 
second generation after heathland. The stand was even-aged, 60 years old from seed (in 
1996) with a stand density of 800 trees per ha, the average height was 16 m, and the 
stem volume was 225 m3 ha"1, stem volume increment varied from 10 to 20 m3 ha"1 year" 
'. The trees were planted in rows, and managed for wood production by thinning every 
3-5 year since c. 1955 (c. 20-35 m3 ha"1 per thinning). The latest thinnings were carried 
out just before the trial was established in 1986 and before treatment in 1991. 

2.2. Treatments and experimental design 

Before the experimental trial was established in 1986, the whole stand had been 
fertilized twice with NPK fertilizers in 1977 and 1982 (Table 1), as part of common 
management practice in this forest. The trial was established with various combinations 
of conventional NPK fertilizer, two different liming treatments (calcite and dolomite), 
and additional phosphorus and sulphur (Table 1). The study included five different 
treatments repeated in three blocks (A, B and C) (Table 1). Each plot was 0.15 ha and 
contained approx. 120 trees. In spring 1991 the NPK fertilization was repeated (NPK, 
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CaMgPS+NPK and CaMgP+NPK). However, the NPK fertilizer used in 1991 had a 
different chemical composition (23:3:7) compared to that used in 1986 (14:4:17) (Table 
1). The 1986-treatments were repeated early in June 1994 (Table 1). Until 1994 the trial 
contained no true control plots since the whole plantation had been fertilized. Three 
earlier NPK fertilized plots were included as control plots (one in each block, adjacent to 
the original trial) when the treatments were repeated in spring 1994. 

Table 1. Applied amounts of nutrients in the different treatments. Note that different 
types of NPK fertilizers have been applied. 

K Ca 

Kg ha"1 

Mg Applications 

Pretreatment Year 

All plots 1977 120 15 35 

All plots 1982 120 33 80 35 

- NPK-23:3:7a 

7 - NPK-18:5:12a(incl.:Mg,CuandB) 

Treatment Year 

Control 1986 120 31 140 43 

1991 120 15 34 40 

NPK 1986, 1994 120 31 140 43 

1991 120 15 34 40 

CaMgPS 1986, 1994 - 200 - 1710 

CaMgPS+NPK 1986, 1994 120 230 140 1750 

1991 120 15 34 40 

CaMgP 1986, 1994 - 200 - 1720 

CaMgP+NPK 1986, 1994 120 230 140 1760 

1991 120 15 34 40 

9 37 NPK-14:4:17a(incl.:Mg, CuandB) 

8 21 NPK-23:3:7a(incl.:Mg, CuandB) 

9 37 NPK-14:4:17a(incl.:Mg, CuandB) 

8 21 NPK-23:3:7a(incl.:Mg, CuandB) 

730 1150 Calciteb, kieserite', 'superphosphate' 

740 1190 Combination of NPK and CaMgPS 

8 21 NPK-23:3:7a(incl.:Mg, CuandB) 

730 - Dolomited, 'rock-phosphate' 

740 37 Combination of NPK and CaMgP 

8 21 NPK-23:3:7a(incl.:Mg, CuandB) 
a: conventional agricultural NPK fertilizer containing approximately 50 % NCy, 50 % NH4

+, Cl<2 %, and 
K as a mixture of KCl and K2S04. 
CaC03. 
MgS04. 
CaMg(C03)2. 

Examination of the stem volume increment was carried out in all plots in a 
previous study by Ingerslev (1997). Whereas a thorough investigation of chemical 
parameters was confined to one block (block A). Examination of soil and soil solution 
chemistry is given by Ingerslev (1997). 
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2.3. Measurement of the nutrient concentration in the above ground biomass 

In autumn 1995 five trees representing different tree sizes were felled in four plots 
(control, CaMgPS, CaMgPS+NPK and CaMgP+NPK) in order to determine the nutrient 
concentration in different compartments of the above ground biomass (current year 
needles (CO), older needles (Cl-Cn), living branches, dead branches, stem wood, stem 
bark (dead and living bark) and cones). A detailed description of the sampling and 
chemical analysis is given by Ingerslev and Halbäcken (1997a) (part II). 

The nutrient concentration was only determined in four plots in one block, which 
made it impossible to make statistical tests using true replicates. However, in the cases 
where the tree size did not affect the nutrient concentration, statistical testes were made 
using the five sampling trees from each plot as replicates. The effect of the treatments, 
sampling height, and tree size was evaluated using analysis of variance (SAS, PROC 
GLM). Differences were considered significant at the P<0.05 level unless otherwise 
stated. 

3. Results 

The N, P, K, Mg and S concentrations were lowest in the stem wood (and in the dead 
branches for K) (Table 2) and highest in the needles (Fig. 1). The concentration of Ca 
was lowest in the stem wood and, especially, in the cones, and highest in the stem bark 
(Table 2) and needles (Fig 1, j and k). Stem bark, living branches and dead branches had 
intermediate concentrations of N, P, Ca, Mg and S compared to the needles and stem 
wood (Table 2 and Fig. 1). 

The N concentration in the current year needles (CO) increased with height in the 
control and CaMgPS treated plots and it was significantly higher (15-20 %) in the lower 
and middle part of the canopy for the plots applied N compared to the control plot 
(whereas there were no significant treatment effects in the upper part of the canopy) 
(Fig. 1, a). Similar treatment effects were observed for the older needles (Cl-Cn) (Fig. 1, 
b), although not as pronounced as in the current year needles. The concentration of N in 
the stem bark was significantly 20-60 % higher in the canopy than at breast height for all 
the plots (Table 2). 

The concentration of P in the current year needles (CO) and older needles (Cl-
Cn) responded to the P application in a way similar to that of N in the current year 
needles (Fig. 1, d and e). The P concentration in stem bark in the canopy increased SO
TO % (P^0.05) after P application compared to the control plot and the P concentration 
in the stem bark within the canopy was 40-80 % higher (P<0.05) than at breast height 
for all the plots (Table 2). 

The K concentration was not affected by the various treatments and there was no 
spatial variation with respect to the height of sampling position (Fig. 1, g-i and Table 2). 

The Ca concentration in the current and older needles, living branches and stem 
bark was generally higher (5-250 %) for the Ca applied plots at all sampling heights 
compared to the control plot (Fig. 1, j-1 and Table 2), although the difference was only 
significant for the living branches, current year needles from the lower and middle part 
of the canopy in the CaMgPS+NPK treated plot, and for the older needles from the 
CaMgPS and CaMgPS+NPK treated plots. The Ca concentration in the current and older 
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needles, living branches and stem bark apparently decreased towards the top of the tree 
(Fig. 1, j-1 and Table 2), though this was not significant. 

Current year needles (CO) Older needles (C1-Cn) Living branches 
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-Control -o-CaMgPS -+-CaMgPS+NPK - * — CaMgP+NPK 

Figure 1. The concentration ofN (a-c), P (d-f), K (g-i), Ca (j-l), Mg (m-o) and S (p-r) in 
three different biomass compartments at different heights above ground level. Vertical 
bars represent standard errors of the mean. The figure includes five trees per plot (n=5, 
N=20). Intervals given at the right side of the figures for the current year needles 
denotes 0=Optimum, PO=Pre-Optimum, D=Deficiency (Brække, 1994). 
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Table 2. Nutrient concentration in stem wood and bark at breast height and in the 
middle of the canopy, and in cones and dead branches. Different index letters and 
numbers indicates significant (P^O. 05) different concentrations between treatments and 
sampling heights respectively. If no significant differences were found no indexes have 
been given. 

Tree compartment 
Treatments 

N 

Stem wood at breast height 
Control 
CaMgPS 
CaMgPS+NPK 
CaMgP+NPK 

0.90 
1.01 
1.12 
1.15 

P 

0.094 
0.069 
0.095 
0.0782 

Stem wood in the middle of the canopy 
Control 
CaMgPS 
CaMgPS+NPK 
CaMgP+NPK 

1.00 
1.28 
1.17 
1.30 

Stem bark at breast height 
Control 
CaMgPS 
CaMgPS+NPK 
CaMgP+NPK 

4.42 

4.62 

4.82 

5.12 

Stem bark in the middle of the 
Control 
CaMgPS 
CaMgPS+NPK 
CaMgP+NPK 

Cones 
Control 
CaMgPS 
CaMgPS+NPK 
CaMgP+NPK 

Dead branches 
Control 
CaMgPS 
CaMgPS+NPK 
CaMgP+NPK 

5.5bl 

6.3b ' 
6.7"b' 
8.0"' 

6.8 
5.3 
7.6 
4.3 

8.1 
7.2 
6.3 
7.4 

0.098" 
0.063b 

0.116" 
0.114"' 

0.50c2 

0.60bc2 

0.70"b2 

0.77"2 

i canopy 
0.72b' 
1.10"' 
1.07"' 
1.20"' 

1.13 
1.12 
1.39 
1.00 

0.39 
0.37 
0.32 
0.39 

K 
mg 

0.67 
0.54 
0.58 
0.52 

0.66" 
0.46b 

0.66" 
0.58"b 

2.8 
2.8 
3.2 
3.4 

2.8b 

3 4 a b 

3.8" 
3.5" 

6.8 
4.9 
7.1 
4.3 

0.72" 
0.44" 
0.43b 

0.45b 

Ca 

g1 

0.75 
0.69 
0.78 
0.71 

0.73ab 

0.59" 
0.83" 
0.79" 

8.4 
9.71 

8.8 
10.1' 

6.3 
7.62 

7.2 
6.92 

0.089 
0.149 
0.152 
0.103 

3.0 
3.2 
2.8 
3.6 

Mg 

0.181 
0.138 
0.148 
0.157 

0.191" 
0.119b 

0.171" 
0.169" 

1.17 
0.89 
1.08 
1.19 

1.26 
1.12 
1.16 
1.27 

0.61 
0.53 
0.71 
0.49 

0.49 
0.53 
0.46 
0.54 

S 

0.072 
0.061 
0.0702 

0.0672 

0.07 l"b 

0.056b 

0.086"' 
0.079"' 

0.46c 

0.52bc2 

0.56ab2 

0.63" 

0.50" 
0.64"' 
0.70"' 
0.73" 

0.60 
0.52 
0.65 
0.40 

0.83 
0.77 
0.71 
0.79 
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The Mg concentration was neither affected notably by the various treatments nor 
the sampling height (Fig. 1, m-o and Table 2). Only in the current year needles from the 
lower and middle part of the canopy in the CaMgPS+NPK treated plot was the Mg 
concentration significantly higher (25 %) compared to the control plot. 

The S concentration in the current and older needles, living branches and stem 
bark was generally higher (5-120 %) for the treatments compared with the control plot 
(Fig. 1, p-r and Table 2). This was significant for the stem bark in the canopy, the 
current year and older needles at all sampling heights, except for the older needles in the 
top of the canopy in the CaMgP+NPK treated plot. 

4. Discussion 

The concentration of the nutrients was generally highest in the actively growing parts of 
the trees (e.g. needles and stem bark), and lowest in the structural and not actively 
growing parts (e.g. stem wood). This pattern of nutrient distribution has also been 
observed by others (e.g. Cromer et al., 1985; Lim and Cousens, 1986; Finér, 1992; 
Brække and Håland, 1995). 

The concentration of N, P, K and S was generally higher in the current year 
needles than in the older needles (Fig. 1), whereas the opposite pattern was observed for 
the concentration of Mg and Ca (Fig. 1). Similar nutrient concentration gradients with 
needle age have also been documented by Cromer et al. (1985), Finér (1992) and 
Brække and Håland (1995). They can be explained by the nutrient availability in the root 
zone and the mobility within the trees (Brække and Håland, 1995). N, P, K and S are 
considered relatively mobile, whereas Mg is less mobile, and Ca is considered rather 
immobile. 

Since only five sampling trees representing different size classes from each plot 
were used as replicates, it was tested if the tree size affected the nutrient concentrations. 
The tree size did only in few cases affect the nutrient concentrations significantly. This 
was most pronounced for K in the older needles (Fig. 2). I have no direct explanation for 
this relation. The other case which indicated a relation between tree size and nutrient 
concentration were ascribed to natural statistical variations. 

Kimmins et al. (1985) compiled data on dynamics of biomass and nutrients 
within various forest ecosystems and documented huge variations between stands and 
sites. When data from other northern European studies of Norway spruce are compared 
with data from the control plot of the present study they are quite similar. This holds for 
Sweden (Tamm and Carbonnier, 1961: stand age 52 and 58 years; Nihlgård, 1972: stand 
age 55 and 60 years) and for Germany (Ulrich et al., 1974: stand age 85 years; Ulrich in 
Cole and Rapp, 1980: stand age 87 years old). The N concentration was either of the 
same magnitude or a little higher in the German studies compared to the present study, 
whereas the N concentration in the trees from the Swedish sites were of the same 
magnitude as in the present study. The concentration of P, K and Ca was either of the 
same magnitude or a little higher in Sweden and Germany compared to the present 
study. But no conclusions concerning extreme low or high concentration of N, P, K and 
Ca could be made for the present study. However, the concentration of Mg was 
generally higher in the present study compared to Sweden and Germany, which might be 
explained by the high input of sea salts from the north sea. 
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The treatments have increased the concentration of the applied nutrients and 
thereby affected the nutritional status of the trees, most pronounced for N, P and S in 
needles and stem bark and for Ca in needles and living branches (Table 2 and Fig. 1). 
The application of K and Mg did not lead to an additional luxury uptake of any of these 
nutrients (Table 2 and Fig. 1). These results indicate that fertilization with mobile 
nutrients coupled to photosynthesis and metabolic processes will influence the nutrient 
concentration most evidently in the active growing parts of the tree. Furthermore, the 
trees have only been exposed to these different treatments during the last 10 years, 
which might explain why the nutrient concentrations in the youngest parts of the trees 
(needles, living branches and stem bark) have been affected the most. 

Diameter at breast height (cm) 

• Control o CaMgPS 

+ CaMgPS+NPK * CaMgP+NPK 

Figure 2. The concentration ofK in older needles (Cl-Cn) as a function of the diameter 
at breast height (DBH). The figure includes five trees per plot and four different heights 
within the canopy for each tree. Results from linear regression is included. 
***: The slop was significantly (P^O.01) different from 0. 

Diagnostic needle analyses is generally carried out on samples from a south 
facing branch from the fifth whorl of 10 co-dominant trees per plot, according to 
UN/ECE (1994). The strategy used in the present study was different and the results 
could therefore not directly be used for diagnostic comparison with literature values for 
deficiency. Sampling parameters such as position in the canopy (height and orientation) 
and social class and size of the tree may influence the results (Raitio, 1994; Rosengren-
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Brinck, 1994). A diagnostic needle analysis was carried out in autumn 1995 at the same 
site following the UN/ECE (1994) protocol (Ingerslev and Hallbäcken, 1997b). The 
analysis showed that the trees in the control plot suffered from N and P deficiency, and 
that these deficiencies could be counteracted by application of these nutrients. The 
needle analysis also showed that the nutrient status of K, Mg and Ca was at optimum in 
all the plots (Ingerslev and Hallbäcken, 1997b). The nutrient concentrations measured at 
the upper part of the canopy were of the same magnitude as measured by Ingerslev and 
Hallbäcken (1997b). However, the concentration of N, P, Mg and Ca were generally 
higher in the present study compared to Ingerslev and Hallbäcken (1997b). The P 
deficiency detected by Ingerslev and Hallbäcken (1997b) could not be detected in the 
upper part of the canopy in the control plot in the present study. The level was within the 
interval of 'pre-optimum' given by Brække (1994) (Fig. 1). The differences in the 
concentrations between the present study and the study by Ingerslev and Hallbäcken 
(1997b) can presumably be ascribed to natural variations and differences in sampling 
method. 

The concentration of N and P in the needles in the control plot was highest in the 
upper part of the canopy. Vertical N and P concentration gradients have also been 
observed for Pinus radiata by Cromer et al. (1985). The results indicated that the N and 
P deficient trees preferentially have retranslocated these nutrients to the upper part of the 
canopy, to maintain a relatively higher concentration in this part of the tree where the 
photosynthetic activity is highest. When N and P were applied, the concentrations were 
elevated, most for needles in the middle and lower parts of the canopy, to a level that 
could be considered above deficiency in all parts of the canopy (Brække, 1994). 

The sampling strategy given in the UN/ECE (1994) protocol is suitable for 
diagnostic comparison with literature values on nutrient status. However, the present 
study shows that other needle sampling strategies may preferentially be used to obtain 
additional knowledge concerning the nutrient status of the trees. In the present study 
vertical concentration gradients of nutrients that are mobile within the trees (e.g. N and 
P) seem to indicate low nutrient status or deficiency. This can be examined by sampling 
needles from various heights within the canopy. The same strategy can be used to 
examine the effect of fertilization on the nutrient status of the trees. Based on the present 
study fertilization with mobile nutrients in stands suffering from low status or deficiency 
may show the largest effects on nutrient concentrations in needles from the lower part of 
the canopy. 

The role of Ca in the trees is primarily related to structural linkages, 
predominantly in the cell walls and the plasma membranes. It could therefore be 
assumed that Ca fertilization would lead to a general increase in the Ca concentration in 
all parts of the trees. The present study confirmed this for the needles, living branches 
and stem bark, but not for the stem wood. A possible reason for this lack of effect on the 
Ca concentration in the stem wood may again be referred to the fact that the treatments 
only have been carried out during the last 10 years and most of the wood was thus 
formed earlier. 

The S application generally elevated the concentration of S in the needles, upper 
living branches and stem bark (Fig 1., p-r and Table 2). However, in the CaMgP+NPK 
treated plot, the S concentration was also increased in the needles, living branches and 
stem bark. This finding indicates that the S availability was increased by the K2S04 

applied with the commercial NPK fertilizer (Table 1), by increased turnover of organic 
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matter, and/or by ion exchange in the soil due to the salt effect of applied fertilizers 
(Ingerslev, 1997). 

The present study has confirmed that the nutrient concentration in various parts 
of the above ground biomass can be manipulated by fertilization and liming. However it 
has also indicated that the effect of such treatments in older stands may be limited to the 
nutrient concentration in the actively growing parts of the trees. Responses to nutrient 
additions were most pronounced in the lower part of the canopy for N and P. This 
knowledge may be used for diagnosing N and P deficiencies. 
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Abstract. Above ground biomass and nutrient distribution were determined in a combined liming 
and fertilization experiment in a 59-year-old Norway spruce stand on a nutrient poor soil at 
Klosterhede, Denmark. Two types of lime (calcite and dolomite combined with additional 
kieserite and phosphate) were applied alone or in combination with conventional NPK fertilizer. 
Five sample trees of different size classes were felled in each treatment plot. The biomass was 
divided in seven compartments: stem wood, stem bark, living branches, dead branches, current 
year needles, older needles and cones. The total above ground biomass and nutrient content in 
each tree were calculated and referenced to the ground surface area by solving regression 
equations relating the biomass or amount of nutrients to the tree height and breast height diameter 
(DBH) for all the trees in a given treatment. The biomass was closely correlated with the tree size 
(height*DBH2) for stem wood, stem bark, living branches and older needles (Æ2^0.70). 

The results show that biomass and stem volume growth were not affected (P^0.05) by the 
different treatments. However, an increase of the above ground biomass caused by NPK 
fertilization was indicated. The stem wood and living branches contained the main part of the 
above ground biomass (approx. 80 %, corresponding to 70 t dry weight ha"'). The main part of the 
N, P, K, Mg and S was in the living branches and needles (>60 %), while stem bark, living 
branches and needles contained a significant part of the Ca content (>70 %). The accumulation of 
nutrients in stem bark and needles increased significantly following fertilization and liming, 
especially in the current year needles. The calculated annual mean accumulation of P in the above 
ground biomass increased from 2.3 kg ha"' for the control plot to more than 5 kg ha"' for some of 
the treatments. 

Keywords: biomass, fertilization, liming, Norway spruce, Picea abies, nutrient accumulation, 
nutrient distribution, nutrient uptake. 

1. Introduction 

The main aim of liming and fertilization trials in Danish Norway spruce stands older 
than 10-20 years has previously been to increase forest production measured in stem 
volume growth (Lundberg and Ravnsbæk, 1992; Dralle and Larsen, 1995). Nowadays, 
the aim has changed towards stabilizing a sufficient and balanced nutrient uptake in 
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stands affected by air pollution and increased removal of nutrients by more intensive 
forest management practices. Based on a series of fertilization trails Dralle and Larsen 
(1995) concluded that N no longer was the main limiting factor for tree growth in 
western Denmark, but that K and maybe, P have developed into new minimum factors, 
limiting production and devitalizing the trees. 

In Germany, the most common nutritional disorder in Norway spruce stands is 
Mg deficiency, but also K and other nutritional disturbances have been documented 
(Evers and Hüttl, 1990/91). Liming and fertilization experiments have shown that a fast 
and sustained revitalization and restabilization of declining forest ecosystems can be 
achieved. This was demonstrated both by chemical and histological foliage analysis and 
by a visible improvement of the trees (Evers and Hüttl, 1990/91). Amelioration, such as 
fertilization and liming, may prove necessary in Denmark as well since the health 
condition of Norway spruce forests expressed as needle loss has declined from 1989 to 
1994 (Danish Forest and Nature Agency, 1996), and results from long-term 
investigations of forest soils and stand growth in western Denmark have indicated that K 
deficiency, and to some extent P deficiency, may be expected (Lundberg and Ravnsbæk, 
1992; Clausen, 1995; Dralle and Larsen, 1995; Pedersen and Bille-Hansen, 1995). 
Before effective amelioration practices can be achieved it is essential to define and 
measure parameters such as tree nutrient uptake and status, nutritional imbalance and 
nutrient deficiency. Furthermore, it is essential to know the effects of fertilization and 
liming on these parameters. 

Vitality of a tree or stand can be defined as the ability to withstand stress and 
maintain a healthy and natural life cycle (Swedish Environment Protection Agency, 
1991). The ability to maintain a high stem volume production does not necessarily imply 
high vitality. Fertilization and liming have been proven to alter the relative growth of the 
different biomass compartments of the trees (stem, bark, living branches, current year 
needles etc.) (Andersson et al., 1995). Growth and nutrient accumulation of the different 
compartments could be influenced differently by different soil amelioration treatments. 
Therefore, the nutrient accumulation and growth of the whole tree separated into 
compartments has to be considered in connection with soil amelioration, instead of just 
the stem volume growth. 

The purpose of this study was i) to measure the above ground biomass and 
nutrient distribution and accumulation in a Norway spruce stand which was not 
determined before on nutrient poor soil in western Denmark, and ii) to evaluate effects 
of fertilization and liming on the measured pools. The spatial variation in the 
concentration of various plant nutrients in the above ground biomass was measured and 
examined by Ingerslev (1997b, part I). The accumulation of nutrients in the above 
ground biomass was compared to the input of nutrients with atmospheric deposition and 
fertilizers. 

2. Materials and methods 

2.1. Site description 

The research site was located at Klosterhede State Forest close to Lemvig in western 
Denmark. The soil was nutrient poor coarse sand, with low clay content and an organic 
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layer (mor humus) of approx. 10 cm. The total atmospheric deposition of nitrogen was 
estimated to approx. 25 kg N ha"1 year"1 (Gundersen and Rasmussen, 1995). The research 
site was located in an even-aged, 60 years old Norway spruce {Picea abies) stand with a 
stand density of approx. 800 trees per ha and an average stem volume of 225 m3 ha"1. 
More site details are given by Ingerslev (1997a; b, Part I). 

2.2. Treatments and experimental design 

Prior to the start of the experiment the whole stand was NPK fertilized in 1977 and in 
1982 (Table 1). The trial was established in 1986 with various combinations of 
conventional NPK fertilizer, two different liming treatments (calcite and dolomite), and 
additional P and S (Table 1). Additional treatments were carried out in spring 1991 and 
1994. 

Table 1. Applied amounts of nutrients in the different treatments. Note that different 
types of NPK fertilizers have been applied. 

N K Ca 

Kg ha"' 

Ma Applications 

Pretreatment Year 

All plots 1977 120 15 35 

All plots 1982 120 33 g0 35 

- NPK-23:3:7a 

- NPK-lg:5:12a(incl.:Mg, Cu and B) 

Treatment Year 

Control 1986 120 31 140 43 

1991 120 15 34 40 

NPK 1986, 1994 120 31 140 43 

1991 120 15 34 40 

CaMgPS 1986, 1994 - 200 - 1710 

CaMgPS+NPK 1986, 1994 120 230 140 1750 

1991 120 15 34 40 

CaMgP 19g6, 1994 - 200 - 1720 

CaMgP+NPK 1986, 1994 120 230 140 1760 

1991 120 15 34 40 

9 37 NPK-14:4:17a(incl.:Mg, CuandB) 

g 21 NPK-23:3:7a(incl.: Mg, CuandB) 

9 37 NPK-14:4:17a(incl.:Mg,CuandB) 

g 21 NPK-23:3:7a (incl.: Mg, Cu and B) 

730 1150 Calciteb, kieseritec,'superphosphate' 

740 1190 Combination of NPK and CaMgPS 

8 21 NPK-23:3:7a (incl.: Mg, Cu and B) 

730 - Dolomite11, 'rock-phosphate' 

740 37 Combination of NPK and CaMgP 

g 21 NPK-23:3:7a (incl.: Mg, Cu and B) 
a: conventional agricultural NPK fertilizer containing approximately 50 % NCy, 50 % NH4

+, Cl<2 %, and 
K as a mixture of KCl and K2S04. 
CaCO,. 
MgSCv 
CaMg(C03)2. 
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The experiment originally included five different treatment plots and no control 
plots. However, earlier NPK fertilized plots were included as control plots in 1994. The 
present study focus on examining three treatment plots and one control plot (Table 1). A 
more detailed description of the treatments and experimental design is given by 
Ingerslev (1997b, Parti). 

2.3. Biomass and nutrient distribution in above ground biomass 

In November 1995 five trees from four plots (control, CaMgPS, CaMgPS+NPK and 
CaMgP+NPK) in block A were felled in order to determine the biomass and nutrient 
contents in the different compartments of the above ground biomass. The trees were 
selected to represent the tree size distribution based on breast height diameter (DBH). 
Tree height, DBH and height of the canopy limit was measured. The canopy was divided 
into eight sections of equal length. The different sections were numbered 1-8, starting 
with 1 at the lowest part of the canopy (Fig. 1). 

One living sample branch was selected from a whorl in the middle of each 
section (Fig. 1). One dead sample branch from within the canopy and one from below 
the canopy were selected. One sample cone from each section was selected, if cones 
were present. The total fresh weights of all living and dead branches, and cones from 
each section were measured (Fig. 1). Each living sample branch was separated into three 
compartments: i) current year needles (CO), ii) older needles (Cl-Cn), and iii) wood and 
bark. The fresh weight of the stem from base to canopy limit and from canopy limit to 
the top was measured. Sample disks were taken from the stem at breast height, midway 
between the stump and canopy limit, at canopy limit, straight between the canopy limit 
and the top, and at the bottom of the upper most section. Height, diameter and bark 
thickness of the fresh sample disks were measured. The fresh weight of all samples was 
measured. 

All samples were dried at approx. 75 °C for minimum two days (until constant 
weight) and weighed (Fig. 1). A subsample from each compartment of the living 
branches in section 2, 4, 6 and 8 was ground and used for chemical analyses (4 
subsamples from each compartment and sample tree) (Fig. 1). A subsample from the 
dead sample branch from below the canopy was also ground and used for chemical 
analysis. From each tree with cones, a sample cone was selected from the section that 
contained the most cones and ground and used for chemical analysis. Each sample disk 
was separated into a wood and a bark compartment, and weighed. A subsample from 
each disk compartment from breast height and from the middle of the canopy was 
ground and used for chemical analysis. 

Concentrations of N and C were determined by IR after dry combustion in an 
oven (LECO-CHN 1000). Following combustion in concentrated nitric acid in a 
microwave oven (CMC, MDS-2000), the concentration of Ca, Mg, K, Fe, Mn, Na, P and 
S was determined by ICP-AES (Perkin Elmer, optima 3000 XL). 
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Sectors Borders 
Living branches Dead Stem disk wood 

and needles branches and bark 

C
an opy 

S
tem

 

7 

6 

5 

l 4 

\ 3 

\ 2 

\ 1 

Canopy limit -
VaCanopy limit 

7-8 

6-7 

5-6 

4-5 

3-4 

2-3 

1-2 

Canopy limit 

ViCanopy limit 

Breast height 

WA 

tW- l -

WA 

t w l 

WA 

tw4-

WA 

t W 

( tW) 

w l 

wJ. 
WA 

WA 

t w 

t w l 
WA 

W: Fresh and dry weight was measured for one sample. 
A: Chemical analyses were carried out for one sample. 
(): The parameter was measured if the sample was present. 

t W l : The amount of nutrients was calculated using 
the average concentration of the upper and lower sectors. 

t W: The amount of nutrients was calculated using 
the concentration from the upper sector. 

W 4-: The amount of nutrients was calculated using 
the concentration from the lower sector. 

Figure 1. Biomass sampling and calculation strategy. 

2.4. Calculations and statistical analyses 

The above ground biomass and the amount of nutrients within the various compartments 
of each sample tree were calculated by summation over the sectors; illustrated in Fig. 1. 

The above ground biomass and the amount of nutrients within the biomass 
compartments of each tree in the different plots were calculated using simple linear 
regressions of DBH and tree height versus the biomass or nutrient contents of the 
various compartments. The regression equations were produced from the sample trees 
and then applied to all the trees in each plot. These linear regression equations are 
described by: 

75 



ln(kg dry biomass or kg nutrient) = a + ß x ln(DBH2 x H) 

where: 
a is the intercept, 
ß is the slope, 
DBH is the diameter at breast height, 
H is the height of the tree. 

The linear regressions were produced and tested by use of SAS, PROC REG. 
Furthermore, the following hypotheses were tested by use of SAS, PROC GLM: i) the 
regression lines for a specific compartment and component (biomass, N, P, K, Ca etc.) 
had no slope (ß=0) when differences between the treatments were disregarded, ii) the 
biomass regression lines for a specific compartment, component and treatment had the 
same intercept ( a « « ^ ^ , ) and/or slope (ßtrea,rae„,=ßco„troi) as the control. The 
statistical tests and some of the regression equations are presented in Table 2. The results 
from these tests were used to decide which of the regression equations that gave the best 
description of the biomass and nutrient amounts. If the treatments did not affect the 
slope and intercept significantly compared to the control, the differences in treatments 
were neglected and one general regression equation was used for all treatments to 
describe the particular tree compartment and component (biomass, N, P, K, Ca ect.) 
(Table 2). If the treatments did affect the intercept significantly, but not the slope, 
compared to the control, the general equations listed in Table 2 were not used, but 
instead individual regression equations for parallel lines were established and used for 
these treatments. In the cases where only some of the treatments affected the equations 
new equations containing average slopes and intercepts were established and used for 
the other treatments. For simplicity the treatment specific equations are not listed in 
Table 2. 

The biomass and nutrient contents were calculated for 1995 and 1991 on a 
ground surface area basis by solving the equations for all the trees in the four sampled 
plots (in block A: control, CaMgPS, CaMgPS+NPK and CaMgP+NPK). 

The biomass and nutrient contents were calculated for 1986 (time of 
establishment of the trial) by applying the equations for the control plot to the other 
plots. The equations for the control plot were chosen because this plot was given nearly 
the same treatments as all the plots were given prior to the establishment of the trial 
(Table 1). The biomass and nutrient contents accumulated from 1986 to 1995 were 
calculated by adding the amounts of biomass or nutrients present in 1995 to the amounts 
removed by thinning in 1991, and subtracting the amounts present in 1986 (Table 3 and 
4). 

There were no diameter and height measurements for the thinned trees in the 
control plot for 1986 and 1991. However, there were no statistical evidence that the 
average height and diameter varied between treatments at any time of the investigation 
period. The above ground biomass and nutrient contents in the control plot were 
therefore calculated for 1986 using the number of trees and average height and diameter 
from the other plots and for 1991 using the number of thinned trees and the average 
height and diameter for the thinned trees from the other plots. 

The above ground biomass and nutrient distribution was only determined in one 
block, which made it impossible to make statistical tests of the treatment effects by using 
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the different blocks as replicates. However, the statistical tests, of the regression lines 
were used to support observations concerning the effects of the treatments. An 
observation of an increased accumulation of a nutrient in a specific treatment could thus 
be supported by a significantly elevated intercept for the corresponding regression line 
compared to the control, presuming that the slope was not significantly affected by the 
treatment. 
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So Table 2. Regression equations for calculation of biomass (Bio.) and element contents in different tree compartments, using breast height 
diameter (DBH in cm) and tree height (H in m), ln(element or biomass, Kg) = a + ß x ln(DBH2 x H). The equations are based on 20 
sample trees, five from each plot (N=20, n=5). P-values for statistical test: H0: cc=0, H,,: CLlrealme„/=aco„lmh H0: ß,rea,mCT„=ßc„„,TO/. Bold indicates 
that the P-value was significant (P<0.05). Note that the listed equations were not used for biomass calculations when PfH,,: 

a-treamen^a-coMrcJ^O-OS (see text paragraph 2.4.). 

Compartment 

Stem wood 

Stem bark 

Living branches 

Element 

Bio. 
N 
P 

K 
Ca 

Mg 
S 

Bio. 
N 

P 

K 

Ca 
Mg 

S 

Bio. 
N 
P 
K 

Ca 

Mg 
S 

a 

-3.24 
-9.62 

-9.51 
-8.81 

-9.21 
-8.98 

-11.70 

-5.51 
-10.93 

-13.08 
-10.70 

-10.30 
-10.52 
-13.36 

-5.88 
-12.02 
-15.03 
-13.35 

-12.31 
-12.75 

-14.97 

ß 

0.88 
0.83 
0.52 
0.66 

0.73 

0.53 
0.75 

0.88 

0.90 

0.93 
0.81 

0.88 
0.68 
0.92 

1.02 

1.14 
1.24 
1.16 
1.12 

0.98 

1.19 

R2 

(«=20) 

0.96 
0.70 
0.37 
0.59 

0.74 
0.49 

0.76 

0.84 

0.72 

0.65 
0.77 

0.75 
0.61 
0.70 

0.83 
0.85 
0.85 
0.87 
0.79 

0.80 

0.86 

P 

(«=20) 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 

p 

(N=20, n=5) 

0.84 
0.21 
0.02 
0.09 

0.15 
0.09 
0.01 

0.74 

0.02 
0.00 
0.00 
0.25 
0.11 
0.01 

0.45 
0.09 
0.44 
0.21 
0.51 

0.17 

0.29 

P 

(N=20, n=5) 

0.86 
0.66 
0.52 

0.39 
0.73 

0.76 
0.58 

0.55 

0.52 

0.81 

0.57 

0.75 
0.87 
0.82 

0.45 

0.93 
0.87 
0.86 

0.47 

0.97 

0.95 

Treatments that had an intercept significantly different from 

CaMgPS1 

CaMgPS1 

CaMgP+NPKf 

CaMgPST, CaMgPS+NPKT and CaMgP+NPKT 

CaMgPS+NPKt and CaMgP+NPKT 

CaMgPS+NPKf and CaMgP+NPKf 



Dead branches 

Current year needles 
(CO) B 

Older neeedles 
(Cl-Cn) 

Bio. 
N 
P 
K 

Ca 

Mg 

S 

0. 

N 

P 

K 

Ca 
Mg 

S 

Bio. 

N 

P 

K 
Ca 

Mg 

S 

-7.75 
-11.81 
-14.74 
-14.44 

-12.96 

-15.05 

-14.51 

-4.24 

-9.00 

-14.49 

-10.37 

-10.69 
-10.16 
-11.30 

-4.85 

-10.17 

-12.23 
-13.34 
-12.08 

-12.06 

-12.31 

1.08 
0.98 
0.97 
0.98 

1.02 

1.05 

1.03 

0.67 
0.73 

1.14 

0.81 

0.81 
0.60 
0.70 

0.81 

0.92 

0.93 
1.18 
1.09 

0.91 
0.90 

0.58 
0.52 
0.47 
0.36 

0.48 

0.59 

0.54 

0.46 
0.43 

0.76 

0.48 
0.22 
0.30 

0.31 

0.74 

0.73 

0.64 
0.86 
0.55 
0.64 

0.67 

0.00 
0.00 
0.00 
0.01 
0.00 
0.00 
0.00 

0.01 
0.00 
0.01 
0.00 
0.04 
0.01 
0.01 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.08 
0.07 
0.18 
0.01 
0.34 

0.26 
0.09 

0.17 
0.03 
0.00 
0.04 
0.04 
0.03 
0.01 

0.62 

0.45 
0.04 
0.46 
0.01 
0.01 
0.10 

0.50 
0.76 
0.74 
0.35 

0.14 

0.40 

0.94 

0.21 
0.09 

0.09 

0.31 

0.10 
0.07 
0.06 

0.37 

0.31 

0.65 
0.35 
0.41 
0.64 

0.32 

CaMgPS1, CaMgPS+NPK* and CaMgP+NPK* 

CaMgPS+NPK* and CaMgP+NPK* 

CaMgPS\ CaMgPS+NPKf and CaMgP+NPK* 

CaMgPS+NPKT and CaMgP+NPKt 

CaMgPST, CaMgPS+NPKT and CaMgP+NPKf 

CaMgPS+NPKf 

CaMgPST, CaMgPS+NPKT and CaMgP+NPKf 

CaMgPSf, CaMgPS+NPKf and CaMgP+NPKf 

CaMgPSt and CaMgPS+NPKf 

CaMgPS; 

T: Regression line having an intercept significantly (/><0.05) higher than the intercept for the control. 
I : Re gression line having an intercept significantly (/><0.05) lower than the intercept for the control. 



oo 
° Table 3. Biomass and nutrient content in the above ground biomass in 1995 in the control plot and the CaMgSP, CaMgSP+NPK and 

CaMgP+NPK treated plots. Based on the equations listed in Table 2 (with exception from the T, -l, <8> and 0 marked figures, see 
paragraph 2.4.). 
Treatments 

Biomass 
compartments 

Control 
Stem wood 
Bark 
Stem wood + bark 
Living branches 
Dead branches 
Branches, total 
CO needles 
Older needles 
Needles, total 
Cones 
Tree biomass, total 

CaMgPS 
Stem wood 
Bark 
Stem wood + bark 
Living branches 
Dead branches 
Branches, total 
CO needles 
Older needles 
Needles, total 
Cones 
Tree biomass, total 

Dry weight 

Mg ha' 

70 
7.3 
77 
19 

4.8 
23 
4.0 
7.7 
12 

0.35° 
110 

70 
7.3 
77 
18 
4.8 
23 
4.0 
7.7 
12 

0.36° 
110 

N 

75 
41 
120 
110 
34 
140 
48 
100 
150 
2.3° 
410 

75 
41 
120 
110 
33 
140 
48 
100 
150 
2.4* 
410 

P 

6.3 
4.1 
10 
14 
1.7 
16 
4.9 
10 
15 

0.44' 
41 

4.31 

5.6f 

9.9 
14 
1.7 
16 

9.4f 

14f 

23 
0.45° 

49 

K 

38 
20 
58 
36 
4.3 
40 
25 
44 
68 

2.1° 
170 

38 
20 
59 
35 
1.61 

37 
25 
43 
68 

2.2° 
170 

Ca 

49 
60 
110 
74 
15 
89 
11 
54 
64 

0.055° 
260 

49 
60 
110 
73 
15 
88 
25T 

80T 

100 
0.066° 

300 

Mg 

kg ha"' 

10 
7.9 
18 
13 
2.4 
16 
5.3 
15 
20 

0.23° 
54 

10 
8.0 
18 
13 
2.4 
16 
5.3 
10; 

15 
0.24° 

50 

Mn 

1.2 
1.2 
2.4 
1.6 

0.19 
1.7 

0.49 
1.2 
1.7 

0.017° 
5.9 

0.794 

1.2 
2.0 

0.981 

0.12® 
1.1 

0.49 
0.854-
1.3 

0.017° 
4.4 

Fe 

0.20 
0.34 
0.54 
2.1 
2.1 
4.2 
0.21 
0.63 
0.84 

0.008° 
5.6 

0.20 
0.35 
0.54 
2.1 
2.0 
4.1 
0.21 
0.63 
0.84 

0.008° 
5.5 

S 

5.0 
3.6 
8.6 
9.7 
3.6 
13 
2.8 
9.6 
12 

0.21° 
35 

1.9*-
3.6 
7.5 
9.6 
3.6 
13 

5.0f 

9.6 
15 

0.22° 
36 

C 

Mg ha' 

35 
3.7 
38 
9.5 
2.5 
12 
2.0 
3.8 
5.9 

0.18° 
56000 

35 
3.7 
38 
9.4 
2.4 
12 
2.0 
3.8 
5.9 

0.19° 
56 



CaMgPS+NPK 
Stem wood 
Bark 
Stem wood + bark 
Living branches 
Dead branches 
Branches, total 
CO needles 
Older needles 
Needles, total 
Cones 

Tree biomass, total 

CaMgP+NPK 

Stem wood 
Bark 
Stem wood + bark 

Living branches 
Dead branches 
Branches, total 
CO needles 
Older needles 
Needles, total 
Cones 

Tree biomass, total 

74 
7.8 
82 
19 
5.0 
24 
4.4 
8.3 
13 

0.42» 

120 

83 
8.7 
91 
22 
5.9 
28 
4.6 
9.0 
14 

0.37° 

130 

80 
44 
120 
110 
35 
150 
77T 

110 
180 
2.8° 

460 

88 
44f 

130 
130 
40 
170 
82f 

120 
200 
2.4» 

510 

7.0 
6.6T 

14 
14 
1.8 
16 
12* 
16T 

28 
0.53» 

58 

7.2 
8.8f 

16 
17 
2.0 
19 
12* 
17f 

29 
0.46» 

65 

42 
27f 

69 
36 

2.44 

39 
42T 

44 
86 

2.6» 

200 

44 
31T 

75 
44 

2.6-1-
46 
39f 

53 
92 

2.2» 

220 

54 
64 
120 
76 
15 
91 

3 9 t 
100T 

140 
0.066» 

350 

57 
71 
130 
90 
18 
110 
23f 

65 
88 

0.058» 

320 

11 
8.7 
20 
14 
2.5 
17 

8.9f 

16 
24 

0.28» 

62 

12 
9.2 
21 
16 
2.9 
19 
6.0 
18 
24 

0.24» 

64 

0.931 

1.3 
2.2 
l.l4-
0.20 
1.3 

0.54 
1.3 
1.8 

0.020» 

5.3 

l.l4-
1.4 
2.5 
1.1* 
0.23 
1.3 

0.56 
0.704-

1.3 
0.018» 

5.0 

0.21 
0.39 
0.60 
2.2 
2.0 
4.2 

0.23 
0.68 
0.90 

0.009» 

5.7 

0.41T 

0.71 f 

1.1 
2.6 
2.6 
5.2 

0.24 
0.75 
0.99 

0.008» 

7.4 

5.4 
4.8 f 

10 
9.8 
3.7 
14 

6.9 f 

10 
17 

0.25» 

41 

5.9 
6.2T 

12 
12 
4.3 
16 

5.8f 

11 
17 

0.22» 

46 

37 
3.9 
41 
9.9 
2.5 
12 
2.2 
4.2 
6.4 

0.22» 

60 

41 
4.4 
46 
11 
3 
14 
2.3 
4.5 
6.9 

0.19» 

67 

t : The used regression line had an intercept that was significantly (P<0.05) higher than the intercept for the control. 

i: The used regression line had an intercept that was significantly (/><0.05) higher than the intercept for the control. 

®: The used regression line had an intercept and slope significantly (P<0.05) different from the control plot. 
0: The used regression line had no slope. 
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Table 4. Yearly mean accumulated biomass and nutrient content in the above ground biomass from 1986 to 1995 (including the thinned 
trees from 1991) in the control plot and the CaMgSP, CaMgSP+NPK and CaMgP+NPK treated plots. Based on the equations listed in 
Table 2 (with exceptionfrom the t , l> and® marked figures, see paragraph 2.4.). 
Treatments 

Biomass 
compartments 

Control 
Stem wood 
Bark 
Stem wood + bark 
Living branches 
Dead branches 
Branches, total 
CO needles 
Older needles 
Needles, total 

Tree biomass, total 

CaMgPS 
Stem wood 
Bark 
Stem wood + bark 
Living branches 
Dead branches 
Branches, total 
CO needles 
Older needles 
Needles, total 

Tree biomass, total 

Dry weight 

3800 
400 

4200 
1100 
310 
1500 
170 
400 
570 

6200 

4200 
450 

4700 
1200 
330 
1600 
200 
450 
650 

6900 

N 

3.9 
2.2 
6.1 
7.2 
2.0 
9.2 
2.0 
5.7 
7.7 
23 

4.4 
2.4 
6.8 
7.7 
2.2 
9.9 
2.4 
6.3 
8.7 
25 

P 

0.24 
0.21 
0.45 
0.98 
0.10 
1.1 

0.19 
0.53 
0.72 

2.3 

-0.0064-
0.45T 

0.45 
1.0 

0.11 
1.1 

0.88 f 

1.2* 
2.1 
3.6 

K 

1.6 
1.0 
2.6 
2.4 

0.29 
2.7 
1.2 
2.9 
4.1 
9.4 

2.0 
1.1 
3.1 
2.5 

-0.0444-
2.5 
1.4 
3.1 
4.5 
10 

Ca 

2.3 
3.3 
5.6 
4.9 

0.90 
5.8 

0.44 
3.3 
3.8 
15 

2.7 
3.6 
6.3 

5.18 
0.98 
6.2 
2.6 f 

7.2f 

9.7 
22 

Mg 

kg ha"' year ' 

0.35 
0.35 
0.70 
0.81 
0.15 
0.96 
0.19 
0.88 
1.07 

2.7 

0.45 
0.41 
0.86 
0.88 
0.16 
1.0 

0.23 
0.32 i 

0.55 

2.5 

Mn 

0.048 
0.065 
0.11 
0.10 

0.011 
0.11 

0.021 
0.081 
0.10 

0.33 

-O.OOS4' 
0.07 

0.070 
0.0364 

0.002® 
0.037 
0.025 
0.0354-
0.059 

0.17 

Fe 

0.010 
0.011 
0.021 
0.15 
0.16 
0.31 

0.009 
0.035 
0.044 

0.37 

0.011 
0.014 
0.025 
0.16 
0.16 
0.32 

0.011 
0.039 
0.050 

0.39 

S 

0.25 
0.19 
0.44 
0.66 
0.22 
0.89 
0.10 
0.54 
0.64 

2.0 

0.134 

0.22 
0.35 
0.70 
0.24 
0.94 
0.45 f 

0.60 
1.1 
2.3 

C 

1900 
200 

2100 
590 
160 
740 
87 

200 
280 

3100 

2100 
230 

2400 
630 
170 
800 
100 
220 
320 

3500 



CaMgPS+NPK 
Stem wood 
Bark 
Stem wood + bark 
Living branches 
Dead branches 
Branches, total 
CO needles 
Older needles 
Needles, total 
Tree biomass, total 

CaMgP+NPK 
Stem wood 
Bark 
Stem wood + bark 
Living branches 
Dead branches 
Branches, total 
CO needles 
Older needles 
Needles, total 
Tree biomass, total 

5200 
550 

5800 
1500 
390 
1900 
270 
560 
820 

8500 

5200 
540 
5700 
1500 
420 
2000 
240 
540 
780 

8500 

5.5 
3.0 
8.5 
9.0 
2.6 
12 

6.4f 

7.7 
14 
34 

5.3 
2.3f 

7.6 
9.8 
2.7 
13 

6.5f 

7.7 
14 
34 

0.39 
0.59f 

0.97 
1.2 

0.13 
1.3 
1.2* 
1.5f 

2.7 
5.0 

0.34 
0.84f 

1.2 
1.3 

0.13 
1.5 
1.2T 

1.5* 
2.6 
5.3 

2.5 
2.1f 

4.6 
2.9 

0.114 

3.1 
3.8T 

3.6 
7.4 
15 

2.3 
2.4f 

4.7 
3.2 

0.0454-
3.3 
2.9f 

4.0 
6.9 
15 

3.4 
4.5 
7.9 
6.1 
1.2 
7.2 
4.5f 

10f 

15 
30 

3.2 
4.4 
7.6 
6.5 
1.2 
7.8 
2.1 f 

4.5 
6.6 
22 

0.59 
0.53 
1.1 
1.1 

0.19 
1.3 

0.73f 

1.2 
1.9 
4.3 

0.51 
0.49 
1.0 
1.1 

0.20 
1.3 

0.27 
1.2 
1.5 
3.8 

0.0194-
0.089 
0.11 

0.0684 

0.015 
0.083 
0.032 
0.10 
0.13 
0.32 

0.0224 

0.088 
0.11 

0.0314-
0.015 
0.046 
0.029 
0.0011 

0.030 
0.186 

0.014 
0.019 
0.033 
0.18 
0.18 
0.36 
0.014 
0.048 
0.062 
0.45 

0.039f 

0.062f 

0.10 
0.20 
0.21 
0.41 

0.013 
0.047 
0.060 
0.57 

0.36 
0.38T 

0.74 
0.81 
0.29 
1.1 

0.70f 

0.73 
1.4 
3.3 

0.34 
0.52f 

0.86 
0.89 
0.30 
1.2 

0.5 lf 

0.73 
1.2 
3.3 

2600 
280 

2900 
760 
200 
960 
130 
280 
410 

4300 

2600 
280 
2900 
790 
210 
1000 
120 
270 
390 

4300 

t : The used regression line (1991 and 1995) had an intercept that was significantly (P<0.05) higher than the intercept for the control. 

i: The used regression line (1991 and 1995) had an intercept that was significantly (P<0.05) higher than the intercept for the control. 

®: The used regression line (1991 and 1995) had an intercept and slope significantly (P<0.05) different from the control plot. 



3. Results 

3.1. Biomass and nutrient distribution and accumulation 

The slopes and intercepts of the regression equations expressing the biomass amounts in 
the various compartments as a function of DBH and tree height were not affected 
significantly by the treatments (Table 2). However, the nutrient contents in the different 
compartments were affected, most pronounced for needles and stem bark. 

Bio. N P K Ca Mg Mn Fe S C 

222 Stem wood QTT] Stem bark 
^ H Living branches | | Dead branches 
K2I Current year needles (CO) YZA Older needles (C1-Cn) 

Figure 2. Relative distribution ofbiomass (Bio.) and nutrient contents of above ground 
biomass in the control plot. Figures at the top gives the biomass and nutrient content in 
the total above ground biomass (kg ha'). 

The stem wood made up the main part (>60 %) of the biomass (Fig. 2). The main 
parts of N, P, K, Mg and S were located in the living branches and needles (>60 %). Ca 
was mainly located in the stem bark, living branches and needles (>70 %). C made up 
approximately 50 % of the biomass in all compartments. 
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Bio. N P K Ca Mg S Bio. N P K Ca Mg S 

o 

400% 

300% 

200% 

100% 

0% 

Living branches! 400% 

300% 

200%-I 

100% 

0% 

Dead branches I 

Bio. N .' P K Ca Mg S 
HUH .HUH 
Bio. N P K Ca Mg S 

I 
DU 

CaMgPS — CaMgPS+NPK 
CaMgP+NPK 

Bio. N P K Ca Mg S 

Figure 3. Relative biomass (Bio.) and nutrient accumulation in various biomass 
compartments for the investigated treatments (CaMgPS, CaMgPS+NPK, CaMgP+NPK) 
compared to the control plot (100 %). Note that the y-axisfor the current year needles 
(CO) has a different scale than for the other biomass compartments. Results from the 
statistical tests of the regression equations are indicated: 
T: The used regression line had an intercept significantly (P<0.05) higher than the 
control plot (slope was not significantly affected by the treatment). 
•I: The used regression line had an intercept significantly (P<0.05) lower than the 
control plot (slope was not significantly affected by the treatment). 
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The treatment effect on the accumulation of the biomass in various compartments 
was relatively small (Fig. 3). Furthermore, the stem volume increment was not affected 
significantly by the different treatments and there were no significant differences in stem 
volume increment between the different blocks (examined by Ingerslev, 1997a). 
However, the stem volume increment and the relative accumulated biomass in the 
various compartments was generally higher for the CaMgPS+NPK and CaMgP+NPK 
treated plots, than for the third treatment, most pronounced for the stem wood, bark and 
older needles (>35 %) (Fig. 3). 

The effects of the treatments on the nutrient accumulation was most pronounced 
in stem bark and needles (Fig. 3). The treatments did not affect the relative biomass and 
nutrient accumulation in the branches notably. The relative accumulation of nutrients in 
the branches followed the same pattern for the different treatments as the relative 
accumulation of biomass. The decreased accumulation of K in the dead branches was an 
exception. 

The relative accumulation of N increased in the above ground biomass (>40 %) 
and significantly in the current year needles (>200 %) in the N applied plots (Fig 3.). 
The relative accumulation of P increased notably in the above ground biomass (>50 %), 
and significantly in stem bark (>100 %), current year needles (>350 %) and older 
needles (>200 %) for all the treatments, most pronounced in the CaMgPS+NPK and 
CaMgP+NPK treated plots (Fig. 3). The relative accumulation of K increased in the 
aboveground biomass (>50 %), and significantly in stem bark (>100 %) and current year 
needles (>140 %) for the K applied plots (Fig. 3). The relative K accumulation in the 
dead branches decreased significantly to less than 50 % for all the treatments. 

All the treatments increased the relative Ca accumulation in the above ground 
biomass (>40 %), current year needles (>350 %) and older needles (>30 %), most 
significantly for the CaMgPS+NPK treated plot (Fig. 3). The relative accumulation of 
Mg increased in the above ground biomass, stem wood and bark (>30 %) in the 
CaMgPS+NPK and CaMgP+NPK treated plots, but only significant in the current year 
needles for the CaMgPS+NPK treatment. The CaMgPS treatment did not affect the Mg 
accumulation in the above ground biomass, stem wood and bark notably. However, in 
the older needles the CaMgPS treatment decreased the relative Mg accumulation 
significantly to less than 50 % compared to the control plot. 

The relative accumulation of S increased in the above ground biomass (>50 %), 
stem bark (>90 %) and in the current year needles (>390 %) in the CaMgPS+NPK and 
CaMgP+NPK treated plots (Fig. 3). The CaMgPS treatment did not affect the S 
accumulation in the above ground biomass and stem bark notably. However, in the 
current year needles the CaMgPS treatment increased the relative S accumulation 
significantly (>325 %). 

3.2. Nutrient input and accumulation 

The annual input of K, Mg and S with throughfall clearly exceeded the amounts 
accumulating in the biomass (Table 5.). The annual input of N with throughfall was of 
the same magnitude as the amounts accumulating in the above ground biomass in the 
control plot and in the CaMgPS treated plot, but not in the N applied plots, where the 
accumulation was higher. If the N accumulation in the below ground total biomass was 
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taken into account too, the accumulation of N in the biomass would exceed the input 
with throughfall.. The annual flux of Ca with the throughfall was equal to the Ca 
accumulation in the above ground biomass in the control plot, whereas the Ca 
accumulation exceeded the flux of Ca in the throughfall for the Ca applied plots. The 
input of nutrients with fertilization generally exceeded the amounts that were 
accumulated in the above ground biomass for all the treatments. Furthermore, the 
applied amounts of Ca, Mg and S by far exceeded the annual accumulation. 

The total applied amounts of K and especially Ca, Mg and S (Table 1.) exceeded 
what was present in the biomass in the control plot in 1995 and the total applied amount 
of N was approx. half the amount present in the biomass. 

Table 5. Yearly mean nutrient input with fertilization and throughfall from 1986 to 1995. 
Accumulated biomass and nutrient content from 1986 to 1995 and as total in 1995. 
Notice the differences in biomass units for the control plot. Throughfall (Beier and 
Rasmussen, 1993) and below ground biomass (Hansen and Thomsen, 1991) are from a 
nearby (2 km) Norway spruce stand 17 years older than the stand investigated in this 
study. 
Treatments 

Control 
Fertilization (kg ha"1 year"1) 
Accumulated in above ground 

biomass (kg ha"1 year'1) 
Above ground biomass in 1995 (kg ha"') 
Below ground biomass in 1995 
Biomass in 1995 (kg ha"1) 

CaMgPS 
Fertilization (kg ha"1 year"1) 
Accumulated in above ground 

biomass (kg ha"1 year"1) 
CaMgPS+NPK 

Fertilization (kg ha"1 year"1) 
Accumulated in above ground 

biomass (kg ha"1 year"1) 
CaMgP+NPK 

Fertilization (kg ha"1 year"1) 
Accumulated in above ground 

biomass (kg ha"1 year"1) 
Throughfall (kg ha"1 year"1) 

(kg ha1) 

Bio. 

6200 

110000 
38000 

150000 

6900 

8500 

8500 

N 

27 
23 

410 
340 
750 

0 
25 

40 
34 

40 
34 

23 

K 

19 
9 

170 
54 

220 

0 
10 

35 
15 

35 
15 

28 

Ca 

9 
15 

260 
150 
410 

380 
22 

393 
30 

396 
22 

16 

Mg 

2 
3 

54 
43 
97 

162 
3 

165 
4 

165 
4 

22 

S 

6 
2 

35 
37 
72 

256 
2 

267 
3 

11 
3 

36 

4. Discussion 

In the present study the biomass and nutrient distribution and accumulation was 
estimated by establishing linear regressions which described the relationship between 
DBH and tree height on the one hand and the biomass or nutrient contents of the various 
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tree compartments on the other. A similar approach has been used by Nihlgård (1972), 
Andersson et al. (1995) and Andersson et al. (1997). Nihlgård (1972) noted that DBH2 x 
H gave better correlations in the regressions than DBH x H or girth. In the present study 
it was assumed that the regressions established from trees sampled in autumn 1996 also 
were valid for the thinned trees in 1991 and that the regressions from control plot could 
represent all plots at the time of establishment of the trial in 1986. Naturally, this method 
implies a risk of introducing errors, since the regressions can not be validated for the 
past. 

The regressions described the biomass of stem wood, stem bark and living 
branches with 7?2>0.80. These compartments represented more than 85 % of the above 
ground biomass. However, the regressions for older needles (R2=0.74) and especially 
current year needles (R2=0A6) and dead branches (R2=0.58) were weaker (Fig. 4). 
Nihlgård (1972) examined 8 sample trees and established strong regressions for stem 
wood (7^=0.98), stem bark (Æ2=0.98) and branches incl. needles (Æ2=0.98) in a 55-year-
old Norway spruce stand. Andersson et al. (1995) investigated a 55-year-old Norway 
spruce stand and established regressions with correlation coefficients of the same 
magnitude as in the present study. Both studies indicate that it may be difficult to 
establish good regressions for needles and dead branches. The extend of these biomass 
compartments is presumably largely dependent on the position and sizes of the 
neighbouring trees. However, the accuracy of the biomass and nutrient content 
estimations (except from Fe) in dead branches seem to be relatively unimportant when 
regarding the total above ground biomass (Fig. 2). 

General biomass regression equations, relating the dry weight and nutrient 
content of different biomass compartments with the DBH, the tree height, and other 
easily measured physical variables have been presented in a number of studies (e.g. 
Nihlgård, 1972; Carey and O'Brien, 1979; Miller et al., 1980; Cromer et al., 1985; 
Marklund, 1987, 1988; Andersson et al., 1995; Brække and Håland, 1995; Mitchell et 
al., 1996). Marklund (1987; 1988) established biomass regression equations for Norway 
spruce from a large number of trees of different age and from various locations in 
Sweden. Despite the large variation within the nature and origin of the sample trees the 
regressions appeared strong (R2>0.70). The results from the present biomass study of the 
control plot in 1995 have been compared with the corresponding estimates using 
Marklund's equations (Fig. 5). The differences between the two methods were small for 
stem wood and bark. For needles and especially branches, Marklund's equations gave a 
higher biomass. Presumably this was due to a lower stand density in the Swedish stands 
investigated by Marklund compared to the Danish stands in western Denmark. It is 
tempting to use e.g. Nihlgård (1972), Marklund (1987, 1988), or Andersson et al. (1995) 
for a preliminary investigation of the magnitude of biomass accumulation and 
distribution in fertilization experiments. However, the use of these equations may 
introduce serious errors since fertilization has been observed to alter the parameters in 
the equations (Carey and O'Brien, 1979; Andersson et al., 1995). In contrast, the present 
study did not reveal any significant treatment effects for the biomass compartments or 
the stem volume increment. 

The treatment effect on stem volume increment (Ingerslev, 1997a) and the 
accumulated biomass in the various compartments was limited. However, the stem 
volume increment and accumulation of biomass in all the compartments was highest for 
both the treatments where liming, Ca, Mg, P and additional NPK were applied 
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(CaMgPS+NPK and CaMgP+NPK in Fig. 3). This indicates that the untreated stand may 
have suffered from a relatively low availability of one or more of the added nutrients 
and/or the stand may have suffered from growth reduction caused by the acid soil 
condition. However, the stand did not seem to have suffered from severe deficiency of 
any of the added nutrients since the general treatment response in biomass production 
was not significant and diagnostic needle analyses did not reveal severe deficiencies 
(Ingerslev and Halbäcken, 1997). 

c- 5 . 0 -
D) 

• o 

• o o o 

E 
CD 

4 . 5 -

4 . 0 -

In(DBH'xH) 

ln(DBH2xH) 

Control O CaMgPS + CaMgPS+NPK * CaMgP+NPK 

Figure 4. The logarithm of the stem wood (a) and current year needle (CO) biomass (b) 
presented as functions for the logarithm ofDBH2 x H (DBH: breast height diameter; H: 
tree height) for the sample trees. 
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1 4 0 -

120 -

J? 100 -
a> 

Biomass distribution in 1995 calculated by: 

| | equations established in the present study 

^ B equations from Marklund (1988) 

23% 

Stem wood Stem bark Branches, Needles Above ground 

living and dead (CO-Cn) biomass 

Figure 5. The biomass in different tree compartments for the control plot calculated by 
the use of regression equations established in the present study and by the equations 
given by Marklund (1988). Differences indicated in %. 

The CaMgPS treatment had apparently no effect on the biomass accumulation in 
the various compartments. This treatment may on one hand have had the positive effect 
of increasing the availability of the added nutrients, but on the other hand the treatment 
may have caused acidification stress or even toxicity by inducing high concentrations of 
Al3+ and S04

2" in the soil solution in a period of time after the treatment was carried out. 
Indications of temporary growth reduction was observed in the CaMgPS treated plot 
(Ingerslev, 1997a). 

Even though the biomass did not appear to be influenced by the different 
treatments, the accumulation and concentration of nutrients have evidently been 
affected. The nutrient accumulation in stem bark and needles, especially current year 
needles, appeared more sensitive to the treatments than the other compartments. The 
accumulation of P and Ca seemed to be very sensitive to the treatments. A large part of 
the Ca uptake can presumably be ascribed to luxury consumption since no indications of 
Ca deficiencies could be detected by needle analyses. However, P deficiency has been 
detected in current year needles from the control plot, but this deficiency has been 
counteracted by the treatments containing a large doze of P (CaMgPS, CaMgPS+NPK, 
CaMgP and CaMgP+NPK). A detailed description of the diagnostic needle analyses is 
given by Ingerslev and Hallbäcken (1997) and a description of the treatment effect on 
the nutrient concentration in the different biomass compartments is given by Ingerslev 
(1997b, Part I). 

The results presented in Table 5 indicate that there might be a need for 
application of additional N and Ca because the nutrient accumulation in the total 
biomass exceeds the nutrient input with throughfall in the control plot, assuming that the 
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mineral weathering does not contribute notably to the nutrient input. Other studies of 
Norway spruce stands on nutrient poor soils in this area of Denmark have also indicated 
that Ca deficiency may become a problem in the future if intensive removal of biomass 
through forest management continues and application of additional Ca is neglected 
(Vejre, 1995; Pedersen and Beier, 1996). The present findings indicated that only a 
small percentage of the added Ca, Mg and S was accumulated in the aboveground 
biomass during the investigation period (9 years). However, the added Ca and Mg may 
have increased the long term availability of these nutrients since a substantial part of the 
added Ca and Mg was accumulated in the soil (Ingerslev, 1997a). 
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Abstract. Different strategies for assessing the vitality of the trees were applied in a combined 
liming and fertilization trial established in a 50-year-old Norway spruce (Picea abies (L.) Karst.) 
stand on a nutrient poor soil. Stem volume increment and biomass accumulation were not 
significantly affected by the treatments. Needle analysis showed that N and P deficiencies were 
overcome by the applications. The effect of conventional NPK fertilization on the nutrient status 
in current year needles had ceased five years after treatment. The variation in the vitality 
indicators (defoliation, needle discoloration, "index of vigour", needle productivity, presence of 
cones) was small. Although the N and P status was improved, some of the measured vitality 
indicators did not reflect this improvement. The reason for this was presumably that the trees at 
the initiation of the experiment did not have low vitality caused by severe nutrient deficiencies. 
However, the treatments combining liming with NPK fertilization overcame the N and P 
deficiency, and increased the "index of vigour", the needle productivity, the accumulation of 
above ground biomass, and decreased the defoliation notably. With the exception of the nutrient 
status these effects were noised by within plot variation and could not be proven statistically 
significant. 

Keywords: nutrient status; vitality; index of vigour; fertilization; liming; Norway spruce; Picea 
abies; needle chemistry; nutrient deficiency; nutrient uptake. 

1. Introduction 

Atmospheric deposition of N and S compounds as well as removal of biomass from the 
forests may imply soil acidification, unbalanced forest nutrition and eventually a 
declining forest health status, especially on nutrient poor soils (Berdén et al., 1987; 
Evers and Hüttl, 1990/91). Nitrogen deposition, soil acidification and leaching of 
nutrients may lead to relative nutrient deficiency (Ca, Mg, K and other elements) 
compared to N (Evers and Hüttl, 1990/91). Soil acidification and a subsequent increased 
Al concentration in the soil solution may cause Al toxicity (Godbold et al., 1988). The 
increased Al concentration may furthermore lead to P immobilization and potentially P 
deficiency (Andersson, 1988). Intensive forestry increases the risk of developing 
nutrient deficiencies by removal of wood and thereby nutrients from the forest 
ecosystem (Berdén et al., 1987). 
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Soil acidification and imbalanced forest nutrition are often considered to be 
among the primary causes of the decline in forest health conditions observed in many 
forests on nutrient poor soils in Europe during the last decades (Ulrich, 1983; Zoettl and 
Huettl, 1986; Evers and Hiittl, 1990/91; EC-UN/ECE, 1996). Acidification of Danish 
forest soils due to atmospheric deposition has been documented by Rasmussen (1988) 
and Pedersen (1993). The health condition of Danish Norway spruce {Picea abies (L.) 
Karst.) forests expressed as needle loss has declined from 1989 to 1994 (Danish Forest 
and Nature Agency 1996). Severe nutrient deficiencies have so far only been 
documented in few Danish Norway spruce plantations. Long-term investigations on 
forest soils in western Denmark indicated that deficiencies of K, and to some extent P, 
may be expected (Lundberg and Ravnsbæk, 1992; Clausen, 1995; Dralle and Larsen, 
1995; Pedersen and Bille-Hansen, 1995). 

Soil acidification and imbalanced forest nutrition in Norway spruce stands have 
been counteracted by liming and fertilization on nutrient poor soils in Sweden 
(Rosengren-Brinck, 1994; Svenson et al., 1995) and Germany (Huettl and Zoettl, 1993; 
Meiwes, 1995). Liming and fertilization of stands on nutrient poor sites in Denmark 
have been widely discussed, but so far without any general national decision on forest 
management practice. Liming of Danish forest soils has traditionally been limited 
because of the risk of increasing butt rot infestation (Matthesen, 82). Previously, the 
main aim of fertilization in stands older than 10-20 years was to increase the stem 
volume production. Today the main aim has changed in direction of revitalization of the 
stands by stabilizing a balanced nutrient supply, improving the nutrient status of the 
trees, and counteracting ongoing acidification of the forest soil. In this perspective, it is 
essential that concepts such as tree vitality, nutrient availability, nutrient status, 
imbalanced nutrition, and nutrient deficiency are properly defined and made measurable. 

In this study an old fertilization and liming experiment in Norway spruce was 
revisited and continued in order to investigate the vitality of the trees. Different 
strategies and methods were applied to clarify the vitality concept and define how it can 
be measured. The effects of liming and fertilization on the nutrient uptake, nutrient 
status, and vitality were examined. The present study was carried out as part of a Nordic 
project entitled "Imbalanced forest nutrition - Vitality measures" aiming at clarifying the 
vitality concept (Andersson et al., 1997). 

2. Materials and methods 

2.1. Site description 

The research site was located at Klosterheden State Forest in western Jutland, Denmark 
(8°27'E, 56°27'N), 20 km from the North Sea, 33 m above sea level. The topography was 
flat and the soil was well drained. The soil was a nutrient poor coarse sandy haplic 
podzol (FAO, 1977) with low clay content (<3 %) developed on a glacio-fluvial 
deposite. A detailed description of the soil and soil solution chemistry is given by 
Ingerslev (1997a). The annual precipitation was 860 mm, with only a small percentage 
as snow. Annual mean temperature was 9°C, with a mean January temperature of 0.3°C 
and a mean July temperature of 16°C. Westerly winds from the North Sea, often strong, 
dominated. The total deposition of nitrogen was approximately 25 kg N ha"1 year"1 (55 % 
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NH4
+ and 45 % N03") and the deposition of S from anthropogenic sources was 

approximately 25 kg S ha"1 year"1 (Gundersen and Rasmussen, 1995). The examined 
stand was an even-aged Norway spruce plantation, 59 year old from seed (1995), with a 
stand density of approx. 800 trees per ha after commercial thinning in 1991. The average 
height was 16 m, and the stem volume was 225 m3 ha"1 (1996). The stand was second 
generation after heathland. 

2.2 Treatments and experimental design 

Liming and fertilization trials were established in 1986 with combinations of 
conventional NPK fertilizer, two different liming treatments (calcite and dolomite), and 
additional P and S (Table 1). The design included five different treatment plots 
replicated in three blocks. Each plot was 0.15 ha and encompassed approximately 120 
trees. 

Table 1. Applied amounts of nutrients in the different treatments. Note that different 
types of NPK fertilizers have been applied. 

S Applications 

Pretreatment Year 

All plots 1977 120 15 

All plots 19g2 120 33 

K 

Kg ha 

35 

80 

Ca 

i"' 

35 

Mg 

7 

- NPK-23:3:7a 

- NPK-18:5:12a(incl.:Mg, CuandB) 

Treatment Year 

Control 1986 120 31 

1991 120 15 

NPK 1986, 1994 120 31 

1991 120 15 

CaMgPS 1986, 1994 - 200 

CaMgPS+NPK 19g6, 1994 120 230 

1991 120 15 

CaMgP 1986, 1994 - 200 

CaMgP+NPK 1986, 1994 120 230 

1991 120 15 

140 43 9 37 NPK-14:4:17a(incl.:Mg,CuandB) 

34 40 g 21 NPK-23:3:7a(incl.: Mg,CuandB) 

140 43 9 37 NPK-14:4:17a(incl.:Mg, CuandB) 

34 40 g 21 NPK-23:3:7a (incl.: Mg, Cu and B) 

- 1710 730 1150 Calcite6, kieseritec,'superphosphate' 

140 1750 740 1190 Combination of NPK and CaMgPS 

34 40 g 21 NPK-23:3:7a (incl.: Mg, Cu and B) 

- 1720 730 - Dolomite1", 'rock-phosphate' 

140 1760 740 37 Combination of NPK and CaMgP 

34 40 g 21 NPK-23:3:7a (incl.: Mg, CuandB) 
a: conventional agricultural NPK fertilizer containing approximately 50 % N03", 50 % NH4

+, Cl<2 %, and 
K as a mixture of KCl and K2S04. 

b: CaC03. 
c: MgS04. 
d: CaMg(C03)2. 
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The NPK fertilization was repeated in spring 1991 with a NPK fertilizer slightly 
different from the one used in 1986 (NPK, CaMgPS+NPK and CaMgP+NPK, Table 1). 
All 1986 applications were repeated in the spring 1994 (Table 1). Prior to the 
establishment of the experiment the stand was fertilized with NPK fertilizers in 1977 and 
in 1982 as part of common practice in this forest district (Table 1). 

Since the whole stand had been fertilized in 1977 and 1982, no true control plots 
could be established. In spring 1994, three earlier NPK fertilized plots were included as 
control plots. Before 1994, these control plots were treated parallel to the NPK treated 
plots (Table 1). The full replicated experimental design was used for stem growth 
measurements only. Other measurements were for resource reasons limited to trees in 
one block. 

2.3. Measurements 

Determination of the stem volume increment was carried out and reported by Ingerslev 
(1997a). Ten co-dominant trees in each of the six plots in one block were selected for 
needle sampling, determination of defoliation, needle discoloration, and observation of 
the presence of cones in autumn 1995, two growing seasons after the last treatments 
were carried out. Defoliation and discoloration were determined by visual inspection and 
expressed as % defoliation or discoloured needles, according to the ICP Forests Manual 
(UN/ECE, 1994). Current year (CO) and older (C1-C4) needles from a south facing 
branch from the 5th whorl were sampled in November 1995. The needles were dried at 
55 °C. Sub-samples were ground and used for chemical analysis. The N concentration 
was measured by combustion in a LECO-CHN 1000 elemental analyzer. After digestion 
in concentrated nitric acid in a microwave oven, the concentrations of Ca, Mg, K, Fe, 
Mn, Na, P and S were measured by ICP-AES (Perkin Elmer, optima 3000 XL). 

The above ground biomass and nutrient distribution and accumulation (1986-
1995) were determined on a ground surface area basis in studies by Ingerslev (1997b) 
and Ingerslev and Hallbäcken (1997). This work was carried out in four plots (control, 
CaMgPS, CaMgPS+NPK, CaMgP+NPK) in one block dividing the aboveground 
biomass in seven compartments; stem wood, stem bark, living branches (incl. bark and 
wood), dead branches (incl. bark and wood), current year needles (CO), older needles 
(Cl-Cn) and cones. Furthermore the cross sectional sapwood area at both breast height 
and at canopy limit was determined for the biomass sampling trees (five trees per plot in 
four treatments: control, CaMgPS, CaMgPS+NPK and CaMgP+NPK) (Ingerslev and 
Hallbäcken, 1997) 

In autumn 1994, two stem cores were taken at breast height from the east and 
west side of 15 co-dominant trees per plot in one block (total=180 core samples) in order 
to estimate the "index of vigour" as defined by Milnster-Swendsen (1987). The extent of 
the sapwood and the current year ring was marked on the cores and the cross sectional 
sapwood area and current year basal area growth at breast height were estimated. 
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2.4. Calculations and statistics 

Statistical tests were carried out using the examined trees in each plot as 
pseudoreplicates to reveal treatment related differences within the investigated block. 
The interpretation of these statistical results was thus limited to this block only. 

Statistical tests were carried out by SAS, PROC GLM to determine whether the 
treatments had affected the chemical composition of the needles and defoliation, and 
whether there was a difference between the nutrient concentration in the current year 
needles and older needles. 

The relative nutrient uptake (RNU) was calculated for the accumulated needle 
biomass and the total above ground biomass (accumulated within the period from 1986 
to 1995) using the method described by Hallbäcken (1997): 

^ N ^ x - U ^ x , treatment*™c treatment/' v " x , control'^c, control/ 

Where RNU is the relative nutrient uptake, 
x is the nutrient in question. 
mx matmcnt is the amount of the nutrient (x) accumulated in the 

needle biomass or in 
the above ground biomass in the treated plot. 

m c treatment i s the amount of carbon (C) accumulated in the needle 
biomass or in the 
above ground biomass in the treated plot. 

mx, control i s m e amount of the nutrient (x) accumulated in the 
needle biomass or in the above ground biomass in the 
control plot. 

m c control is m e amount of carbon (C) accumulated in the needle 
biomasss or in the above ground biomass in the control 
plot. 

The size of the biomass and nutrient pools was determined by Ingerslev and Hallbäcken 
(1997). 

Plotting of the RNU along with the C accumulation (Fig. 2) provides information 
concerning which nutrients that will be the most plausible growth limiting elements in 
relation to the control plot, when a specific treatment is carried out (Hallbäcken, 1997). 
The horizontal line in Fig. 2 indicates the iso-concentration line in relation to the control 
plot and the vertical line in Fig. 2 indicates the iso-biomass production line in relation to 
the control plot. The treatment effects on the long-term net accumulation of a specific 
nutrient compared to the control may be categorized in 4 groups (A, B, C and D, see N 
in Fig. 2) by separating the treatment response according to the iso-concentration and 
iso-biomass production lines (Hallbäcken, 1997): 

Group A Both the relative C accumulation and the RNU is decreased, indicating a 
treatment induced deficiency of a main limiting nutrient (probably the 
nutrient in question). 
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Group B The relative C accumulation is increased, whereas the RNU is 
unchanged or decreased, indicating that the treatment has led to a higher 
efficiency of the trees to utilize the nutrient taken up for carbon 
accumulation. Decreased RNU may indicate an increased risk of 
deficiency of the nutrient in question at a future stage. 

Group C Both the relative C accumulation and the RNU are increased, indicating 
that the nutrient in question initially (before treatment) restricted the 
accumulation of C and that the nutrient status has been improved by the 
application. 

Group D The relative C accumulation is decreased, whereas the RNU is increased, 
indicating a possible treatment induced deficiency of an other nutrient 
than the one in question. 

Linear regressions between the needle biomass and cross-sectional sapwood area 
((needle biomass, kg)=a+ß*(sapwood area, cm2)) were established from data of the 
sapwood area both at breast height and at canopy limit for the biomass sampling trees. 
The linear regressions were calculated using SAS, PROC REG and the following 
hypotheses were tested by SAS, PROC GLM using the five trees from each plot as 
pseudoreplicates: i) the lines had no slope (ß=0), ii) the line for the sap wood area at 
breast height had the same intercept and/or slope as the line for the sapwood area at 
canopy limit (ctbreast h = o c c a n o p y , , ß b r e a s t h =ßcanopy,) when differences between the treatments 
were disregarded, and iii) the line for a specific treatment and height of sap wood area 
measurement had the same intercept and/or slope as the control (ct,reatme„,=acontro|, 

Ptreatment P control/* 

The "index of vigour" was calculated for each tree as the ratio between the 
current year basal area growth and the sapwood area at breast height using the core 
samples. Statistical tests were carried out using SAS, PROC GLM to determine if the 
treatments had affected the "index of vigour" and whether the "index of vigour" or 
defoliation was dependent on the stem volume increment within the treatment period 
(1986-1994) or on the tree size measured as total stem volume. 

The ratio between the forest production (expressed as e.g. stem volume 
increment, or stem biomass or above ground biomass accumulation) and the needle 
biomass is often referred to as the needle productivity (Andersson et al., 1995; 
Hallbäcken, 1997). The needle productivity expresses the same ratio as the "index of 
vigour" by means of other parameters. The needle productivity was calculated as the 
ratio between the average accumulated above ground biomass from 1986 to 1995 and 
the needle biomass present in 1995 from data for the biomass sampling trees examined 
by Ingerslev and Hallbäcken (1997). 

Statistical differences were considered significant at the P^0.05 level unless 
otherwise stated. 
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3. Results 

3.1. Diagnostic needle analyses 

The nutrient concentrations in the current year needles were compared to the nutrient 
status threshold values given by Brække (1994) and Linder (1995) (Fig. la and b and 
Table 2). Concentrations of N, K and P were generally higher in current year needles 
than in older needles, (Fig. la) whereas the opposite pattern was observed for Mg, Ca 
andMn (Fig. lb). 

The concentration of N was within the range of deficiency, but reached pre-
optimum levels with added N (Fig. la). The concentration of N in current year needles 
from the control plot was significantly lower than that in any of the treated plots. The 
concentration of P was significantly higher in the treated plots compared to the control 
plot (deficiency) and the NPK treated plot (pre-optimum) compared to the other 
treatments (optimum) (Fig. la). The concentrations of K, Ca, Mg and Mn were within 
the range of optimum in all plots (Fig. la and b). The concentration of Ca was 
significantly higher for the Ca addition plots compared to the other plots (Fig. lb). 

The interpretation of the nutrient/N-ratios was difficult since N concentrations in 
needles were below optimum in all the plots. The K/N, Ca/N, Mg/N and Mn/N-ratios 
were above the suggested optimum values for all the treatments (Table 2). The P/N-ratio 
was close to optimum in the control plot and in the NPK treated plot, and significantly 
above optimum for the other treatments, particularly for the CaMgPS and CaMgP 
treatments. The K/N-ratio was significantly higher in the control plot than in any of the 
other treatments. The P/N, Ca/N and Mg/N-ratios were lowest for the NPK treatment. 

Tabel 2. N concentration and nutrient/N-ratios in current year needles. Suggested 
optimum threshold values are included. Small letters denotes significant differences 
between the treatments (LSD09S-test). 

Optimum 
Brække(1994) 

Optimum 
Under (1995) 

Control 

NPK 

CaMgPS 

CaMgPS+NPK 

CaMgP 

CaMgP+NPK 

N(mgg-') 

18 

18 

13 d 

17 a 

14 c 

16 ab 

15 bc 

16 a 

P/N 

10 

10 

11 c 

9 c 

16 a 

14 b 

17 ' 

13 b 

K/N 

39 

35 

55 ' 
4 9 ab 

51 ab 

53 ab 

51 ab 

48 b 

Ca/N 

4 

2.5 

18 b 

13 c 

35 a 

32 a 

30 ' 

22 b 

Mg/N 

4 

4 

9.0 ab 

7.0 c 

9.2 ab 

8.9 ab 

9.5 a 

8.1 b 

Mn/N 

0.08 

0.05 

0.95 ab 

0.60 c 

0.93 ab 

0.80 b 

1.00 a 

0.51 c 
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la. 

O) 

E 

Control NPK CaMgPS CaMgPS+NPK CaMgP CaMgP+NPK 

O) 

E 

Control NPK CaMgPS CaMgPS+NPK CaMgP CaMgP+NPK 

B B AB AB A B A A A AB A AB 

O) 
O) 
E 

8 -

6 -

Control NPK CaMgPS CaMgPS+NPK CaMgP CaMgP+NPK 

^ B Older needles (C1-C4) 

[ I Current year needles (CO) 

Treatments 

Figure la and b. Concentration ofN, P, K, Ca, Mg andMn in current year needles (CO) 
and older needles (C1-C4) (10 trees per plot). Different small letters denotes significant 
differences between the two needle age classes (LSD09S-test). Different capital letters 
denotes significant differences between the treatments (LSD09S-test). Intervals given at 
the right side of the figure denotes 0=Optimum, PO=Pre-Optimum, D=Deficiency, 
SD=Strong deficiency for current year needles (Brække, 1994). 
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lb. 

Control NPK CaMgPS CaMgPS+NPK CaMgP CaMgP+NPK 

Control NPK CaMgPS CaMgPS+NPK CaMgP CaMgP+NPK " 

1 5 0 -

100 _ 

Control NPK CaMgPS CaMgPS+NPK CaMgP CaMgP+NPK 

_... ., ir.. 0 . . Treatments 
^ H Older needles (C1-C4) 
p~1 Current year needles (CO) 



3.2. Relative nutrient uptake and C accumulation 

The C accumulation in the above ground biomass was not significantly affected by any 
of the treatments. The results however indicated that the C accumulation in the above 
ground biomass was increased approximately 35 % in the CaMgPS+NPK and 
CaMgP+NPK treated plots compared to the control (Fig. 2). 

The RNU in the needles followed the same pattern of change with treatment as 
the RNU in the above ground biomass (Fig. 2). However, the treatments affected the 
RNU in the needles much stronger than that in the above ground biomass (Mn was an 
exception). The RNUN, RNUK and RNUFe were not affected notably by the different 
treatments, whereas RNUMg, RNUS and RNUM„ were affected moderately and RNUP and 
RNUCa were affected strongly (Fig. 2). 

None of the nutrients were found in group A and D in Fig. 2. None of the 
treatments appear to have induced a risk of N, P, K, Ca, S and Fe deficiency. However, 
Fig. 2 indicates that there may be a risk of Mg deficiency in the CaMgPS treated plot 
and of Mn deficiency in all the treated plots in the future. However, at present the 
concentration of Mg and Mn in the needles is at optimum according to Fig. lb. 

3.3. Sapwood area and needle biomass 

Needle biomass was correlated with the sap wood area at canopy limit (Fig. 3 and Table 
3), whereas for the sap wood area at breast height, three of the treatments had a slope 
that were not significantly different from 0 (Table 3). There was a significant difference 
between the lines (slope and intercept) for the sap wood area at breast height and at 
canopy limit, when differences between the treatments were disregarded. The needle 
biomass was better correlated with the sap wood area at canopy limit (R2=0.6S) than at 
breast height (R2=0.37) when disregarding differences in treatments. There were no 
significant differences between the lines for the control plot and the treated plots for 
neither the sap wood area at breast height nor at canopy limit. However, the test of a 
treatment effect on the correlation was very close to being significant (P=0.057) for the 
intercept (Table 3). 
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Figure 2. The relative C accumulation in the above ground biomass as a function of the 
relative nutrient uptake (RNU) ofN, P, K, Ca, Mg, S, Mn and Fe in the above ground 
biomass and needles. Group A, B, C and D are explained in the text. 
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Figure 3. Needle biomass presented as functions of the sapwood area at breast height 

(130 cm) and at canopy limit for 20 trees (5 trees per plot, from three treatments and 

control). Regression equations are presented in Table 3. 

Tabel 3. Linear regression: (needle biomass, kg)=a+$*(sap wood area, cm2). The 

equations are based on 20 sample trees, five from each plot (N=20, n=5). P-values for 

Statistical teSt: H0: p = 0 , H 0 : 0.breasl „eighi=cl-canopy limit' " 0 : Pbreast height=P'canopy limit' "«• 

a,rea,menl=^conM, **«• $ treatment control Bold and underlining indicates that the P-value was 

significant (P<0.05). 
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Figure 4. Vitality indicators: a) defoliation (10 trees per plot in one block), b) number of 
trees with defoliation above 25 %, (10 trees per plot in one block), c) "index of vigour" 
(two stem core samples per tree from 15 trees per plot in one block), d) needle 
productivity (the ratio of the mean accumulation of above ground biomass to the needle 
biomass; 5 trees per plot, from four plots in one block), e) needle discoloration (10 trees 
per plot in one block), f) presence of cones (10 trees per plot in one block), g) mean stem 
volume increment given by Ingerslev (1997a) (stem volume was not measured in the 
control plot before 1994), and h) Above ground biomass accumulation given by 
Ingerslev and Hallbäcken (1997). Different small letters denotes significant differences 
between the treatments (LSD095-test). 
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3.4. Vitality indicators 

Trees with defoliation and/or discoloration above 25 % (Fig. 4b) are considered 
"damaged" according to the ICP Forests Manual (UN/ECE, 1994). According to the 
degree of defoliation, the lowest number of damaged trees was observed for the 
CaMgPS+NPK and CaMgP+NPK treated plots and the control plot (Fig. 4b). None of 
the trees were considered damaged according to the results concerning discoloration. 

Vitality indicators such as defoliation, "Index of vigour", needle productivity, 
needle discoloration, presence of cones, stem volume increment, and above ground 
biomass accumulation were generally not found to be significantly affected by the 
different treatments (Fig. 4). The results indicated, however that the CaMgPS+NPK and 
CaMgP+NPK treated plots had the lowest defoliation (Fig. 4a), the highest "index of 
vigour" (Fig. 4c) and needle productivity (Fig. 4d), as well as a relatively higher stem 
volume increment (Fig. 4g) and above ground biomass accumulation (Fig. 4h). On the 
other hand these plots also contained a relatively high number of trees with discoloured 
needles (Fig. 4e). The number of trees with cones apparently increased in the calcite 
applied plots (Fig. 4f). 

No statistically significant relationships between the indicators were found 
although increasing defoliation seem to correspond with decreasing "index of vigour", 
needle productivity, and stem volume increment. As expected the "index of vigour" 
followed the same treatment related pattern as the needle productivity. Since not all 
indicators were measured on the same trees correlations could only be tested for a few of 
the indicators: defoliation and "index of vigour" was not significantly dependent on the 
stem volume increment within the treatment period nor on the total stem volume. 

4. Discussion and conclusions 

4.1. Stem volume and biomass production 

None of the examined treatments affected the stem volume increment (Ingerslev, 1997a) 
and above ground biomass accumulation to a statistical significant extend. Thus 
indicating that the investigated stand did not suffer from severe growth restriction due to 
lack of any of the applied nutrients. Other factors such as poor water supply, wind stress, 
fungal infestation etc. may be more limiting. Another explanation for the poor treatment 
response of biomass production may be the relative old age of the trees. Old trees 
presumably retranslocate larger amounts of nutrients in comparison with the amounts 
taken up from the soil (Miller, 1981). However, the results indicated that the 
accumulation of above ground biomass, stem wood and bark biomass and current year 
needle biomass, was highest for the treatments where NPK had been applied in 
combination with additional liming (more than 30 % compared to the control plot) 
(Ingerslev and Hallbäcken, 1997). 
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4.2. Nutrient status and uptake 

The relevance of the control plot, established for the latest treatments in 1994, was tested 
with respect to the chemical composition of the needles by comparison with a similar 
unfertilized stand nearby (Gundersen, 1997). No significant differences in the chemical 
needle composition between the stands were found. Thus current year needles from the 
control plot in the present study had a nutrient status which may represent a "true 
control" plot. This also indicated that the effect on the nutrient status in the current year 
needles of the NPK applications in the control plot (1977, 1982, 1986 and 1991) had 
ceased five growing seasons after the last application. Therefore, a long term effect from 
conventional NPK fertilization on the chemical composition of the current year needles 
may not be expected. 

The nutrient concentration gradients found with needle age (Fig. 1) are well 
known (Cromer et al., 1985; Finér, 1992; Brække and Håland, 1995). They are 
explained by the nutrient availability in the root zone and the mobility within the trees, 
where N, P and K are considered relatively mobile, Mg intermediate, and Ca and Mn 
relative immobile. 

The nutrient status of trees has been investigated by means of chemical needle 
analyses in a large number of studies and values for deficiency and optimum levels have 
been suggested (Van den Burg, 1985; 1990; Htittl, 1986; Brække, 1994; Rosengren-
Brinck, 1994; Linder, 1995). A large variation can be found in the presented values 
depending on the age of the trees and needles, the position of the needles in the canopy, 
and the definition of nutritional characteristics such as deficiency, optimum and toxicity 
(Van den Burg, 1985; 1990). 

The concentration of N in current year needles in the control plot and in the 
CaMgPS and CaMgP treated plots was within the deficiency range given by Brække 
(1994). Other studies suggest that the deficiency level is below 12-13 mg g"' and that the 
optimum level is above 14-15 mg g"1 N (Hüttl, 1986; Van den Burg, 1990). Even though 
the N concentration in current year needles increased by the NPK fertilization, the 
optimum level given by Brække (1994) was not reached. Optimum levels given by Van 
den Burg (1990) was reached. P fertilization increased the P concentration to the 
optimum level given by Brække (1994). Results from the current year needles in the 
control plot indicated that the N and P status were low or deficient when compared to 
the deficiency levels given by both van den Burg (1990) and Brække (1994). It could 
not be assessed which of the two nutrients was growth limiting. The N status appeared to 
be low even though the input of N through deposition of air pollution compound was 
high (c. 25 kg N ha"1 year"1), probably because the incoming N was sequestrated in the 
humus layer without becoming available to the trees. The N concentration in the current 
year needles was significantly increased by the CaMgPS and CaMgP treatments 
compared to the control, indicating that these treatments increased the N availability, 
presumably by increasing the decomposition of the humus layer and thus the 
mobilization of N. Aiming at a relatively high optimum level for the concentration of N 
in the current year needles, such as the one given by Brække (1994) (18 mg g"1 N), may 
prove to be sensible for optimizing the growth rate, but at the same time imply a risk for 
increasing the N leaching. At 15 mg g"' N in the current year needles excesses N 
leaching often occurs in forest ecosystems (Tietema and Beier, 1995). 
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The results showed that both the nutrient concentration in the current year 
needles and the RNU in the above ground biomass could be increased for N, P and Ca 
by addition of fertilizers. Even though several of the treatments improved the N and P 
status, the risk of other nutrient deficiencies may at the same time have been increased 
by these treatments such as shown in Fig. 2 where the risk of Mn deficiency was 
increased by all treatments and the risk of Mg deficiency was increased by the CaMgPS 
treatment. 

Fertilization experiments conducted in Norway spruce stands on nutrient poor 
soils in western Denmark from the start of this century until the 1970's have shown that 
N was the main growth limiting nutrient (Lundberg and Ravnsbæk, 1992). Dralle and 
Larsen (1995) found that this assumption no longer seemed valid, and that due to 
increasing N deposition, K and maybe P now have become the new growth limiting 
nutrients. However, their study did not include chemical needle analyses. The current 
study indicates that at present not only the N status in the trees is low, but also the P 
status seems to be at a level that can be considered as deficient. 

At many locations in central Europe, chemical needle analyses and fertilization 
experiments have shown that Norway spruce stands are suffering from soil acidification, 
nutrient leaching, and nutrient deficiencies involving K, Ca, Mn and Zn, but mainly Mg 
deficiency (Huettl et al., 1990; Huettl and Zoettl, 1993; Katzensteiner et al., 1995). 
Fertilization and liming experiments in central Europe have proven that the nutrient 
deficiencies and soil acidification can be effectively counteracted. Especially, 
application of dolomite MgCa(C03)2 has appeared to increase both growth and vitality 
of stands suffering from Mg deficiency and soil acidification (Katzensteiner et al., 
1995). 

The ecological conditions on the nutrient poor soils in western Denmark differs 
from those of central Europe, although reduced forest health conditions in Danish 
Norway spruce plantations have been widespread too. Especially, Mg deficiency is not 
considered a major problem in this area of Denmark, since deposition of large amounts 
of sea salts contributes a notable input of Mg. The present study may indicate that the 
nutrient status of the investigated trees is changing from N limiting conditions to a 
condition where other nutrients such as P may become the main growth and vitality 
limiting nutrient. 

4.3. The correlation between sapwood area and needle biomass 

Several studies have established linear regressions between the cross-sectional sapwood 
area and leaf area and/or needle biomass (Grier and Waring, 1974; Waring et al., 1977; 
Snell and Brown, 1978; Whitehead, 1978; Kaufmann and Troendle, 1981). The present 
study indicates that the sapwood area should preferably be measured at canopy limit to 
give a good correlation between sapwood area and needle biomass, rather than at breast 
height and that fertilization and liming treatments may affect the correlation between 
sapwood area and needle biomass (Fig. 3 and Table 3). The use of a general correlation 
between the sapwood area and the needle biomass does consequently not seem 
appropriate for investigations of fertilization and liming experiments. In these cases the 
correlations between sapwood area and needle biomass should be established for each 
treatment. 
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4.4. Vitality 

Vitality of a tree can be defined as the ability to withstand stress and maintain a healthy 
and natural life cycle (Naturvårdsverket, 1991). Having a high stem volume production 
is thus not necessarily the same as being vital. Furthermore, Andersson et al. (1995) 
showed that fertilization and liming may change the relative growth of the different 
biomass compartments of the trees (stem, bark, living branches, current year needles, 
etc.). This means that the proportions between the different compartments may be 
altered in the fertilized plots compared to the control plots. Growth of the different 
biomass compartments can be influenced differently by the different treatments. 
Therefore, it must be recommended to assess the growth of the individual tree 
compartments when the biomass production and nutrient uptake and accumulation is to 
be measured in connection with fertilization experiments. 

When vitality of a tree is to be measured in connection with nutrition improving 
actions, the main aim is to determine a well defined health criteria in relation to nutrient 
availability, uptake, nutritional status or balance of the tree (Andersson et al., 1997). 
Vitality can be defined and measured in different ways based on different health criteria. 
Some of these vitality measuring strategies can give contradictory results. In the present 
study we could not find a simple indicator of vitality. Preferentially several vitality 
indicators should be used at the same time to give a better characterization of the 
vitality. 

Diagnostic analyses of current year needles are a useful tool for assessing 
information concerning the nutrient status. Furthermore, the chemical composition of the 
needles was in the present study found to give a distinct respond to the nutrient 
applications. Thus diagnostic needle analyses can provide information, basic for 
accessing tree vitality in connection with nutritional disorders. 

Brække et al. (1997) defined three vitality classes related to the diagnostic needle 
analyses of current year needles described by Brække (1994): 

Good: The concentration of N is above 12 mg g'1 and the nutrient/N-ratios of 
all other nutrients are higher than the critical ones; or all other nutrient 
concentrations are in the pre-optimum or optimum range and not in the 
toxic range. 

Reasonable: The concentration of N is between 9 and 12 mg g"1 and the nutrient/N-
ratios of all other nutrients are higher than the critical ones; or the 
concentration of one or more of the other macro nutrients is within the 
range of deficiency and is growth restricting according to the nutrient/N-
ratios (below the critical level). 

Low: The concentration of N is below 9 mg g"1 and the ratios of all other 
nutrients to N are higher than the critical ones; or the concentration of 
one or more of the other macro nutrients is within the range of strong 
deficiency and is growth restricting according to the nutrient/N-ratios 
(below the critical level); or the concentration of one or more of the 
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micro nutrients is within the range of deficiency and is growth restricting 
according to the nutrient/N-ratios (below the critical level). 

These vitality classes are based on the following assumptions (Brække et al., 1997): i) 
Norway spruce has adapted to low N availability within the natural geographical 
distribution area over a very long time period, probably by genetic adaptations. The trees 
can thus grow quite well at low N concentrations in their biomass without loosing their 
vitality, ii) the trees can not tolerate low concentrations of other nutrients so well as low 
concentrations of N, and iii)) trees with a N concentration in the current year needle 
above 9 mg g"1 are rather vital. 

According to these definitions trees in the control plot and NPK treated plot of 
the present study were classified as having a "good" vitality close to a "reasonable" 
vitality. The low P concentration in current year needles indicated that P was the vitality 
restricting nutrient in these plot. The trees in the other plots were classified as having a 
"good" vitality. 

The aim of revitalization by fertilization and liming may, according to the 
principles of the vitality classification system (Brække et al., 1997), be to reach a 
nutrient status, where N is either at optimum or pre-optimum and the other nutrients are 
at optimum. In this perspective the vitality of trees in the CaMgPS, CaMgPS+NPK, 
CaMgP and CaMgP+NPK treated plots was elevated, compared to the control. 

The RNU may prove to be a useful tool when nutrient disturbances and 
decreasing vitality occur after fertilization and possible measures for correcting the 
nutritional imbalances are to be discussed. However, it should be kept in mind that the 
interpretation of the RNU uses the control plot as point of reference, when carried out as 
in the present study. This might not be ideal if the nutrient status (deficiency, optimum, 
luxury uptake) in the control plot is not known. Diagnostic needle analyses may 
therefore provide a valuable supplement to the interpretation of the RNU. 

In the present study, the nutrient concentration in current year needles was clearly 
affected by the treatments, whereas the stem volume production, needle productivity and 
defoliation was not notably altered. The nutritional status was thus improved, but some 
of the measured vitality indicators did not reflect this improvement (needle 
discoloration, presence of cones) and some of the indicators gave contradictory 
conclusions. The reason for this is probably that the trees from the start did not suffer 
from low vitality caused by severe deficiencies of any of the applied nutrients. 

Even though the variation of the measured vitality indicators was rather small, it 
appears as if the treatments containing lime combined with NPK fertilizer 
(CaMgPS+NPK and CaMgP+NPK) have overcome the N and P deficiency, increased 
the "index of vigour", the needle productivity, and the accumulation of above ground 
biomass, and decreased the defoliation. 

The hypothesis behind the "index of vigour" postulates that a vital tree uses a 
large part of its energy resource for growth and only a small part for repairing damages 
and withstanding stress, whereas a not vital tree will use a larger part of its energy 
resource for repairing damages and withstanding stress and thus a smaller part is used 
for growth. The "index of vigour" (Waring et al., 1980; Münster-Swendsen, 1987) 
expresses the ratio between growth (current year basal area growth at breast height) and 
the potential energy resource (sapwood area at breast height, assuming that there is a 
general proportionality between this sapwood area and the leaf area and needle 
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biomass). In accordance with Waring et al. (1980) we found that defoliation and "index 
of vigour" was not statistically dependent on the stem volume increment within the 
treatment period or total stem volume. Even though correlations between the different 
vitality indicators could not be examined further in the present study, future research 
work should focus on this subject. 

Many health criteria and monitoring strategies may be established to obtain 
information on tree vitality. The ones mentioned in this study are restricted to the vitality 
of the trees, but the vitality of the whole ecosystem should be considered in connection 
with fertilization and liming, since this affects the soil chemical conditions and leaching 
of nutrients from the root zone. A fertilization and liming strategy should improve the 
nutritional status and vitality of the trees, and at the same time not lead to nutrient 
leaching and subsequently groundwater pollution. 
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