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Abstract

The thesis explored the influence of tree spedl@aning intensity, and soil properties on
forest floors, i.e. the layer of dead organic madigove the mineral soil. The studies focused
on forest floor characteristics such as chemigiggment contents, and rates of turnover. The
objectives were to study i) if different tree smsciand thinning intensities affected forest
floors consistently irrespective of gradients inl qaroperties, ii) if chemistry, element
contents, and turnover rates of forest floors weslated to soil properties, and iii) the
influence of soil properties on decomposition tlylouthe litter quality and the soll
environment.

Chemistry and element contents of forest floorgedifd consistently among seven tree
species along a soil fertility gradient, indicatthgt differences among tree species in inherent
litter quality affected forest floor chemistry andtrient immobilization at both nutrient-rich
and nutrient-poor soils. Microbial access to nieegand phosphorus in forest floors also
differed among five tree species at soils of ddférnutrient status. The great variation in
forest floor carbon content was for the most partsidered to reflect differences in turnover
rate, but differences in litterfall C content coulot be excluded.

Thinning intensity (ranging from unthinned to 50%uathinned basal area) influenced
the chemistry and C, N, and P contents of foresirfl to some extent, but the influence of
thinning was not similarly strong at three differesites. Furthermore, the variation among
sites of different nutrient status was greater thamation due to different thinning intensity.
The differences in forest floor element contentsenmimarily attributed to increased rates of
turnover in thinned stands resulting from a mor®taable microclimate and the presence of
ground flora species.

Soil properties influenced the chemistry of forésdrs, and C contents were negatively
related to soil fertility variables, indicating theates of turnover increased with increasing
nutrient status. Concentrations of P and Ca, pld,sml texture were important soil fertility
variables in the Danish study, whereas C and Nottegnrates in forest floors were positively
related to mineral soil N capital in a study in \Magton, USA. There was an indication that
forest floor element contents and turnover rateseviess affected by soil nutrient status in
some tree species than in others. Soil nutriemtsi@fected decomposition of beeéragus
sylvatical.) leaf litter both through the quality of littand the properties of soil environments.
Decomposition of Norway spruc®itea abiegL.) Karst.) needle litter was not affected by
soil properties through the litter quality, and #féect of soil environment was weak. Nutrient
release from litter of both species was more agfiétty soil nutrient status through the quality
of litter than through the environmental conditions

Forest floors may have implications for nutritiggedological processes, regeneration,
and storage of atmospheric €@he order of priority for these topics determimdsch forest
floor characteristics are considered desirable.] $ooperties influenced forest floors
considerably, but results in this thesis suggdstsit may be possible to manage forest floors
according to different objectives along extensigé gradients by selection of different tree
species and thinning intensities.



Resumeé

Afhandlingen har behandlet indflydelsen af tredauyststyrke og jordbundsegenskaber pa det
organiske lag i skovbevoksninger, dvs. laget aftdudntemateriale akkumuleret ovenpa
mineraljorden. Delstudierne fokuserede pa det ésganlags kemiske egenskaber, maengden
af akkumuleret carbon og naeringsstoffer, samt omegen. Det var hensigten at undersgge
i) om forskellige treearter og hugststyrker pavirldst organiske lag uanset variation i
jordbundens neeringsstofsstatus, ii) om de kemisgenskaber, mengden af C og
neeringsstoffer samt omsaetningen i det organiske Kag relateres til jordbundens
neeringsstofstatus og iii) i hvilken grad jordbunsl@r@eringsstofstatus pavirker omsaetningen
via henholdsuvis litteregenskaberne og jordbundgeil]

Der blev fundet klare forskelle blandt syv treeartegd hensyn til det organiske lags
kemiske egenskaber (C/neeringsstof forhold, pH) &Rumulerede meengder af C og
naeringsstoffer. Disse treeartsforskelle gjorde sgldgnde langs en betydelig gradient i
jordbundens neeringsstofstatus. Treeartsspecifikiterdgenskaber synes dermed at have
betydning for det organiske lags kemiske egenskagemmobiliseringen af naeringsstoffer
pa savel neeringsrige som neeringsfattige jorde.adigeligheden af nitrogen og fosfor for
mikroorganismer i det organiske lag varierede édek blandt fem treearter pa jorde med
forskellig naeringsstofstatus. Den betydelige vammat maengden af C i det organiske lag var
sandsynligvis et resultat af forskelllg omseetnimgsighed, selv om varierende
litterproduktion hos traearterne ikke kunne udeliskke

Hugststyrken (fra ingen tynding til 50% af utyndgundflade) havde i nogen grad
indflydelse pa det organiske lags kemiske egenskadpee ophobede maengder af C, N og P,
men effekten af forskellig hugststyrke var ikkeeligtor pa tre jordbundstyper. Endvidere
varierede meengden af ophobet C, N og P mere blioidiliteter med forskellig
neeringsstofstatus end blandt hugststyrker. Forgkepphobning af C, N og P kan skyldes
forbedret mikroklima og tilstedeveerelsen af enflota i bevoksninger med staerk hugst.

Det organiske lags kemiske egenskaber var ogsi@metdil jordbundsegenskaberne, og
de ophobede maengder C var negativt korreleret met#dllige indikatorer for jordbundens
neeringsstofstatus. Dette antyder, at omseetninggheden var stigende med stigende
naeringsstofstatus. Mineraljordens P og Ca kondemtex, pH samt tekstur var vigtige
egenskaber i det danske delstudium, mens omsadtastggheden for C og N var positivt
korreleret med mineraljordens N indhold i delstudiglfgrt i Washington, USA. Den
akkumulerede maengde C og omsaetningen var dog npdsieket af jordbundsvariation hos
nogle traeearter end hos andre. Jordbundens needfsjasits pavirkede omsaetningen af
bladlitter fra bgg Fagus sylvaticalL.) bade gennem litterens neeringsstofstatus ogegen
jordbundsmiljgets egenskaber. Omsaetningen af tiéidiia redgranRicea abieqL.) Karst.)
var ikke pavirket af forgget naeringsstofstatugtéten, og virkningen af jordbundsmiljget var
svag. Frigivelsen af neeringsstoffer fra bgge- oglgranlitter var mere pavirket af
jordbundstypen som fglge af varierende neeringsstantrationer i litteren end som fglge af
jordbundsmiljgets egenskaber.

Det organiske lag kan have Dbetydning for neerindsigiEngelighed,



jordbundsudvikling, foryngelse og lagring af atnaeskk CQ i skovbevoksninger.

Prioriteringen af disse emner i skovdriften betmbeilke karakteristika, der vurderes som
fordelagtige ved det organiske lag. Jordbundensisbgder havde stor indflydelse pa det
organiske lag, men resultaterne af dette arbejgderp#, at det organiske lag kan modificeres

i henhold til skovdriftens malseetninger pa badeimgsrige og neaeringsfattige jorde gennem
hugststyrken og treeartsvalget.
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1 Introduction

Forest floors consist of the dead aboveground bésndaposited in a layer above the mineral
soil in forest stands. The amount of accumulateghmic matter in forest floors reflects the

ratio between the input, i.e. the rate of litteoguction, and the loss, i.e. the rate of
decomposition (Olson 1963). The stored organic enatbntains nutrients which must be

mineralized during the decomposition process ireotd be available for plant uptake. The

mass and nutrient contents of forest floors arg variable. In some stands, a small amount
of nutrients are immobilized in organic form, who¢her stands may have large amounts of
nutrients accumulated in the forest floor.

Forest floor characteristics and dynamics may hayaications for silviculture and
biogeochemical sustainability of forest ecosysteftands with large forest floors may have a
significant proportion of the nutrient pool stored unavailable form for the vegetation.
Accumulation of large amounts of organic matter mesult in increased acidity of the upper
mineral soil with subsequent consequences for mtodty. However, the effects of forest
floor build-up on mineral soils may not be solebtrimental, e.g. increased weathering rates
of soil minerals due to increased acidity mightcoasidered positive. Deep mor-like forest
floors can also be a problem for regenerationuak $orest floors are less suitable as rooting
media for seedlings than the mineral soil. Latedyher aspects of forest floor carbon
accumulation have attracted interest. The concerncimate change due to increasing
concentrations of carbon dioxide and other greesh@ases in the atmosphere could bring
carbon binding in forest ecosystem, e.g. in thedofloor and the mineral solil, into focus.
Consequently, there may be different views on dmyanmatter storage depending on the
objectives of forest management.

The first studies of forest floors were initiatedchuse of the implications of forest
floors and their morphology for silviculture. Mll€1879) described contrasting types of
forest floors as they occurred in beech forestsveawsl the first to demonstrate the relations to
soil properties and soil formation. He defined niatiest floors as loose, incoherent layers of
organic matter that gradually pass into the mineaill due to intensive activity of the soill
fauna. In contrast, mor forest floors were descriae firm, coherent layers of organic matter
with a sharp boundary to the mineral soil due toyJdtle activity of larger soil animals.
Muller (1884) also noted the influence of vegetatom humus forms in his account of humus
forms under oak andCalluna heath. It was later recognized that vegetationsictemed
predisposed to mor formation might develop moreldtiké forest floors according to the
nutrient status of the mineral soil (Hesselman )92Z6e importance of both vegetation and
properties of the mineral soil for forest floor cheteristics was at the same time addressed in
studies by Bornebusch (1923-25). Hesselman (192§gested that the different forest floor
types were results of different decomposition ratsd in accordance, Handley (1954)
concluded that it was different degradability ofj@amic materials that caused the forest floor
types rather than different rates of litter produrct

Later studies have also attributed differencesl@ment contents and decomposition
rates of forest floors to soil properties (Floreneend Lamb 1974, Staaf 1987,
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Raulund-Rasmussen and Vejre 1995), different ligugality among tree species (Gloaguen
and Touffet 1980, Aber et al. 1990, Muys et al. 299ohansson 1995), and climatic
conditions (Fogel and Cromack 1977, MeentemeyeiBang 1986).

Soil properties are important for the activity adidersity of decomposer species at
different sites due to variation in availability aftrients and variation in environmental
conditions. For instance, fine-textured soils aadssich in exchangeable bases may favour
active, species-rich communities of decomposer rosgas which comprise macrofauna
species like earthworms as well as mesofauna speeid microorganisms (Schaefer and
Schauermann 1990, Raubuch and Beese 1995). Iwdlithe soil type may influence the rate
of organic matter decomposition and nutrient redggterlitzius and Herlitzius 1977, Setala et
al. 1988, 1991). The quality of forest litter asubstrate for decomposer organisms is another
key factor controlling the rate of decompositiorowL nutrient concentrations and high
concentrations of organic polymers as phenols #muinl have been reported to hamper
decomposition and nutrient release (Boerner 1984g B986, McClaugherty and Berg 1987,
Nicolai 1988). Tree species exhibit great variatiorthese properties, but the litter quality
within a single tree species may be affected blysoperties as well (Nordén 1994, Sanger et
al. 1996). Thus, the soil type may influence fofésbr dynamics in two ways: Through the
litter quality and through the soil environment wdditter decomposition takes place.
Coniferous tree species have often been reportbave a less favourable litter quality than
broadleaves (Cole and Rapp 1981, Vogt et al. 1988)this conclusion could be confounded
with the influence of soil type, as conifer speces often found naturally or cultivated on
poorer soils than broadleaves. At a regional scalenatic variation also influences
decomposition. Increasing temperatures may enhdhneeactivity of decomposers, but
moisture conditions must be sufficient at the same (Howard and Howard 1979, Orchard
and Cook 1983, Virzo de Santo et al. 1993, Martiale1997). Within stands of the same
species, the microclimatic conditions may be chdrigfavour of decomposer organisms by
the thinning intensity. Increasing thinning intépsmay lead to increased thermal and solar
radiation and reduced evapotranspiration (Aussdi®®Y) thereby increasing temperatures
and moisture. It has also been suggested thatitigimmcreases litter nutrient status. This was
attributed to reduced competition for nutrients thg roots of the trees remaining after
thinning (Carlyle 1995, Hokka et al. 1996). Inciedsumbers of earthworms and other soll
fauna species were also reported as a resultrafitig (Bornebusch 1933, Scohy et al. 1984),
possibly due to development of a herbaceous grdlamd and due to improved moisture
conditions. These effects of thinning may influetice decomposition rate positively (Piene
and Van Cleve 1978, Kim et al. 1996) and lead de@eased forest floor mass (Wollum and
Schubert 1975, Carey et al. 1982). However, nacefféthinning intensity was also reported
by Will et al. (1983). The possible influences ofet species, thinning intensity, and soil
properties are summarized in Fig. 1.

Some of the above-mentioned factors .(esgil and macroclimate) are permanently
associated with a site and cannot be modified bgstomanagement to any great extent.
However, tree species is a factor which may be fisafjiand the stand climate may possibly
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be managed by thinning operations as well. Thetguesemains, to what extent can forest
floors be managed by the selection of tree spesmesby the thinning intensity while the
“fixed” factors also influence forest floor chareastics? For instance, the effect of changing
tree species or of increased thinning intensityhtnigpt be strong enough to result in faster
turnover at soil types predisposed to pronouncedraalation of forest floor organic matter.

TREE SPECIES

Specific (genetically determined)

litter quality -\

THINNING INTENSITY
1) Modifies tree species-specific
litter quality

2) Microclimatic conditions
(temperature, moisture)

Litter quallty
at a site

Accumulation/decomposition
in forest floor

Soil conditions for
litter decomposition

SOIL PROPERTIES

1) Modify tree species-specific
litter quality

2) Physical and chemical
environment for decomposers

Fig. 1. Possible effects of tree species, thinning intgnand soil type on accumulation and
decomposition of organic matter in forest floors.

2 Objectives
The objectives were to explore the effects of pecies and thinning intensity on forest
floors at sites that differed widely in nutrientts, and to examine the influence of soill
properties. Focus was on quality and quantity aspedorest floors, i.e. chemistry and stored
amounts of elements, but rates of turnover andemitrelease were also studied.

The following hypotheses were addressed:

. Tree species affect the chemistry, element contamd turnover rate of forest floors
along gradients in soil nutrient status.

. The thinning intensity influences i) the chemistoy forest floors and ii) the
accumulation of carbon and nutrients in forestri$oat different soil types.

. Soil nutrient status affects forest floor chemisaigment contents, and turnover rate.

. Soil types influence decomposition and nutrieneaske i) by modifying the inherent
litter quality of a tree species and ii) by offeyidifferent physical and chemical
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conditions which affect the activity of decomposgeganisms.

Effects of tree species have often been studiedirwgingle sites or at very few sites
which also differed in other site properties thaih sutrient status. As the soil type influences
forest floors as well, this has made it difficudt conclude whether an effect of tree species
was independent of soil type. Forest floors ofetéht tree species might respond differently
to variation in soil nutrient status, e.g. the elifince among species could be greater at
nutrient-rich soils than at nutrient-poor soilsilSmtrient status varies greatly within a small
geographic area in Denmark, and the topographylas fhis provides an excellent
opportunity of examining effects of tree specied #mnning intensity in combination with
effects of soil properties within a fairly similalimatic regime.

Paper | focused on the effect of tree species on foresirfchemistry and element
contents along an extensive gradient in soil notrgtatus. Forest floors were sampled on an
area basis and were chemically analysed. Forast ¢leemistry and C content were related to
soil nutrient status.

Within stands of the same tree species, thinningraipns may be a means of
increasing the forest floor turnover rate by cregt more favourable microclimateaper I
presents the effects of different thinning intaesiton chemistry and C, N, and P contents of
Norway spruce forest floors sampled on an aressbakie studied thinning intensities ranged
from unthinned stands to stands with 50% of untlthbasal area. The effects of thinning
were studied at three sites with different soilgaies in order to examine whether an effect
may be achieved at sites with different soil nulrigtatus.

The influence of soil properties on decompositiod &rest floor element contents may
be associated with variation in litter quality amith variation in the environmental conditions
for decomposer organismbl paper Il the influence of soil type on decomposition and
nutrient release was partitioned into an effecsaf-mediated litter quality and an effect of
incubation environment for beech and Norway spiitie using the litterbag technique.

Nitrogen is an important growth limiting nutrient imany forest ecosystems, and
cycling and availability of N are therefore essahéicosystem characteristics. It is generally
considered that rates of nitrogen turnover are nrayad on sites with inherent high
availability of N than on sites poor in nitrogenytlihis concept is mainly based on studies
including different tree species. paper IV it was explored whether N turnover rate and N
availability in forest floors increase with incr@asg soil N capital within stands of a single tree
species. Nitrogen turnover rates were estimatad the ratio between litterfall N content and
forest floor N content.

Chemical analyses of forest floors by extractiomligestion methods as in papers | and
Il may not be the best parameters in relation togical activity in forest floorsPaper V
presents the results from a bioassay using regpiredte response in order to characterize the
microbial availability of nitrogen and phosphorasforest floors of five different tree species.

Manipulation of soil nutrient status, e.g. by fizaition and liming, was not included in
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this thesis, but the short-term and long-term éffexm nutrient mineralization and turnover
rates were considered in other studies (VestemthlRaulund-Rasmussen in prep., Chappell
et al. 1997).

3 Materials and methods

3.1 Tree species and sites

The studies concentrated on forest floors in moltoi stands of seven tree species: The
conifers Norway sprucd’(cea abiegL.) Karst.), Sitka sprucd”{cea sitchensigBong.) Carr.),
Douglas-fir Pseudotsuga menziegivlirb.) Franco), grand fir Abies grandisLindl.), and
lodgepole pineRinus contortaDougl.) and the broadleaves beeBladus sylvaticd..) and
common oak Quercus roburl.). Effects of tree species and soil propertgepérs I, 11l and

V) were studied in a tree species trial with evegedastands of the above-mentioned tree
species replicated in a regular design at sitek diiferent soil nutrient status (Holmsgaard
and Bang 1977). The influence of thinning intengpgper 1l) was studied in a permanent
thinning trial in Norway spruce replicated at threetritionally different sites. Nitrogen
cycling within a single tree species (paper 1V) veaamined in nine Douglas-fir stands along
a gradient in soil N capital in coastal Washingama Oregon, USA.

3.2 Sampling of forest floors and litterfall

Forest floors were sampled randomly for chemicalysis and determination of element
content (papers |, 11, 1V). Forest floors were ected on an area basis (ten 25x25 cm samples
(papers | and 11) or five 30x30 cm samples (pap@rper stand). All forest floor subhorizons
were pooled (papers | and IV) or were divided iattitter layer and a fermentation/humus
layer fraction during sampling (paper Il). For tlespiration rate bioassay (paper V), newly
shed litter was removed, and only partially decosegpbforest floor material was sampled.
Care was taken not to include mineral soil andetaave twigs, cones/fruits, roots, moss and
any other vegetation. Litterfall (paper IV) was leoted bimonthly during a year using ten
0.135 nf plastic trays with fiberglass screen in the bottom

3.3 Litterbag technique

Decomposition of beech and Norway spruce foliatjerlas affected by soil type was studied
in an experiment using reciprocal transplantatiéritterbags (paper 1ll). The beech and
Norway spruce litter was collected in adjacent dsaat three sites of different nutrient status
and was enclosed in polyester net bags measuring 18 cm with a mesh size of 1 fim
Litter from the three sites were incubated in staofidthe respective tree species at each of the
three sites in order to examine the effect of déife litter qualities and the effect of different
incubation environments due to variation in soitrimnt status. The litterbags were fastened
to the forest floor according to a randomized bldekign (Johansson 1994). Litterbags were
collected twice a year during 2.5 years. Conceotnatof nutrients, lignin, and water and
ethanol extractable substances were determinedhen fitesh litter. Mass and nutrient
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concentrations in residual foliage litter were deti@ed at each collection.

3.4 Respiration rate bioassay

The bioassay for potential microbial N and P avmlity (paper V)used respiration rate as
response to addition of glucose together with N Bnih different doses (Nordgren 1992).
Respiration rate was measured at@My a conductometric method in which evolved,CO
was captured by a potassium hydroxide solution dian 1988). The conductivity of the
solution was measured hourly, and the decreasenductivity was converted automatically
to respiration rates.

3.5 Methodological considerations in relation to ttnover rate estimates

The forest floor turnover rate expresses how fatgr lis decomposed. Decomposition of
organic matter and the contemporary mineralizabbbmcorporated nutrients were studied by
use of more or less direct methods. For instaree fdarest floor C content may serve as a
rough indicator of forest floor C turnover rate.wver, this does not take into account that
the forest floor C content reflects a dynamic aftilm between the rate of litter C
production and the rate of C turnover. Consequetrile relative estimates of turnover rate
are only provided by forest floor C content in casesimilar litterfall C contents among the
compared stands. In paper Il litterfall C was asstirto be fairly similar among thinning
treatments and sites based on comparable stem @oharements (Miller 1984). Also, it was
considered unlikely in paper | that greater litdiriC content was responsible for larger C
accumulation at nutrient-poor sites than at nutsie sites. In such cases, forest floor C
contents may provide an indication of turnover difeerences. In contrast, it is more difficult
to deduce turnover rate differences among treeiespéom C accumulation (paper 1), as tree
species with very different stem volume productiomght differ significantly in litter
production.

A better indication of turnover rate differencesynsansequently be obtained by relating
the accumulated amounts of C to the annual litte€f@ontent. This estimate of turnover rate,
the litterfall/forest floor ratio (LF/FF ratio), ngabe calculated with the following formula
according to Olson (1963).

wherek is the turnover rate constant, L is the annuadrfidgil and Xsis the amount of organic
matter accumulated in the forest floor at the soiface. This ratio expresses the proportion of
the forest floor mass decomposed annually, asassimed that stands have reached steady
state, i.e. that annual litter production equaés@amount of forest floor decomposed per year.
Litterfall should ideally be continuously distrilmat though the year. This method takes into
account that rates of turnover may differ betwetamds with the same forest floor mass if
rates of litter production are different. Turnovetes for C and N were estimated by this
method in paper IV by relating litterfall elemerintent to forest floor element contents.
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Drawbacks of the method are that it may, in factligate the rate of disappearance from
forest floors rather than the decomposition ratee ihcorporation of forest floor material into
the mineral soil may be appreciable at sites witaertburrowing macrofauna species. Further,
the method does not enable studies of specifer Amples during decomposition.

The most direct indication of turnover rate difieces may be obtained with the
litterbag technique which was used in paper lllisThethod follows specific samples of litter
and enables studies of dynamics in mass loss ammurelease. On the other hand, this
method has a drawback compared to the LF/FF ragithoa due to the confinement of litter
in net bags. The microenvironment may be differieiside the litterbags (e.g. moisture
conditions), and macrofauna species are often d&dilby a small mesh size (Johansson
1986).

4 Results and discussion

4.1 Tree species

4.1.1 Forest floor chemistry

The chemistry of forest floors was clearly relatedtree species, and there were distinct
differences along an extensive gradient in soitiant status (paper ). The most acid forest
floors were found in lodgepole pine, Sitka spruzak, and Douglas-fir. Lodgepole pine, and
to some extent also Sitka spruce, tended to hawehighest forest floor C/nutrient ratios,
whereas oak, beech, grand fir, and Norway sprucee wieher in P, Ca, Mg, and K in
proportion to C. The influence of tree species waasistent although properties of the
mineral soil varied greatly. This suggests thaenent differences in litter quality among tree
species was an important factor for the qualitjooést floors. In paper Ill, litter of beech and
Norway spruce was collected at three of the seites sicluded in paper I. The quality of
spruce litter tended to be less favourable than gbality of beech litter at the three
nutritionally different sites (lower nutrient andgher lignin concentrations). Accordingly,
forest floor C/Ca, C/Mg, and C/K ratios were slighbut not significantly, higher for spruce
than for beech. The chemistry of forest floors mhaya result of both litter chemistry and
nutrient dynamics during the decomposition process.

The variation in forest floor chemistry indicateduht tree species may offer different
conditions for decomposer organisms. While forkegirs were characterized in paper | by use
of traditional chemical analyses, the microbial NdaP availability in forest floors was
assessed in a bioassay in paper V. Total analysiseatraction analysis are often used to
describe the quality of organic matter for decongp@sganisms by means of certain indicator
parameters. However, these parameters do not metggsovide information about nutrient
availability to microorganisms. The purpose of Hieassay was to gain information about N
and P availability from a functional point of vie&mong five tree species (oak, beech, Sitka
spruce, Norway spruce, and Douglas-fir), forestriboof oak had the highest microbial N and
P availability. Norway spruce forest floors had tberest N and P availability, but did not
differ much from Sitka spruce, Douglas-fir and deethe bioassay results were consistent
with the result in paper | that oak forest flooedha relatively favourable P status, but the
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differences in microbial N and P availability betmeoak and the other tree species were
much greater than indicated by differences in QAN @/P ratios in paper I. Apparently, other
factors than total N and P concentrations were mgaortant for the microbial access to N
and P. The microbially available N and P fractienplained differences in basal respiration
rate better than the traditional indices of N andt&us in paper |, i.e. C/N and C/P ratios.
This suggests that total amounts of N and P migitthe the only important factors for
microbial activity. The forms of N and P, espegidhe degree of N immobilization due to
reactions with polyphenols (Kelley and Stevensof@5)9might be a contributing factor as
well.

4.1.2 Forest floor element contents and turnovee ra

Forest floors of seven tree species replicatee\arssites had very different contents of C, N,
P, Ca, Mg, and K (paper 1), i.e. the tree specfescted nutrient immobilization differently
along an extensive soil fertility gradient. Lodgkppine forest floors, exhibiting the highest
C/nutrient ratios and the lowest pH values, alsuanilated the largest amounts of C, N, and
P. Oak and grand fir accumulated the smallest atsooh C and nutrients. Inherent tree
species properties were thus also important fanetg storage irrespective of soil nutrient
status. These results support the general beligfflurence of tree species achieved in studies
conducted at single soil types or at soil typesnofe similar nutrient status (Gloaguen and
Touffet 1980, Alban 1982, France et al. 1989, Sod &ower 1992, Eriksson and Rosén
1994).

An indication of turnover rate differences may kexluced from the variable C contents, if
litterfall rates were comparable among tree spetigterfall rates were not available for all
49 stands, but Miller (1984) found that foliageeditall could be expressed as a function of
stem volume increment for different tree speciesi@la boreal-tropical climate gradient. The
deciduous tree species had lower stem volume iremerthan the conifer species, and
litterfall rates could therefore have been lowen.tdable 1 shows average C contents in
foliage litterfall for seven stands of each treeses derived from stem volume increment
during 10 years according to the relationship psegoby Miller (1984). Turnover rate
estimates were subsequently calculated by the LRES method using the derived litterfall
rates. Reservations have to be made concerningagbemptions about steady state and
continuous litterfall. Due to relatively low stemlume increment at all sites, derived rates of
litterfall were distinctly lower for oak and bee¢han for conifers. Beech and oak were
consequently ranked lower in turnover rates thgreeted from forest floor C contents, while
the highest turnover rates were estimated for gfandue to low forest floor C contents in
combination with high stem volume increment. ThgdaC contents of lodgepole pine forest
floors suggested this species had slow turnovet,this was supported by the turnover rate
estimate. Turnover rates were also estimated by FfAeF ratio method in five tree species at
Ulborg (nutrient-poor site) and Frederiksborg (rartt-rich site) using available litterfall data
(Table 1). The litterfall C contents derived frotera volume increment appear too high for
the conifers compared with measured litterfall @teat, while derived litterfall C content for
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the less productive species oak tends to be tooToe two litterfall estimates for beech were

more in keeping with each other. Thus, the littéri@easurements suggested less variation
among tree species in foliage litterfall C contddviations in litterfall estimates were most

critical for turnover rate calculation at Fredebksg due to the low forest floor C contents.

Turnover rates based on measured litterfall wemreseguently lower for the conifers and

higher for oak than turnover rates based on derintedfall. Forest floor C content appeared

to be more variable among tree species than mehbtiegfall C content. For these seven tree
species, forest floor C contents may provide aarasle indication of differences in turnover

rate.

Table 1 also shows turnover rates based on aeabligterbag study with native litter
incubated in beech and Norway spruce stands at tbfdhe seven sites (paper lll). The
litterbag study revealed only small differencegumover rate for beech and Norway spruce
litter, and differences in turnover rate were mokeeping with differences in C accumulation
between tree species at all three sites. Beedr biécomposed faster than spruce litter at
Lgvenholm, but the inverse pattern was found atokgjb Differences between beech and
spruce turnover rates in litterbags were thus oonsistent among the three sites.
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Table 1. Average C content of forest floors of seven treecgs and turnover rates based on
increment-derived C content in foliage litterfallurnover rates based on increment-derived
litterfall are also shown for selected tree speaig®ur of the seven sites for comparison with
turnover rates based on measured litterfall antbiter rates based on the litterbag technique.

Derived Turnover  Measurédlfurnover Litterbag

C content litterfall C  rate litterfall C  rate  Thover raté
(Mg ha') (Mg ha'yr") (yr) (Mg ha' yr') (yr?) (yr?)
Average of 7 sites
Oak 2.94 0.84 0.66
Grand fir 5.81 2.93 0.97
Beech 7.25 1.09 0.29
Douglas-fir 8.07 2.32 0.44
Norway spruce 11.09 2.42 0.31
Sitka spruce 11.25 2.78 0.31
Lodgepole pine 17.31 1.84 0.11
Ulborg
Oak 6.10 0.47 0.08 1.21 0.20
Beech 19.26 0.76 0.04 1.09 0.06 0.23
Douglas-fir 15.92 2.10 0.13 0.88 0.06
Norway spruce 19.78 1.44 0.07 0.98 0.05 0.27
Sitka spruce 20.69 2.49 0.12 1.82 0.09
Frederiksborg
Oak 1.51 1.10 0.73 1.77 1.17
Beech 2.92 1.43 0.49 1.41 0.48
Douglas-fir 2.34 2.76 1.18 0.90 0.38
Norway spruce 4.54 2.75 0.61 1.49 0.33
Sitka spruce 7.21 3.00 0.42 1.80 0.25
Christianssaede
Beech 2.57 1.32 0.51 0.32
Norway spruce 6.33 2.84 0.45 0.30
Lavenholm
Beech 3.50 1.07 0.30 0.40
Norway spruce 5.97 2.41 0.40 0.28

! foliage litterfall = (stem volume increment)*0.1780.173 (model based on data used by Miller
(1984)).
Carbon concentration estimated at 50%.

2 J. Bille-Hansen, Danish Forest and Landscape Reséastitute, unpublished data.

® Turnover rates for a 2.5 year period estimatetiguai negative exponential modé, = e ™, where
X/IX, is fraction mass remaining at tinigyears), and is the decomposition rate constant (Olson
1963). Decomposition in litterbags followed a fiostler kinetics in all six standp € 0.001).
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4.2 Thinning intensity

4.2.1 Forest floor chemistry

Forest floor chemistry differed only little alonggeadient in thinning intensity (paper 1), but
C/N and C/P ratios tended to be lowest in soméefstrongly thinned stands, whereas pH
tended to be highest in these stands. A more fabteirforest floor chemistry in thinned
stands may be due to a more nutrient-rich litter,campetition for nutrients among the
remaining trees is reduced. This effect of thinniraye been reported from other studies
(Carlyle 1995, Hokka et al. 1996). However, it vadéso noted that increased thinning intensity
led to development of a ground flora, which coutdieh forest floors through production of
nutrient-rich litter. The ground flora developing a consequence of thinning was most
vigorous and rich in herbs at the nutrient-ricle sithereas grasses dominated the ground flora
at the most nutrient-poor site. In conclusion, ¢fiect of thinning on forest floor chemistry
appeared to be limited compared with the differanaghemistry among sites.

4.2.2 Forest floor C, N, and P contents

The C and P contents of forest floors were neggtiredated to thinning intensity, and the
correlation between N content and thinning intgngiais nearly significant too. Carbon, N,
and P contents tended to be differently affectethinning at the three investigated sites. The
strongest influence of thinning was found at therieat-rich site with little C, N, and P
accumulation, whereas the effect of thinning appedo be obscured by other site-specific
factors at the most nutrient-poor site with theaggst C, N, and P accumulation. The variation
between thinning treatments within sites was muuohller than the variation between sites,
suggesting that C, N, and P contents of forestdlooay be managed only to some extent by
thinning intensity. The different forest floor Crtents were for the most part attributed to
different turnover rates, as litterfall rates prolyawere comparable considering that annual
increment was approximately the same (Miller 1984h).detail, however, needle litter
production could be lower in the strongly thinnéahsls because of decreased canopy closure
at times, and there might also be a smaller inpubat litter, as the root mass in forest floors
decreased with increasing thinning intensity. Tingtéd influence of thinning intensity on
forest floor chemistry could indicate that fasternbver was caused by a more favourable
microclimate (Aussenac 1987) rather than by ancefté thinning on litter quality. The
ground flora in thinned stands may also have atipestffect on the turnover rate. Mixing of
the Norway spruce litter with more favourable stdists for decomposer organisms might
increase the species diversity and activity, amtsequently lead to faster turnover (Chapman
et al. 1988, Taylor et al. 1989). A more herb-mgechund flora in strongly thinned stands at the
rich site might contribute to faster turnover thairthe more poor sites with grass-dominated
ground floras.

4.3 Soil properties
4.3.1 Forest floor chemistry
Forest floors differed in chemistry along gradientsoil nutrient status (papers | and Il). pH,
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C/P, C/Ca, and C/K ratios in forest floors werated to pH, and concentrations of P, Ca, and
K, respectively, in the mineral soil (paper I). deasing soil pH was associated with increasing
forest floor pH, and increasing soil nutrient statvas associated with decreasing C/nutrient
ratios in forest floors. These relationships wenenfd for seven tree species, and indicated that
soil nutrient status affected forest floor quaMariables positively, probably owing to an
effect of soil nutrient status on litter qualityhd litter quality of beech and Norway spruce
varied considerably with respect to nutrient com@ions at three sites covering the same
gradient in soil nutrient status (paper lll). Natri concentrations were for the most part
related to soil nutrient status. In Washington, USAconcentrations in Douglas-fir needle
litter were also positively related to mineral sdil capital (paper IV). In contrast, N
concentrations in the American forest floors weegatively related to mineral soil N capital
implying that forest floor N concentrations not als reflect litter N concentrations.
Vegetation at N-poor sites may produce litter wehhigher amount of phenolics than
vegetation at N rich sites (Gosz 1981, Flanagan \&aa Cleve 1983). Low C/N ratios in
forest floors on N-poor soils may consequently deaelated to reactions between amino-N
and phenolics (Fog 1988; Kelley and Stevenson 19@Sulting in higher N retention in
forest floors and lower C/N ratios. Consequentli\l €atios may not be the most appropriate
indicator of N availability. Accordingly, the biosasy for microbial N availability did not
correspond with differences in C/N ratios amongssijpaper V). Microbially available N and
respiration rates tended to be lowest at the site lawest forest floor C/N ratios. Again, this
guestions the general applicability of forest fl&IN ratios as predictors of microbial activity.
Microbial P availability to some extent reflectenll$ status and forest floor C/P ratios. The
bioassay indices for N and P availability explaitieel variation in respiration rate better than
KCI extractable N, C/N ratios or C/P ratios. Theads to the conclusion that bioassays for
nutrient availability may provide better indicat®mwf factors limiting rates of turnover in
forest floors at different soil types.

The root mass in Norway spruce forest floors inee€la considerably from a
nutrient-rich to a relatively nutrient-poor soilhi§ occurred both within unthinned and
strongly thinned stands (paper IlI). Gadgil and @Ea@P71, 1975) proposed that roots
associated with mycorrhizal fungi were able to cetap effectively with free-living
saprophytic microorganisms for nutrients in forfésbrs, thereby suppressing overall turnover
rates. This hypothesis was not supported by ZhuEmenfeld (1996), in fact mycorrhizal
roots were found to stimulate mass loss and rowotsndt withdraw nutrients directly from
litter. Nevertheless, the pattern in C/P ratioditter and humus layers of the forest floors in
paper Il prompted speculation whether roots infageh the conditions for saprophytic
organisms. C/P ratios were consistently highestenlitter layer at the two most nutrient-rich
sites, and this pattern was attributed to microipmhobilization of P during decomposition as
also observed in the litterbag study (paper IH)spite of high C/P ratios in the litter layer at
the nutrient-poor site (600-700), C/P ratios weignificantly higher in the humus layer
indicating that P should be mineralized faster t@amhis appeared unlikely with such high
C/P ratios (Harrison 1987) but the relative dea@aas® might have been caused by selective
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decomposition or extraction of P by mycorrhizalteodn the light of the large root mass in
forest floors at this relatively poor site and répdhat mycorrhizae produce specific enzymes
for P mineralization (Haussling and Marschner 198®@hton 1991), this could provide an
explanation for the pattern in C/P ratios.

C/N ratios were consistently highest in the litegrers at all three sites, suggesting that
N was retained longer than C during decomposit®mahe litterbag study (paper 1ll). Thus,
there was no indication of selective N extractibargy of the three sites.

4.3.2 Forest floor element contents, turnover rate] nutrient release

Forest floor element contents varied consideralbbng gradients in soil nutrient status
(papers | and Il). Carbon accumulation in the fofesr was negatively related to mineral
soil fertility variables such as P and Ca concéiatng, pH, and fineness of soil texture (paper
), thereby supporting the hypothesis that soilrieat status affects accumulation of C and
nutrients in forest floors. However, forest flomfsoak and lodgepole pine tended to deviate
from this pattern. Lodgepole pine forest floors hiael highest C content of all species, and the
C content did not decrease with e.g. increasing’sand Ca concentrations. Oak forest floors
had the lowest C content, and it increased less@eontents of beech, grand fir, Douglas-fir,
Norway spruce, and Sitka spruce with decreasingredrient status. It was suggested that
less C accumulation at nutrient-rich sites couldniberpreted as faster turnover since litterfall
would be expected to increase with increasing fawiility rather than the opposite. This
expectation was supported by litterfall C contergasured at two of the sites with very
different nutrient status (Table 1). However, irgoutf root litter could be highest at the
nutrient-poor sites (paper II).

Soil N concentration was in paper | unexpectedintbto be positively related to forest
floor C content, but the positive correlation waggumably a result of high N concentrations
in soils that were poor in other nutrients. In cast, paper IV reported that forest floor C
content in Douglas-fir forests in Washington tentledbe negatively related to soil N capital
(Mg N ha'), and forest floor N content was significantly atigely related to soil N capital.
The positive correlations between soil N capitadl aates of C and N turnover were even
stronger, and rates of turnover were also negatinedhted to C/N ratio in the mineral soil.
Contrary to the Danish study (paper I), there waoesignificant relationships between C
accumulation or C turnover rate and other soililigrtvariables than N capital in the
Douglas-fir forests in Washington. However, thegswvan indication that soil texture could be
of some influence too. This difference between isgidorobably reflects that soils in
Washington were rich in P, and that gradients inapld exchangeable bases were smaller and
less important than the N gradient. C/N ratiositterfall and forest floors varied more in
Washington, and the level of C/N ratios indicatiedttN status was lower than in Denmark.
Papers | and IV both lead to the conclusion thdtradrient status may affect forest floor
element contents and element cycling, although ctheracteristics of soil gradients were
different.

It was hypothesized that this effect of soil nuttistatus on organic matter accumulation
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and turnover rate in forest floors could be dué fdter quality differences as also indicated
by the variable chemistry of forest floors, anddifferences in the soil environment affecting
the activity of decomposers. These effects of sairient status on decomposition were
studied in two tree species by separating the tsffe¢ soil type into an effect of soill
type-mediated litter quality and an effect of tlwal £nvironment (litterbag incubation site)
(paper 1lI). Decomposition of beech litter was piosly affected by soil-mediated litter
quality, whereas there was no effect of varyingriant status in litter of Norway spruce.
Decomposition was positively affected by incubatsie nutrient status in both tree species,
but the effect was weak for spruce litter. Thestedinces between beech and Norway spruce
decomposition led to the same conclusion as inmphpet C storage and turnover rate in
different tree species may be variably affecteddai/nutrient status. The litter quality, e.g. the
concentrations of recalcitrant compounds, couldsbeunfavourable in tree species like
Norway spruce and lodgepole pine that increasedemtitconcentrations are insufficient for
microorganisms to decompose faster.

Nutrient release from the decomposing beech andvilospruce litter did not solely
reflect mass loss. The influence of soil type otriant release was primarily due to the effect
of soil type on litter nutrient concentrations (pagll). The nutrient status of litterbag
incubation sites had little or no effect, and raritirelease was not consistently related to the
soil nutrient status at the sites. The soil typebpbly affects nutrient release more through the
litter quality than through the physical and cheahmonditions offered for decomposers when
nutrient release is not limited by physical breakdf litter. However, it is possible that the
influence of soil-induced litter quality on nutrierelease decreases during later stages of
decomposition, whereas the importance of the swnilrenment may increase (McClaugherty
et al. 1985). Sites with inherent high availabild/nutrients are often believed to have fast
nutrient cycling. Gosz (1981) hypothesized thae$ts at N-rich sites produce N-rich litter
leading to rapid decomposition and mineralizatibiNpwhile forests at N-poor sites produce
N-poor litter which decomposes slowly and releases N slowly. The study in paper IV
tested the hypothesis that this positive feedbamlldvalso apply within a single tree species,
and found that rates of N turnover in forest flooksreased with increasing soil N capital.

Turnover rate estimates based on the LF/FF ratimguseasured or derived litterfall C
contents and turnover rate estimates based onitthebdg technique did not correspond
equally well among soil types (Table 1). Litterbagnover rate estimates corresponded
reasonably well with LF/FF ratio turnover ratesLavenholm, but litterbag estimates were
lower at Christianssaede and much higher at Ulbloag LF/FF ratio turnover rates. Lower
estimates of turnover rate with the litterbag teghe at Christiansseede may be due to
exclusion of macrofauna species, e.g. earthworng;hvmay speed up decomposition and
burrow forest floor material in the mineral soilt@8t 1983). Johansson (1986) reported that
the litterbag technique tended to underestimateotter rates at nutrient-rich sites inhabited
by macrofauna species compared with the LF/FF ratethod. The higher LF/FF ratio
turnover rate may therefore partly result from irsobn of macrofauna activity in this estimate.
This may in fact lead to overestimation of forésdf turnover rates at rich sites, as burrowing
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of litter in the mineral soil does not imply thaetlitter is decomposed at the same time. Too
high estimates may also have been achieved witlh.FHeF ratio method, if the stands were
not approaching steady state yet. However, usiadittlerbag turnover rate estimatds, ©5%

of steady state would be attained after approxilypdi@ years (3() at Christianssaede (Olson
1963). The large difference between litterbag aR¢FE ratio turnover rate estimates at the
poor site Ulborg emphasizes how turnover rate edéemay differ between a method which
measures early-stage decomposition (litterbags) aamdethod which integrates the whole
decomposition process. The results suggest thabvtar rates are not constant at Ulborg
through all stages of decomposition, as in a negaxponential model. Decreasing turnover
rates with time were also found by Johansson (1986)Scots pine Rinus sylvestrid..)
needle litter. Turnover rates could therefore bghlyi overestimated if only early-stage
decomposition is considered. Another reason foreloturnover estimates with the LF/FF
ratio method may be that roots contribute withgniicantly larger litter input to the forest
floors at the poor site Ulborg than at the richerss(paper II).

4.3.3 Phosphorus and forest floor characteristics

Some of the studies have pointed at P as an impastal property in relation to forest floor
chemistry, C content, and turnover rate in Denn{pdpers I, I, and IIl). Forest floor C/P
ratios were related to mineral soil P concentratioand P concentrations in beech and
Norway spruce litter accordingly varied consideydidtween soils of different P status (paper
l). Soil P was also among those soil fertilityriadles which best explained the variation in
forest floor C content (paper 1). In the litterbatydy (paper Ill), C/P ratios in beech and
Norway spruce litter exhibited a characteristic \anging trend during decomposition
towards C/P ratios of 400-500. Such a convergiegdrwvas also reported Rustad and Cronan
(1988) and Prescott et al. (1993). Litter with iadly low C/P ratios (200-400) had fairly
constant ratios or decreased slightly in P relativ€, while litter with initially high C/P ratios
(900-1000) increased considerably in P relativ€tdn the most P-poor beech litter, P was
not only retained relative to C, but was also inipdrfrom external sources. This pattern may
indicate that P concentrations in fresh litter waxgufficient for microorganisms at the most
P-poor site, and P deficiency could be one of dasons for slower decomposition at this site.
Soil P concentrations were also among those soesties which best explained the variation
in forest floor C content.

Another feature was the C/P ratio patterns encoedtein litter layers and
fermentation/humus layers of forest floors in thimning trials at three sites of different soil P
status (paper II). It was hypothesized that thesimrable mass of roots in forest floors at the
most P-poor site through mycorrhizal associatiomghtnbe able to access organic P. This
would be an effective method for the trees to emmeent the litter - nutrient pool - plant cycle
without involving free-living saprophytic organisniBighton 1991), and it would enable the
trees to compete effectively for P. The questiomai@s, however, what implications the
competition between mycorrhizal fungi and freedtyidecomposers could have for cycling of
other nutrients and for C storage. Gadgil and Gdd§i71, 1975) and Parmelee et al. (1993)
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suggested that nutrient and moisture competitidwdsen mycorrhizal roots and free-living
decomposers could lead to suppression of freeglide@composers. The apparent P depletion
of forest floors by mycorrhizal roots may have poted accumulation of C and other
nutrients in forest floors at this relatively P-paite.

The bioassay for microbial availability of N and(Paper V) indicated that a much
greater proportion of total P than of total N wadentially accessible to microorganisms in
partially decomposed forest floor material. Wheraasno-N may react with polyphenols,
thereby becoming unavailable for microorganismsllifégeand Stevenson 1995), greater
potential availability of total P could be due tes$ immobilization in such recalcitrant
compounds. The microbial P availability tended #flect the P status of soils, but P
availability differences were much smaller thaneotpd from soil P concentrations and forest
floor C/P ratios. This calls for further studiestbé relationship between a conventional forest
floor quality variable as the C/P ratio and micedlactivity.

5 Perspectives

The studies demonstrated that tree species angrepiérties are important factors to consider
when estimating C storage in forest floors, and ttianing intensity was also found to
influence C storage to some extent. Forest flo@ratteristics are relevant in relation to
nutrient cycling, pedological processes, regenamatuccess, and also in relation to their
potential as sinks for increasing atmospheric, @&els. Soil properties are permanently
associated with a site and can only be modifiedaime extent, e.g. by fertilization, liming,
and tillage, whereas different tree species maysdlected by forest managers, and the
thinning intensity may be altered by managementels

5.1 Nutrient cycling

Stands with large forest floors may have a sigaiftgoroportion of the nutrient pool stored in
unavailable form for the vegetation (Buttner 199A]. nutrient-poor soils, forest floors
immobilized the greatest amount of nutrients duesltonv turnover (paper I, I, 1lI, V).
However, in forests at nutrient-poor soils fastlieyg of nutrients would be desirable in order
to maintain a stable supply of plant available ieats. A positive effect of tree species on
remobilization of nutrients would therefore be qfesial interest at such sites, and this
emphasizes the need for extensive soil gradiergtutty tree species effects. Some of the tree
species included in this work exhibited consistéiffierences in element storage along an
extensive gradient in soil nutrient status. Thefects were attributed to inherent differences
among tree species in litter quality which weremtained along the soil gradient. Litterfall C
contents were smaller for deciduous than for cooife species when derived from stem
volume increment, but measured litterfall in fivietloe tree species at two sites suggested that
tree species were more similar with respect terfédl C contents (Table 1). Consequently,
turnover rates for C and nutrients must be affetigdree species along the gradient in soll
nutrient status. Both at fertile and less fertddss selection of different conifers for planting
could result in different rates of nutrient cyclimspd in the end lead to varying nutrient
immobilization in forest floors. For instance, ssien of grand fir would lead to less
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immobilization of nutrients in forest floors thaalection of Norway spruce, Sitka spruce or
lodgepole pine. There was some indication of imtgva between effects of tree species and
soil nutrient status. Lodgepole pine differed frtme other species by accumulating equally
large amounts of C irrespective of soil nutriergtss, and oak had low and more constant
forest floor C contents than other tree speciesgatbe soil gradient. Assuming that litterfall
was comparable among tree species, turnover rateglvibe relatively slower in lodgepole
pine with increasing soil nutrient status, wherea& stands would have relatively faster
turnover than other tree species with decreasifgnstrient status. However, there was no
evidence that the influence of tree species wa®rgéy smaller at nutrient-poor than at
nutrient-rich soils. The results suggest that iehertree species properties also makes it
possible to manage for fast remobilization of reutts at infertile soils, where extensive
accumulation of organic matter may immobilize atiekly large amount of the nutrient pool.

5.2 Soil formation.

Several studies have found that mineral soil prtoggerwere affected by tree species as
reviewed by Binkley (1995). For instance, differesdn mineral soil C content may develop
in the long-term under the influence of differerget species. This could be due to greater
incorporation of forest floor C in some specieg, girough burrowing activity of earthworms
(Judas et al. 1997), but Son and Gower (1992) maittfibuted tree species differences in
soil C concentration to differences in root litpgoduction. The considerable variation among
tree species in forest floor mass and chemistrpgpd may also influence mineral soils
(Nihlgard 1971, Binkley and Valentine 1991). Nagmpet al. (1993) reported that sandy soils
of the same origin were more acid under spruce tingler oak due to differences between the
species in forest floor chemistry and mass. Podatin processes were more evident in the
soil under spruce than under oak, which was ategibuo greater leaching of phenolic
compounds from spruce forest floors. Leached organlutes from forest floors may also
contribute to soil development by increasing thatlvering rate of soil minerals (Lundstrom
and Ohman 1990). Raulund-Rasmussen et al. (1990rtesl that nutrient release due to
weathering was positively related to the conceiutnadf dissolved organic carbon (DOC) in
natural solutes from forest floors, and DOC coneiuns differed among tree species and
soil types. Consequently, tree species might difféheir influence on weathering rates due to
the variable forest floor chemistry. Based on tif&eences in pH and C contents of forest
floors (paper 1), tree species like lodgepole @nd Sitka spruce might be expected to have a
greater acidifying effect on mineral soils in thendg-term. Similarly, the impact of forest
floors would be greatest at nutrient-poor soildwarge stored amounts of acid organic matter.
If base cation exchange and leaching is enhancetebipuild-up of thick, acid forest floors,
this may be detrimental for future productivity, evhas increased weathering rates may be
considered positive provided the mobilized nutseate not subsequently leached from the
ecosystem. Increased weathering rates would prplbabbf greatest ecological significance at
nutrient-poor sites, where the demand for increasgdent availability is greatest. However,
in poor soils dominated by quartzitic minerals, tveathering potential will be low in
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absolute terms. In such acid soils poor in othememals than quartz, extensive forest floor
build-up might further increase the acidity and amte the podzolizing processes, thus
creating a feedback loop which may promote furdemumulation of elements in forest floors
with unfavourable pH and C/nutrient ratios.

5.3 Regeneration

The importance of forest floor characteristicsriegeneration of forest stands was recognized
early (e.g. Hesselman 1927). High steady stateldawmeforest floor mass may have been
reached in mature forests, and forest floors areasofavourable a rooting medium for
seedlings as the upper mineral soil horizon in mateéy moist climates (Fleming and Mossa
1994). After drought periods it may also be obsemt dry forest floors are rewetted slowly
and heterogeneously which could prolong droughtodsrfor seedlings. In addition, thick
forest floors at nutrient-poor sites may be greatfjtrated by roots (Staaf 1988, paper ll),
thus further exacerbating the poor moisture coowltifor seedlings. In relation to use of
natural regeneration or direct seeding without soltivation, it might therefore be better to
manage for more moderate forest floor build-up, thgpugh the selection of tree species or
through the thinning treatment. Strong thinningensity decreased the C content and the root
mass in forest floors at two of three sites (pdpeand nutrient release was probably greater
in the strongly thinned stands due to higher rafesirnover. Forest floor turnover rate and
nutrient release may increase even more followmegdrastic microclimatic changes imposed
by clear-cutting. At the same time the vegetatiowet is sparse, and nutrient leaching may
occur (Krause and Ramlal 1987). It might be expkthat the more continuous vegetation
cover associated with shelterwood regeneration avoesult in a better proportion between
nutrient release rates and the potential for muitnigptake in the vegetation. Prescott (1997)
found that N mineralization rates in alternativévisultural treatments, e.g. shelterwood
cutting, were more comparable to rates in old-ghoferest than to rates in a clearcut. The
maintenance of site nutrient capitals during regatien calls for further studies, but the
thinning intensity may provide a measure for manag#@ of forest floors. An effect of
thinning would be most interesting for regeneratonl planting at nutrient-poor sites, where
forest floors are thick and are infiltrated by oAt such sites, moderately increased nutrient
release rates would be desirable. However, it waad in paper | that the effect of thinning
treatments were weaker at the site with the gre@esccumulation in forest floors. At more
nutrient-poor sites, the changes in microclimatinditions or litter nutrient status imposed by
thinning could be insufficient to affect nutrientcting significantly.

5.4 Forest floors as sinks for CQ@

The C content in forest floors reflects the relasioip between C added in litterfall and C lost

by microbial decomposition. Consequently, foregsbfs may act as both sources and sinks for
atmospheric C® Anthropogenic emissions of G@re predicted to lead to global warming,

which could result in faster decomposition, therelgcerbating the increase in atmospheric
CO, (Luxmoore et al. 1993). However, higher tempeegunight also increase the input of
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litter C thus offsetting the influence of fastercdmposition on forest floor C contents.
Different scenarios for C storage in soils havenbeeedicted according to the relative
alteration of litter production rates and decompasirates (Liski 1997). Carbon storage in
forest floors varied considerably among tree sge@oaper ) implying that forest floors of
some tree species are greater sinks fop @@n those of other species. Forest floors were
estimated to contain approximately 20% of total €offorest floor C + mineral soil C) above
ground water level in Finnish forests, and totall Scapproximately equalled the C content in
stand biomass (Liski and Westman 1995). Mineral and biomass C contents should be
considered together with forest floor C contenta¢bieve an overall estimate of C storage in
forests. However, as regards forest floors, treeisg like lodgepole pine and the spruces had
a greater potential for storage of C than oak, beand grand fir. Tree species which would
be considered unfavourable with respect to nutreyating and regeneration success may
instead be rated highly if forest management aimscaeasing the C storage in forest floors.
It appears possible to manipulate C storage insfofleors by selection of different tree
species, but in light of the predicted rise in tengpures it is necessary to know more about
how differences in C storage among tree specieaffaeted by alterations in litter production
rates and decomposition rates. Soil properties aliuenced C storage in forest floors.
Afforestation of nutrient-poor soils could lead goeater C storage in forest floors than
afforestation of nutrient-rich soils where fast@miver would stabilize C contents at a lower
level. Again, differences in mineral soil and bi@seC contents between soils of different
nutrient status should be included to achieve egémfor whole ecosystems.

The potential additional storage capacity of fofesirs might contribute to reduce the
increase in atmospheric GGoncentration, but other objectives in forest ng@naent may be
in conflict with increased C storage. However, tissue may exemplify that interests
concerning forest floor conditions may not alwagsidentical, and that ratings like “good” or
“bad” conditions apply to the specific objectivesforest management.

6 Future research

This thesis found indications that forest floor ldwip and decomposition in seven tree
species were affected to different extents by gwibperties. This implies that tree
species-specific models should probably be usepradict C storage or decomposition in
forest floors along gradients in soil nutrient gtat More research into tree species-soil
interactions is needed to explore the factors whaumse litter of some tree species to be of so
low quality for decomposers that variation in neriticoncentrations is insufficient to result in
faster decomposition.

Forest floors contain a part of the C stored inddesganic matter, but significant
amounts may also be stored in the mineral soi$. éssential to increase the knowledge of C
storage in mineral soils as affected by soil probeerand silviculture if forests should be
managed for binding of atmospheric £0he possible interactions between forest float an
mineral soil C storage would also be a relevanjesibFor instance, to what extent does
forest floor characteristics influence C storagéhm mineral soil?
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Another pending aspect of forest floors is theiteptial use as ecosystem indicators.
Readily observable forest floor features, e.g.kiméss and morphology, are often used by
foresters as a rough indicator of site nutrientmeg This thesis demonstrated a relationship
between forest floor element contents and soilientrstatus, suggesting that forest floors
may be usable as indicators of soil conditioneertains, however, to identify relevant readily
observable features and to validate their use dgators in a scientific framework. This
framework should consider the variation in fordebf characteristics imposed by different
tree species and stand treatments.

Effects of tree species were studied in monoculstaads, and effects of mixing litter
from different tree species were not directly addegl in the studies. However, litter mixing
occurs in forest floors of mixed-species standsiarfdrest floors of monoculture stands with
a vigorous ground flora. Some studies have indicthat greater diversity of substrates for
decomposer organisms may result in a synergistiectefon decomposition, and more
knowledge of these possible interactions is del&rads litter mixing occurs in most forest
ecosystems.

Studies of the influence of litter quality and tbeil environment on occurrence and
activity of the different groups of decomposer onigens are also necessary to explore the
mechanisms behind variable forest floor elementards and turnover rates. Results in this
thesis suggested that the activity of decomposédfsrel according to tree species, the
soil-induced litter quality within a tree speciasd the conditions determined by properties of
mineral soils. This could be due to differencespecies representation and in the number of
individuals, but there may also be synergistic @fedue to co-occurrence of some species.
Respiration rate bioassays such as the one uséhisinvork may be valuable tools for
evaluation of the decomposer response to litteditguar environmental conditions. For
instance, to examine if the conventional chemindiaators of litter and forest floor quality
(e.g. C/N and C/P ratios) are relevant parameterthé activity of decomposer organisms.

Soil nutrient status, e.g. P status, was impoff@nhutrient immobilization and cycling
in forest floors. Fertilization and liming may pide means to improve the nutritional and
environmental conditions for decomposer organisng, experiments have not supported
many generalizations about the influence of fediiion and liming on decomposition and
nutrient cycling. This could in part be due to difnces between short-term and long-term
effects. It would be relevant to examine whethe&glkerm effects of fertilization and liming
are in fact attainable.

Forest floor nutrient accumulation was not simytaffected by the thinning intensity at
all studied sites, possibly due to influence ofeotlsite-specific factors. The benefit in
regeneration success from greater nutrient rel@adehinner forest floors in strongly thinned
stands would probably be greatest at poor siteg 3Jiong thinning intensity used in
shelterwood cutting might increase turnover rate®ugh to improve conditions for
regeneration without leading to extensive nutri@sses. Research is needed to explore the
response of forest floors to stand treatmentsrderato develop biogeochemically sustainable
silvicultural systems. Especially, it should beds&al whether it is also possible to increase the
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turnover rate of forest floors by stronger thinningensity on poor soils where nutritional and
physical properties of forest floors may most hampgeneration success.

7 Conclusions

The results supported the hypothesis that tredespatdluence forest floor chemistry, nutrient
availability, and element content strongly. Theead#nces in C contents must also reflect that
turnover rates differed among tree species. Saeenspecies exhibited consistent differences
in forest floor chemistry and element contents glam extensive gradient in soil nutrient
status suggesting that inherent differences ierlguality among tree species is an important
factor. The microbial N and P availability in fotdél®ors was also influenced by tree species.

The study of thinning intensity and forest floor i, and P contents was for the most
part consistent with the hypothesis that C, N, Rrmbntents decrease with increasing thinning
intensity. However, at the most nutrient-poor atthsites, the effect of thinning intensity was
small compared with the accumulated amounts of Caidl P. The effect of thinning was
most likely due to improved microclimatic conditgynas the slight changes in forest floor
chemistry suggested that thinning influenced stragyC, N and P little through improved
litter chemistry.

Forest floors were also affected by soil nutrietattiss. The chemistry variables were
related to properties of mineral soils, suggesthg litter quality within tree species varied
according to soil nutrient status. Element conteletsyeased and turnover rates increased with
increasing soil nutrient status. However, this ynetappeared to be less pronounced in some
tree species indicating that other factors thanenitstatus were limiting for turnover rates. A
litterbag study for the most part supported theotlypesis that soil nutrient status may
influence the rate of turnover both through littdremistry and through the specific soil
environment. Decomposition of beech litter was nmtsistent with this hypothesis while
decomposition of Norway spruce litter was not ieflaed through the litter quality. Nutrient
release during decomposition was mainly relatecth® litter chemistry which differed
according to soil nutrient status. Different aspeat soil fertility were important for forest
floor C content and turnover rate along soil gratien Denmark and in coastal Washington,
USA. In Denmark, soil properties such as minerdl gid, concentrations of P and Ca, and
texture were important, whereas turnover rate wasest related to soil N capital and soil
C/N ratio in USA.

The studies suggested that it is possible to manhgmistry and element contents of
forest floors by selection of tree species andhythinning intensity. The influence of tree
species may be consistent along extensive gradien$®il nutrient status although some
interaction between tree species and soil nutrg¢giius was indicated. Further studies are
required in order to examine if the thinning inténslso influences forest floor build-up at
nutrient-poor soils.
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Abstract
Vesterdal, L., and Raulund-Rasmussen, K. 1997 sEfioor chemistry and element contents
as affected by seven tree species and a soiltiegradient. Can. J. For. Res. XX: XX-XX.

Forest floor chemistry and element contents weagngxed in stands of two deciduous
species and five conifer species replicated atrssites along a soil fertility gradient. There
were consistent differences in chemistry and elémentents among the tree species.
Lodgepole pineRinus contortaDougl.) forest floors had the least favourablensistry and

the greatest element contents, whereas Qalkrcus robut.) forest floors had a more
favourable chemistry and the lowest element coatehall species. Differences in chemistry
and element contents between sites of low nutstttis and sites of intermediate to high
nutrient status were also great. Forest floor pth @, C/Ca, and C/K ratios were related to
mineral soil pH and nutrient concentrations, respely, and forest floor carbon content was
negatively related to mineral soll fertility variab. Carbon content was closest related to
texture, pH, and concentrations of P and Ca imtimeeral soil. The C content of lodgepole
pine and oak forest floors tended to be less ateby the soil fertility gradient. The results
suggest that C storage and immobilization of notsién forest floors may be managed along
an extensive soil gradient by selection of the prdpee species.

Key words:forest floors, chemistry, element contents, trgrges Abies grandisFagus

sylvaticag Picea abiesPicea sitchensjinus contortaPseudotsuga menziggduercus
robur, solil fertility gradient.
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Introduction

The forest floor plays an important part in nuttieycling, as nutrients are released during
litter decomposition and rendered available to tslalRorest floor mass reflects the
relationship between the rate of litter productamm the rate of litter decomposition (Olson
1963), and the forest floor mass corresponds \witrainount of nutrients immobilized in

forms unavailable to plants. This may be harmfulféwest regeneration and productivity in

the long-term. Muller (1879) defined two morpholcaitypes of forest floors, mull and mor,
which were associated with fertile soils and nuitiHgoor soils, respectively. Later studies
have also reported that forest floor mass and cteyrdiffer according to soil type within a
single tree species (Ovington 1953, Florence amad 4974, Staaf 1987). Forest floors at
nutrient-poor soils have a greater mass and are paor in nutrients relative to carbon
compared with forest floors at nutrient-rich soilbis may be due to an effect of soil nutrient
status on the quality of the litter (Lukumbuzyakt1994, Sanger et al. 1996), and an effect of
soil properties on the decomposer community (Sehaefd Schauermann 1990). Forest floor
mass and chemistry of different tree species oisdhge soil type may also differ significantly
(Ovington 1954, France et al. 1989, Son and Go®82 1Muys et al. 1992, Prescott and
Preston 1994), probably due to inherent differemeéditter quality among tree species
(Kiilsgaard et al. 1988, Nordén 1994). Studieseé tspecies differences within single sites
have led to a general belief that certain treeispdend to develop relatively thick, acid forest
floors (mor), whereas others develop relatively thnd less acid forest floors (mull). It is
possible, however, that such an effect of treeispaimn forest floors will not persist along
more extensive soil gradients. Only few studiesehexplored the effects of tree species on
forest floors along an extensive gradient in smipgrties, as this requires even aged stands of
different tree species replicated along a soil igreicdland many tree species are not growing
naturally or cultivated along extensive soil grauée A large-scale study by Muys and Lust
(1992) indicated a strong effect of tree specietogst floor type, while the effect of soll
texture was smaller. In contrast, Raulund-RasmuasdrVejre (1995) reported that forest
floor chemistry and nutrient contents of four tepecies differed considerably between a
sandy and a loamy soil, while the effect of treeceps was weaker. The difference among tree
species appeared to be smaller at the sandy aiteatithe loamy site.

In the present study we examined forest floordands of seven tree species replicated at
seven sites along a gradient in soil nutrient stalihe study focused on two aspects of forest
floors: chemistry (pH and C/nutrient ratios) aneineént contents. The specific aims were to
explore i) forest floor chemistry and element catgeof different tree species along an
extensive gradient in soil fertility, ii) relatiofgetween forest floor chemistry and mineral soll
properties, and iii) relations between forest floarbon content and soll fertility variables.

Materials and methods
Sites and tree species
Even aged monoculture stands of seven tree spegksated at seven sites were included in
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the investigation. The tree species were beEahys sylvaticd..), oak Quercus robut.),
Norway spruceFRicea abiegL.) Karst.), Sitka sprucd®{cea sitchensigBong.) Catrr.),
Douglas-fir Pseudotsuga menzieéMirb.) Franco), grand firAbies grandid.indl.), and
lodgepole pineFinus contortaDougl.). The seven sites distributed throughoutrbark were
chosen in order to obtain gradients in soil prapsrtAll sites are included in a tree species
trial established by The Danish Forest and Landsé&agsearch Institute in 1964/65
(Holmsgaard and Bang 1977). The eastern sitesst@Enssaede (Chr) (Mollic Hapludalf),
Holsteinborg (Hol) (Oxyaquic Hapludalf), and Fra#ésborg (Fre) (Typic Argiudoll), are the
most nutrient-rich with soils developed from loamgichselian till (soil classification
according to Soil Survey Staff (1992)). At Chr, fherent material was calcareous (28%
CaCQin the C horizon). Among the western sites, Lgvémhi@ov) and Tisted Ngrskov

(Tis) (both Typic Haplumbrepts) are intermediatéwespect to nutrient status. These soils
are developed from weichselian till with texturetviieen loamy sand and sand. The sites
Lindet (Lin) (Typic Quartzipsamment) and Ulborg BY(Typic Hapluhumod) are the most
nutrient-poor with soils developed from a parentaral of sandy till deposited during the
Saale glaciation. Selected soil properties forsitess are given in Table 1. All seven trials are
on almost level ground. Climatically, the sites @ter similar, although the annual
precipitation varies slightly. Mean annual temparas$ are 7.5-7°C for Lin, Ulb, Tis, Lov,

and Fre and 8°€ for Hol and Chr, and mean annual precipitatiorges from 610 mm to 890
mm (HokChr=Lov<Tis<Fre=Lin<UIb). All data climate are from The Danish Metelogical
Institute. The gradients in temperature and predipn are not coinciding with the gradient in
soil fertility, and effects of soil properties wazensequently not regarded as confounded with
effects of macroclimate. At four of the sites (Chre, Lov, Tis), the land use was agriculture
prior to afforestation. At Hol and Lin, the sitegens forested (beech forest and oak coppice,
respectively), whereas the area at Ulb was forreattiand. Before planting, all sites but Hol
were cultivated by ploughing, and at these sixsdibeest floors are known to originate from
the present stands. Understory shrubs were not¢resthe stands to any great extent, and
except for a moss layer in some of the fir and epstands at the nutrient-poor sites, grasses
and some herbs only covered the ground coherenthei oak stands (Lange 1993).

Forest floor sampling

During winter 1994/95, area-based sampling of thedt floors was carried out. Ten
subsamples per stand were selected randomly aledteal by using a frame covering 25 cm
x 25 cm. Contamination with mineral material wasided. The forest floor depth was
registered by measuring each of the four sideslisample pits and calculating a stand
average. The subsamples were dried &€6@nd herbaceous litter, cones/fruits, twigs and
larger roots were excluded before weighing. Theulisamples per stand were pooled to one
sample for chemical analysis.

Chemical analyses
Ground samples of forest floor material were aredypH by potentiometry in a 1:10
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suspension of organic matter and 0.01M Gafotal carbon and nitrogen by dry combustion
(LECO CHN 1000 Analyzer); total phosphorus by flmjection analysis; total calcium,
potassium and magnesium by flame atomic absorppestroscopy (AAS). Phosphorus, Ca,
K, and Mg were measured after digestion of sampldsconcentrated nitric acid in a
microwave oven.

Soil samples from genetic horizons in one centrdlst at Hol, Lov and Tis were analysed:
pH by potentiometry in a 1:2.5 suspension of sod 8.01M CaCt particle size distribution
by a combined pipette and sieve method (clay, sit, 2-2Qu; fine sand, 20-2QQ coarse
sand, 200-20Q9; total C by dry combustion and weighing of eval\earbon dioxide; total N
by the Kjeldahl method; P by flow injection anaysifter extraction with 0.1M sulfuric acid
for two hours; exchangeable Ca, Mg, and K by AA8raéxtraction with 1M NENOs. Soill
data for Chr are from Raulund-Rasmussen and V&885) and soil data for Ulb, Lin and Fre
are from Raulund-Rasmussen (1993). Horizon-weightgdent concentrations were
calculated for two soil depth strata (0-50 cm a@dlBO cm) in order to quantify the nutrient
status. Mineral soil pH and texture (percent c#y, fine sand, and coarse sand) were
represented by horizon-weighted values for thedwibdepth strata.

Statistics

Effects of tree species and site on forest flo@naistry, volume weight, and element contents
were tested by one-way ANOVA with site as blockdacas the experimental design lacked
tree species replication within sites. Consequentiydegrees of freedom were left for testing
interaction effects. Duncan’s multiple range teaswsed to compare means. To test
correlations between quantitative soil properties forest floor chemistry, and also enable
testing of interaction effects, forest floor pH adbhutrient ratios were subsequently tested by
use of the procedure GLM with tree species as #lasable and mineral soil pH or nutrient
concentrations as quantitative variables. Cor@hatibetween mineral soil properties and
forest floor C contents were tested similarly. Tspecies means were compared by use of
Tukey's studentized range test. C/Ca ratios wegarithmically transformed prior to

statistical analysis in order to normalize and hgemize variances. To test whether a site
effect on forest floor volume weight was connecigith variation in forest floor depth,

volume weight was also analysed using GLM with species as class variable and depth as
guantitative variableA correlation matrix with the selected mineral qwibperties was
constructed using the procedure CORR (n=7). Allyaes were carried out using SAS (SAS
Institute 1993).

Results

Forest floor chemistry and volume weight

All forest floor chemistry variables and volume glei were affected by tree specips<(
0.001) (Table 2). Lodgepole pine forest floors gelte had the highest C/nutrient ratios(
CIN, C/P, C/Ca, C/K, C/Mg) and the lowest pH, whikeech and oak forest floors had the
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lowest C/nutrient ratios. In detail, forest floafslodgepole pine and Sitka spruce had higher
C/P ratios than forest floors of the other treecigse and the C/P ratio for lodgepole pine was
also significantly higher than for Sitka sprucedgepole pine also differed from all other
species by having the significantly highest fofexsir C/Ca ratios. Douglas-fir and Sitka
spruce had fairly high C/Ca ratios as well, whetezech, oak and grand fir had relatively low
C/Ca ratios. C/Ca ratios in Norway spruce forestrf were intermediate. C/N ratios in
lodgepole pine forest floors were significantlylineg than in forest floors of all other tree
species, but grand fir forest floors had high CdNos as well. C/K and C/Mg ratios varied
rather similarly among the tree species. Lodgepwole had higher C/K ratios than all other
species and Sitka spruce had higher C/K ratios Nwway spruce, beech and oak. C/Mg
ratios were significantly higher in lodgepole parad Sitka spruce than in Norway spruce,
grand fir, beech, and oak. Lodgepole pine foresirfl also had higher C/Mg ratios than forest
floors of Douglas-fir. Forest floor pH was signdiatly higher in beech than in all other tree
species but grand fir, and lodgepole pine had tbst mcidic forest floors of all tree species.
Between the two extremes, forest floor pH valuegrand fir and Norway spruce were
relatively high whereas Sitka spruce, Douglasdiing oak forest floors had lower pH values.
Forest floor volume weights were lowest in the daous species and highest in the spruces,
Douglas-fir, and grand fir. Lodgepole pine fordebfs were intermediate, although volume
weights were not significantly lower than in Dowsgfa and Sitka spruce.

Site affected pH and C/N, C/P, and C/Ca ratiomngiso(p < 0.001), whereas the effect on
C/Mg ratios, C/K ratios, and volume weight were lerap < 0.05) (Table 2). Ulb and Lin
had high C/P and C/Ca ratios, whereas Lov and dasléw C/P ratios, and Lov, Tis, and Chr
had low C/Ca ratios. The site differences for Cdhlas were opposite, as Ulb and Lin had
significantly lower C/N ratios than the other sit€¢K and C/Mg ratios did not exhibit the
same patterns as the other C/nutrient ratios. @tilkg were highest at Tis and lowest at Fre,
and C/Mg ratios were highest at Lin and lowest lat Borest floor pH values were
significantly lower at Ulb and Lin than at the otlsgtes. The differences in volume weight
were smaller among sites than among tree spectgever, volume weights were higher at
Lin than at Lov and Chr, and forest floors at Uddlhhigher volume weight than forest floors
at Chr. Although volume weights tended to be higitghe sites with deep forest floors, forest
floor depth did not explain any variation in volumveights significantly.

Forest floor pH was positively related to soil gH50 cm), and C/P, C/Ca, and C/K ratios in
the forest floors were negatively related to cotragions of P, Ca, and K, respectively, in the
soil (Table 3). The correlations were fairly simifar the two soil depth strata except for pH
and C/P ratios, which were only significantly ctéeited with properties in the upper soil
stratum. The negative correlation between foresirfC/N ratios and soil N was not quite
significant, and C/Mg ratios were not significantlyrrelated with soil Mg. There were no
significant interactions between tree species ail¢gpropertiesj.e.forest floors of the seven
tree species were not affected differently by tteglgnt in soil nutrient status. However, there
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were significant tree species differences in ak$b floor chemistry variables along the
gradient in soil nutrient status. The studied gpecies explained a great part of the variation
in forest floor C/nutrient ratios and pH, and tspecies differences were almost similar
irrespective of soil depth stratum. Tree speciféiermnces along the individual gradients were
not quite as pronounced as in the ANOVA includiitgssand tree species (Table 2), but the
same pattern was found (Table 3).

Forest floor element contents

The contents of C, N, P, Ca, Mg, and K in foresbifs were strongly affected by tree species
(p < 0.001 excepp < 0.01 for Mg content) (Figs. 1-2). Sites alseaféd element contents
strongly p < 0.001 excepp < 0.01 for Ca content). Forest floor C contentseAr@gher for
lodgepole pine than for all other tree species,andng the remaining species, Norway
spruce and Sitka spruce had higher C contentstiibach, grand fir, and oak. Oak had a lower
amount of forest floor C than all other tree spgdiet grand fir. Douglas-fir had intermediate
C contents and did not differ significantly fronthedr the spruces or beech. Among sites, Ulb
and Lin had by far the largest forest floor C cotgée The contents of N and P in the forest
floors exhibited a pattern fairly similar to thdt®. Lodgepole pine differed less from the
other coniferous species in N, P, K, and Mg costéman in C content, and beech forest floors
had relatively high contents of K and Mg. The pati@mong tree species in forest floor Ca
content was very different from the pattern in @temt. Oak, grand fir, lodgepole pine, and
Douglas-fir had low contents of Ca in the forestfis, whereas beech and Norway spruce
forest floors had large contents of Ca.

Mineral soil properties explained a significanttpzfrthe variation in forest floor C content
(Table 4). Logarithmic transformation of some gwoperties gave the best fit for the linear
models. Carbon contents decreased with increasingrai soil pH and increasing
concentrations of P, Ca, K, and Mg, but C conterstiee positively related to C and N
concentrations in the soil. Forest floor C contgas only related to K and Mg concentrations
in the lower soil stratum. Carbon content was atsoelated with soil texture, as the C
content decreased with increasing percent clayasitl fine sand and increased with
increasing percent coarse sand. The tree spedeackhamulated different amounts of C
along the gradients in soil properties, and thectfbf tree species was consistent for all soil
properties and both soil depth strata. The effeétree species interacted significantly with
some of the soil propertiese. C accumulation was not affected to the same efxberatl tree
species by these soil properties (Table 4 and3yigihe C contents of lodgepole pine forest
floors were not significantly related to percefit @i C and P concentrations in the upper soil
stratum, nor were the C contents related to pesitérdr Ca, K, and Mg concentrations in the
lower soil stratum. Carbon contents for Norway spriSitka spruce, grand fir, Douglas-fir,
and beech were all affected similarly and signiftbaby these soil properties, and C contents
were more affected than for lodgepole pip& (0.05). The C content of oak forest floors was
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intermediately affected by soil properties in caksignificant interaction, and C content was
only significantly correlated with soil P concetitoa (0-50 cm) and percent silt (50-100 cm).
Tree species differences exhibited the same padteinm the ANOVA (Fig. 1), also in case of
significant interactions. The soil concentratioh®pCa, Ko-100 MJso-100 C, and also plo,
percent silt, and percent coarse sand were prepdhat explained a great part of the variation
together with tree species. As expected, someesktkoil properties were intercorrelated
(Table 5). Within both soil strata, pH was correthtvith P and exchangeable Ca, and K was
correlated with Mg and percent clay. Soil pH waoalorrelated with textural properties in
the upper soil stratum. Within the lower soil strat both K and Mg were very closely
correlated with textural properties (clay, silt arwhirse sand), and Ca and P were also
intercorrelated. Soil C and N concentrations, agtgnt coarse sand tended to be negatively
correlated with the other properties.

Discussion

Forest floor chemistry and volume weight

The tree species had different pH and C/nutriententrations in the forest floor irrespective
of the gradient in mineral soil properties. Thig@ests that tree species possess a specific,
genetically determined litter quality which contribs to differences in forest floor C/nutrient
ratios and pH. The two deciduous species had lahsanilar C/nutrient ratios, and only
forest floor pH was significantly higher for beettian for oak. A similar pH difference
between beech and oak was also reported by Ovir{gj@58). The conifer species exhibited
great variation in both C/nutrient ratios and pHisTis probably due to differences in litter
nutrient concentrations among tree species astezgpby Alban (1982) and Ovington (1953,
1954). Gloaguen and Touffet (1982) found that Gitbs in both the litter and the forest floor
of lodgepole pine were higher than C/N ratios ttefiand forest floors of beech and
Douglas-fir. These findings correspond with ourd amphasize the link between litter and
forest floor chemistry. Our forest floor C/Ca ratio grand fir, Douglas-fir, Sitka spruce, and
lodgepole pine are also in accordance with Ca aaretgons in foliage litter reported by
Kiilsgaard et al. (1988). However, differencesaneist floor nutrient status among tree species
may not only reflect differences in litter nutriestatus. The initial nutrient status of litter has
probably been mediated to some extent by variadtemposition rates and nutrient dynamics
(Ovington 1954, Rustad 1994). The presented fdi@st chemistry variables suggest that
forest floors of different tree species offer vateaconditions for decomposing organisms,
and that tree species may have implications fdrdssielopment due to differences in forest
floor element contents and acidity (Binkley 1995).

The deciduous species had less compact foressfthan the conifers as indicated by the
volume weights, and among the conifers, lodgepwle with its larger needles had less
compact forest floors than Norway spruce and gfandhis is in contrast to results reported
by Alban (1982), who found that volume weights spp@n Populus tremuloidebiichx.), red
pine Pinus resinosait.), and jack pineRinus banksian&damb) forest floors did not differ
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from volume weights of white sprucBi¢ea glaucaMoench) Voss) forest floors. Liski
(1995) found a volume weight of Scots pine forésars close to the figures obtained in this
study for Norway spruce and grand fir. The stangstigated by Liski (1995) was much older
than the stands in this study, and in tree spdxigding up thick, mor-like forest floors,
increasing volume weight with time is expectabléfddbences among tree species in forest
floor volume weight may reflect differences in degmosition rate, as mull-like forest floors
should have a more loose structure than mor-likestdloors. However, forest floor volume
weight appeared to be more connected with diffexeme foliage litter morphology.

Forest floor chemistry and volume weights alsoadamong sites (Table 2). Volume weights
tended to be highest at the nutrient-poor sites farest floor morphology at these sites were
correspondingly more mor-like. Forest floors withver volume weights were found at the
richer sites where the morphology was mull-likee Mariation in forest floor chemistry
among sites indicated that it might be due to waman soil nutrient status, and some of the
forest floor chemistry variables were significan#yated to soil properties (Table 3).
Ovington and Madgwick (1957) similarly found coatbns between pH in the mineral soil
and pH of both litter and forest floors. The caat@n between forest floor pH and mineral
soil pH tended to be weaker with increasing sgitdeand forest floor C/P and C/K ratios
were also closest correlated with P and K concgotrsin the 0-50 cm soil stratum. This soil
stratum constituted the main rooting zone for S#geauce at Fre, Ulb, and Lin (Pedersen
1993), and it probably influenced litter nutrietdtss and subsequently forest floor nutrient
status strongest. The significant correlations betwmineral soil Ca, K, and P concentrations
and forest floor C/Ca, C/K, and C/P ratios, repetyi, may be attributed to a soil-induced
effect on litter quality (Perala and Alban 1982 eBwer 1984). Remarkably, forest floor C/N
ratios were lowest at the two sites most poor lrephutrients than N. This pattern may be
partly due to differences in N deposition amongssias Hovmand et al. (1994) found higher
N deposition at Lin than at Ulb and Fre (30-40 k&g yr* compared with 20 kg Hayr™?).

Forest floor C/N ratios were apparently not sotidyermined by soil N capital, but might also
be influenced by local N emission sources. In @a avith less N deposition, Prescott et al.
(1997) even found an inverse relationship betwemeral soil N capital and forest floor N
concentrations in Douglas-fir forests. Since @8N concentrations were positively related
to soil N capital, N dynamics during decompositiotheir study and the present may have
greater effect on forest floor C/N ratios than $o@nd litterfall C/N ratio. C/Mg ratios also
appeared to be more affected by other site fatiars soil Mg,e.g.by deposition of marine
salts. Pedersen (1993) reported that the annuabflivig in throughfall (kg ha yr) in Sitka
spruce stands could be ranked Ulb (15.5)>Lin (£ (6.4). This may explain the low
C/Mg ratios at Ulborg, but does not correspond \thth high C/Mg ratios at Lin.

Forest floor element contents
Forest floors of the seven tree species had verghla element contents (Fig. 1), indicating
that tree species may affect nutrient immobilizaiio forest floors considerably. Nitrogen and
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P contents appeared to be closely related to then@nt, whereas great variation in C/Ca,
C/Mg, and C/K ratios among tree species resultatifiarent patterns among species in Ca,
Mg, and K contents than in C contents (Figs. 1c2xey et al. (1982) correspondingly
reported that N and P contents Rinus radiataD. Don forest floors were mainly related to
forest floor mass, whereas K and Mg contents wiskeaproduct of varying concentrations

in the forest floors. Species differences in fofexir Ca content support results of Alban
(1982) and Wilson and Grigal (1995) that Ca corstént spruce species and deciduous
species were higher than for pine species despigeging trends in forest floor masghe
differences in C contents correspond reasonabllywvil reports that pine and spruce species
tend to have greater forest floor masses than @stigli and grand fir (Ovington 1954,
Gloaguen and Touffet 1980). However, Eriksson aagéR (1994) found no significant
differences in forest floor mass or nutrient cotédretween Norway spruce and grand fir. The
higher C contents in beech stands than in oak staungport the observation made by
Ovington (1954) that beech tends to build up lafgerst floors than other deciduous species.
Nihlgard (1971) reported that the C content of $ofoors increased when beech stands were
replaced by Norway spruce stands, and that thistheigntribute to an increase in
podzolization processes due to increased produofionganic acids. In this study, Norway
spruce forest floors also had greater C contertsnaeane more acid than beech forest floors.
However, forest floor N, P, Ca, K, and Mg contem&se not significantly lower for beech

than for Norway spruce. The coniferous specieshatdu a great range in forest floor C, N, P,
and Ca contents, and results did not support theramn conception that conifer stands store
more elements in forest floors than deciduous sgquer se. The consistent tree species
differences in forest floor C content along thd goadient (Table 4) suggest that differences
among these seven tree species may apply to $aliferent nutrient status. This points to
the conclusion that nutrient immobilization in fstéloors may be managed by selection of
the proper tree species. However, the significateraction between tree species and certain
soil fertility variables €.g.P concentration, Fig. 3), implies that differenagsong other

groups of tree species might be influenced byradilient status. This emphasizes the
necessity of conducting forest floor studies alead)gradients in order to support
generalisations about the influence of tree species

The differences among sites in forest floor elenvantents were marked (Figs. 1-2), and the
sites fell into two groups: The two sites with thest nutrient-poor soils had larger element
contents than the other sites. Staaf (1987) fohatithe forest floor mass in beech stands
were nine to ten times greater at a nutrient-pgamdy soil than at a nutrient-rich, clayey soill,
and Vesterdal et al. (1995) found a six-fold difece in the C contents of Norway spruce
forest floors which was attributed to differencesoil properties. Forest floor C contents
decreased with increasing soil fertility as indezhby the negative correlations with pH,
exchangeable bases and percent clay and silt (ablearey et al. (1982) explored the effects
of site on forest floor organic matter in stand®wofus radiata but they only found a weak
negative effect of exchangeable Ca in the mineryl gossibly due to great variation in stand
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and climate characteristics. In this study thers waly little climatic variation among sites,
and increasing soil fertility was associated wigltidasing C accumulation in forest floors.
The only exception was the positive correlatiowaatn C content and soil N concentration.
The apparent positive effect of soil N on C accuwatiah was probably due to the fact that soil
N concentrations were highest at the two sites wvhad the largest C contents and were least
fertile in other respects. It may be concluded, &av, that high soil N concentrations were
not associated with low forest floor C contentscdmtrast, Prescott et al. (1997) found an
indication of decreasing C and N contents in Dosrfilaforest floors with increasing soil N
capital. The lower C content at the more fertitesmight be a result of translocation of
organic matter from the forest floor to the minesail, e.g.as a result of faunal activity.
However, the positive correlation between mineodl @ concentration and forest floor C
content indicated that low C contents at some srerg not solely explained by incorporation
of C in the mineral soil. Some of the solil ferjilitariables in this study were highly
intercorrelated, but soil texture, Ca and P coma¢inhs, and pH (0-50 cm) appeared to be
important fertility variables. These soil propestimay have important nutritional and
environmental effects on the diversity and actietylecomposer organisms which in turn
affect C accumulation (Schaefer and Schauerman@, B&ubuch and Beese 1995). The
forest floor chemistry variables pH and C/P raterevcorrelated with soil pH and soil P,
respectively, suggesting that forest floor quatiight also be more favourable for free-living
decomposer organisms at nutrient-rich soils. Canagons of K and Mg in the upper soil
stratum were not related to forest floor C conteatsl the correlations with K and Mg
concentrations in the lower soil stratum might eathe due to strong intercorrelation with
percent clay and silt (Table 5). It may be questitbto what extent soil properties in 50-100
cm depth are of ecological significance to forésbif C accumulation. Obviously, this soil
stratum has a limited direct influence on foregofk if both roots and decomposer organisms
are mainly present in the upper soil stratum. Hawethe lower soil stratum is more
representative of the soil parent material tharughger stratum, and the correlations
emphasize the indirect effect that parent matehatacteristics may have on forest floors. It
must be stressed that although the correlationlsiega a significant part of the variation
encountered in the forest floors, they were no¢ &blexplain the actual processes involved or
to point out single soil variables as the main arptory variables. However, the correlations
do indicate that forest floor C contents for thestmart were related to soil nutrient status.

Forest floors of lodgepole pine, and in some catsesforest floors of oak, tended to be less
affected by some of the soil fertility variablesg(R3). The fairly constant forest floor C
content in lodgepole pine stands suggests thatrghikced changes in litter quality, or
differences in the decomposer communites alongaiegradient were unable to mediate the
effect of inherent litter quality on C storage Imsttree species. Oak forest floors had the
lowest C contents along the gradient, and the ¢ddorrelation with some of the soll fertility
variables indicates that C contents tended to asaréess with decreasing nutrient status than
for beech, Douglas-fir, grand fir, and the sprudése inherent properties influencing C
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accumulation in these two tree species appear vetyestrong. Thus, C accumulation in
some tree species may be more weakly modifieddrgdient in solil fertility than C
accumulation in the other tree species.

Large differences in element contents were foutitbagh stands were only 30 years old.
Different element contents were also reported Fangation stands of the same age by Son
and Gower (1992), and Muys et al. (1992) foundedéhces in forest floor mass between
deciduous tree species already after 20 years. twsome forest floors may not be in
steady state yeite. that annual decomposition in the forest floor wiod equal annual litter
production. These forest floors would still be maccretion phase. Olson (1963) suggested
that the time necessary to achieve 95% of steadky s approximately B/ wherek, the
decomposition rate constant, is the ratio undexdststate conditions of mean annual litter
production and forest floor mass. Based on thestdleor C contents and litterfall C contents
(J. Bille-Hansen pers. comm.) for beech at Freldiibd values ok were 0.48 and 0.06,
respectively. According to Olson’s suggestion theetrequired to achieve 95% of steady state
at Fre and Ulb would be approximately 6 years ahgi€ars, respectively. Steady state
conditions may therefore not have been attainent 8@ years for the tree species and sites
with the most slow decomposition. Even greateredgihces among tree species and sites in
forest floor C content may therefore be expectedketeelop in the future.

The observed tree species and site differencegestffloor element contents may be a result
of both different litter production rates and drfat decomposition rates. Litter production
was reported to be correlated with stem volumesiment irrespective of tree species (Miller
1986). Other studies indicated that only coniféted this pattern as broadleaves had a fairly
constant foliage mass and litterfall irrespectif@a@ume increment (O’Neill and DeAngelis
1981; Pedersen and Bille-Hansen 1997), but a sthiytka spruce stands did not confirm the
relationship for conifers (Miller et al. 1996). kmpof root litter to forest floors may also vary
considerably. Vesterdal et al. (1995) found thatvisy spruce stands on a relatively
nutrient-poor soil had a much greater root maskaerforest floor than stands on more
nutrient-rich soils. A larger input of root littés forest floors at nutrient-poor sites may thus
contribute to the great accumulation of forest flG@o Although it is difficult to generalize
about litter production, different decompositiogimes must also be responsible for the
varying forest floor C contents along the gradiargoil nutrient status. If litter production
was in fact correlated with volume increment and Wigher at the nutrient-rich sites than at
the nutrient-poor sites, this could not accountiier reported variation in C contents.
Different decomposition rates must be mainly resgaa for the C contents along the soil
gradient. The more favourable chemistry of for&strs at nutrient-rich sites is in support of
this interpretation. In contrast, differences irefst floor C contents between the
less-productive deciduous tree species and théetemhay be a question of differences in
both litter production and decomposition rate. tnfation on litter production is required in
order to determine which factor is of greatest ingnace among the seven tree species.
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Conclusions

Forest floors of the seven tree species exhibibedistent differences in chemistry and
element contents along a gradient in soil nutretatus. This indicates that inherent tree
species differences in litter quality influencesekt floors at both nutrient-rich and
nutrient-poor soils. Lodgepole pine forest flooesilthe most unfavourable chemistry and the
greatest element contents, whereas oak foressflwat a more favourable chemistry and the
lowest element contents of all species. Differenicdsrest floor chemistry and element
contents between sites of low nutrient status &ed sef intermediate to high nutrient status
were also great. Forest floor pH and C/P, C/Ca,Gikdratios were related to soil pH and
nutrient concentrations, respectively, and forlestrfC contents decreased with increasing
soil nutrient status. Carbon contents were clastated to the soil properties texture, pH, and
concentrations of P and Ca. While forest floor cistiy of the seven tree species were not
differently related to soil properties, the C cantiended to be less affected by soil fertility
variables in lodgepole pine and oak. The resulggisst that C storage and immobilization of
nutrients in forest floors may be managed alongxansive soil gradient by selection of the
proper tree species.
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Table 1. Soil data for the seven sites.

Depth pH Clay Sit Fsand Csand C N P ZCaMg® K’

(cm) (%) (%) (m@™) (mgkg™) (cmol.[kg™)
Christiansssede*
Al 0-5 3.8 12 10 49.1 28.9 2.8 2.1 110 46 0.6 20.1
A2 5-25 5.2 12 11 50.2 26.8 15 1.7 110 9.3 04 001
Bt 25-50 6.2 15 18 43.6 23.4 0.4 0.5 240 12.2 0.6.180
Btg 50-73 7.5 18 20 38.5 235 380 21.7 05 0.12
Ckg 73-110 7.7 9 16 52.6 22.4 0.3 0.07
Frederiksborgt
Btl 30-50 5.3 22.6 21.7 51.9 3.8 0.16 0.33 112 4.92%1 0.18
Bt2 50-85 5.4 24.0 29.0 44.4 2.6 0.06 0.24 182 4.0Z2 0.18
Bt3 85-120 55 21.8 28.2 47.5 2.6 0.02 230 4.04012.0.19
C 120- 5.1 25.2 25.1 46.3 3.3 0.02 263 3.72 2.8200
Holsteinborg
A 0-20 3.7 11.0 11.0 54.3 23.7 0.96 0.96 61 1.34270.0.08
AE 20-55 4.5 9.5 10.0 53.1 274 0.55 0.71 84 5.21690 0.09
E 55-85 54 10.5 6.0 74.1 9.4 0.04 0.22 99 4.6770.6.10
Bt 85-120 6.1 28.0 21.0 39.5 11.5 0.14 0.37 181 535.0.97 0.19
C 120- 6.3 18.0 15.0 48.7 18.3 0.02 221 9.80 0.016
Lindett
A 0-6 2.9 25 5.8 45.0 46.8 4.97 2.70 10 0.26 0.8715
E 6-18 3.9 3.9 6.2 46.3 43.6 0.79 0.34 6 0.02 0.011
Bhsl  18-22 3.7 9.4 7.4 40.2 43.0 1.24 0.55 9 0.00400.03
Bhs2  22-60 4.2 6.5 6.5 47.1 40.0 0.96 0.47 37 0.0»2 0.03
Bs 60-80 4.4 4.8 25 48.7 44.0 0.14 38 0.01 0.0D20
C 80-95 4.5 1.3 1.3 53.5 43.9 0.04 25 b.d* b.d.02
2C 95- 4.4 3.0 1.2 12.7 83.1 0.04 36 0.01 0.0130.0
Lgvenholm
A 0-27 4.1 3.5 12.0 36.8 47.7 0.94 0.70 119 0.47060.0.06
Bw 27-55 4.8 25 6.5 49.0 42.0 0.40 0.32 161 0.4850 0.04
BC 55-70 4.7 4.0 9.0 48.7 38.3 0.08 0.23 223 0.210300.04
Cg 70- 4.5 3.5 10.5 43.6 42.4 0.06 123 0.78 0.0070
Tisted Ngrskov
Apl 0-5 3.5 5.0 9.0 54.2 31.8 3.77 195 110 1.67240.0.12
Ap2 5-21 4.1 2.5 8.5 57.7 31.3 1.68 1.00 76 0.8270.0.03
Bwl  21-51 4.3 4.0 13.0 45.9 37.1 0.59 0.47 66 0.232 0.03
Bw2  51-88 4.2 5.4 12.3 41.4 41.0 0.10 0.11 31 0.883 0.06
C 88- 4.4 1.0 0.5 47.8 50.7 0.09 35 0.08 0.01 0.04
Ulborgt
A 0-18 2.7 2.1 3.0 27.8 67.1 10.74 3.30 22 0.3970.6.23
E 18-30 3.4 0.5 2.2 8.8 88.6 0.36 0.13 6 0.03 0.b4.
Bh 30-34 35 10.9 3.8 17.1 68.2 6.98 2.40 24  0.2300.09
Bhs 34-40 4.1 6.2 3.6 16.3 73.9 3.62 1.30 20 0.0804 00.04
Bs 40-60 4.4 2.9 3.0 28.2 65.9 0.12 0.10 16 0.0d. b.0.01
BC 60-100 4.5 1.3 2.1 31.8 64.8 0.03 10 0.01 b.8.d.
C 100- 4.6 0.9 2.5 23.6 72.9 0.01 11 0.01 b.d.d. b.

Note: *Raulund-Rasmussen and Vejre (1995), tRaulund-Rssami(1993).

b.d.: below detection limit. Fsand: fine sand. @sammarse sand.
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Table 2 Average values for C/N, C/P, N/P, and C/Ca ratb$ and volume weight (vw) in
the forest floors of seven tree species and sates s

Species and sites C/N C/P C/Ca C/K C/Mg cpel  vw
(kdh)
Lodgepole pine 352 674 264a 80, 753 3.44 7%
Sitka spruce 28bt 53 94bc 53 64&b 3.9 86ab
Norway spruce 264 46X 77cd 41Zde 48d 4.26bc 10%
Douglas-fir 25.6 45 1140 462c 54tdbc 3.9& 94ab
Grand fir 31.% 434c 58de 43%cd 48%xd 4.4@&b 10%
Beech 26.8 465 48e 337e 396d 4637 5%
Oak 27.5 44Qc 55de 31% 39& 3.9 36c
Ulborg 24.® 52P 137ab 453%c 41 3.6  88b
Lindet 24.® 586 161a 506b 620 3.6 104,
Holsteinborg 29.8 48%c  106bc 453c 52%bc 4.17 84abc

Tisted Ngrskov 312 45% 106oc 566 574ab 4.23% 80abc
Christianssaede 3@5 498c 51d 437c 54%9b 4.27 61c
Lavenholm 30.4 434c 65cd 492abc  542abc 4.41a 71bc
Frederiksborg 308 478c 86cd 394 47c  4.47a 7%bc

Note: Tree species means or site means in a columrtiéthame letter are not significantly different
(p > 0.05) based on ANOVA and Duncan’s multiple rategt.
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Table 3. Test results for linear models explaining forésbf chemistry by variation in mineral soil propest (depth
strata 0-50 cm and 50-100 cm) and by tree speties. species differences are shown according exeedse in the
respective forest floor chemistry variables.

Forest floor  Soil Linear model: Forest floor chsiry = tree speciges$ b(soil property)
chemistry property Hypothesis (1) Hypothesis (2)
variable b=0 LP=SS=...=0
2 %%ug p p Tree species differences
pH pHso 059 32 <0.001 (+) <0.001 a(B), ab(GF,NS),abc(SS),bc (DF,0),b (LP)
pHs0.100 0.45 11 0.057 <0.001 a(B,GF,NS),ab(SS,DF,0)b (LP)
CI/N No-s50 0.45 12 0.053 <0.001 a(LP),ab(GF,SS)b (0,B,NS,DF)
C/P R-s0 0.65 11 0.007 (-) <0.001 a(LP),b(SS,B,NS,DF,0,GF)
Pso-100  0.59 2 0.266 <0.001 a(LP),b(SS,B,NS,DF,0,GF)
log (C/Ca) Casy 0.66 17 <0.001 (-) <0.001 a(LP),b(DF),bc(SS,NS,GF,0O) (B)
Cao100 0.64 14 0.003 (-) <0.001 a(LP),b (DF),bc(SS,NS,GF,0) (B)
C/IK Ko-50 080 8 <0.001 (-) <0.001 a(LP),b(SS),bc(DF),bcd(GF,NS),cd(B),d (O)
Ksp100 0.76 4 0.027 (-) <0.001 a(LP),b(SS),bc(DF,GF,NS)c (B,O)
C/Mg Mgso 057 4 0.169 <0.001 a(LP),ab(SS),bc (DF,GF,NS)c (O,B)
Mds0-100 0.57 2 0.259 <0.001 a(LP),ab(SS),bc (DF,GF,NS)c (O,B)

Note: r* = coefficient of determination, 4. = percent of model variation attributed to the godperty,b = slope p = probability

value. Tree species: LP, lodgepole pine; SS, Sitkace; NS, Norway spruce; DF, Douglas-fir; B, lte€sF, grand fir; O, oak. Tree

species in brackets following the same letter atesignificantly different§ > 0.05) based on Tukey’s studentized range test.



Table 4.Significant linear models explaining forest flo@rlbon content by variation in
mineral soil properties (0-50 cm and 50-100 crmpeesively) and by tree species. Soil
properties that did not interact significantly witbe species.g. hypothesis 2 was rejected)
were subsequently tested without the interactiom.te

Linear model: C content tree specigs bj(soil property)

Hypothesis (1) Hypothesis (2) Hypothesis (3)

b=0 pr:bsgz...:bo LP=SS=...=0
Soil property Depth(cm)  r? p p p
pH 0-50 0.68 <0.001 (-) <0.001
50-100 0.52 0.016 (-) <0.001
N conc. 0-50 0.58 <0.001 (+) <0.001
log (C conc) 0-50 0.82 <0.001 (+) 0.025 <0.001
log (P conc.) 0-50 0.91 <0.001 (-) <0.001 0.003
50-100 0.72 <0.001 (-) <0.001
log Ca conc. 0-50 0.67 <0.001 (-) <0.001
50-100 0.82 0.026 (-) 0.034 <0.001
log (K conc.) 0-50 0.47 0.151 <0.001
50-100 0.85 <0.001 (-) 0.006 <0.001
log (Mg conc.) 0-50 0.45 0.422 <0.001
50-100 0.82 <0.001 (-) 0.020 <0.001
% clay 0-50 0.55 0.004 (-) <0.001
50-100 0.59 <0.001 (-) <0.001
log (% silt) 0-50 0.85 <0.001 (-) 0.033 0.012
50-100 0.89 <0.001 (-) 0.002 0.002
% fine sand 0-50 0.64 <0.001 (-) <0.001
50-100 0.55 0.004 (-) <0.001
% coarse sand 0-50 0.68 <0.001 (+) <0.001
50-100 0.67 <0.001 (+) <0.001

Note: r* = coefficient of determination, b = slopep = probability valuej=LP, SS, ..., O. Tree species
abbreviations as in Table 3.
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Table 5. Correlation matrices with Pearson correlatiorffoacents (n=7) for mineral soil
nutrient concentrations, pH and texture in the ldegptata 0-50 cm and 50-100 cm.

C N P Ca K Mg pH Clay Silt Fine sand

0-50 cm

N 0.87

P -0.62 -0.31

Ca -0.31 0.18 0.72

K -0.03 0.30 0.48 0.69

Mg -0.10 0.33 0.38 0.79 0.78

pH -0.63 -0.26 0.91° 0.84 0.65 0.51

Clay -0.46 -0.13 0.52 0.680.86 0.72 0.76

Silt -0.66 -0.42 066 049 0.67 0.410.80 0.87

Finesand -0.93" -0.76 0.43 0.32 0.02 0.19 054 0.49 0.63
Coarse sand 0.84 0.58 -0.59 -0.52 -0.48 -0.440.76 -0.83 -0.91 -0.88"

50-100 cm
Ca 0.89"

K 0.55 0.39

Mg 046 0.35 0.96

pH 0.93" 098" 047 0.45

Clay 0.57 0.48 0.977 0.99" 0.57

Silt 0.67 0.44 092 086 055 0.89

Fine sand 0.29 0.34058 050 0.31 052 0.27
Coarse sand -0.61 -0.50 -0.987-0.93" -0.56 -0.96 -0.86 -0.71

Note: ** p < 0.00L, *p < 0.01,*p < 0.05.
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Fig. 1. The average C, N, and P contents in forest flobsgven tree species and seven sites
(C in Mglha', N and P in k@ia"). Bars with the same letter are not significadifferent @ >
0.05) based on ANOVA and Duncan’s multiple rangg. tBrror bars are one standard error of
the mean. Tree species abbreviations: O, oak; faRddir; B, beech; DF, Douglas-fir; SS,
Sitka spruce; NS, Norway spruce; LP, lodgepole .dtoe site abbreviations see text.

60



200 — ) 200 — .
Calcium Calcium
- - a
a
150 — a 150 —
- ab .
b
100 100 b b
be be be b b
i | b
50— ’JFC‘ 50 —
0 0
O GF B DF SS NS LP FRE LOV CHR TIS HOL LIN ULB
50 = ) 50 = )
| Magnesium | Magnesium
40— 40 - %
30 30
- i b
a a a
20— ab 20—
i abc _ o
bc T
10— {C 10— ’—I—‘° ’—I—‘c mc "I—‘
0 0
O GF B DF SS NS LP FRE LOV CHR TIS HOL LIN ULB
Potassium Potassium
40— 40 -
a
30 30 2
a
T ab ab b 1
20 20 —
bc b
T c i b b 1
10— ﬁ_c‘ 10— E ‘I'
0 0
O GF B DF SS NS LP FRE LOV CHR TIS HOL LIN ULB

Fig. 2. The average Ca, Mg, and K contents in forest flobseven tree species and seven
sites (in kdgha®). Bars with the same letter are not significadifferent © > 0.05) based on
ANOVA and Duncan’s multiple range test. Error bars one standard error of the mean. Tree
species abbreviations as in Fig. 1. For site alitiens see text.

61



C content (Mg -ha™)

25 7
20 -
i A | odgepole pine (LP)
15 O Sitka spruce (SS)
i B Norway spruce (NS)
10 - € Douglas-fir (DF)
T ® Beech (B)
57 ¢ Grand fir (GF)
i A Oak (O)
0 T T T T T 1T

10 100
Soil P, 0-50 cm (ma -ka™)

Fig. 3.Linear relations between soil P concentration (&%) and forest floor carbon content

for the seven tree species. Lines with the samercage letter do not have significantly
different slopesf > 0.05) based on a general linear model and Stisdeest.
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Appendix 1. Forest floor depth, element contents, and pHHer49 stands. See Table 3 for

tree species abbreviations.

Site  Species Depth C N P Ca K Mg pH
(cm) (Mgha') (kgiha’)

CHR G 0.6 2.85 72 6.5 60 7.1 5.3 4.88
CHR B 3.2 2.57 93 5.4 108 7.1 6.2 5.02
CHR LP 3.8 16.11 431 23.8 169 24.1 22.7 3.58
CHR DF 2.1 4.02 155 8.6 68 11.3 8.7 4.00
CHR O 2.4 0.72 26 1.6 27 2.5 1.8 4.13
CHR NS 1.9 6.33 49 15.5 162 19.4 14.9 4.42
CHR SS 35 12.76 422 22.4 206 19.3 14.3 3.87
FRE G 0.6 1.88 48 4.2 60 4.9 4.1 5.00
FRE B 3.0 2.92 101 6.3 101 9.9 9.4 5.05
FRE LP 3.9 16.67 434 22.2 47 20.3 21.0 3.46
FRE DF 0.8 2.34 85 7.5 56 8.7 5.5 4.39
FRE O 1.9 1.51 55 3.2 45 5.9 4.9 4.27
FRE NS 1.0 4.54 166 12.0 107 18.5 13.7 5.02
FRE SS 1.7 7.21 263 13.9 117 14.9 10.5 4.10
HOL G 0.7 3.26 102 7.6 88 9.8 8.4 4.62
HOL B 1.3 3.43 135 7.1 50 9.8 6.4 4.62
HOL LP 43 20.88 595 34.4 66 27.2 28.8 3.51
HOL DF 2.4 7.46 288 18.7 53 17.6 14.5 3.89
HOL O 11 2.25 72 5.0 48 5.8 6.1 4.20
HOL NS 26  11.09 394 22.6 156 23.8 22.1 4.27
HOL SS 2.2 7.44 238 14.0 121 16.7 11.6 4.08
LIN G 3.2 12.68 585 23.8 118 22.9 25.6 3.46
LIN B 41 15.20 672 25.2 148 47.1 37.6 3.73
LIN LP 5.7 18.25 517 25.0 90 24.6 25.8 3.36
LIN DF 1.9 11.43 540 19.8 55 22.9 154 3.54
LIN O 2.3 8.19 401 15.9 61 21.0 13.2 4.04
LIN NS 4.1 20.79 887 35.3 102 46.1 31.2 3.34
LIN SS 3.4 16.56 716 30.0 99 28.4 23.5 3.71
LOV G 0.8 2.38 72 6.5 76 4.6 4.1 4.92
LOV B 1.9 3.50 131 11.4 166 17.9 12.1 5.28
LOV LP 40 1490 446 22.7 103 17.4 17.9 3.57
LOV DF 1.9 5.85 214 15.2 61 10.7 9.3 4.41
LOV O 1.5 1.08 37 2.4 26 3.7 2.5 3.36
LOV NS 14 5.97 230 14.4 124 12.7 17.1 4.85
LOV SS 2.2 6.68 194 14.7 88 11.8 9.7 4.50
TIS G 0.6 2.69 100 8.3 60 7.6 6.6 4.75
TIS B 2.5 3.86 115 8.4 128 8.1 8.8 4.89
TIS LP 48 18.19 504 26.8 60 16.9 20.0 3.51
TIS DF 2.5 9.48 342 21.0 52 15.2 15.8 3.93
TIS O 1.1 0.73 20 1.8 17 2.1 1.9 3.98
TIS NS 2.3 9.14 11 22.8 213 18.8 14.7 4.38
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Appendix 1(continued).

Site  Species Depth C N P Ca K Mg pH
(cm) (Mgha') (kgha)

TIS SS 2.9 7.43 257 16.3 81 12.4 11.4 4.15
ULB G 4.2 14.95 540 30.9 142 28.4 29.4 3.61
ULB B 79 19.26 866 41.6 316 53.8 50.2 3.82
ULB LP 6.5 16.16 533 26.4 37 23.1 27.3 3.36
ULB DF 43 15.92 685 28.0 214 31.2 35.6 3.70
ULB O 3.5 6.10 301 16.9 107 25.1 23.3 3.79
ULB NS 5.2 19.78 797 35.8 222 45.0 42.9 3.53
ULB SS 4.7  20.69 818 33.3 152 52.9 75.4 3.52
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Abstract
Vesterdal, L. 1997. Influence of soil type on mlass and nutrient release from decomposing
foliage litter of beech and Norway spruce. Carrar. Res. XX: XX-XX.

Mass loss and nutrient release from decomposimgg®litter of beechHagus sylvaticd..)

and Norway sprucePfcea abieqL.) Karst.) were studied at three sites alongibfertility
gradient. The influence of solil type through theti quality and through the soil environment
was separated by reciprocal transplantation @frlatmong soil types using the litterbag
technique. Decomposition of beech litter was inflced by soil type through both litter
quality and soil environment. Mass loss in beettarlwas positively influenced by soill
nutrient status. Decomposition of Norway spruderitvas not affected through soil
type-induced litter quality, and the positive irghce of a nutrient-rich soil environment was
weak. Nutrient release in both tree species weatlgraffected by soil type through the litter
guality, as nutrient release was positively reldteshitial nutrient concentrations. Nutrient
release was less affected through the soil envieminas it only influenced release of some
nutrients, and the differences were not consisteatated to soil nutrient status or mass loss.
The influence of soil type on decomposition diftteanong the two tree species, suggesting
that it may be more significant in species thatpee relatively high quality litter.

Key words:decomposition, mass loss, nutrient release,bdigs Fagus sylvaticaPicea abies
soil type, soil environment, litter quality.
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Introduction

Decomposition of litter is an important processtfeg remobilization and cycling of nutrients
in forest ecosystems. The decomposition procasélienced by factors related to macro-
and microclimate, litter quality and activity ofaemposing organisms which together
determine the rate of decomposition and nutriemtot@lization in forests. Differences in soil
properties were long ago noted as being importarthe morphology of forest floors. Muller
(1879) described the occurrence of mull and madbfloors at nutrient-rich and
nutrient-poor soils, respectively, and attributeese features primarily to differences in the
soil fauna communities. Handley (1954) also studiedst floor morphology in relation to
soils, but did not conclude anything definitive abthe rate of decomposition in mull and
mor forest floors. However, later studies have sstgf that soil properties may affect the
mass of forest floors (Florence and Lamb 1974, Rad#Rasmussen and Vejre 1995,
Vesterdal et al. 1995) and the decomposition tdtevard and Howard 1980, Boerner 1984a,
Staaf 1987, Muys and Lust 1992). Soil propertiey aftect forest floor decomposition
through 1) influencing the litter qualityge. the nutrient concentration (Boerner 1984b,
Lukumbuzya et al. 1994, Nordén 1994) and the canagon of recalcitrant organic
compounds like lignin and tannins (Flanagan and @kve 1983, Sanger et al. 1996), and
through 2) the microenvironment in which litter degposition takes place including the
communities of soil fauna and microorganisms takiag in the decomposition process. Soll
fertility influences the species composition anonbass of microflora and microfauna
(Schaefer and Schauermann 1990, Raubuch and B@@SE and the microbial activity may
also be higher at nutrient-rich sites than at nmarteient-poor sites (Rastin 1994).

The extent to which soil properties influence fitlecomposition has not been studied
thoroughly. It is difficult to separate effectssdil properties in field studies, and in many
studies, the influence of soil environment was oanfled with effect of soil type-induced
litter quality, effect of different tree specieseadfect of different climate. This study was
designed to separate the effects of soil propeotid#ter decomposition and nutrient release
into 1) influence of soil type-induced litter qugl{origin of the litter) and 2) influence of the
soil environment (litter incubation site) withirsamilar macroclimatic regime. This was done
by reciprocal transplantation of foliage litter leated at three soil types using the litterbag
technique (Berg and Ekbohm 1991, Johansson 1994asl hypothesized that litter
originating from a nutrient-rich site would decomnspand release nutrients faster than litter
originating from a nutrient-poor site, and thatelitincubated at a nutrient-rich site also would
decompose and release nutrients faster thanihttabated at a nutrient-poor site.

Materials and methods

Sites

The decomposition study was carried out in evewnl aggd@jacent stands of beeétagus
sylvatical.) and Norway sprucePfcea abiegL.) Karst.) at three sites in Denmark with
different soil nutrient status (Table 1). The Chiaisssaede site was the most nutrient-rich with
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a soil (Mollic Hapludalf (Soil Survey Staff 1992)gveloped from loamy and calcareous
weichselian till, whereas the Ulborg site was thestmutrient-poor with a soil (Typic
Haplohumod) developed from sandy till depositedrduthe Saale glaciation. The third site,
Lgvenholm, was considered of intermediate nutséatius with a soil (Typic Haplumbrept)
developed from loamy sandy to sandy weichselidrRarest floors were mor-like at Ulborg
and mull-like at Christiansseede and Lgvenholm,datd on forest floor nutrient
accumulation at the three sites may be found irtérdal and Raulund-Rasmusssen (1997).
Herb layers were absent in all six stands, but egsgere present in the Norway spruce stands
at Lavenholm and Ulborg. The mean annual tempersitare 8.4C at Christiansseede, 7®

at Lavenholm, and 7°€ at Ulborg. The mean annual precipitation durlmgexperimental
period was 476 mm at Christianssaede, 498 mm atbmbe and 715 mm at Ulborg. The
experimental period was much drier than indicatgthk thirty-year mean annual
precipitation (Christiansseede: 614 mm, Lgvenholid: ®m, Ulborg: 890 mm) (all
temperature and precipitation data from The DaNlsteorological Institute). The stands
(approximately 0.25 ha each) are part of a treeisp@xperiment planted 1964/65
(Holmsgaard and Bang 1977). Stand densities mag n@&ridentical at the three sites, but the
effect of thinning is expected to be negligible gared with the effects of litter quality and
soil type (Vesterdal et al. 1995).

Litter bag experiments

Foliage litter was collected in October 1994 froacle of the six stands. Beech leaf litter was
collected during litterfall by placing a tarpaubn the ground and shaking branches and trees.
Norway spruce neeedle litter was sampled from tdimpsplaced on the ground for three
weeks. Green needles unmarked by senescence@abstission were sorted out. Two g dw
(60°C for 48 hours) of foliage litter was enclosed olyester litterbags measuring 13 x 15 cm
and with a mesh size of approximately 1 mm. Fohdsee species, there were three types of
litter according to the site of origin, and alldbrlitter types of the two species were incubated
at each site. The three beech and Norway sprueetlypes were only incubated in stands of
the respective tree species, litter of one species was not incubated in staridise other
species. In early December 1994, litterbags wexeeal on the litter layer in a randomized
block design with ten 1 x 1 m blocks randomly dimstted in each stand. Each block
contained five sets of the three litter types fimpling at five different dates (total 900
litterbags: 2 tree species x 3 incubation sitedie3 origins x 5 sampling dates x 10 blocks).
Litterbags were fastened to the forest floor byd0long pins of high carbon steel and were
collected twice a year in June and December fare@ of 2.5 years. Litterbags were brought
directly to the laboratory, and moss and mineréivgere removed. The contents were dried at
60°C for 48 hours and weighed, and the ten block caf#s were subsequently pooled to one
sample and ground before chemical analysis.

Chemical analyses
Total P, Ca, Mg, K and Mn concentrations in fresd decomposing litter were analysed
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following digestion with concentrated nitric acidmicrowawe oven. Phosphorus in the
diluted solution was measured by flow injectionlgsia, and the remaining nutrients were
determined by atomic absorption spectroscopy. Totahd N were measured by dry
combustion in a Leco CHN 1000 Analyzer. The wased ethanol-extractable substances in
fresh litter were extracted prior to determinatadrKlason lignin (Johansson et al. 1986) by
treating the samples in a sonicator bath. Lignimceatrations were subsequently determined
by hydrolysis (12 M HSO, at room temperature for 2 h and refluxed for étéralilution to
0.358 M) and weighing of the residual solid maleddl analyses were carried out in
duplicate or triplicate.

Nutrient release from litter was calculated as

[1] N = Nin - [(100M) Nq]

whereN represents the amount of a nutrient released gldésomposition (nig* incubated
litter), Ni, is the initial nutrient concentration (fadf), M is the mass loss (%), ah is the
nutrient concentration in decomposed litter (Eetral. 1991).

Statistics

Mass loss within each tree species was analysédantiree way treatment structure to
determine significance of main effects (litter amigncubation site and sampling date) and
interaction effects. Blocks were nested within in&tion site and considered to be a random
effect whereas other effects were considered foxbd. Mass loss data (%) were log
transformed in order to normalize and homogeniz@maes. In case of significant main
effects, comparisons between means were perform&tunlent’'s test. All analyses were
carried out with the procedure MIXED in SAS (SAStitute 1993). Differences between tree
species were tested within incubation site anerlitigin with the procedure TTEST. Effects
of incubation site and litter origin on net nuttieaelease were initially tested by one-way
analysis of variance in the procedure GLM with in&tion site as block factor. Subsequently,
the variation in nutrient release was tested in GAdth incubation site as class variable and
the initial nutrient concentration as quantitatwagiable in order to explore whether variation
in initial nutrient concentrations explained th#&etiences in nutrient release.

Results

Litter quality

The litter quality of both beech and Norway sprdidéered among the three sites of origin
(Table 2). Beech foliage litter from Christianssaadd Lavenholm was generally more
nutrient-rich than beech litter from Ulborg. Thdyeaxception was Mg which was found in
highest concentration in the Ulborg litter. Beeittet from Lgvenholm was considerably
richer in the nutrients P, K, and Mn than the tiftem Christianssaede. The amounts of
water- and ethanol-extractable substances diffenddlittle among the sites, but the lignin
concentration was lowest in the Lgvenholm littdreTitter quality differences were not quite
as large in the Norway spruce litter, and it wasemutrient-poor than beech litter except for

83



Mn. Spruce litter from Ulborg was lower in P, Calavin, but higher in N and Mg than litter
from the other sites and the concentration of K alas higher in litter from Ulborg than in

litter from Christianssaede. Like the beech litsgmuce litter from Lavenholm was higher in P,
K, and Mn than litter from Christianssaede. The amt®of extractable organic substances and
lignin were fairly similar for all three litter agins.

Mass loss

Mass loss in beech litter was significantly affelchy both incubation site and litter origin,
and there was no interaction effect of these twitofa (Table 3). Sampling date was also
highly significant,i.e. the mass decreased with time. There was a rdiatarge, significant
interaction between time and incubation site comgbavith the main effect of incubation site.
The interaction between time and litter origin walsitively small compared with the main
effect of litter origin. Apart from an effect of sg@ling date, mass loss in Norway spruce litter
was only weakly affected by incubation site. MasssIthrough the incubation period is shown
for both tree species by litter origin and incubatsite in Fig. 1. As indicated by the
interactions with sampling date for beech littae effect of litter origin was relatively
consistent through the period, whereas the effieicicobation site increased through the
period and was less consistent. Mass loss wasstensly greater in beech litter collected at
Lavenholm than in litter collected at Christiansezahd except for the last sampling date,
beech litter collected at Christiansssede decompiaséer than litter from Ulborg. Regarding
incubation sites, beech litter decomposed fastegaenholm than at Ulborg during the last
year of incubation. At Christianssaede, mass losseither comparable to mass loss at Ulborg
or comparable to mass loss at Lavenholm durindgtteyear. However, at the end of the
experiment mass loss at Christiansseaede was ascadivas at Lgvenholm while
decomposition at Ulborg tended to be slowing dokg. 1b clearly shows that Norway
spruce mass loss was completely unaffected by &tigin through the period. The effect of
incubation site was only significant during thesfihalf of the period. Norway spruce litter
incubated at Christiansseede decomposed fastestwag not consistent whether
decomposition was slower at Lagvenholm or at Ulborggqually slower at both sites.

Mass loss in the two tree species exhibited diffepatterns when comparisons were made by
the same litter origin or by the same incubatide gtig. 2). Litter collected at Lavenholm and
at Ulborg showed the most consistent tree spediesances in mass loss, whereas beech and
Norway spruce litter collected at Christiansseedmgosed at a very similar rate. Beech

litter from Lavenholm had a greater mass loss tlarway spruce litter from the same site,
whereas the opposite result was found for littélected at Ulborg. Tree species comparisons
for litter incubated at the same site showed alammpicture. At Christianssaede the species
difference was inconsistent, but at Lavenholm beéiteln had greater mass loss than Norway
spruce since the end of the first year. At Ulbdtgrway spruce litter had greater mass loss
than beech after 2 years and also at the first kagngate.
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Nutrient release

Net release of nutrients from beech and Norwaycsplitter was mainly influenced by the

litter origin. This effect was due to differencegle initial nutrient concentrations as shown
by the significant linear correlations in Figs.r&lal. For beech litter, net release of N, Mg,
and Mn was also affected by incubation site (FjgL8ss N and Mg were released at Ulborg
than at the other two sites, whereas Mn releasegveadest at Christianssaede. Release of Mg,
Mn, and Ca from spruce litter was also affectednloybation site (Fig. 4). Manganese release
was greatest at Ulborg, and Mg release was grat@nristiansssede than at Ulborg. Calcium
release for spruce litter interacted slightly withubation site as release was less affected by
initial Ca concentration at Lavenholmp <€ 0.01). Calcium release at Christianssaede was
greater than at Ulborg, but Ca release at Ulborg stidl greater than at Lavenholm.

There was net immobilization of N and P in beetterifrom Ulborg, and net Mn
immobilization was found for both beech and spiiitter when the litter was initially low in
Mn. C/P ratios for both beech and spruce littedéehto converge toward 400-500 regardless
of origin or incubation site (Figs. 5a-b). C/N o&tiwere characterized by a general decrease
regardless of litter origin and incubation siteg&zi5c-d).

Discussion

Litter origin and litter quality

Litter quality of beech and spruce was clearly@td by origin of the litter (Table 2). Initial
concentrations of P, Ca, K, and Mn in the littepegred to be affected by soil nutrient status
(Table 1) as also reported by Boerner (1984b), Idi¢@988), and Nordén (1994). The litter
from Ulborg had lower concentrations of P, Ca, Kngh beech only) than litter from the
other two sites. The effect of soil Mg status dtefiMg concentration was probably mediated
by higher deposition of Mg at Ulborg than at theartsites due to the proximity of the North
Sea. The different Mn concentrations in litter avenholm and Christianssaede may reflect
higher Mn availability to plants in acid soils ad.avenholm (Tyler 1976). Higher P
concentrations in litter from Lgvenholm than frorhr{Stianssaede despite comparable
amounts of soil P may also be a result of diffessnitpH. Soil P might be stronger bound at
Christianssaede (higher pH) and may consequentisiseavailable to plants (Nihlgard and
Lindgren 1977). Lignin concentrations were lowesthe beech litter from Lgvenholm and
highest in the beech litter from Ulborg. Sangeale{1996) reported a similar effect of soil
fertility on lignin concentrations in Scots pirféifus sylvestris.) needle litter, but
differences in lignin concentrations were more prorced in their study. The Norway spruce
litters had very similar lignin concentrations désphe differences in soil fertility, but the
sites could still be ranked according to lignin cemntrations similar to beech litter.

Effect of litter origin on mass loss and nutrieataase
The mass loss pattern for beech litter reflecteditter quality differences, whereas Norway
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spruce mass loss was not affected by the diffeseimciter quality (Figs. 1a-b). These results
suggest that soil properties were more likely fuence decomposition of beech litter than
Norway spruce litter through the litter quality.e'mitial levels of N, P, K, and Mn in the
beech litters appeared to be important for masekthrough the period. Berg (1986), Melillo
et al. (1989), and Taylor et al. (1989) reportedt the first phases of decomposition were
mainly controlled by nutrient levels or readily dable carbohydrates, whereas later stages
were controlled by lignin decomposition. The effetbeech litter origin on decomposition
during 2.5 years might therefore be attributeditieicences in nutrient levels. In a 1-year
decomposition study, Boerner (1984a) found inifladnd P concentrations to be more
important for mass loss in mixed-species littenthgnin concentrations. Along a soil
gradient, Staaf (1987) also demonstrated a relgttiprbetween acid-base properties of beech
leaf litter (pH and concentrations of Ca and Mggl anass loss. Lignin concentrations may
have been partly responsible for differences insass toward the end of the experimental
period (Berg et al. 1982, Rutigliano et al. 1996ynin concentrations also corresponded with
the observed differences in mass loss, as a higdl ilgnin concentration will retard
decomposition (Melillo et al. 1982). Norway sprumass loss was remarkably unaffected by
the variation in litter quality. One explanatiorutw be that other litter properties in control of
the initial stages of decompositiang.solid carbohydrates and cellulose, did not differ
among the three litter origins. Another explanationld be that an even greater variation in
litter quality would be required to affect masssiésr Norway spruce litter. Lukumbuzya et al.
(1994) also unexpectedly found that sugar mapkitezr of different origin and with large
differences in nutrient concentrations had the sarass loss. This led them to raise questions
about the magnitude of quality difference requi@desult in mass loss differences within the
same species, and whether litters of the sameespalways decompose at similar rates in the
same environment. Mass loss results in this studgesst that the required magnitude of
quality difference might differ between tree specend the results for beech indicate that
guality differences may affect decomposition raeggardless of the environment (the
incubation site).

Nutrient release during decomposition may be exga@ss a function of both mass loss and
change in the concentration in the residual lifkertrient release from beech and Norway
spruce litter was strongly affected by litter onigie. the initial nutrient concentrations (Figs.
3 and 4). This occurred in spite of different miass patterns according to litter origin for the
two species. Berg and Cortina (1995) also repdhatiN and P release from Scots pine litter
was correlated with the initial concentrationshade nutrients although decomposition
patterns were different. This suggests that thexg Ipe differences in the rate of nutrient
cycling between sites of varying soil nutrient ggatlespite almost similar decomposition rates.
The significant correlations between nutrient re¢eand initial nutrient concentration for
Norway spruce indicated that nutrient releasedceat extent occurs due to leaching or
decomposition of labile substances during the stidecomposition stages. Prescott et al.
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(1993) suggested that differences among litterdypéN and P concentration mainly reflect
different concentrations in the labile fractiongdahis might also apply to the Norway spruce
litter. Nutrient release and mass loss differerficebeech litter were closer related. Beech
litter from Lavenholm lost more mass and also ielamore N, P, K, and Mn than litter from
Ulborg due to higher initial concentrations of themitrients in the Lavenholm litter. Calcium
release from beech litter was not as closely catedlwith initial concentration as release of
other nutrients (Fig. 3). The amounts of Ca relédsmn beech litter collected at Lavenholm
and Christianssaede were fairly similar despiteagetdnitial concentration in litter from
Levenholm. This probably reflects the nature ofaSa structural component of litter (Blair
1988a), its release therefore being more contrdilechass loss than by initial loss of labile
substances (Gosz et al. 1973). There were largretiices in initial P concentrations for
beech litter, and the P content increased sligittlgn absolute basis in the P-poor beech litter
from Ulborg (Fig. 3). This immobilization of P mus¢ due to selective import from the
surroundings as also observed by Staaf and BeB2]1%he differences in P release among
litter origins resulted in a characteristic conwveggtrend in C/P ratios for both beech and
Norway spruce during decomposition (Figs. 5a-badkding to the initial P concentration, P
was either immobilized or released relative to suleng in more similar C/P ratios for all
three litter origins after 2.5 years. Such a patfer P was also reported from studies with
different species (Blair 1988b, Rustad and Crori#881Prescott et al. 1993). Gosz (1973)
suggested a critical C/P ratio for decomposer asgas between 360 and 480 which might be
close to the convergence value in this study, lmams and Angradi (1996) and Blair (1988b)
found indications of a lower critical C/P ratio.NCvatios decreased for all litter orgins
suggesting that differences in N concentrationsevganilarly limiting in litter from all sites.
Both initial C/N and C/P ratios are important f@cdmposition rates (Enriquez et al. 1993),
but the microbial demand for additional P to decosgbeech litter from Ulborg may partly
explain why litter from this site also had the skestl mass loss.

Effect of incubation site on mass loss and nutnielgase

Mass loss was affected by incubation site in biagh species, but the effect was less
consistent through the incubation period for Norwpsuce litter than for beech litter (Figs.
1c-d). As climatic differences were small, thessutes indicate that decomposition was
affected through the environment defined by thémoiperties. For beech litter, the mass loss
patterns among incubation sites were similar tanhss loss patterns among litter origins
after the first year. As expected, mass loss wasdbat the most nutrient-poor site Ulborg,
but mass loss was highest at Lavenholm and orgyrediate at the site most rich in
exchangeable base cations, Christianssaede. Onhttenlvag studies have related mass loss
within stands of the same species and the samatelita nutrient status of soils. Staaf (1987)
found that mass loss in beech leaf litter was edléd nutrient status of soils and attributed
this to different conditions for microbial and notaunal turnover. In contrast, Anderson
(1973) found no difference in mass loss for bedtdr incubated at a sandy and a clayey soill.
The effect of incubation site for Norway spruce wmas sufficient to overcome the increased
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variation among litterbag replicates at the enthefincubation period, but mass loss still
tended to be greater at Christianssaede than atdJIbbe results suggest a weaker effect of
incubation site nutrient status on the mass lo$oirnvay spruce litter. The incubation sites in
this study represents communities of soil faunararmoorganisms which may colonize the
litter. Decomposer biomass and species diversitg waported to be highest in nutrient-rich
soil environments (Witkamp and van der Drift 196thaefer and Schauermann 1990), and a
low species diversity may result in slow decomposi{Setala et al. 1988). Microbial

biomass was also found to be positively correlatgd the amount of exchangeable bases and
pH (Raubuch and Beese 1995). These effects opsmlerties on decomposition may be a
reason for the slower decomposition at Ulborg. Basesoil properties, Christiansssede was
expected to have the highest mass loss of the $ite=e and incubation site differences for
Norway spruce to some extent supported the hypisthiest mass loss would be greatest at
the most nutrient-rich site. However, beech incetat Lgvenholm decomposed faster than
at Christianssaede. One reason for this could bbeadelogical, as the litterbag mesh size did
not enable earthworm access. Exclusion of earthwanaly have retarded decomposition
more in beech than in Norway spruce. The forestri@nd subsoils in beech stands were
reported to have a greater earthworm biomass thAloiway spruce stands, but the
earthworm biomass may be similarly low in beech siaice stands on sandy, nutrient-poor
soils as at Ulborg (Nordstrom and Rundgren 1978jtH&vorm activity appeared to be much
higher in the beech stand at Christianssaede thidue ibeech stand at Lavenholm, and a large
amount of the unconfined leaf litter is probablgarporated in the soil at the former site.
However, if earthworms were able to remove le&fidifrom the litterbags, mass loss would
rather represent litter disappearance from thestdleor than decomposition (Anderson 1973).
Exclusion of earthworms from the decomposition psscmay nevertheless have decreased
mass loss relatively at Christiansssede comparedttoal conditions. Another reason for the
fast beech litter mass loss at Lavenholm might pesitive effect of the nutrient-rich native
litter on microbial activity in the incubated litte

Incubation site affected release of N, Mg, and kém¥ beech litter and release of Ca, Mg, and
Mn from Norway spruce litter. The differences irtnent release were not just a product of
mass loss, and nutrient release was not cleadyectko nutrient status of the sites.
Magnesium concentrations in litter were high atdsg) and the lower release of Mg at this
site probably reflects a greater throughfall flixMyg due to the proximity of the North Sea
(Pedersen 1993). The released fraction of thealitg content may not be lower, but due to a
higher input of Mg, concentrations are maintained higher level at Ulborg. Manganese
release was significantly highest at Christianssedieeech and significantly highest at
Ulborg for Norway spruce. These two sites both apge to have lower Mn availability than
Lgvenholm, where Mn release generally was lowds¢sé€ release differences could be due to
a greater selective demand among soil microorganérthe sites with low Mn availability.
Berg et al. (1996) reported that the initial Mn centration in litter was related to long-term
decomposition rates, possibly because Mn is impofta the activity of lignin-degrading
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enzymes in white-rot fungi (Perez and Jeffries 19@2lcium release for Norway spruce was
lowest at Lavenholm, and also increased less witfeasing initial Ca concentration than at
the other two sites. These relatively small diffexes may reflect the differences in mass loss
after 2.5 years (Fig. 1d), as Ca release has lapemnted to track patterns of mass loss (Gosz et
al. 1973). However, no such pattern was appareridech despite the mass loss differences
among incubation sites. Nitrogen release fromrlittas generally low, and N release for
beech was significantly lower at Ulborg than at d¢kiger sites due to net immobilization
through the period. A higher microbial demand foatNJIborg might result in a prolonged
period of net N immobilization, and beech foresbfts also had a lower C/N ratio at Ulborg
than at Christiansseede and Lgvenholm (VesterdaRamtlind-Rasmussen 1997).
Differences among sites in N deposition could @lsanvolved, but then the same pattern
would be expected for both tree species as sedvidaelease. Prescott et al. (1993) found no
influence of N and P availability at incubatioresiton N and P release. This agrees with the
results for P release from this study. AlthougloRoentrations in litter indicate great
differences in P availability among sites, theasktl amounts of P were similar at all sites.
The changes in C/N and C/P ratios over time alggest that incubation site did not
influence N and P dynamics as much as the initiahil P status of the litter. However, C/P
ratios for beech and especially for Norway spreceléd to converge slower for the P-poor
Ulborg litter when it was incubated at its siteoofgin. This also points at low P availability as
a possible reason for slower mass loss at Ulborg.

Effects of soil type: Litter origin versus inculmatisite

The experiment with decomposition of beech legdlisupported the hypothesis that soil type
influenced decomposition both through litter origimd incubation site, while decomposition
of Norway spruce needle litter only supported tigedthesis as regards effect of incubation
site. The solil type therefore may influence eathge decomposition of beech litter due to an
effect on litter quality and due to an effect oa #pecific environment where decomposition
takes place (Figs. 1a-d). These results agreeanstmilar study in beech stands along a soil
gradient (Staaf 1987). However, Howard and Howa880) only found a small effect of
incubation site and an even weaker effect of litggin on birch Betula penduld&Roth) and

oak Quercus robut..) decomposition when they compared a mull antba site. For birch
litter originating from two sites (limestone andapeand incubated at three different sites
(limestone with mull, slate with moder, peat), Bok@and Gilbert (1957) reported influence
of incubation site, but no effect of litter origiA.reason for these varying results may be that
the soil gradients were not comparable. Interadtietveen litter origin and incubation site
was not found in this studie. mass loss was equally affected by origin at @ilibation sites
and was similarly affected by incubation sitesdtbditter origins. Contrary to this, Nicolai
(1988) reported that beech litter decompositiofi-om mesh bags was more affected by
limestone/sandstone origin when it was incubateéteatimestone site. The lack of interaction
in the present study may be due to the exclusionamrofauna species at the nutrient-rich
sites. It must be emphasized that results aravelastimates of decomposition under
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standardized conditionse. under influence of the same size fraction of dguoser
communities.

The effects of litter origin and incubation siten& not equally pronounced for beech and
Norway spruce, suggesting that the influence dftgpe may differ among tree species (Fig.
2). Beech thus decomposed faster than Norway spvhea the litter was collected or
incubated at Lgvenholm, whereas Norway spruce dposad fastest when litter was
collected or incubated at Ulborg. Interactions leswtree species and soil type have also
been reported from other studies. Bocock et ab@l%und an effect of incubation site on
mass loss in aslir(axinus excelsiot..) but found no effect in oak, and Bocock and Gilber
(1957) found an effect in limd{lia cordataMill.) and birch while they found no effect in
oak. These results all indicate that decomposisaontrolled by whatever factor is most
critical for decomposer organisms. If the litteofdow quality due to its tree species origin
(e.g.Norway spruce), decomposition is less affecteddlfertility than in more favourable
litter types €.g.beech). Analogous to temperature and moistureactiens, the soil-induced
nutrient status of litter or the soil microenviroemt may be of little significance if specific
tree species related litter properties set theitydailv for decomposer organisms.

Nutrient release was most affected by soil typeubh litter origin,.e. initial nutrients in the
litter were more intimately involved in nutrienieéase than nutrients in forest floor or soil.
This is not surprising, given the variation in iaitnutrient concentrations among litter origins.
The specific litter quality produced by Norway spewand beech on a soil type was thus more
likely to affect release of nutrients in the forfsor than the soil environment. However, it
must be emphasized that this study only dealt @atthy stages of litter decomposition. It is
possible that the influence of soil-induced litg@iality on nutrient release decreases during
later stages of decomposition, whereas the impoetahthe soil environment may increase
(McClaugherty et al. 1985). A greater effect ofl $gpe on Norway spruce mass loss might
have been found if the study had included the ktiges of decomposition. Much greater
forest floor carbon contents in beech and Norwayapstands at Ulborg than at the other
sites indicate that differences in decompositida far Norway spruce may develop later on
(Vesterdal and Raulund-Rasmussen 1997). In additi@crofauna exclusion may to some
extent have reduced differences in decompositioongnthe three soil types.

Conclusions

The experiment with beech litter supported the kiypsis that the rate of decomposition is
influenced by solil type through its effect on bbtter quality and the incubation environment.
Beech litter mass loss was positively affected ilyient status of the soil. The experiment
with Norway spruce litter did not support the hypettis as regards influence of soil type
through the litter quality, and the effect througk soil environment was weak. Nutrient
release from litter of both species was greatlg@éd by soil type through the litter quality, as
the released amounts were positively related t@imutrient concentrations. Nutrient release
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was less affected by the soil environment. Soiiremvnents only affected release of some
nutrients, and the differences were not consisteatated to nutrient status of soils or mass
loss. The influence of soil nutrient status on aegosition appears to vary among tree species
and may be more significant in species that prodelegively high quality litter.
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Table 1 Physical and chemical characteristics of soithathree sites.

Site Depth pH Clay Sit Sand C N P TaMg*  K*

(cm) (%) (%) (m@")(mgRg")  (cmokEg?
Christianssaede
Al 0-5 3.8 12 10 78 28 21 110 46 06 0.12

A2  5-25 52 12 11 1 15 1.7 110 9.3 0.4 0.10
Bt 25-50 6.2 15 18 67 0.4 0.5 240 12.2 0.6 0.18

Btg 50-73 75 18 20 62 380 21.7 0.5 0.12
Ckg 73-110 7.7 9 16 75 0.3 0.07
Lgvenholm

A 0-27 4.1 3.5 120 85 0.9 0.7 119 0.47 0.06 0.06
Bw 27-55 4.8 2.5 6.5 91 0.4 0.3 161 048 0.05 0.04
BC 55-70 4.7 4.0 9.0 87 0.1 0.2 223 0.21 0.03 0.04
Cg 70- 4.5 3.5 105 86 0.1 123 0.78 0.07 0.07

Ulborg

A 0-18 2.7 2.1 3.0 95 10.7 3.3 22 039 0.67 0.23
E 18-30 3.4 0.5 2.2 97 0.4 0.1 6 0.03 0.01 °b.d.
Bh  30-34 3.5 10.9 3.8 85 7.0 2.4 24 0.20 0.13 0.09
Bhs 34-40 4.1 6.2 3.6 90 3.6 1.3 20 0.06 0.04 0.04
Bs 40-60 4.4 2.9 3.0 94 0.1 0.1 16 0.02 b.d. 0.01
BC 60-100 4.5 1.3 2.1 97 10 0.01 b.d. Db.d.
C 100- 4.6 0.9 2.5 97 11 0.01 b.d. b.d.

Note: From Raulund-Rasmussen (1993), Raulund-RasmusskYiggre (1995) and Vesterdal
and Raulund-Rasmussen (1997).

%.d.: below detection limit.
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Table 2 Initial chemistry of beech and spruce litter frame three sites.

Water Ethanol
Species and site N P Ca K Mg Mn extract.  amtir Lignin
(mgg™) (%)
Beech
Christiansseede  11.7 (0.2) 1.19(0.01) 17.3(0.3).97 (0.04) 2.09 (0.02) 0.41(0.02) 10.2 (0.5) (®4) 34.3(0.1)
Lavenholm 12.7 (0.4) 2.36(0.07) 14.2(0.7) 7AOR4) 1.75(0.05) 1.67(0.01) 11.1(0.9) 4.7 (0.4B1.7 (0.1)
Ulborg 10.0(0.2) 0.45(0.02) 13.0(0.7) 3.02%.1 2.25(0.01) 0.38(0.00) 10.3(0.1) 4.5(0.2) 53®.3)
Norway spruce
Christiansseede  10.5(0.2) 0.93(0.05) 16.6(0.2).21 @.02) 0.95(0.00) 0.89 (0.03) 7.1(0.4) 5.2Y0 36.8(0.3)
Lavenholm 9.4(0.2) 1.10(0.03) 16.8(0.3) 34M() 1.04(0.00) 1.99 (0.08) 7.8 (0.5) 4.7(0.3)5.130.1)
Ulborg 12.1(0.2) 0.52(0.00) 11.8(0.1) 2.8D(). 1.75(0.01) 0.74 (0.04) 7.2(0.4) 45(0.3) 63D.1)

Note: Values are means (SD), n=3 for nutrient concantiatand n=2 for extractable organic fractions.



Table 3 Effects of incubation site, litter origin and #non mass loss in beech and Norway
spruce litter through the entire peridtvalues from three-way analysis of variance.

df Beech Norway spruce

Incubation site 2 19.8*** 3.8*

Litter origin 2 137.5%** 1.7 ns
Time 4 1282.0*** 1300.0***

Inc. sitex litter origin 8 1.3 ns 1.5ns

Inc. sitex time 8 11.5%* 1.9ns
Litter origin x time 8 3.1** 0.5ns

Inc. sitex litter origin x time 16 0.9 ns 1.1ns

Note: df = degrees of freedom, *y < 0.001,**p < 0.01,*p < 0.05np> 0.05
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Fig. 1. Remaining mass of beech and Norway spruce foliige of different origin (a, b) and
incubated at different sites (c, d). Bars indicate standard error of the mean. At each
sampling date, litter origins or incubation sites eanked according to significant differences
(p < 0.05) based on two-way analysis of varianceClgjstianssaede; L, Lgvenholm; U,
Ulborg.
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Fig. 3. Linear correlations between initial nutrient centrations (m@™) and net nutrient
release (mig*incubated litter) from beech leaf litter during 3&ars incubation. Differences
in nutrient release among incubation sites arecatdd by individual regression lines. Lines
with the same letter are not significantly differgm> 0.05) based on a general linear model
and Student’'s test. Incubation site® Christiansseed® Lavenholm A Ulborg.
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release (mig* litter) from Norway spruce needle litter during 3éars incubation. Differences
in nutrient release among incubation sites arecatdd by individual regression lines. Lines
with the same letter are not significantly differgm> 0.05) based on a general linear model
and Student’'s test. Incubation site® Christiansseed® Lavenholm A Ulborg.
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Abstract

Nitrogen cycling is generally considered to be nragad on sites with inherently high
availability of N. This study was conducted to detme whether N cycling in stands of a
single tree species was affected by a gradientimeral soil nitrogen capital. Rates of N
cycling in stands of Douglas-fir (Pseudotsuga mesiz{Mirb.) Franco) were estimated by
measuring annual N inputs in litter, accumulatiohsl in the forest floors and net N
mineralization rates in the forest floors. Ratesdldtirnover were estimated from the
litterfall/forest floor ratio. Nitrogen cycling imeased along the soil N gradient due to
increased N concentrations in litter and incredistedifall. Forest floor N contents decreased,
and turnover rate constants of C and N indicatedtgr rates of decomposition and N release
with increasing soil N capital. Carbon turnover wasre affected than N turnover by soil N
capital. Forest floor net N mineralization was ppaorrelated with indices of N cycling, and
forest floor C/N ratios did not reflect the changesl cycling. For the most part, the results
were consistent with the hypothesis that rates oy®ling within a single tree species increase
with increasing soil N capital. The gradient inl$dicapital may have developed from
differences in rates of plant growth and organidtengroduction resulting from differences

in soil texture among the sites.

Key Words: nitrogen cycling; Douglas-fir; soil nitrogen gradtgcarbon turnover; nitrogen
turnover; decomposition; net N mineralization; ogfen availability; litterfall; forest floor;

Key Phrases:nitrogen cycling along gradient in soil N; effects litterfall N content and C/N
ratio; effects on C and N turnover and forest floet N mineralization; net N mineralization
vs. N cycling rates; positive feedback increasingvdilability on N-rich sites vs. N-poor
sites;
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Introduction

It is generally considered that nitrogen cyclingnisre rapid on sites with inherently high
availability of N. As Gosz (1981) outlined, veg@&aton rich sites produces litter with high N
concentrations and low amounts of phenolics, leathrapid decomposition and
mineralization of N. On N-poor sites, the littesHaw N concentrations and higher amounts
of phenolics, decomposes slowly and releases thslewWly. These differences in litter
chemistry among sites thus create a feedback viachases N availability on rich sites but
decreases it on poor sites. Support for this hygsithhas come from studies of N cycling
along N availability gradients in Wisconsin. Pastbal. (1984) reported higher litter N
concentrations and faster decomposition and mizetan along a gradient in soil N
mineralization. They attributed these effects targes in species composition along the
gradient, with species that produce higher quétir replacing others as N availability
increased. Differences in N mineralization wereaapptly the result of changes in soill
texture; higher rates of soil N mineralization wassociated with fine-textured soils with
better moisture conditions. Similar conclusionseverached by Reich et al. (1997) who
found correlations between N availability, abovegd net primary production and N return
in litter along a more extensive N availability dient in the same area. The differences in N
availability were also associated with changeh@wegetation, and attributed ultimately to
soil type, texture and parent material.

As most of the previous studies have dealt witldigrats in N availability comprising
different tree species, it is not clear to whaeekthe differences in N cycling also occur
within single tree species. In loblolly pinRifus taedd..), Birk and Vitousek (1986) found
higher N concentrations and rates of N mineralrain stands with higher N availability, but
this effect was largely a result of heavy fertitina with sewage sludge. Lamb (1975) found
lower litter N concentrations, higher forest flammcumulation and slower N mineralization in
radiata pine_(Pinus radiaka Don) plantations on poor sandy soils compargd kcher sites.
He attributed these effects to lower nutrient cotregions and higher concentrations of
polyphenols in the litter on poor sites.

In this study we examined the influence of minerl N capital on rates of N cycling in
coastal Douglas-fir (Pseudotsuga menzi@dirb.) Franco) at nine sites along a soil N
gradient in Washington and Oregon. Rates of N ngal the stands were estimated by
measuring annual N inputs in litter, accumulatiohsl in the forest floors and rates of net N
mineralization in the forest floors. Rates of Nniower were estimated from the litterfall/forest
floor ratios. If Gosz’s hypothesis applies to diffet sites with the same tree species, then
rates of N input in litter, N turnover in the foté®or and net N mineralization would
increase as soil N capital increased. The undeylgauses of the differences in N capital
among the sites were examined by comparing sodtal with other site properties.
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Materials and methods

Study sites

Nine coastal Douglas-fir stands of widely differsiie index were selected to represent a
gradient in N availability, based on the establishedationship between N availability and
productivity in Douglas-fir (Chappell et al., 199Ejight stands were located in coastal
Washington and one was in coastal Oregon. The staack fully-stocked second growth and
were control plots in a fertilization trial estaddlied 1969/70 as part of Phase | of the Regional
Forest Nutrition Research Project (now the Standdgament Cooperative (SMC)). Age,
stem number, and standing volume varied amongtémels (Table 1). Parent material also
varied as five of the sites had soils developethfgtacial till or glacial sediments and the
others had soils developed from igneous and sedanerocks. Soil properties for the surface
15 cm layer are given in Table 2 together withltotatents of C and N in the soil profile.

The soils were fairly rich in clay and silt excépt Skykomish and White Chuck Mountain,
and pH was fairly uniform among the sites (4.26rthe entire profile). The variations in
cation exchange capacity and base saturation weak, ut C, N, and P concentrations of the
mineral soils varied among the sites. Total C armbhtents in the soils are from profiles
ranging from 63 to 152 cm in depth. The differenicgsrofile depth were not related to soil C
and N capitals and were assumed to be of littleomi@mce due to very low concentrations in
the deep soil horizons.

Sampling and analyses

The rate of N cycling in each stand was estimatech®asuring: 1) N concentration in needle
litter and annual litterfall mass, 2) N concentvatand mass of the forest floor, and 3) net N
mineralization in the forest floor. All sampling svdone within the 0.04 ha measurement plot
in each stand.

To estimate the N content of litterfall, ten 0.18%plastic trays with fiberglass screens in the
bottom and holes for drainage were randomly placedch measurement plot in April 1993.

Fallen litter was collected from each tray at twonth intervals for one year, dried a0
sorted into brown needles, green needles and othtarial, and weighed. Only brown
needles having undergone senescence and absacissi®measured since these would best
represent the nutritional conditions of the sitee€h needles were excluded because they
were mostly attached to branches broken off dunimgistorms. Concentrations of C and N
were measured in litter collected in October foilogvthe annual peak in litterfall, using a
CHN analyzer (Perkin Elmer Series Il CHNS/O Analy2400, Perkin Elmer, Norwalk, CT).
The total amounts of C and N in annual litterfalires estimated by multiplying the mass of
litter in each tray by the concentrations of C &hd

The mass of the forest floors were estimated friom.093 M samples of the Oi, Oe, and
Oa layers collected from each plot in October 1¥¥8nples were dried at 0 and woody
debris larger than 1 cm in diameter was removed.rémaining material was weighed, and
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concentrations of total C and N were measured thghCHN analyzer. The total amounts of
C and N in the forest floors were estimated by iplyihg the masses of the forest floors by
the concentrations of C and N.

Forest floor turnover rates were calculated fohkotand N by the litterfall/forest floor mass
ratio according to Olson (1963). Turnover estimatese based on brown needle litter and all
forest floor material except woody debris largeartii cm. Estimates are thus primarily
suitable for comparison among the nine stands.aBsamption of the stands being in steady
state, i.ethat annual forest floor decomposition in the $bféoor equaled annual litterfall,
was not tested. However, since all stands were thare40 years old they should be
approximating steady state conditions. There wbeldo residual forest floor material from
the previous stands, so forest floor masses shetlitt rates of litter production and
decomposition in the current stands. Because #melstclosed canopies many years earlier,
rates of litter production should have stabiliz&derage forest floor masses may have been
slightly overestimated by sampling shortly aftex #nnual litterfall peaks so turnover rates
may have been slightly underestimated.

Potential rates of net N mineralization in the gbridoor were estimated from the amounts of
NH4-N and NQ-N produced during 24-day aerobic incubations anlgboratory (Vitousek et
al., 1982). Ten samples of the Oe and Oa layezach plot were collected in October 1993
separately from the forest floor mass samples de=stabove. A 5 g subsample (dry weight
equivalent) was extracted with 2M KCI and concerdres of NH-N and NQ-N were
measured on an Alpkem RFA 300 AutoAnalyzer (Alpk@orp., Wilsonville, OR; Page et al.,
1982). A second 10 g subsample (dry weight equitpieas placed in a 0.6 drglass jar.
Distilled water was sprayed into each subsampleit the moisture contents to 75% (wet
weight basis), and the jars were incubated in #r& dt about 2TC. Each week, the jars were
opened to outside air for 15 min. After 24 dayshesample was extracted with 2M KCI.
Differences between the amounts of extractablefrbend after incubation were used to
estimate net N mineralization rates in each fdiest sample.

Data analysis

Correlations between soil N capital and rates afy8ling were tested by linear regression
with PROC GLM (SAS, 1989). Intercorrelation betwesail N capital and other site
characteristics were tested using correlation am(fPROC CORR) and subsequent linear
regression.

Results

Litterfall and forest floor C and N for the ninastls are shown in Table 3 together with the
estimated turnover rate constants. Litterfall C Bincbntents increased significantly, and
litterfall C/N ratio decreased significantly alotige gradient in soil N capital (Figs. 1a-c).
These relationships indicated that stands withlitierfall N contents might also produce the
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most N-poor litter. There was a tendency for stamids low litterfall N content to produce
the most N-poor litter, but the correlation was qoite significant (Fig. 1d).

Forest floor C and N contents tended to decreasgdhe soil N gradient, but only the
relationship between forest floor N content andl Navas significant (Figs. 2a-b). Turnover
rate constants of C and N both increased signifigaiong the soil N gradient (Fig. 3),
suggesting faster decomposition with increasinguarmsof soil N. Since the variation in

forest floor C and N contents along the soil N ggatiwas fairly small, the variation in C and
N turnover constants was largely the result ofdifferences in litterfall C and N contents.
Nitrogen turnover did not increase to the exteat @ turnover increased along the soil N
gradient, despite an increase in litterfall N carication. Thus, N turnover appeared to be less
affected by soil N than C turnover, as the slogeb@regression lines were significantly
different (<0.05).

Forest floor net N mineralization was highest attho sites with lowest forest floor C/N
ratios, and mineralization was generally low aba@/N ratio of 35 (Fig. 4). However, net N
mineralization was not correlated with either $oitapital, litter N content, or litter C/N ratio.
The increasing N content and N concentration tarfiall along the gradient was apparently
not reflected in the forest floor C/N ratio (Fig. Surprisingly, there was an inverse
relationship between forest floor N concentratiad aoil N.

The relationships between soil N capital and sapprties listed in Table 2 were explored in
order to identify other site factors associatedwiil N. Soil N was significantly positively
correlated only with soil C @0.05, f=0.61), and soil C was also significantly positjvel
correlated with both litter N concentration<@05,r’=0.52) and litter N content ¢®.05,
r’=0.61). Soil C/N was not correlated with litter bintent (R0.07) or litter C/N ratio
(P=0.19). Turnover rate constants were negativelyetated with mineral soil C/N (Fig. 6).
None of the other site and soil properties listedables 1 and 2 were significantly correlated
with either soil N capital or turnover rates. Howewpercentage clay (0-60 cm depth) was
correlated with soil carbon conten(®05) (Fig. 7). This suggests that the effechefdoil N
gradient might be associated with a soil texturatigent, although the correlation between
soil N and percentage clay was not significastQ(R0).

Discussion

The results of this study are for the most pars@iant with the hypothesis that rates of N
cycling would increase along the gradient in sailllle amount of N returned in litter and the
rate of N turnover in the forest floor both incredss soil N capital increased. The increase in
litter N content resulted from both increased llitteass and increased N concentrations in
litter. Increasingly N-rich litter with increasirdterfall N content (Fig. 1d) was also reported
by Vitousek et al. (1982) from sites with differdreée species. Despite the increase in litter
input, forest floor mass declined along the graglismggesting a faster decomposition on
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more N-rich sites. As suggested by Gosz (1981)ntfag be due to higher concentrations of N
and lower concentrations of polyphenols in littatterfall C/N ratio was lower on the more
N-rich sites, but preliminary analyses of condernts@ains in litterfall did not suggest
declining contents of polyphenols along the gradignVenner, personal communication).

Correlations between litterfall nitrogen contentlar@t N mineralization as the index of soil N
availability have also been reported from otheditsi (Pastor et al., 1984; Reich et al., 1997).
However, these studies had soil N gradients madsy wjifferent tree species. Within a tree
species, Birk and Vitousek (1986) found that insegbN availability was related to increased
litterfall and increased concentrations of N itelifall. Turnover rate constants for C and N
also increased along the soil N gradient sugge&aistgr decomposition and N release.
McClaugherty et al. (1985) also reported higherodguosition rates on N-rich sites, but this
effect was due to changes in tree species. Witkjeaies, effects of N availability on
decomposition have been inconsistent (Fog, 198&yu® et al. (1995) reported slower
decomposition of birch leaf litter with increasi@gN ratios, whereas Prescott (1995) found
no change in decomposition rates of litter enriclvétd N. Aerts and De Caluwe (1997) also
reported little influence of litter N concentrateoon decomposition rates within Caispecies.
However, they found that N release was highest uomiaditions of high N supply, as also
indicated by the increasing N turnover rate aldrgggoil N gradient in our study.

We found only found poor correlations between fofle®r net N mineralization and indices
of N cycling rates. The only exception was the kighet N mineralization at the two sites
with forest floor C/N ratios below 35. Other stugllgy Lamb (1975) and Vitousek et al.
(1982) also found no correlation between minertibneand forest floor C/N ratio, but they
found litter N content to be a better predictoNomineralization. In our study litter N content
was not correlated with forest floor net N minezation, in fact there was a tendency for
higher N mineralization with higher litter C/N ratiThis resulted from an unexpected
negative relationship between N concentrationgtir land forest floors - sites with the
highest C/N ratios in litter had the lowest C/Naatin the forest floor. Such a pattern could
be related to higher polyphenol concentrationgtt@rland greater complexing of proteins in
the forest floor at sites with low soil N (Gosz 819. As a result, more of the N would be
retained in the forest floor, causing a narroweM €tio. For this reason, the C/N ratio of the
forest floor may not be a reliable predictor oégit availability.

Our results provide further evidence of a posifeedback that increases N availability on
N-rich sites and decreases N availability on N-potas. The question remains, what are the
site factors that initially determine N availalyiftt Gosz (1981) suggested that the nature of the
parent material, particularly texture and nutrigtattus would influence N cycling by
determining plant development. Under similar climabnditions, soils with favorable

moisture capacity and adequate amounts of nutnveiliteesult in greater productivity,

biomass, organic matter storage and N supply. Raiah (1997) demonstrated a relationship
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between net primary productivity and net N mineation, both being higher on fine-textured
Alfisols than on more coarse-textured Entisolstdtisls, and Spodosols. Lamb (1975)
found lower rates of N cycling in radiata pine staion sandy podzols than on more
fine-textured soils. We could not find any diffeces in soil nutrients among the nine sites
that were able to explain the variation in N cyglifhere was, however, a positive correlation
between soil C and percentage clay in 0-60 cm désth.05) and a weaker, non-significant
relationship between soil N and percentage claf) (F0). The soil N gradient may therefore
be a result of differences in soil texture amorgygtes, according to the following scenario.
At the sites with fine-textured soils, the highewisture holding capacity and higher content
of base cations would promote plant growth and gpectdn of organic matter. Over time these
sites would develop higher contents of organic ena@, and N in the soil. The feedback
through increased litter N contents identifiedhis tstudy would further increase turnover and
N availability at the N-rich sites. On the coarsgttired soils organic matter, C, and N would
accumulate more slowly, being further constraingglbwer N cycling in litter.

In conclusion, our results were for the most parnsistent with the hypothesis that rates of N
cycling would increase along the gradient in sailllle amounts of N returned in litter and
the rate of N turnover both increased with incnegsioil N capital. Turnover rate constants
also increased along the soil N gradient. Howdeeest floor net N mineralization was not
clearly related to indices of litter N cycling, afadest floor C/N ratio did not reflect litter N
cycling. The study provided further evidence ofogipve feedback increasing N availability
on N-rich sites and decreasing N availability opdbr sites. Differences in soil texture
among the sites may be partly responsible for éweldpment of differences in soil N capital
and the resulting patterns of N cycling.
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Table 1 Site and stand characteristics at the time ofpfiagin 1993.

Sitet Soil suborder  Parent Aspect Slope Elevacipi- Age Site StemVolume Annual
(USDA) material tion tation index number ciementt
®) (m) (cm) (y) (m) (hd (m¥ha) (mha'yr?)

Skykomish (43) Haplorthod  Granite NW 10 457 - 70 6 21960 923 18.4

White Chuck Mountain (110) Fragiorthod Meta-igngolBE 60 945 292 42 35 1235 672 26.6
shale

Cedar Falls Powerline (5) Xerochrept  Glacial till E 10 274 178 62 31 872 613 13.7

Cedar Falls (1) Durochrept  Glacial till level 5 434 203 67 35 472 781 11.8

Little Ohop Creek (17) Haploxeralf Sandstone SE 2671 152 51 40 1111 944

20.7

Headquarter Camp (57) Haplohumult Igneous level 13B6 165 59 40 474 1018 23.0

Middle Fork Satsop River (77) Haplorthod Glaciklt level 10 162 229 46 38 1383 613 24.4

Deep Creek (20) Haplumbrept Glacial SE 10 373 17856 42 630 844 16.8
sediments

Camp Grisdale (53) Haplumbrept Glacial till W 15 142 292 52 37 751 878 24.6

Tt Stand Management Cooperative installation numbdrsackets.
¥ Annual increments are for the previous 24-yeaogde=xcept for Middle Fork Satsop River where kitog characteristics are from
1989 and annual increment is for 1969-1989.



Table 2 Selected properties of soils at the nine sitegtdre, pH, cation exchange capacity (CEC), baseataon (BS), total P,
available P (Bray), and C and N concentrationdbased on four composite samples from the uppeniim each stand. Total C and N
are gravel-correctezbntents in the whole mineral soil profile.

Site Clay Silt Sand pH8 CEC BS Total PBray P C N Total C  Total N
(%) (cmal/kg) (%) (mg/kg) (%) (%) (Mg/ha)
Skykomish 6 10 84 5.0 20.8 9.4 672 58 3.25 0.09 83 2.53
White Chuck Mountain 5 15 80 4.7 21.8 21.9 1084 162 4.04 0.12 84 3.28
Cedar Falls Powerline 13 37 50 - 33.8 13.5 2078 174452 0.16 91 4.06
Cedar Falls 11 26 63 4.9 40.4 18.3 2306 156 9.7141 0. 108 4.50
Little Ohop Creek 30 50 20 5.0 38.3 13.2 372 4 5.50.19 220 7.00
Headquarter Camp 20 40 40 5.2 30.4 7.9 1340 43 4422 141 8.50
Middle Fork Satsop River 10 25 65 5.0 22.5 14.8 1181105 9.28 0.40 173 9.68
Deep Creek 30 37 33 5.1 26.1 27.1 1179 113 4071 0.2 143 10.54

Camp Grisdale 20 50 30 4.6 40.1 54 1124 9 7.832 0.3 208 12.10




Table 3. Carbon and nitrogen contents of litterfall ancea floors, net N mineralization in forest flooasd turnover rate constants for
carbon and nitrogen at the nine sites. Each valtigei mean (and standard error) of 10 sampledgtpdoslitterfall and net N
mineralization or 5 samples per site for foresbfn

Site Litterfall Forest floor Turnovert

Carbon Nitrogen C/N Carbon Nitrogen CIN N min CN

(kg ha' yr?) (Mg/ha) (kg/ha) o g* dY)

Skykomish 584 (119) 5.04 (1.25) 110 6.13 (0.59) 0.6416.4) 36 8.3 (0.9 0.10 0.03
White Chuck Mountain 709 (133) 6.92 (1.52) 100 3@918) 102.8 (7.8) 34 45.5(18.3) 0.20 0.07
Cedar Falls Powerline 457 (65) 5.57 (0.92) 82 4Q®5) 124.8(12.0)0 34 22.6 (4.6) 0.11 0.04
Cedar Falls 457 (69) 5.60 (1.09) 82 2.98 (0.29) .7796.3) 37 54 (1.8) 0.15 0.07
Little Ohop Creek 730 (100) 9.05 (1.57) 79 4.33192 110.4 (52.4) 39 0.4 (0.3) 0.17 0.08
Headquarter Camp 740 (115) 9.04 (1.54) 82 2.682J0. 635 (6.1) 42 55 (1.2) 0.28 0.14
Middle Fork Satsop River 921 (121) 12.82 (1.89) 73 3.24 (0.20) 84.2 (5.7) 38 0.9 (0.8) 0.28 0.15
Deep Creek 1096 (77) 12.45 (1.07) 92 3.57 (0.40) 0.39(5.7) 40 6.9 (1.5) 0.31 0.13
Camp Grisdale 1171 (93) 16.26 (1.96) 70 2.90 (0.3276.5 (7.7) 38 1.4 (0.2) 0.40 0.22

T Estimated proportion of forest floor C and N daposed each year.
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POTENTIAL MICROBIAL NITROGEN AND PHOSPHORUS AVAILAB ILITY IN
FOREST FLOORS
Short title: Microbial N and P availability in fasefloors

LARS VESTERDAL
Unit of Forestry, The Royal Veterinary and Agriculil University,
Harsholm Kongevej 11, DK-2970 Hgrsholm, Denmark

Summary—The potential availability of nitrogen and phospisto microorganisms in forest
floors was studied by means of a bioassay. Mictdiand P availability was assessed by
analysing the respiration rate response to addafahfferent amounts of N and P when
glucose and other nutrients were added in excessstfloors of Norway spruce, Sitka
spruce, Douglas-fir, beech, and oak from three sifaifferent nutrient status were studied.
Oak forest floors had higher microbial N and P Emlity than forest floors of the other
species, and P availability was lowest in Norwayee forest floors. Sites differed only
slightly in microbial P availability. The site witlhe most P rich soil also had the highest P
availability in forest floors. The microbially avable proportion of total P was very high, and
much higher than the available proportion of tbtaMicrobially available N was not related
to KCl-extractable N, total N concentrations or G&tios, nor was microbially available P
related to concentrations of total P or C/P rat@ssal respiration rates were related to
microbial N and P availability. The bioassay asséssmple organic N compounds fairly well
when added to forest floor material in low amouMgcrobial N and P availability in forest
floors may be more dependent on other quality patars than total N and P concentrations,
e.g. the organic forms of N and P.
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INTRODUCTION
Availability of nitrogen and phosphorus in the fetréloor, i.e. the layer of more or less
decomposed organic matter above the mineral salniimportant factor for microbial
activity (Stotzky and Norman, 1961; Tewantyal, 1982; Christenseet al, 1996), and in the
end for decomposition rates (Enriquetzal, 1993). Different methods have been introduced
in order to characterize N and P availability byame of an adequate index (Binkley and
Vitousek, 1989; Binkley and Hart, 1989). Althouglamy attempts have been made to develop
methods which extract biologically available fracis of N and P by use of a chemical
extraction procedure, such indices are often daubt measures of the biologically available
fractions. As discussed by Chagihal. (1986), nutrient availability may be viewed in two
ways: Either as the rate at which the soil suppi@sg organisms with accessible nutrients,
or as the extent to which biological activity isilted by nutrient supply. Whereas the
traditionally used extraction methods assess thigyatf soils to supply nutrients, bioassays
assess nutrient availability as a function of mutriimitation by using the response of plants
or microorganisms. Bioassay approaches have beehfoisstudying plant available N and P
in forest floors (Van Clevet al, 1986; Prescott al, 1993), and Scheu and Parkinson (1995)
assessed the nutrient status of microbial biomsisg he respiratory response to nutrient
addition. A bioassay for estimation of microbiadlyailable N and P in forest floors was
developed by Nordgren (1992). This bioassay isdasethe respiration response of forest
floor samples treated with glucose and nutrientpelEiments performed by Drobnik (1960),
Stotzky and Norman (1961), Anderson and Domsch&L Nordgreret al. (1988) and
Christenseret al. (1996) have all shown microbial respiration rasponse to additions of
glucose or glucose together with different amowntd and P. When forest floor material is
supplied with glucose and other nutrients in excéngsrespiration rate response will be in
proportion to the added amount of N. This princiwkes used by Nordgren (1992) to assess
the N and P pools originally available to microongans in forest floor material from a single
stand. It was possible to determine different Iewélavailable N corresponding to different
levels of mineralized N after incubation periodssafying duration.

The aim of this study was to examine if the biogssauld detect differences in
potential microbial N and P availability in fordkiors which were related to tree species and
nutrient status of sites. Further, the abilitylod bioassay to assess N was examined by
addition of simple organic N compounds to foregsbflmaterial. Bioassay results were
compared with results from N extraction and chetacalysis to investigate the relations to
more conventional measures of N and P availability.

MATERIALS AND METHODS
Tree species and sites
Even aged monoculture stands of five tree spetidgee sites were included in the
study. The tree species were bededgls sylvaticd..), common oakQuercus robut..),
Norway spruceFRicea abiegL.) Karst.), Sitka sprucd®{cea sitchensigBong.) Carr.), and
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Douglas-fir Pseudotsuga menzieéMirb.) Franco). The three sites are part of a Bpecies
trial established by The Danish Forest and Landsé&agsearch Institute in 1964/65. The sites
differed in soil nutrient status (Raulund-Rasmus4€&93). The site Frederiksborg (Typic
Argiudoll) had a loamy parent material, whereassites Ulborg (Typic Haplohumod) and
Lindet (Typic Quartzipsamment) had sandy parenenmas. The climate was fairly similar
among the sites: Mean annual precipitation 860+880and mean annual temperatures
7.5-7.7C (Danish Meteorological Institute). Forest floats~rederiksborg were thin and
mull-like, whereas forest floors at Lindet and Ulpovere thick and mor-like. Selected data
for forest floors and mineral soils are given irbleal.

Sampling and preparation

Sampling was carried out after removal of newlydshitger in the forest floor, and
samples thus consisted of partially decomposedriast€F and H layers). Four subsamples
from each stand were pooled to form one compoaitgpte. The samples were brought to the
laboratory for mixing, and larger roots, twigs, dndts were excluded. The moisture contents
of the samples were adjusted to 250% of dry waigbtder to create optimal and equal
growth conditions for microorganisms (Nordgetral, 1988). This was done either by
addition of demineralized water, or by drying atmotemperature while mixing frequently in
order to avoid surface drying. The samples wenedtat 4C prior to incubation. NH4,+-N
and NO3,--N were measured by flow injection analydter extraction with 1 M KCI (in
other respects according to Keeney and Nelson {1988&fortunately, total N and P
concentrations were not determined on the samgech&terial. Data on total N and P
concentrations for pooled forest floor materiad.(including the recently fallen litter) were
used as a substitute. Total N and P concentratm@yshave been slightly higher in the FH
material than in the pooled material (Alban, 1982).
Bioassay

The bioassay experiments were carried out wittspir@meter described by
Nordgren (1988, 1992). The respiration measurenaetbased on conductivity changes
when CQ is trapped in a KOH solution. The bioassay forlatée N was carried out
according to Nordgren (1992) by adding glucose ¢0.4nd P (2.3 mg P as KPIQy) in
surplus to 4 g ww forest floor material togethethagix levels of N (0-2.5 mg N as
(NH4)2SOy). Available P was determined by adding glucoseMua surplus (22 mg N as
(NH4).SOy) with six levels of P (0-0.5 mg P as KIP,). Every combination was replicated
five times. Further, ten replicates of each foflestr sample were incubated without any
additions to measure basal respiration rates.

Urea, glycine, and glutathione were added sepgratdbrest floor material from
Norway spruce at Frederiksborg in order to tesestanate of N availability. Two levels of
each organic N compound (0.45 and 0.90 mg'N\y organic matter) were added before
carrying out the bioassay.
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Calculation of microbilally available nitrogen apdosphorus

The amounts of available N and P were estimated fieear regressions of “limited
respiration rate” against the added amounts of dNRgirespectively (Nordgren, 1992). The
limited respiration rate is the maximum respiratiate attained due to vigorous reproduction
of the microbial population after addition of glseoand nutrients. The limited respiration
rates were linearly correlated with the added arteoahN and PR < 0.001) for all forest
floor samplesFigure 1a shows examples of respiration curves ditierent N additions, and
Fig. 1b shows the resulting regression betweenduimespiration rates and added N. As
discussed by Nordgren (1992), estimation of miaiipavailable N and P may be done in
two ways. One method is to extrapolate the regvadsie to an intercept with the x-axis
(corresponding to no respiration). The numericil@af the x intercept then represents the
potential amount of the nutrient initially availablThis method assumes that linearity also
applies to this availability regime, and is subsadly referred to as uncorrected availability.
The other method defines microbial availabilityyoat the amounts contained in the newly
formed biomass as it is uncertain whether the adiiemass reflected in the substrate induced
respiration rate (SIR) had the same nutrient canagon. SIR was defined as the stable
respiration rate attained immediately after sththe experiment (Fig. 1a) (Nordgrenal,
1988). The regression line is therefore extrapdlatdy to the respiration rate level of SIR
and this estimate is subsequently referred to Rc8irected availability. Both availability
indices were included in this study, as they maydgarded as maximum and minimum
values, respectively, until it is possible to decwhich is preferable (Nordgren, 1992).

Statistical analysis

Effects of tree species and sites on N and P &itityeand basal respiration rate
were tested in SAS (SAS Institute, 1993) by one-ABYDVA using site as block factor.
Nitrogen and P availability data were log transfedprior to statistical analysis in order to
homogenize variances. In case of significant effeddtincan’s multiple range test was used to
compare tree species and sites. All linear coroglatwere tested with the procedure REG.

RESULTS

Nitrogen availability

Figure 2 shows that oak forest floors had a higtromial N availability whereas
Norway spruce had the lowest N availability. Theamected and SIR corrected availability
indices were significantly affected by tree spe¢ies 0.01 and® < 0.05, respectively) (Table
2), and the uncorrected N availability was sigmifitty higher in oak forest floors than in
forest floors of all other tree species (TableT2le SIR corrected N availability was
significantly higher in oak than in beech, Sitkauge, and Norway spruce.

The SIR corrected N availability indices were clgselated to the uncorrected N
availability (P < 0.001, = 0.58). The two availability indices for beech arak at
Frederiksborg differed more than for other samfftég. 2), and the correlation was improved
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when these results were exclud®d(0.001, ¥ = 0.90). SIR corrected N availability was on
average 69 % (range 44-88 %) of the uncorrectedaNadility (75% and range 53-88%
without beech and oak at Frederiksborg).

The amount of N extracted with KCI was generallyéo than the amount of
available N obtained with the bioassay (Table B¢, there was no correlation between results
from the two assays. The potentially available amh@fi N estimated by the bioassay was
much lower than the total amount ofifNall forest floors. The available percentageotit N
tended to be lowest at Lindet, where differencesragriree species also were small. At
Frederiksborg and Ulborg, Douglas-fir and oak hadyf high available proportions of the
total N concentrations. Total N concentrations weesignificantly correlated with the N
availability indices obtained with the bioassayR $brrected N availability tended to be
negatively correlated with forest floor C/N ratitsit the correlation was not significaft £
0.14).

The uncorrected and SIR corrected results fronexiperiments with additions of
amino-N, peptide-N and urea-N are shown in FigAIBthree sources of N were available for
microorganisms when added as 0.45 mg (g'dsince the bioassay was able to assess an
increased N availability fairly close to the vakepected if the N sources were completely
available (control + added amount of N). The 0.9(mdw)" additions were assessed less
efficiently, as the obtained availability indiceeng all lower than expected.

Phosphorus availability

Oak forest floors tended to have high P availgbditd Norway spruce forest floors
had the lowest P availability (Fig. 4). Only thecarrected availability indices were
significantly affected by tree species and sitdl{lfo< 0.05) (Fig. 4 and Table 2). The
uncorrected availability indices were significarttigher for oak forest floors than for
Douglas-fir, Sitka spruce and Norway spruce foflestrs, and beech forest floors also had
higher P availability than Norway spruce foresbfla Among sites, the uncorrected P
availability was significantly higher at Frederiksl than at Lindet. Uncorrected and SIR
corrected P availability indices were both cormdatvith the corresponding N availability
indices P < 0.001, f = 0.74 and® < 0.05, f = 0.40, respectively).

Uncorrected P availability and SIR corrected P labdity were closely correlatedP(
< 0.001, f = 0.83). The results for oak at Frederiksborgetétl more than for other samples
(Fig. 4), and the correlation was improv&<0.001, f = 0.96) when this forest floor was
omitted. The SIR corrected P availability was oarage 81 % (range 53-91%) of the
uncorrected P availability (average 85% and rar&y@IR%6 without oak at Frederiksborg).

The two indices for available P were not correlatéth total P concentrations in the
forest floors (Table 3), but the indices tendetiémegatively correlated with forest floor C/P
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ratios (Table 1). However, the linear correlatisrese not quite significan®(= 0.09 for
uncorrected P availability arfel= 0.14 for SIR corrected P availability). The migally
available proportion of total P was much highentf@ N (Table 3). Oak forest floors had a
very large available proportion of P, whereas Ngrg@ruce forest floors generally had the
smallest available proportion of P across the shés&indet, all tree species except beech
tended to have smaller available proportions dfdn tat the other sites.

Basal respiration rate

Basal respiration rates were significantly diffaramong sitesH < 0.05) (Table 2).
Frederiksborg had the highest respiration ratexjeti had the lowest rates, and rates at
Ulborg were intermediate. Basal respiration raterdit differ significantly among tree species
(P =0.06), but oak tended to have higher rates tih@mther tree species. Basal respiration
rate was positively related to uncorrected N abditst and was also positively related to both
P availability indices (Fig. 5). The variation iadal respiration rate was not significantly
explained by KCI extractable N, total N concentmasi, C/N ratios, total P concentrations, or
C/P ratios.

DISCUSSION

Methodological considerations

Forest floors have a heterogeneous compositioradtie variable origin of the
organic material and the different stages of deastijon. At nutrient-rich sites like
Frederiksborg, or in stands producing an easilpagosable litter, the forest floor may lack
the H layer, while there may be H layers at mori@nt-poor sites, or in stands producing a
slowly decomposing litter. The microbial speciemposition might also differ among forest
floors, and their response to the bioassay maysouently be different as well. As discussed
by Chapinet al. (1986), all plant species may not respond to #meesextent in growth rate to
increasing nutrient availability, i.e. nutrient glypand nutrient limitation are decoupled when
species adapted to nutrient poor environmentssed. Ut would be a problem for
comparisons between different forest floors if tierobial populations in some forest floor
responded more reluctantly to increased nutrieaila@hility than in other forest floors. The
large differences between SIR corrected and uncteaeN for oak and beech at Frederiksborg
(Fig. 2) and between SIR corrected and uncorreetiEnt oak at Frederiksborg (Fig. 4) might
indicate a different response pattern for forestrf$ of broadleaves at this site. Nordgren
(1992) attributed large deviations between uncteceand SIR corrected indices to
differences between the nutrient content of newifyned microbial biomass and that of the
native microbial biomass. Forest floors of broadésaat the nutrient-rich site Frederiksborg
may differ in microbial species composition, and thicrobial response to nutrient limitation
could be different as well. The availability indscerere also less certain for these forest floors
(Figs. 2 and 4), suggesting that the bioassay raapaequally suitable for all forest floor
types.
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The reliability of the bioassay also depends oragsimption that the amounts of
added N or P used in the regressions are acta&fy up by the microorganisms, i.e. that
the measured response truly reflects the added@adCI extraction of N before and after
carrying out the bioassay for N on two forest flesamples (Norway spruce and Sitka spruce
at Frederiksborg) showed that all added amount#-f,4 and also the originally KCI
extractable N apparently were immobilized (resntisshown). However, the added NH+,4
may not only have been microbially immobilized. hwstance, NH+,4 might have been
immobilized through reactions with quinones, polgpabls or other recalcitrant organic
substances thereby becoming unavailable for migesosms (Kelley and Stevenson, 1995).
This would lead to overestimated values for micatipiavailable N. As forest floor material
from different sites and tree species could be ebgpleto differ in organic constituents
(Johansson, 1995), variable NH4,+-fixation might@lre tree species or site differences.

Addition of organic N sources (Fig. 3) revealed thath the uncorrected and the SIR
corrected index assessed the low amount of addgohiarN fairly well. The less exact
estimates of larger amounts of added N may be damgsemitations in the bioassay setup, i.e.
that the bioassay is unable to assess N poolseggiagtly in this availability regime if other
limiting nutrients are not supplied in greater amsu However, the results indicate that the
bioassay was able to estimate N availability witie low addition regime, and that simple
organic N sources were included in the availabld poN. This may also explain the lack of
correlation between KCI extractable N and bioa$éaBinkley and Vitousek (1989) reported
results for bioassay seedling uptake of N versukd«@action, which indicated that their
bioassay detected two times the amount detect&Cbegxtraction and 2% of total N.
However, microorganisms might be capable of extigairganic N more efficiently than
plant roots. The available proportions of the tdtaloncentration (Table 3) were also higher
than the proportion available for bioassay seedliptgike in the study by Binkley and
Vitousek (1989). Scheu and Parkinson (1995) alaada poor relationship between KCI
extractable N and the respiratory response to Miaddand concluded that KCI extractions
probably do not provide a proper estimate of theolll available to microorganisms.

Compared with the available percentages of totdh&lavailable percentages of total
P were remarkably high (~100%) in some of the foitesrs (Table 3) indicating that organic
P sources were fully available in some forest Bodwailable proportions larger than 100%
could be due to slightly lower P concentrationthie pooled forest floor material used for
total analysis than in the FH material. Some fiargiable to extract organic P selectively due
to production of specific enzymes (Haussling andddianer, 1989; Dighton, 1991). If
saprophytic fungi with such properties were amdrgresponding organisms in the bioassay,
it might explain the high availability of P. Howey® availability was high compared with
the P availability reported by Nordgren (1992) &dxorth Scandinavian coniferous forest
(0.17 mg &). A similar P availability (0.15 mgcorresponding to about 30% of total P) was
found in H layer forest floor material in anothearilsh Norway spruce stand (L. Vesterdal,
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unpublished data), indicating that lower P avaligbmay also be found in Danish forest
floors. Higher available proportions of total Prihaf total N may be due to condensation
reactions between amino-N and polyphenols whicle teeen reported from several studies
(Kelley and Stevenson, 1995). Nitrogen availabititight therefore depend on the
concentration of organic compounds as tannins pgbegols or lignin in the litter while
organic P may be more available due to less imnzaiibn in organic forms unavailable to
microorganisms.

Basal respiration rate and availability of N and P

Basal respiration rates in the forest floor samplese positively correlated with the
availability indices for both N and P (Fig. 5). Timécrobial N and P availability indices were
correlated, so microbial activity may have beerntkoh by either available N or P or both
within the range of soil types and tree speciesstigated. Thus, the bioassay appeared to
provide relevant information about the nutritionahditions determining microbial activity in
forest floors. These nutritional conditions migather be determined by the forms of N and P
than by the total amounts present in forest flodmwyever, positive correlations between
microbial activity and more commonly applied N @&dhdices were reported from other
studies. Tewargt al. (1982) and Jorgensen and Wells (1973) found tasdllrespiration rate
was positively correlated with total N in forestdks. Jorgensen and Wells (1973) also carried
out KCI extractions and total P determinationsienfbrest floor material, but basal
respiration rates were only weakly correlated \ligse indices.

Differences among tree species

Differences among the tree species in litterfaliidl P concentrations may be one of
the factors leading to variable forest floor N &hdvailability (Table 2, Figs. 2 and 4). In
forest floor bioassay studies, Presattal. (1992, 1993) found that total concentrations of N
and P in litter and KCI extractable N and Bray agtable P in forest floors of different tree
species were related to plant growth and plantdNRanptake. Higher microbial N and P
availability in the oak forest floors may similathg a result of higher N and P concentrations
in oak litter than in litter of the other tree sy@sc At Lindet and Ulborg, oak forest floors
correspondingly had the lowest C/N and C/P rabas forest floor C/N and C/P ratios at
Frederiksborg did not lend support to the diffeemnamong tree species in N and P
availability (Table 1).

Scheu and Parkinson (1995) studied microbial NRusthtus in forest floors of two
tree species and reported that the microbial retpy response to N and P additions
corresponded with C/N ratios and Bray-extractablegpectively. In this study, microbially
available N and P did not correspond with the totaicentrations, and correlations with C/N
and C/P ratios were not significant. Other factarght therefore control nutrient availability
in forest floors of different tree species. Soméhef compounds containing N and P, e.g.
proteins, may be embedded in a matrix of recalditiignin, which prevents microorganisms
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from getting access to these N and P sources (B88%). Tannins in litter may also inhibit N
availability through immobilization of N. As theghin and tannin concentrations in litter
varies among tree species (Johansson, 1995; Nogtralp 1995), these properties may be
important for N and P availability in forest floofsoliage litter of Norway spruce and beech
have fairly high lignin concentrations (Staaf, 1986hansson, 1995), and Kuiters and
Denneman (1987) reported that polyphenol conceotrsivere higher in the forest floor and
soil under Norway spruce and beech than underidakdifferences among tree species in
microbial N and P availability in forest floors nhigtherefore rather be caused by different
microbial access to organic N and P sources thahfteyent total amounts of N and P.

Differences among sites

Beside tree species, soil nutrient status is raeedras a significant factor
influencing the nutrient concentrations in littexdan turn the nutrient concentrations in the
forest floor (Boerner, 1984; Raulund-Rasmussen\&)ce, 1995). The soil N and P status at
the three sites could therefore have affected fdl@s N and P availability among the sites.
Forest floor C/N ratios were lowest at Lindet aridddg (Table 1), suggesting that N
availability might be higher at these sites. Howesdes did not differ significantly in
microbial N availability, and Fig. 2 shows thatfdiences among sites were evident only for
some of the tree species (oak, beech, DouglasFhid suggests that sites affected N
availability more in some tree species than in igthas the N status of a site does not depend
directly on soil parent material, other site speddéctors may also be important for microbial
N availability. Atmospheric deposition of N hastieased during the last decades, and in
Denmark deposition gradients may exist both locatlgt regionally. The throughfall flux of
NH. 4N in Sitka spruce was significantly largest atdeh due to high emissions in this region,
intermediate at Ulborg and lowest at Frederiksl{Pepersen, 1993). Forest floors
correspondingly had low C/N ratios and high coneitns of total N at Lindet (Tables 1 and
3). In spite of this, microbial N availability wasore likely to be lower at Lindet than at the
other two sites. Also among sites, the amount e€sic organic compounds in the litter
could be more important for microbial nutrient dahility than just ample amounts of total N.
Soil type dependent differences in the lignin anthin concentrations in litter (Northep al,
1995; Sanger, 1996) may influence the N availghihtforest floors of a given tree species at
different sites.

Phosphorus availability was expected to be moegadlto soil parent material than
N availability. The trend in P availability tendemlcorrespond with C/P ratios in the forest
floor and with soil P. Phosphorus availability wawer at Ulborg and Lindet where soils
were most poor in P (Table 1). However, availaptt P was very high in the beech forest
floor from Lindet and differences in microbial Pa#ability were small compared with the
differences in soil P.
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Conclusions

The bioassay assessed simple organic N compouinigsafall when added in small
amounts (0.45 mg, whereas larger amounts were assessed lessyeMicilobial
availability of N and P was not significantly reddtto total N and P concentrations or to C/N
and C/P ratios, and N availability was not relate#&Cl extractable N. The available
proportion of total P was much higher than the labé proportion of total N. Potential N and
P availability differed among forest floors of tfiee tree species. Oak forest floors had higher
microbial N availability than forest floors of tlagher tree species, and P availability was
highest in oak forest floors and lowest in Norwpyuse forest floors. Sites differed only
slightly in forest floor P availability, but thetsimost rich in mineral soil P also had the
highest microbial P availability. Basal respiratiate was positively related to microbial N
and P availability. Influence of tree species ateksnay partly be due to differences in N and
P status of litter and soils, but microbial N andvRilability in forest floors may also depend
on other litter quality variables related to midadlaccess to nutrients in organic forms.
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Table 1 Forest floor properties for the stands and mirso# properties for the three sites

Site and tree species Earest ffoor _Mineral soil 0-30 crh
C pH CIN C/P pH N P
Mg ha' (CaCb) (CaCh) mg g* mg kg*
Frederiksborg 4.9 0.93 126
Norway spruce 4.54 5.0 27.3 378
Beech 2.92 5.1 28.9 463
Sitka spruce 7.21 4.1 27.4 519
Douglas fir 2.34 4.4 27.5 312
Oak 1.51 4.3 27.5 472
Ulborg 3.8 2.03 16
Norway spruce 19.78 3.5 24.8 553
Beech 19.26 3.8 22.2 463
Sitka spruce 20.69 3.5 25.3 621
Douglas fir 15.92 3.7 23.2 569
Oak 6.10 3.8 20.3 361
Lindet 3.0 0.90 16
Norway spruce 20.79 3.3 23.4 589
Beech 15.20 3.7 22.6 603
Sitka spruce 16.56 3.7 23.1 552
Douglas fir 11.43 3.5 21.2 577
Oak 8.19 4.0 20.4 515

#Vesterdal and Raulund-Rasmussen (submitted maptist®97).
® Soil horizon-weighted data based dRaulund-Rasmussen (1993).
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Table 2 Microbial availability of N and P, and basal reapon (£1 SEM) in forest floors.
Tree species means (n = 3) and site means (natl&yved by the same superscript letter or
no letter are not significantly differer & 0.05) based on ANOVA and Duncan’s multiple

range test.
Nitrogen Phosphorus Basal respiration
Uncotrr. SIR corr. Uncorr. SIR corr.

mg g' mg g" mg CQ g* h*
Tree species
Oak 2.40 (0.53) 1.57(0.33)  0.91 (0.19) 0.66 (0.06) 0.25 (0.03)
Douglas fir 1.35(0.18) 1.02 (0.1G¥ 0.61 (0.143%° 0.49 (0.12) 0.11 (0.02)
Beech 1.35(0.13) 0.86 (0.09)  0.57 (0.07%° 0.46 (0.08) 0.15 (0.04)
Sitka spruce 1.19 (0.09) 0.83 (0.15)  0.47 (0.09¥ 0.39 (0.06) 0.16 (0.07)
Norway spruce  1.07 (0.02) 0.79 (0.05y  0.36 (0.06) 0.31 (0.05) 0.12 (0.03)
Sites
Frederiksborg 1.57 (0.43) 0.87 (0.16) 0.75 (0°:14).53 (0.06) 0.22 (0.0%)
Ulborg 1.50 (0.26) 1.11 (0.28) 0.55 (0.59Y.46 (0.08) 0.15 (0.0%)
Lindet 1.19 (0.10) 0.97 (0.04) 0.46 (0.20).37 (0.09) 0.11 (0.03)
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Table 3 Some fractions of N and P in the studied forlestr§, and the percentages of total
concentrations determined on FH material by KCiawtton and in the bioassay.

Total N KCI-N Available N Total P Available P
uncorr.  SIR uncorr. SIR
mgg’ mgg' % % mggd %
Frederiksborg
Norway spruce 12.8 0.38 3.0 9 6 0.93 52 45
Beech 13.0 0.08 0.6 12 6 0.81 72 52
Sitka spruce 14.9 0.27 1.8 7 4 0.78 83 65
Douglas fir 9.6 021 22 15 10 0.83 90 76
Oak 17.1 0.02 0.1 20 9 1.00 127 73
Ulborg
Norway spruce 13.9 049 35 8 5 0.63 52 44
Beech 12.8 0.25 2.0 9 6 0.61 85 70
Sitka spruce 16.6 0.60 3.6 8 7 0.67 64 57
Douglas fir 16.8 0.67 4.0 10 7 0.69 99 86
Oak 13.6 1.13 8.3 19 16 0.76 107 96
Lindet
Norway spruce 18.9 0.20 1.0 5 5 0.75 37 33
Beech 17.9 034 1.9 7 6 0.67 110 100
Sitka spruce 20.0 034 1.7 6 5 0.84 39 36
Douglas fir 20.1 036 1.8 5 5 0.74 39 35
Oak 20.3 0.36 1.8 8 6 0.81 79 68

#applies to the whole forest floor.
N: dry combustion (Leco CHN analyzer)
P: digestion in conc. HNgfollowed by flow injection analysis.
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y =1.168x + 1.247
P <0.001, *=0.99
Uncorrected 1.07 mg N g'1
SIR corrected 0.70 mg N g'1

1 1 1t 1T 1T " 1T " 1T ' 1
-15 -10 -05 0.0 0.5 1.0 15 2.0 2.5

mg N g'1

Fig. 1. Determination of potential microbial N availabjlin forest floor material from
Norway spruce at Ulborg. a) average respiratiogsrét = 5) resulting from different
additions of N (mg (g dw) together with glucose and P in excess. Substrdteed
repiration rate (SIR) is the stable respiratioe tained immediately after start of the

experiment. b) regression based on the obtainatetimespiration rates. SIR is indicated by
+.
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Fig. 2. Potential microbial N availability (mg"y. Shaded bars are SIR corrected N
availability. Error bars are 95% confidence intésvdree species: NS, Norway spruce; B,
beech; SS, Sitka spruce; DF, Douglas-fir; O, oak.
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Fig. 3. SIR corrected and uncorrected microbially avddah found before (0) and after
addition of 0.45 or 0.9 mggdw of glycine-N (gly), glutathione-N (glu), or w&eN (ur) to
forest floor material. Shaded bars indicate thertstecal availability after addition of organic
N sources. Thin bars are 95% confidence intervals.
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Fig. 4. Potential microbial P availability (mg"y Shaded bars are SIR corrected P availability.
Error bars are 95% confidence intervals. Tree ggdeigend as in Fig. 2.
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Fig. 5. a) Correlations between basal respiration rateMwagrailability in the forest floor. b)
Correlations between basal respiration rate andsddadility in the forest floor.O and
, uncorrected availabilitg; and-------- , SIR corrected availability.
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