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Summary

It was hypothesised that in mixed spruce-beechstazeosystems the heterogeneity in
canopy composition may create different micro-s(tgsts) in the forest floor and the
mineral soil with different ecological characteigst Therefore, different types of
canopy compositions (canopy classes) were useatktdify the variability of water and
element fluxes (via throughfall and litterfall), ik@and soil solution chemistry, litter
decomposition and soil respiration. The investmatvas carried out in a mixed spruce-
beech stand in Solling, central Germany. Two déffierplots were selected for this study
representing the most contrasting cases of mixeest® types, which were i) a site
greatly dominated by spruce trees (the spruce dateuinplot, SDP) with two beech
trees in-between and ii) a directly neighbouringg svhich was dominated by beech
trees and having a single spruce tree in-betwdenl¢ech dominated plot, BDP). The
canopies of the two plots were classified in foategories: pure beech, pure spruce,
mixed canopy and gap.

Throughfall water was significantly lower and magement fluxes were higher under
spruce than under beech in both plots. This indec#élbat the nutrient inputs under the
canopies of individual trees were driven by spespcific properties of the canopies
and were quite independent of the degree of adm@ixWvith the exception of K mixed
canopies showed intermediate element inputs viaugirfall, compared with pure
canopy classes. The"Knput, however, was significantly greater undexexli canopies

due to interactions of the canopies, leading thiéideaching rates for'K

Throughfall was the main source of heterogeneitynutrient inputs, while foliar
litterfall input was almost equal between sub-platsl thus had a homogenising effect

on annual nutrient fluxes in the beech-spruce mstadds.

Differences in soil chemistry under different capefasses were mainly observed in the
forest floor and top mineral soil layers. Signifit&ffects of the canopy composition on
pH (CaC}) values of the forest floor and mineral soil weletected between the gap
(significantly higher) and spruce (significantlyer) sub-plots in the spruce dominated
plot (SDP). The water fluxes (lower under spruagj ahemistry (higher concentration

of elements under spruce) of throughfall could akptheses differences.

In spite of almost equal litterfall inputs, diffetemasses of organic matter (humuslayer)
were observed in the forest floor of different flbts for both plots, SDP and BDP.

-11 -



Differences were most pronounced between the spbgsxh and gap sub-plots (spruce
> beech> gap).

The soil solution at 10 cm soil depth showed sigaiftly higher pH values in the beech
sub-plots, compared with the spruce sub-plots. Tihtding may be linked to different

water and element fluxes via throughfall betwedn giots.

A significant effect of the canopy composition dre trate of litter decay and the soil
CO; efflux was observed in the beech dominated pl@KB Here, the beech and gap
sub-plots showed significantly lower remaining negsat the end of the incubation
period (about one year after incubation) comparét the spruce sub-plot. This may
indicate that the early stage of the decomposjiimtess was not governed by the given
canopy composition. The beech sub-plot showed feggnily higher soil respiration,
compared with the gap sub-plot. An estimation & thot-associated G@roduction
revealed considerably lower root respiration ingap sub-plot compared with the other
sub-plots in the BDP.

In total, it was shown that the selected canopgsea were able to create specific bio-
geochemical patterns in the investigated mixed lbapcuce forest. However, the
impact of an individual spruce tree in a beech-dwtad site induced obviously higher
degrees of spatial heterogeneity with respect timiemi inputs via throughfall, litter

decomposition and soil respiration compared toviddial beech trees in a spruce-

dominated site.
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Zusammenfassung

In einem Mischwald aus Buche und Ficht im Sollinquirde der Einfluss des
Kronenraums auf den Stoffhauhalt des Okosystemsrsintht. Dabei lautete die
Arbeithypothese, dass die Mischungsanteile der Baoinen ein spezifisches Muster an
bio-geochemischer Heterogenitdt erzeugen, welchies Bn Bestand Uber den
Stoffeintrag bzw. Gber bodendkologische Kennwerehweisen lasst. Zum Nachweis
derartiger Muster wurden so genannte Kronenraurs&tasausgeschieden, fir die
jeweils die Wasser- und Elementfliisse (Kronentraufé Streufall), der Boden und die
Bodenlosung, die Streuzersetzung und die Bodengmumtersucht wurden. Die
Untersuchungen wurden an zwei unterschiedlicherchEld vorgenommen, die sich
hinsichtlich des Mischungsanteils extrem untersidrme i) eine von Fichten dominierte
Flache, bei der lediglich 2 einzelne Buchen eingehtiwaren (im Folgende bezeichnet
als SDP, "Spruce Domiated Plot") und ii) eine unefiiar benachbarte und von Buchen
dominierte Flache, mit nur einer einzelnen FicmeZentrum (BDP, "Beech Dominated
Plot"). Jeder Plot wurde unterteilt nach folgend@onenraumklassen (Teilflachen):

“reine Buche", "reine Fichte", "gemischt" und "Fi@the" (gap).

Folgende Ergebnisse wurden erzielt: Fur beide [EidctSDP und BDP war der
Wasserfluss mit der Kronentraufe unter der Teilf&creine Fichte" gegenliber dem
unter "reiner Buche" signifikant reduziert, der iaknteintrag jedoch generell erhdht. Es
wird auf eine vom Mischungsanteil unabhangige umondr durch die Baumart
bestimmte Eintragsfunktion geschlossen. Mit Ausnahman K zeigten sich fur die
Kronenraumklasse "gemischt" mittlere Eintragsrat@h der Kronentraufe, verglichen
mit den jeweiligen Klassen "reine Buche" bzw. "eeifichte". Fir K wurde ein
signifikant hdherer Eintrag unter den gemischtenenraumbereichen ermittelt. Es
wird auf ein durch die Interaktion der Baumkroneduiziertes héheres Leaching voh K

geschlossen.

Insgesamt erwies sich die Kronentraufe als wesdati Faktor zur Forderung der
stofflichen Heterogenitat in den UntersuchungsfiichDagegen zeigen die stofflichen
Eintrdge mit der Streu nahezu &hnliche Eintragsrated tragen somit zur stofflichen

Homogenitat im Buchen-Fichten Mischwald bei.

Unterschiede in bodenchemischen Eigenschaften warefir die organische Auflage
und den mineralischen Oberboden nachweisbar. Sdenignifikant hbhere pH-Werte

(CaCb) auf der Freiflache (gap) und signifikant niedriggpH-Werte unter "reiner

-13 -



Fichte" in der Humusauflage und im Oberboden fiér Fiache SDP festgestellt. Diese
Ergebnisse wurden auf hohere Elementeintrdge beeneigleichzeitig geringeren

Wasserfluss unter Fichte zuriickgefihrt.

Trotz der nahezu gleich hohen Eintrage an Streudevurfir die Mengen an
akkumuliertem organischem Material (Humuslagen)tla#ie Unterschiede zwischen
den Teilflachen fur beide Untersuchungsflachen, $Dé& BDP, festgestellt. Besonders
deutlich préagten sich diese Unterschiede zwischen deilflachen und in der

Reihenfolge "reine Fichte® "reine Buche™ Freiflache aus.

Fur die Bodenlésung in 10 cm Bodentiefe wurden ilgmt hohere pH-Werte unter
"reiner Buche", verglichen mit den Teilflachen unteiner Fichte ermittelt. Dieser
Befund kann erklart werden tber unterschiedlichartent- und Wasserfliisse zwischen

den Teilflachen.

Hinsichtlich der Rate der Streuzersetzung und dekh-Bodenatmung wurde ein
signifikanter Effekte fur die Buchen-dominierte ¥achsflaiche BDP diagnostiziert.
Unter "reiner Buche" und fur die Freiflache (gapurden geringere verbleibende
Massen am Ende der Inkubationszeit (nach ca. 1),JahrVergleich zur Teilflache

"reine Fichten" ermittelt. Es wird auf eine von dé@onenklassifizierung unabhangige
erste Phase der Streuzersetzung geschlossen. Zzelgta die Flache "reine Buch"
hohere C@Emissionsraten, verglichen mit der Freiflache jg&pne Abschéatzung der
wurzelblrtigen CQ@Freisetzung bestéatigte den Befund einer geringe2D,-

Emissionsrate auf der Freiflache, verglichen mit dederen Unterflachen.

Insgesamt konnte gezeigt werden, dass die ausgesci@n Kronenraumklassen
tatsachlich ein spezifisches bio-geochemisches éfust untersuchten Buchen-Fichten
Mischwald erzeugt haben. Dabei bewirkt offensichtleine einzelne Fichte in einem
Buchen-dominierten Bestand mehr an stofflicher kbgfenitat im Hinblick auf den

stofflichen Eintrag mit der Kronentraufe, die Szetsetzung und die Bodenatmung, als

einzelne Buchen in einem Fichten-dominierten Bektan
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1. Introduction

In the last centuries, the natural European beé&eigus sylvatica L). dominated forests in
central Europe have been replaced to a large ektehorway spruceRicea abies LKrast.)
plantations (Rothe et al., 2002b). These monoastuend, however, to be more sensitive to
natural and anthropogenic forms of stress sucht@amsevents, insect attacks, droughts and
other impacts of climate change. Mixed forest typescurrently recommended by foresters in
order to improve the stability and biodiversity wal of forest ecosystems (Larsen 1995;
Olsthoorn et al. 1999; Hooper et al., 2005). Admmigtof beech trees to Norway spruce stands
may have a positive impact on the biogeochemistrioest ecosystems especially in areas
with increased loads of atmospheric pollutants @m@oil that is low in base cations (Sverdrup
and Stjernquist, 2002).

Tree composition affects ecological properties amall spatial scale (Zinke, 1962), and in a
mixed forest the heterogeneity in the canopy coitipasmay create different representative
structural units (Wilpert and Mies, 1995) with @ifént ecological characteristics, fluxes of

water, nutrients and energy.

What is the importance of canopy in forest nutniéibstatus?
The canopy is one of the most important componieniisrest ecosystems. It has been known
for a long time that the forest canopy governs mainghemical processes in forest floor and

top mineral soil layers (Zinke, 1962).

The characteristics of the canopy determines dyrecid indirectly the quality and quantity of
litterfall, throughfall and stemflow, soil propest, rooting patterns, soil respiration and
consequently the nutrient availability in foresargls (Fig.1). Therefore, at the same site
conditions this may lead to different forest praaity (Binkley and Giardina, 1998; Rothe et
al., 2003) depending on inter-specific differengsesanopy characteristics. Hence, regarding
to the nature of tree species, European beech anday spruce show different nutritional
characteristics in monocultures. In the mixed beegpruce stands, above and below ground
interactions between the tow species may cause legmputritional properties in forest
ecosystems. This complexity may depend on the ganomposition. Prescott (2002) stated
that the greater canopy complexity create simiggetogeneity in nutritional characteristics of
the forest floor. Therefore, canopy composition mige hypothesizing to use as a

determining factor to influence nutritional propestof forest soils.
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Litter
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Soil & Soil solution
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Fig.1:Simplified causal diagram showing the main ecosgyste
characteristics which may be influenced by the psno
composition in a forest stand.

1.1 Canopy composition and nutrient input

Litterfall and throughfall are known as the majathpvays for transporting the elements from
the forest canopies to the soils. The contributtdneach of the two pathways is mainly
dependent on the nature of elements, the propatigdiage and the acidity of the rain water
(Lovett et al., 1996; Rothe et al., 2002; Stachussid Zimka, 2002; Longusch et al., 2003;
Hagen-Thorn et al., 2006). To find the best solutm maintain the forest soil nutrient status in
a given environmental condition it is of crucialportance to know how the chemistry and

amounts of throughfall and litterfall depend onrmdp@s in canopy properties and composition.

Throughfall and Stemflow (Hydro-chemical pathways)

Throughfall and stem flow make up to 90% of grosecipitation in temperate forest (Likens
and Bormann, 1995; Muoghalu and Oakhumen, 2000$ trave a strong influence on
biogeochemical cycles in forest ecosystems (Park®83). Forest canopy can alter
hydrological condition by re-directing precipitatio reducing snow accumulation and

removing soil water through transpiration.

-16 -



Due to dry deposition and canopy exchange capdegychemistry of rain water changes
when passing through the canopy of the trees (Batiat, 1993; Lovett et al, 1996; Bartsch,
2000; Levia Jr. and Frost, 2003). Canopy charastiesi such as architecture, roughness,
wetness and density as well as nutrient statueeofdliage and branches influence the water
amounts and chemistry of throughfall and stemfl&ivgnna & Ulrich, 1991). The canopy of
spruce trees intercepts 30-40% of gross precipitaiBenecke, 1984; Viville et al, 1993;
Rothe, 1997) while beech canopy intercept only Q%s20f gross precipitation (Benecke,
1984; Rothe, 1997).

Water and element fluxes via throughfall exhibghispatial heterogeneity within the forest
ecosystem (Zirlewagen and Wilpert, 2001) based istace from the trunk and canopy
architecture (Staelens at al, 2006). Under the pamd spruce, water flux is higher in the
edge of canopy and increases with the distance themstem (Seiler and Matzner, 1995),
whereas ion concentrations are higher close tcsthns (Beier et al, 1993; Hansen, 1995;
Whelan et al, 1998) due to foliage density. Beneatheech canopy the spatial pattern of
throughfall water amounts is also related to f@iatgnsity but due to heterogeneous crown
structure of beech there is no such a steep grtadegending on the distance from the stem.
Therefore the canopy of spruce with more circulad aymmetric architecture may create

more systematic spatial variability in throughf@irlewagen and von Wilpert, 2001).

Compared to beech, spruce can intercept more e as well as capturing more air
particles and gasses because of denser foliagkerigAl (Leaf Area Index) and higher
foliage longevity (Rothe, 1997). Hence, throughfsdimples under spruce are, in general,
richer in elements compared to throughfall sampieder beech in the same site condition
(Tab.1). The pH of the throughfall under sprucaasmally lower than under beech because
spruce captures higher hydrogen loads from the sgheye and has a lower capacity for
proton buffering compared with broad-leaved spe¢ttmchurski and Zimka, 2002). The
amount and chemistry of throughfall in a mixed dta not only influenced by the foliage
surface properties of individual trees but is affected by the pattern of crown projection or
the formation of gap and canopy overlapping (Wilpand Mies 1995; Zirlewagen and
Wilpert, 2001).

The proportion of the leachable pool to the totaitent of cations in tree foliage depends on
the kind of cation and tree species (Stachurski dimka, 2002; Langusch et al. 2003;
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Hagen-Thorn et al, 2006). The soft beech foliagem@e susceptible to leaching processes

especially in the cases of Mg and K comparing taapfoliage (Rothe et al. 2002a).

In spruce stands stemflow is of minor importanaewater input to the soil surface while in a
beech stand it can make up to 20 % of total pretiph which may create a special circular
micro site around the trunk (Nihlgard, 1970; Bereeck984; Koch and Matzner, 1993;
Change and Matzner, 2000).

In a forest containing beech and spruce trees,|awer rates of interception and higher
amount of stemflow by beech trees comparison tocgptrees will lead to an increase in total
water reaching in the forest floor of the mixechst@ompared with the spruce monoculture
(Benecke,1984; Rothe,1997).
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Tab.1: Comparison of mean annual water and element flukeethroughfall in pure beech and in pure spruaeds$ under the same site conditions
from different references.

Throughfall

water pH H Na K Ca Mg NEN  NOsN  SO-S Cl DIN Norg Nt DOC Refrence

(mm) (kg.hha?)
beech 663 5.7 0.01 137 9.9 9 3 14.9 31.2 8.5 Nihlghard, 1970 (South Sweden)
spruce 548 45 0.17 226 226 147 5.25 42 46.3 215
beech 642 0.04 28 219 7.6 2.2 7 5 115 8.5 12 1985-1988
spruce 554 0.12 37 156 114 2.5 19 9.7 21.3 12.28.7 Rothe et al., 2002a (Hoglwald-Germany)
beech 624 0.02 18 215 7.2 21 7.6 5.7 6.4 53 313 22 155 46 1994-1997
spruce 529 0.02 25 211 8.8 2.2 18.1 9.7 13.6 9.227.8 1.8 29.6 103 Rothe et al., 2002a (Hoglwaldr@ay)
beech 272 4.23 0.16 3.8 103 16.5 2.6 27.2 22 RaZicka, 1994 ( Ore montains-Czech Republic)
spruce 540 3.93 0.63 6.8 12 32.9 4.2 62.1 25.4
beech 430 0.41 6.7 179 233 33 125 9.4 313 .718 21.9 4.3 26.2 Harste, Bredemeier, 1987 (Sqlling
spruce 290 11 7.8 188 27.2 4.2 14.9 12.6 573542 275 4.5 32 Spanbeck, Bredemeier, 1987 ($9llin
beech 870 3.81 134 141 279 241 4 134 115 5032.5 24.9 9.8 34.7 Bredemeier, 1988 (Solling)
spruce 752 3.38 3.15 17 28 31.4 4.7 155 15.7 9 83.38.6 31.2 9.6 40.8
beech 890 154 147 5.1 10.2 2.1 18.1 14.3 38.68.72 324 Meesenburg et al., 1995 (Solling)
spruce 830 2.9 186 6.6 12.8 2.7 23.8 19.2 60.1653 43
beech 560 4.9 0.07 3.8 20 5.6 2.4 7.2 8.2 11 530ulehe & Hruska, 2005 (Ore montains-Czech Repblic
spruce 572 4.35 0.26 5.4 19 8.3 23 14 11 16 55
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Litterfall

Forest canopy retains nutrients on site by stamnipliage and through the continuous input
of litterfall (Prescott, 2002).The quantity and bpyaof litterfall in forest ecosystem is
determined by stand species composition, age ansitgeand site condition (reviewed by
Pedersen and Bille-Hansen, 1999; Rothe & Binkl€p13.

The foliage as the major part of litterfall consist0-90% of average annual of litterfall in
temperate forests (Pedersen and Bille-Hansen, 183§uysto et al., 2002). The amounts of
litterfall in pure spruce and beech stands have seewn no significant differences under the
same site conditions (Nihlgard, 1970; Ellenbergle1986) According to a reviewed by
Augusto et al., (2002) the average annual littenfaimature beech stand is 3.5 and in spruce
stand is 3.8 t hayr™.

Litter production in beech stands have been p@aditinfluenced by stand age and basal area
(Lebret et al., 2001). Annual litterfall in sprustands were negatively correlated with the
current year increment and positively with the jpwas year increment (Pedersen and Bill-
Hansen, 1999). Temporal variation in litterfall teans differ between beech and spruce.
Major part of beech litterfall (as a deciduous }reecur in late autumn and early winter,
whereas, spruce foliage fall has no certain regylaAlthough, it has been claimed that
spruce litterfall after dry periods (summer drogyghight be highest (Yang et al, 2005).

The differences in chemical composition of beectl spruce litterfall have been previously
demonstrated by several authors. According to Alogesal. (2002) and Borken et al. (2002)
beech litter contents of higher base cations (K,aba Mg) compare to spruce litter, while N

and P usually varied relatively little.

Admixture of European beech and Norway spruce adronly change the quality, quantity
and spatial distribution of total litterfall (Rothend Binkley, 2001), but also it can even
improve the nutrient status of spruce trees (Thetiml., 2002). Thelin et al., (2002) found
higher concentration of K and P in the spruce reeflom spruce tree growing in mixed

spruce-beech stands compare to the needles fragrspuuce stand.

The spatial pattern of foliar litterfall is relatdd wind velocity and the weight of litter
materials (Lebert et al., 2001). In a mixed beeot spruce stand, the higher mobility of

beech leaves can result in different spatial digtron of litterfall (Rothe and Binkeley, 2001).
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Thus, the different patterns of foliage fall and@gated nutrients which can be related to

canopy composition may create fine spatial scaoiutrient distribution.

1.2 Canopy composition and fine roots

Fine roots are the first functional parts of trémsreacting to change in the nutrient supply of
forest soils (Persson et al., 1998). Most invetitga on tree roots are carried out in pure
forest stand and the information about root systemsixed stands is very rare (Schmidt,
2002; Schmidt and Kazda, 2002; Bolte and Villaun@@96). The activity and distribution of
fine roots in the forest floor and top mineral skaers can be affected by nutrient and

moisture supplies and also temperature (FisheBamidey, 2000).

Spruce is a shallow rooted species but beech teeelsto develop their roots in deeper soil
layers (Kostler et al., 1968; Vogt et al., 1996)ende, beech takes up more water and
nutrients from the subsoil (Augusto et al, 2002) apruce meets its nutrient demands in the
forest floor and the top mineral soil (Goranssorlgt2006). In easily penetrable soil, spruce
may also show a deeper vertical distribution (P@0€3). By contrast beech fine root density
may be high in the topsoil of nutrient poor sit€slfmid and Kazda, 2002). Furthermore soil
solution chemistry is influencing root developmebr instance base cation to Al (BC/AI)
molar ratios below 1 limits the root growth andtdimition of spruce especially within upper
soil layers (Ulrich, 1971; Mc-Cormick and Steing®,78; Augusto and Ranger, 2001; Oulehle
and Hruska, 2005).

Changes in water and nutrient availability, cheinpraperties of soil and soil solution and
soil micro-environmental condition under differax@nopies may result in spatial varieties in
fine root density, growth and vitality. Thus, hidansity of fine root in nutrient rich spots and
low density or no root biomass in nutrient poortspoay cause spatial variability in soil and
soil solution chemistry (Ritter et al., 2005). Pufa®03) stated that the fine root density
beneath the spruce canopy exhibit high spatiakrbgémeity especially on nutrient poor soails.
He claimed that due to the high spatial variabildf water and elements fluxes via
throughfall, the fine root density increase witlstdnce from tree trunk toward the crown

periphery.

A new vertical stratification of root systems ocxum mixed beech and spruce stands as the
result of belowground interaction between thoseiggse According to Rothe (1997), Schmid
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(2002), Schmid and Kazd&002), spruce trees tend to develop its root systemore
superficially in mixed beech-spruce stands comp#redonocultures; in contrast, beech roots

distribute their maximum abundance in deeper layers

Schmidt (2002) demonstrated that site condition atgy change the spatial pattern of fine
roots in beech-spruce mixed stand. In a nutriet site he found that beech fine root exhibit
maximum density in 20-25 cm depth whereas in aienitrpoor site both species showed

maximum fine root density in the first 10 cm oflsoi

Because of more variability in canopy compositithe spatial heterogeneity in soil nutrient
and water supplies may cause higher uneven distiibof fine roots in mixed spruce-beech
stands comparing to pure ones. Cheussom (2004ingtance, reported the higher fine root
densities of spruce within the stemflow zone cltsehe beech trunks (under the beech

canopy) in a mixed beech-spruce stand comparedderuhe spruce canopies.

The shallower root system of spruce and higher &ditiyee ability of beech in belowground
in mixed stands (Rothe, 1997; Schmid, 2002) mawltaen increasing sensibility of spruce
species to drought stress comparing to sprucemporaocultures (Bolt and Villauneva, 2006).
The complementary rooting patterns of spruce arttérees may affect positively on stand
stability and also exploitation of nutrients fromabsoil (Schmid and Kazda, 2002). The
extraction of nutrients usually by beech trees fieeper soil layer so called “Nutrient Pump
Effect” (Rothe, 1997) can just take place in swiloose sub soil layers have high nutrient pool
and no limitation to root penetration (Bolte andl&ineva, 2006). But because of a lot of
unknown interactions in mixed beech-spruce stahd, davailable knowledge about the

pumping effect is not enough to generalization.

Fine root biomass for both spruce and beech spatiasmixed stand were reported lower
than pure stands (Rothe, 1997; Schmid, 2002, \iliaua, 2003). According to Majdi (2004)
fine roots represented a large portion of the bejovund biomass e.g., ca. 30-40% more than
annual needle litterfall in pure spruce stand atlsern Sweden. The turnover of fine root as a
critical source of nutrient (Persson, 1979; Gillalakson 2000) can recycle the same amount
of N, P, K, and S as aboveground litterfall in temgte forests (Burke and Raynal, 1994).

Therefore this part of trees has an important effiacsoil chemical and biological properties.
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Forest canopy as a source of changes in water aim@nt inputs has a clear influence on
chemical properties of soil solution (Wilpert andelsl 1995). As will be discussed in the later
parts of this section, the growth and distributadriine root are mostly controlled by soil and
soil solution chemistry. Hence, canopy compositicen indirectly determine the root

characteristics (Savin et al., 2000).

1.3 Canopy composition and soil chemistry

The forest floor reflects the relationship betwetre rate of litter production and

decomposition (Olson, 1963). The forest floor massl chemical properties may differ
between various tree species growing on the santemsonly due to the differences in

nutrient inputs (Gower and Son, 1992; Muys et 8B2). In general, the production of high
organic acids (and lower soil pH) has been notaetbutree species whose litter is relatively

recalcitrant to the decomposition process (Konagsg6).

Spruce trees tend to produce organic matters veidtively higher molecular weight and
build up a relatively thicker, acidic and compaotekt floor compared with beech trees
(Binkley and Valentine, 1991; Versterdal and Rassens 1998; Rothe et al, 2002a). Thus,
the thickness of the organic layer under spruce mdigate that the cycling of nutrients is
blocked or delayed (Berger et al., 2006) but thehaaisms which are responsible for the
accumulation of organic matter in spruce standsanmemlittle understood (Albers et al.,
2004).

Several studies have also confirmed the acidifgfigct of spruce on top mineral soil layers
as well as lower levels of base saturation anddridgvels of Al and Fe (Son and Gower,
1992; Ranger and Nys, 1994; Hagen-Thorn et al, R0845weden, Folkeson (1996) claimed
that the accumulation of base cations in biomaskssmil exchangeable pool under spruce
were more than beech stands because of enhancefrmaiteral weathering by spruce trees.
Berger et al. (2006) also suggested that in theechspruce-beech stand, the acidifying effect

of spruce litter may accelerate the mobilizatioratium in the upper mineral soil.

The heterogeneity of forest soil chemistry miglsoabe related to the distance from the tree
stem, especially in beech forest, which in part taylue to the spatial patterns of throughfall
or stemflow and rooting systems (Koch and Matzri®93). Under spruce stands, high

concentrations of calcium, magnesium and potassigmelated to leaching of these elements
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from the foliage via throughfall close to the steffufirich, 1971). In addition, canopy
composition and structure can influence the ligelaching the soil, then modify
decomposition and humus formation and consequeaftigct on forest floor and upper
mineral soil characteristics (Epron et al, 2004péu et al, 2006). In the mixed spruce-beech
stands litter layers are significantly thinner atogsoil pH as well as base saturation is

significantly higher than in the spruce monoculsufeothe, 1997).

Vertical distribution of elements especially in tbhpper soil layers may be influenced by
canopy composition (Chodak et al., 2002). For msa carbon input by litterfall and roots
into different soil horizons has a marked effectlom vertical distribution of C and N storages
(Berger et al, 2002). Chodak et al. (2002) desdrNrtical concentration of major elements
in the forest floor and upper mineral soil undeedie spruce and mixed stands with an
exponential equation. They found the same pattéraedical element distribution under

different canopy composition.

The influence of canopy complexity in mixed speciesests on spatial heterogeneity of
above and below-ground element inputs may consdigulead to spatial variability of the

forest floor and the upper mineral soil chemisRpthe et al, 2001; Prescott, 2002).

1.4 Canopy composition and soil solution chemistry

The soll solution as the main interface betweehlsota, minerals and organic matter plays
an important role in biogeochemical cycles in fomsystems (Augusto and Ranger, 2001).
The chemical composition of the soil solution iseafinfluenced by chemical, physical and
biological properties of soils and also by the cloancomposition of infiltration water
(Mulder and Cresser, 1994). For instance, N dejposihay enhance nitrification which may
lead to soil acidification, nitrate and cation leeg), Al mobilisation and root damage (Canol
et al., 1997). Differences between tree specieaiirient and element inputs via hydrological
pathways (throughfall and stemflow), litterfall abbchemical processes in the forest floor
and soil, may be reflected in spatial and tempeaiability of soil solution chemistry
(Manderscheid and Matzner, 1995; Rothe et al, 2002a

According to Gessler et al, (1998), Rothe et 200gb) and Oulehle & Hruska (2005) the pH
and ionic strength of the soil solution were higaed the base cation to Al molar ratios were
lower under spruce canopy compare to under beepbpga The higher rate of rainfall

interception by spruce canopy compared with beéctyisto and Ranger, 2001) lead to less
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moisture in soil and may tend to concentrate saitgn. Nitrate, sulphate, and base cation
leaching were reported to be higher in spruce staodhparing to beech stands (Rothe et al,
2002b). Since N storage in soils (Rothe, 1997) l[dnaptake (Rennenberg et al, 1998) were
similar in both stands, differences in dry depositor in the rates of nitrification in the forest
floor (Rothe et al, 2002b) can explain differencédNO;” concentrations in the soil solution
under the root zone in spruce and beech standserlLoitrogen leaching under beech may
also result from higher output of gaseous nitrogempounds compared to spruce (Gashe and
Papen, 1999). In spruce stands leaching of Sas higher than throughfall input (Rothe et
al, 2002; Oulehle & Hruska, 2005) because thelsader spruce might act as a source of this
element (Wilpert and Mies, 1995).

A part of spatial heterogeneity in soil solutioreatistry depends on proximal and distal areas
to tree stems (Wilpert and Mies, 1995; Rothe et2802 b). For instance, stemflow under
beech canopy and spatial variation of throughfaitew and element fluxes under spruce
canopy may create obvious spatial heterogeneityaih solution chemistry (Koch and
Matzner, 1993). Based on their study, Koch and NEt£1993) stated that, increasing ifi K
and NQ' concentrations close to the stem under beech gamaght be due to the effect of
stemflow. They also claimed that under spruce cgnarsignificant increase in €akK* and
NH,", and decrease in N©oncentrations next to the stem may be relatetheégpattern of
throughfall. Moreover, the accumulation of humussel to the stems of spruce which cause
different mineralisation rates may be responsilde the spatial patterns of soil solution
chemistry in the case of'Kand C contents (Friedrich, 1992; Augusto and Rarapo1).

In a mixed beech — spruce stand, the more complexitanopy creates more variability in
spatial distribution of nutrient and water inpuitswould be expected to see greater spatial
heterogeneity of soil solution chemistry in mixquuge- beech stand compare to pure beech
and spruce stands.

1.5 Canopy composition and litter decomposition

The decomposition of tree litter is the basic psscen the nutrient dynamics and vital to
productivity of forest ecosystem (Didham, 1998)isTprocess is affected generally by:

- Litter quality, like N, P, Mn, Ca and lignin camtts, C/N and lignin/N ratios (Berg et al.,
1986; Aber et al, 1990; Berg, 2000)

.25 -



-Microclimatic conditions in which decompositionkéa place (like temperature, moisture

within a forest floor and light distribution whictlependent on tree canopy) as the major
affecting factors at least in the early stage tédidecay (Vogt et al., 1983;b Meentemeyer
and Berg, 1986; Loranger et al., 2001)

- Biomass, diversity and activity of decomposingasrisms (Elliott et al, 1993; Cornelissen,

1996). As described by Wilkinson & Anderson (20@&hYH Prescott (2002) all of those factors

are related directly and indirectly to the foreahapy. Versterdal (1999) believed that in

addition to the mentioned factors, decompositiom@dch leaves are also influenced by soil

chemistry, whereas the decomposition of sprucer htias less affected by soil quality.

The decomposition of litter may be divided into tywbases. In the first phase soluble
substances and non-lignified substrates (celludoskehemicelluloses) are decomposed. In this
stage the decay of dissolved organic material aadhing of nutrient occurs (Joergensen and
Meyer, 1989). The mass loss is controlled by theceatrations of nutrients which are
limiting the microbial activity (N, P and S) andsalthe concentration of soluble material
which are easily degradable. In the later phase,lignin and lignified celluloses remain.
Therefore, the decomposition rate of litter in feeond stage is ruled by the rate of mass loss
of lignin (Berg, 1986). Lignin is a major recalaifit polymer of plant cells and only a few
organisms (like white-rot fungi) are able to degradHeim and Frey, 2004).

Albers et al. (2004), Heim and Frey (2004) andIgi#tiz et al. (2009 found that in the early
stage of decomposition, spruce needles decompose mapidly than beech leaves. In
contrast, Vesterdal (1999) and Prescott et al,qR6ported that in spite of the initially faster
decomposition of beech leaves, there is a litifeedince between litter decay rates of these
two tree species. In addition to the litter qualigyiotic leaching of soluble substances can
influence litter decomposition rate in the earlgg® after litterfall in temperate forest (Heim
and Frey, 2004).

Differences in mass loss and mineralisation oédith mixed stands are often related to litter
quality (Mellio et al, 1982; Gower and Son, 1992p% and Binkley, 1997). According to
Berg and Staaf (1981) the accumulation and relestes of nutrients like N, show a linear
relationship with litter mass loss.

Beech leaves consist of more favourable sourcesnioro-organisms than spruce needles

(Scheu et al., 2003, Albers et al., 2004). Therlithyer under beech is considerably moister
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than under spruce (Augusto and Ranger, 2001). Heheemicrobial biomass and their

activities might be more in the beech forest floompared with in the spruce forest floor. On
the other hand, under the spruce canopy compdrerteath beech canopy, the higher fluxes
of inorganic N and other nutrients via throughfatiich are available to decomposer may
decrease the rate of litter decomposition (Fog@8l9Those possible reasons can explain
why litter decomposes faster under beech or miaemgies compared with under the canopy
of spruce (Sarilyildiz et al, 2005). Therefore, gpatial patterns of through- and litterfall in a
mixed stand can be the important causes for cigg#tie spatial pattern of decomposition. At
the same time, the spatial patterns of differemcdsophysical factors beneath different parts
of the canopy (Wilkinson and Anderson, 2001) arsd &h root distributions (Riha et al.,2001)

can have a significant influence on decomposer coniiies and consequently on

decomposition rates.

The nitrogen dynamic within decomposing litter d@ncomplicated by simultaneous release
of N from the litter and incorporating of N to thiter from external sources (Gebauer et al.,
2000). Hence, the increasing of N content is ofiecurred in litter during the first stage of
litter decomposition (Berg, 1986; Gebauer et &10®. Fogg (1988) suggested the following
mechanisms which affect litter decomposition aNeaddition i) changing the community of
decomposers, ii) suppression effect of ammonia raxyre enzymes required for lignin
degradation and iii) the reaction of amino compowitth organic matter to form recalcitrant

materials.

Litter composition can influence decomposition satEinzi and Canham, 1998; Gartner and
Cardon, 2004). Thenixed litter showed higher decay rates than indigidbeech and spruce
litters in both pure and mixed stands (Rothe antkBly, 2001; Sarilyildiz et al., 2005The
rapid decomposition of high quality litter may pume high N availability that may stimulate
the decomposition of lower quality litter by allowa the transfer of nutrient between litters,
leading to a more rapid utilization of carbon sudsts (Chapman et al., 1988he greater
sources Vvariety in a mixed species litter may eragel nematode population and
consequently the rates of N mineralisation durlmginitial stage of leaf litter decomposition
(Finzi and Canham, 1998). Thus, the greater prodtycbf mixed-species forests has been
attributed in part to greater nutrient availabiligsulting from enhancement of decomposition
rates of mixed litters (Perry et al., 1987; Comek06; Ferrari, 1999; Gartner and Cardon,
2004).
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The capability of canopy composition to vary thetriamt inputs and micro-climatic
conditions in the forest floor of a mixed stand nb&yone of the main reasons to cause spatial
heterogeneity in decay rates. Hence, when a stdnidar (the same litter type) is incubated
under different parts of the canopy in a mixed hegaruce stand, different decay rates might

be measured with respect to the canopy composition.

1.6 Canopy composition and soil respiration

In terrestrial ecosystems, soils as the largestrves of carbon play a pivotal role to change
the concentration of atmospheric £€Qlohnson and Curtis, 2001). Any change in soil
properties due to different forest management nusthaan affect soil C pools and this can

have considerable impacts on the carbon budgéecddtmosphere.

The measurement of soil GAluxes may provide a useful parameter to compdéferdnces
between forest ecosystems (Borken et al.,, 2002)bdbadioxide is released from soil
belowground through autotrophic respiration whiatigioate from root and mycorrhizae
activities and heterotrophic respiration or micedlrespiration (Brumme, 1995; Bowden et
al., 1993; Buchmann, 2000).

Tree species is considered to affect soil respinaby influencing soil microclimate, the
guantity and quality of above and below ground oiganatter and the rate of root respiration
(Borken and Beese, 2005).

Soil respiration is known to exhibit a high spatsld temporal variability (Tewary et al.,
1982; Fang et al., 1998; Xu and Qi, 2001; Borkeal e2002). A set of combined parameters
like live and dead biomass, soil properties (Farg).e1998; Sge & Buchmann, 2005) and the
contents of major nutrients like C, N, P and Mgt tt@ntrol microbial activities (Xu and Oi,
2001; Hanson et al, 2003) may cause the spatiardgetneities in CPefflux. The sall
respiration rates in coniferous forests are usulalyer than those in broad-leaved forests
located on the same soil types (Weber, 1990). Coatipa studies in pure and mixed beech
and spruce stands by Borken and Beese (2005) shtwaedhe total soil respiration was
higher in pure beech stands compared with purecepstands and intermediately in mixed

spruce beech stands.
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Available data show that the total soil respiratitegatively correlatedri= 0.88) with C

stock in O-horizons in beech and spruce stands @igThe accumulation of C especially
refractory C in organic layers may provide unfawadle condition for microbial and root
activities. Hence, total soil respiration decreasth increasing C pools in organic layers
(Tewary et al., 1982). Whereas, Borken and Bee®®5) claimed that the O horizon
respiration rates was not correlated with C stafksrganic layers. The incorporation of fine
root in O horizons and also the influence of thesbfloor layer to maintenance soil moisture
and temperature could not be separated from C stockhis correlation. Contrary, some
authors believe that more than 60% of soil respinabriginated from mineral horizons

(explained by Buchmann, 2000).
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C stock in O horizon in different stands
(n=11).

There are several methods to estimate the contiitsibf different sources in releasing £0
from the soil in different forest ecosystem. Onetted common approaches to estimate root
associated COproduction is a conceptual model named TBCA (T8&owground Carbon
Allocation) which has been proposed by Raich anddNwffer (1989). They suggested that
the total belowground carbon allocation (TBCA) abule estimate from the difference
between annual rates of soil respiration and abouegl litterfall. The model assumes that
the leaching losses of C are negligible and thekstof organic matter, root and litter in soils
are in a steady state. Therefore, TBCA equals tmt mespiration and root litter C
decomposition. In their model, annual changes & ghil and litter stores must be small

relative to soil respiration and litterfall C (forore details see material and method section).

The major temporal variations in soil respiratioaybe related to the top soil temperature

and the wetting and drying of organic layers viffedénces in throughfall amount (Borken et
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al. 2002; Andersen et al., 2005; Borken and Be2865; Borken et al. 2006). Buchmann
(2000) claimed that in spruce stands, the tempaadhtions in soil respiration depended

more in on temperature than on moisture.

According to Buchmann, (2000) the role of canopygdatrol soil respiration may be related
to the characteristics of canopy to manage micnaremmental conditions. Tewary et al.

(1982) claimed that in a mixed (Oak- coniferouskfs, soil respiration rates in microhabitats
beneath coniferous were lower than those beneatiddeaved trees. They illustrated that the
habitats (the area under different canopy classéh) more nitrogen and soil moisture and

lesser carbon and bulk density or with higher dquaéiliterfall showed greater respiration.

Until now, only a few studies have been investidatee soil CQ efflux in mixed beech-
spruce stands (Borken and Beese, 2005). There iisfaronation about the impact of canopy
composition in a mixed spruce- beech stand to apasiriability in soil CQ efflux. If the
crowns of individual trees show the same behavioyoure and mixed stand, one can expect
to observe different rates of soil respiration untlee crown of spruce and beech trees
growing in a mixed stand. Therefore, in a mixeddiahe soil respiration can be used as a
good indicator to distinguish the created condgi@m micro-sites under different parts of
canopy.

Tab.2: Mean annual litterfall, soil respiration and O4zon C stock in different references.

Annual O-horizon Annual soil

Stand type litterfall C stock respiration Refrences

(Mg C/ ha.yr) (Mg C/ ha) (Mg C/ ha.yr)
beech 1.9 5.6 6.5 Elberling &Ladegaard-Pedersen
spruce 2.1 47.3 5.9 (2005)-Denemark
spruce 1.9 117 2.8 Lytle & Cronaf9q8)-USA
Spruce 2.8 50.7 5.5 Borken & Beese (2005)-Solling
Mixed 2.9 32.3 6.2 30% beech
Mixed 2.7 34.2 6.8 70% beech
Beech 3.1 16.3 7.1
Beech 6.8 Brumme & Beese (1992)-Solling
Beech 4.09 90 3.3 Borken et al.(2002)-Solling
Spruce 3.96 101 2.2
Beech 4.34 127 3.1 Unterluf3t
Spruce 3.51 86 3.2
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2. Hypothesis

Tree composition affects ecological properties @mall spatial scale (Zinke, 1962). In a mixed
forest the heterogeneity in canopy composition rm@ate different representative structural
units (Wilpert and Mies, 1995) with different ecgical characteristics, fluxes of water,
nutrients and energy. The research on nutritiom&raction in mixed forest could thus greatly
benefit from studies on a small spatial scale wtzteial interaction between different trees
takes place (Rothe and Binkley, 2001).

The complexity of the canopy structure of a mixere$t stand makes it difficult, however, to
apply the methods commonly used to describe sroalesspatial patterns of water and nutrient
inputs in monoculture stands. Therefore, in cohttaother investigations, where the spatial
patterns were described in relation to the distaricem neighbouring trees or foliage density
(Beier et al., 1993; Staelens et al., 2006), differtypes of canopy compositions (canopy
classes) were used to identify the variability mbut fluxes, soil and soil solution properties,
litter decomposition and soil respiration. In ordersee whether the mixed forest stands with
different proportions of spruce and beech mightwsisamilar patterns of nutrient inputs and
status under different canopy categories; two widebntrasting cases (a stand greatly
dominated by beech and a stand greatly dominatesppituce) were investigated. The canopy of
each plot was classified into four categories: mmeice, mixed spruce and beech, pure beech

and gap.

The main hypothesis to be tested in this study tvasin a mixed forest the heterogeneity in
canopy composition may create different micro-sitesth different biogeochemical

characteristics. The following questions were aslsied in this thesis:

i) The four different canopy classes will show diffgrenutrient inputs due to
differences in amounts and chemistry of litterfalhd throughfall and these
differences will be similar in two widely contrasyi types of mixed beech and

spruce stands growing at the same site.

i) The organic and mineral soil layers under differariopy classes in each plot show
the different chemical properties.

iii) Soil solution chemistry is affected by canopy cosipon.
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iv) The decomposition and nitrogen turnover of an iated standard litter (spruce
needle) within forest floor in a litterbag experimeshow different rates under
different canopy classes.

V) The soil respiration rate as an indicator of sadrobial and root activity is affected

by canopy composition.

The results of nutrient inputs (throughfall andelitall) presented here were re-compiled in the
form of an article entitled Canopy composition as a measure to identify pattes of
nutrient input in a mixed European beech and Norwayspruce forest in central Europe”
has been accepted to publish in the European Joofrf@rest Research. The results of other
parts will also be edited and as soon as will herstied for publication.
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3. Material and Methods

3.1 Site description

The study was conducted in Solling Forest, in @ntBermany. The site is located
approximately 50 km north-west of Goéttingen in Lov&axony (51°47'N and 9°37°E) at an
altitude of 250-300 m. The climate at Solling can described as sub-oceanic, with a mean
annual air temperature average of 6.5°C and teotalia precipitation of 1090 mm. The soil
type at the experimental site was an acid dystamhisol (FAO) developed on triassic
sandstone, covered by a loess layer. Soil textur@ominated by silty loam. Morphological

humus forms are typical moder.

The experimental stand is a mixture of Europearchh@eagus sylvaticd..) and Norway spruce
(Picea abieqL.) Karst.) trees (Tab. 3). Two previously equiggdots (Chessom, 2004) used
for present investigation. The area of each pleeoed about 300 mThe plots are described as
follow: the beech-dominated plot (BDP) where a m@nspruce tree is surrounded by eight
beech trees (Fig. 3) and the spruce-dominated (@B#) where a centred beech tree is
surrounded by one beech and nine spruce trees4Fidlost parts of spruce dominated plot
(SDP) and some parts of the beech dominated plbPJBvere covered with the patches of
ground vegetations and regeneration, respectiélg. distance between two plots was about
300 m.

Tab.3: Stand characteristics of the beech (BDP) and spiSDP) dominated plot.

Plot Tree species  DBH Height Basal Area Canopyea

(number of cm (xSD) m (zSD) mz2 (xSD) m2 (perces)

trees) spruce mixed beech gap
BDP 11 (4) 17 (6) 231 (81) 27 (9)
dominating tree  beech (8) 42.8(8.9) 28.6(1.8) 0.34(0.1)
admixed tree spruce (1) 61.4 32.8 0.48
SDP 157 (56) 45 (16) 51 (18) 28 (10)
dominating tree  spruce (10) 67.4(6.8) 38.2(3.3) 0.53(0.1)
admixed tree beech (2) 442 (15.7) 25.6(5.6) 0.35(0.1)
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B: Beech tree
5: Spruce tree

Fig. 3The beech dominated plot (BDP).
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lm 4m

B: Beech tree
5: Spruce tree

Fig.4: The spruce dominated plot (SDP).

-35-



3.2 Data collection, field measurements and chemical analysis
3.2.1 Throughfall

In order to collect throughfall, three gauges (d=rmB) were randomly installed in the area
under each canopy class approximately 1 m abowstfdloor at fixed positions from May

2005 to July 2006. The gauges were placed in thddlmiof the crown projection and the
opening area of the gap to avoid edge effects.

Sampling was carried out 1-2 times a month and kzsmwere combined proportionally to

water fluxes for monthly samples for analysis. Skmgpcollectors were replaced by cleaned
ones at the end of each month. In snow periodkdisi¢d= 25 cm) replaced the rain collecting
gauges. After collection, samples were filtered staded at 4 °C prior to analysis.

Chemical analysis of throughfall water for $ONa’, K*, C&*, Mg®* and Mrf* was carried
out by the Inductive-Coupled Plasma Atomic Emissipectroscope techniquéCP-AES,
Spectroflame, Spectro Analytical Instruments, Kl&ermany. The contents of NH, CI, and
NO; were determinedby using continuous flow injection colorimetry (QenSkalar
Instruments, Breda, The Netherlands). DOC was medday dry combustion at 680 °C using a
TOC-5050 Shimadzu organic C analyser (Shimadzugayrbuisburg, Germany). The pH was
measured in the laboratory with a Microprocessor jpth Meter PMX 3000.

3.2.2 Litterfall

Each plot was equipped with 18 litter traps (0.6.% m) made of plastic and perforated at the
bottom for water drainage. The number of littepgan the area under each canopy class was 4,
4, 6 and 4 under spruce, mixed, beech canopiesnaiheg gap canopy classes, respectively, in
each plot. The traps were distributed randomly r@amgkd about 0.5 m above the forest floor at
fixed positions. Litterfall was collected monthlyoim May 2005 to July 2006, except from
December 2005 to February 2006 (one sampling),usecaf heavy snow and ice layers in the

litter traps.

The collected litter was oven-dried at 60°C immgaliato constant weight (48 - 72 h). The
dried materials were sorted manually into the fwilg compartments: leaves, needles, beech
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branches, spruce branches, a fraction of residatdnmls, which consisted of bud scales, seeds,
seed shells and other fine debris. Thereafter tbetimy weight of each fraction in each trap
was registered. The materials of animal origin wereincluded in the subdivided fractions.

Chemical analysis was applied on sub-samples ofribwethly litter samples, but only for the
leaf and needle fraction. Samples were preparedrimgling the litter to a fine powder and
subsequently digesting it with 2 ml of HN@ Teflon digestion bombs (5 h, 170 °C; for furthe
description see also Heinrichs H. 19869). Afteredigpn the concentration of major cations
(Na', K*, c&*, Mg*, Mn?") and total sulphur (Bwere determined by the Inductive-Coupled
Plasma Atomic Emission Spectroscope technidG@-AES, Spectroflame, Spectro Analytical
Instruments, Kleve, GermanyThe values were recalculated on the absolutengight (105
°C) basis, which was determined on separate sulplsanilotal nitrogen (j and carbon (¢
were determined by a C/N-analys€HN-O-Rapide, VarioEL, Elementar, Germany

.mf

Fig.5: Litter traps installed under the central beecle tre
the spruce dominated plot (SDP).

3.2.3 Forest floor and mineral soil

According to the given canopy projection, the anader each of the four canopy class was
identified as a subplot (i,e, four subplots pert)pl®he soil sampling was carried out in June
and July 2005 with coring method (cylindrical steelumns, 7 cm diameter and 40 cm
height). The sampling points were distributed raniyowithin each subplot. The core
samples were taken from organic horizon up to 40depth of mineral soil with 4 replicates
per subplot. The undisturbed soil cores were kepight plastic at 4°C until handling in the
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laboratory. The organic part of soil samples wekeddd into Q.r, Oy sub-samples. The
mineral parts were sliced into sub-samples basdolmwing depth interval: 0-2.5, 2.5-5, 5-
10, 10-20 and 20-40 cm. Samples from the humusdayere oven-dried at 60°C, the mineral
soil samples were dried at 40°C to constant weBt 72 h). Thereafter, the weights of the
samples were registered. All samples were grinded fine powder and sieved through a

mesh size of 2 mm before analysis.

The organic samples were digested with 2 ml of HMQeflon digestion bombs (5 h, 170,
Heinrichs, 1989). The cations and total ) (8ere measured with the inductive-coupled
plasma atomic emission spectroscope technique AE®- Spectroflame, Spectro Analytical
Instruments, Kleve, Germany). Total N{(Mnd C (¢ were determined by a C/N-analyser
(CHN-O-Rapide, VarioEL, Elementar, Gemany). All givelement concentrations are related

to the absolute dry weight at 1686.

For mineral soil samples, exchangeable cationg,(KN§ C&*, Mg**, F€"*, Mn?" and AFY)
were determined after percolating of samples wikhNH,CI (Meiwes et al. 1984) and by
subsequent ICP- AES analysis. The pH values weesuned with a digital pH-meter (WTW
GmbH Weilheim, Germany) in 1 mol”LKCI solution (1:2,5). Cation exchange capacity
(CEC) was calculated as the equivalent sum of exgdble cations and "HThe base
saturation was calculated as the equivalent sutmasé cations (NaK*, C&*, Mg*") as a

percent of CEC.

3.2.4 Soil solution

Ceramic suction lysimeters (ceramic cups with 2diameter and 5 cm length) were used to
extract soil solutions. The lysimeters were insthlin depths of 10 and 100 cm of mineral soll
in each subplot. Three lysimeters were placed ah efepth and connected to the same
collecting bottle. For each plot, a vacuum pump a@gslied to collect soil solutions in bottles
which were placed in installed containers to kéegt dark and cool. During winter, a heater
was used to prevent freezing. Soil solution wasptadhat monthly interval from Oct 2003 to
July 2006.

The filtered (0.45um) soil solution samples were used to analysis. pHh@vas measured in the
laboratory with a digital pH meter (WTW GmbH Weilhe West-Germany)Chemical

analysis of solution samples for $OK*, C&*, Mg®* and AP* were carried out by Inductive-
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Coupled Plasma Atomic Emission Spectroscope teaen{CP-AES, Spectroflame, Spectro
Analytical Instruments, Kleve, Germanyhe contents of Nand NQ were determinety
using continuous flow injection colorimetry (CenSkalar Instruments, Breda, The
Netherlands).

3.2.5 Litterbag technique with °N needle litter

The rate of litter decomposition was assessedtteyiag technique (Berg and Tamm, 1991).
Needle litter was collected from roof project —8alin April 2005. Needles were taken from
a falling spruce tree which grown in an enricheat plith >N isotope (Feng et al., 2007). The
litterbags (polyethylene bags, 7*7 cm, mesh 1mmjewdled with 5-10 g of the air-dried
needles. 480 litterbags were numbered and incubaittath the forest floor under different
canopy classes in both plot. The litterbags (n=51® months) were incubated randomly in
every subplot of both plots. The exact weight aftebag was registered before incubating in
the field (Fig. 6).

The incubation started in May 2005 and from Jun520&very month 5 litterbags were

collected from each subplot. Because of coverirgyftrest floor by ice layers during the

snowing period in winter (Nov 2005 to Jan 2006g, litterbags were not collected. In order to
take out all incubated litterbags, the experimerdignged to 15 months. The remaining
needle material was weighted and the mass lossde@smined. Since the mass loss of
decomposing litter depends of litter quality andcroisite characteristics, the usage of a
standard litter allows estimating the relative imtpoce of micro-site characteristics under
each kind of canopy class on decomposition rateghis experiment, the mass loss and
nitrogen turnover of standard litter incubatedaneft floor layer at different subplots is only

controlled by micro-environmental condition.
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Fig.6. Placing of litterbags in the field.

3.2.6 Soil respiration

Since May 2005, four cylindrical PVC columns, 15 drmameter and 25 cm tall were inserted
approximately 10 cm into the organic and minerdl woeder each canopy class in both plots.
CO, concentration was measured monthly from June 2668 month after installing the

collars) to July 2006. Measurements were carriddwige per date between 10:00 and 15:00
by placing a PVC lid over each column and using easaring device named CO2PORT
(Messwert company GmbH-Gottingen) which was a dgped version of an infrared gas-

analysator (Edinburgh Sensors- Gascard 1l). Thet fimeasurement was done immediately
after the closing the column and the second orex aéi. 60 minuets. Before measuring, all
green herbaceous vegetation was removed from ttiaceuarea enclosed by experimental
cylinders. In winter season (Dec, Jan and Feb)adsex of heavy snow and ice layer on the

measuring points, the soil G@&mission could not be measured.

The temperatures were measured at 10 cm deptmveithli and 5 cm above forest floor close
to each PVC column at the time of €@easurement. In order to know the changes in
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temperature of forest floor, a digital thermomegi@ornad Electronic) were installed within
Ov+r layer under each canopy class in both plots. A Bater (Digital Barometer-Greisinger
Electronic) was used to measure air pressure tbode chambers.

3.3 Calculation and statistical analysis
Fluxes of element inputs

To estimate the monthly flux of element inputs, tduamcentration of elements in throughfall
(mg/L) or litterfall (mg/g) on each sampling ocaasiwere multiplied by the amount of water,
or mass of leaves and needles litterfall separdmyeach sampling occasion and month.

Annual fluxes in all cases were the sum of 12-ma@stimated fluxes.

Canopy leaching

To calculate the rates of canopy leaching of catii, C&*, Mg?") for each canopy class, |
used the calculation approach developed by Ulrlghigh, 1983; Bredemeier et al., 1988;
Ulrich, 1994). The model assumes that foliar leaghof N& is small and the ratio of
throughfall and bulk precipitation of sodium can bged for determination of base cation

leaching from the canopy.

Data on the annual amount of bulk precipitation arajor element fluxes were available from
the long-term monitoring ploE1l at Solling which is located about 2 km from ouotpl
(Meesenburg 2006, personal communication). Accgrtiinthese data the bulk precipitation at
the site is characterised by higher fluxes of mufsthe elements (but not for'kand Mrf")
during the leafless period compared with the rést@year (Tab.4).

Tab.4: Mean annual water and element fluxes (xSD) of lpuélcipitation (n = 3) from F1
plot in Solling according to Meesenburg (2006, peed communication).

Water pH Na* K* ca®* Mg?* Mn?* NH, NOs SOZ cl
(mm) (g/m2)

Annual
Summer

Winter

1112 (6.8) 5.04 (0.02) 0.65(0.01) 0.121p.0 0.17 (0.0) 0.06(0.0)0.0 (0.0) 0.73(0.0) 0.60(0.01) 0.56(0.0) 1.0D%)
496 (3.1) 5.02(0.01) 0.20(0.01) 0.07(0.01) @@®) 0.02(0.0) 0.0(0.0) 0.27 (0.0) 0.22(0.0) 0.23(0.01) 0.22 (0.01)
616 (3.8) 5.05(0.02) 0.45(0.0) 0.05(0.0)0.10 (0.0) 0.04(0.0)0.0(0.0) 0.46 (0.0) 0.38(0.0) 0.37(0.0) 0.79 (0.02)
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Decomposition rate and N turnover

The decomposition rate of the litter was calculatsthg the standard decay function (Olsen,
1963):

M= Mog™

Where M was the remaining mass at tyMas the initial weight of the littek was the
decomposition constant ahdvas the incubation time in the field in year.

Carbon and nitrogen content of decomposing nedtie Wwas determined by the following
equation:

% remaining carbon (or nitrogen) = (M )*(C/Cp)*100

Where M was the remaining mass at tp Mas the initial weight of the litter, Ct was the
concentration of element in decomposing litter e time of sampling, £was the initial

concentration of element.

It was assumed that the biogeochemical differer{ces. changes in N availability via
throughfall) among subplots may influence the Naiyic. A simultaneously release of litter
N and incorporating of external N to decomposintiedi is a general finding of the
investigations on litter decomposition (Staaf, 198#&rg, 2000; Gebauer et al., 2000).
Throughfall, micro-organisms and soil N are theguge external source of incorporating N
to decomposing litter.

In order to assess the N dynamics in decompositeg linder different canopy classédy-

labelled litter was used. The stable isotope ismmsad of one major abundance isotope and
one or two isotopes of relatively minor abundantiee low abundance of these isotopes
provides opportunities to use enriched sourceshefisotopes as tracers in biochemical
studies. The enrichment of the isotope is usuatigressed as atom% excess, which is the

percent of atoms as the minor isotope in excefisenf background abundance.

>N abundanced®N) is expressed as per mill deviation from atmosist&tandard of 0.3663

atom%™°N , or atom%a™N.

O™N = (M —1} *1000
Rstandard

whereR is the ratio of°N/**N. §1°N excess was calculated from enricfidd value subtracted

by natural°N abundance (Dawson and Brooks, 2001).
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8N excess can be used as the indicator of changescimcentrations within decomposing
litter. Sine the release rate BN from labelled needle litter remain nearly constand in
coincide, external N was incorporated into the dgoosing litter. Therefore, any change in
1>N/*N ratio results from the change’itN content. Hence, one can calculated the percentage
of released / incorporated N to initial N by meafishe differences iGN excess in different

stages of decomposing litter in litterbag experit{@ebauer et al., 2000).

CO; efflux
CO2 fluxes were calculated with the formula sugeg$ty Borken (1996)

Fcoz-c= (dc/d)*((Mm*V H)/ (My*An))*(Po/Pn*(1+0.0036 77T,))

Feoo.c = CQ-C flux (mg nfh)
dc /dt =temporal change in @Eoncentration within chamber (ppm rif)n

My = Mass of C@C mole (12.01 g ma)
Vy = Volume of chamber (L)

My = Volume of CQ(22.26 L mol™)

Ay = Basal area of chamberm

Pn = Normal air pressure (1013 hPa)
Pa = Actual air pressure (hPa)

Ta = Actual air temperature (°C)

Total Belowground Carbon Allocation (TBCA)

A conceptual model (developed by Raich and Nad&hol989) was used to quantify the
fluxes of carbon.

Soil respiration is the C{Oflux from the soil and is comprised of root reggimn, microbial
decomposition of soil organic matter derived froead roots, root exudates, and mycorrhizal

hyphae, and microbial decomposition of abovegrdiitetfall:

Soil respiration = Root respiration + Root litter @ecomposition + Aboveground litter C
decomposition (1)
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Raich and Nadelhoffer (1989) suggested that totsviiground carbon allocation (TBCA)
could be estimate from the difference between dnmates of soil respiration and
aboveground litterfall.

Soil respiration = TBCA + Aboveground Litterfall- C (2)

The model assumes that the stocks of organic mabietr and litter in soil are in steady state
and the amount of annual litterfall equals the amd@f decomposition of aboveground litter.

Aboveground litter C decomposition = Abovegrouttigifall-C 3)

Therefore, TBCA equal to root respiration and ddatdr C decomposition, which is expressed
in equation (4):

TBCA = Root respiration + Root litter C decompamsiti 4)

In this model, annual changes in the soil andrligioeres must be small relative to soill
respiration and litterfall C. In current study, $ad the mean annual carbon flux via foliar
litterfall as the litterfall C.

Statistical analyses

Differences in mean element concentrations andefiux water and foliar litterfall between
plots were tested by the Student’sest at the 95% confidence level. The other dataew

analysed using one-way analysis of variance (ANO¥Y#®r checking the assumptions for
parametric test. The non-parametric data were flsemed to achieve normal distribution and
homogeneous variances. The Tukey HSD test wastosgetermine significant differences at
the level ofp < 0.05 STATISTICA 7.0 was applied for statistical anays
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4. Results

4.1 Nutrient inputs
4.1.1 Throughfall

Throughfall amounts were significantly higher ire tleafless period (November to April) in all
canopy classes compared to the leafed period (M&ctober, data not shown) in beech (BDP
and spruce (SDP) dominated plots. The annual thfallgwater fluxes in different canopy
classes in both plots followed the same patterntanded to decrease in the order gap > mixed
> beech > spruce but showed significant differerardg between gap and spruce. In the SDP,
in addition, the annual water flux under sprucdedéd significantly from the water fluxes
under the beech and mixed canopies (Tab. 5). Theuai® of annual throughfall water in all
canopy classes were higher in the BDP than correpg canopy classes in the SDP, the
differences being highest under the spruce canof84%) and lowest under the beech
canopies (+10%).

The annual pH values of throughfall under beeclopgrclasses in both plots tended to be
higher than under other canopy categories, budifferences were not significant due to wide
variations (Tab. 5). The pH values were higher urggeuce and mixed canopies in the BDP
compared with the same canopy categories in the (SBI?5). The seasonal variability of pH

was observed in both plots. The pH values of thinfalhin the leafless period were lower but
they were higher (more than 1 unit) in the leafeztiqdd compared to the pH of bulk

precipitation, especially in the SDP (Fig.7).
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Tab.5: Mean (xSD) annual water and element fluxes viaughdall in the beecBDP) and

spruce (SDP) dominated plot (g Prgear).

BDP SDP
SPRUCE MIXED BEECH GAP SPRUCE MIXED BEECH GAP
n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3
Water* 578.6 667.0 616.3 703.2 432.3 566.3 562.1 611.4
(81.7) aB (27.7) atB (19.6 ) atB (27.0) bB (23.3) aA (32.0) bA (24.0) bA (11.6) bA
pH 5.7 5.8 6.1 5.7 54 5.5 5.8 5.6
(0.10)B (0.05)B (0.20) (0.06) (0.05) (0.15) A (0.30) (0.05)
Na* 2.07 1.60 0.89 0.93 1.78 1.73 0.80 1.05
(0.03) ¢ (0.10) b (0.19) a (0.06)a (0.23)b A0b (0.07)a (0.09) a
K* 2.63 3.03 2.04 111 242 3.22 142 141
(0.41) bc (0.07) ¢ (0.34)B (0.33)a (0.22)b (0.31) ¢ (0.06pa (0.10) a
ca® 1.18 0.95 0.62 0.43 1.43 1.43 0.59 0.80
(0.13) cA (0.03) bA (0.08) a (0.04) & (0.04) bB (0.23) bB (0.04) a (0.16) B
Mg?* 0.45 0.38 0.28 0.21 0.47 0.52 0.20 0.27
(0.03) d (0.02) ¢ (0.03) (0.02) a (0.03)b (0.11) b (0.02pa (0.03)a
Mn?* 0.33 0.27 0.25 0.14 0.44 0.52 0.12 0.19
(0.03) cA (0.02) bc (0.02) B (0.02) a (0.02)B (0.15) b (0.01) & (0.03)a
NH4* 1.52 1.17 0.77 0.71 1.59 1.42 0.83 0.99
(0.16) ¢ (0.15) b (0.06) a (0.06pa (0.14) b (0.08) b (0.20)a (0.05Ba
NO3 1.76 1.22 0.61 0.65 1.40 161 0.68 0.88
(0.14) cB (0.12) bA (0.08) a (0.02) & (0.03) bA (0.25) bB (0.20) a (0.03) B
SO# 1.59 1.25 0.80 0.69 1.89 1.97 0.81 1,05
(0.21) cA (0.03) bA (0.09) a (0.04) & (0.03) bB (0.27) bB (0.05)a (0.08) B8
Cr 4.32 3.20 1.92 1.84 3.83 3.99 841 2.33
(0.34) ¢ (0.21) b (0.36) a (0.20pa (0.19)b (0.49) b (0.15)a (0.16Ba
DOC 105 7.84 5.67 3.61 13.1 11.8 .106 7.46
(0.84) dA (0.31) cA (0.64) b (0.81) & (0.86) bB (0.76) bB (0.29) a (0.61) 8
Norg 0.44 0.33 0.23 0.16 0.45 0.39 70.2 0.25
(0.05) ¢ (0.04) b (0.03) a (0.02pa (0.04) ¢ (0.09)bc (0.12)ab (0.03pa
*= mm=L/m?

Values in brackets indicate the standard devigi@D).

Different letters indicate significant (p < 0.05fférences under different canopy classes. Lowsedetters represent differences within
plots and upper-case letters represent differelnetgeen plots. No letter means no significant déffee

In the SDP, the annual fluxes of all elements wiith exception of K Nog DOC followed

the order: spruce=mixed>beech=gap. In the BDRxfost of the elements (€aall forms of

nitrogen, S@, Na', CI) the differences between spruce and other canafggeries were

more pronounced, resulting in the following pattespruce>mixed>beech=gap. For Mgnd

DOC in this plot there were, in addition, signifitadifferences between beech and gap.
Mn?*followed the same pattern as most of the elemeantshe mixed canopy did not show
any differences in Mit flux compared with the spruce and beech canomsek The fluxes
of K" in both plots were highest under the mixed canafifiough in the BDP the fluxes of
potassium under spruce and mixed canopy did nfardat the 0.05 significant levels. In the
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BDP, the K fluxes in the gap were significantly lower thardanother canopy classes, while

in the SDP the corresponding flux in the gap andeafeech canopy were the same.

(a)
BDP

O Leafed
N Leafless

6_
pH
) ﬂ
a4 T
gap bulk

O Leafed
M Leafless

4 i

spruce mixed Theech  gap bulk

Fig.7Mean pH values (£SD) of throughfall in leafed
and leafless periods under different canopy
classes in a) beech (BDP) and b) spruce (SDP)
dominated plots and in bulk precipitation.

The canopy leaching calculation of base cationgdas the Ulrich model (1983) showed
that K™ leaching in both plots was highest under mixedpgrclasses. The leached amounts
of base cations (K C&*, Mg®*) were significantly higher under the spruce thader the
beech canopy in both plots. In the BDP, the gapscé&xhibited by far the lowest amounts of
cation leaching (Fig. 8a). But in the SDP, no digant differences was found in leached
amounts of K and Md" between gap and beech, and the canopy leachi6gtbin the gap
was also significantly greater than under beect). @).
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Fig.8: Mean (xSD) annual canopy leaching of base
cations under different canopy classes in a) beech
(BDP) and b) spruce (SDP) dominated plots.
Different letters indicate significant (p < 0.05)
differences between canopy classes.
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4.1.2 Litterfall

The amounts of total litterfall under different cgy classes in the BDP tended to decrease in
the order beech > mixed > spruce >gap and in ther@pruce> gap>beech>mixed in the SDP,
but the differences were not significant. The floi total litterfall under mixed and beech
canopies was significantly greater in the BDP tiaithe SDP but not for the other canopy
classes (Tab. 6)

Tab.6: Mean (xSD) annual dry mass of different litteriaimpartments under different
canopy classes in the beech (BDP) and spruce (8@Rinated plot (g / ra year).

BDP SDP
SPRUCE MIXED BEECH GAP SPRUCE MIXED BEECH GAP
n=4 n=4 n==6 n=4 n=4 n=4 n==6 n=4
total 358.4 375.7 386.9 345.2 333.6 263.9 271.5 4.831
(17.2) (21.98 (43.5)B (15.6) (37.6) (31.8A (40.0)A (35.9)
leaves 276.5 294.1 299.5 296.2 35.2 71.1 86.3 50.8
(10.3)B (13.5)B (15.8)B (24.2)B (2.53) aA (8.17) bA (11.0) bA (6.28) aA
needle 26.1 19.6 15.2 111 166.7 135.0 115.1 181.7
(2.92) cA (2.78) bA (1.32) baA (2.71) aA (15.5) beB (16.0) bB (27.1) aB (23.7) cB
beech branches 2.82 11.6 16.2 8.55 1.35 5.98 12.5 1,51
(1,28) a (5.70) be (4.41)b (2.41) Bc (1.78) a (4.72) ab (7.37) b (1.66)pa
spruce branches 116 7.75 1.79 1.69 56.5 26.2 30.6 47.2
(4.41) bA (2.98) bA (1.15) aA (1.18) aA (8.76) bB (12.1) aB (11.2) aB (8.39) abB
rest 41.4 42.6 54.2 27.6 73.9 25.6 27.0 33.1
(5.53) (5.158 (33.8) (5.37) (28.3) b (8.13) & (15.8) a (8.01) a

Values in brackets indicate the standard devidt@D).
Different letters indicate significant (p < 0.05{ferences under different canopy classes. Lowsedetters represent differences within
plots and upper-case letters represent differelnewegeen plots. No letter means no significant diffiee

The foliar litter as the main fraction of litterfalepresented 80-90% and 60-80% of total
litterfall in the BDP and SDP, respectively. Norsfgant differences were found in beech leaf
litter production under different canopy classegha BDP, but in the SDP the significantly

highest amounts of beech leaf litterfall were rdeor under the beech and mixed canopy
classes. The leaf litterfall under the four canatgsses showed significantly higher annual

amounts in the BDP compared with the SDP.

The fluxes of needle litter under different canatgsses in the BDP tended to decrease in the
order: spruce> mixetbeech> gap with a significantly greater amount under spraompared

to other canopy classes (Tab. 6). In the SDP, ifjieeh amounts of needle litter were found in
gaps and under the spruce canopies, resultingeiriolfowing order: gap spruce> mixed >
beech (Tab. 6). The production of needle litter arndll canopy classes in the BDP was

significantly lower than the corresponding canofasses in the SDP.
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The temporal distribution of leaf litter fall shodi¢he maximum beech leaf litterfall in both
plots in October. In contrast to leaf litter, nexdikterfall peaked at two different times in

November and in May which was mostly pronouncethenspruce dominated plot (Fig. 9).

BDP SDP
Leaf litterfall spruce . ——e——spruce
— —a— —mixed Leaf litterfall e - mixed
200 - — - A— - beech 200 - ---A---beech
X — - X---gap — =% - -Gap
160 - 160 |
E 120 - \x ““\E 120 4
£ 804 R\ 2 801 A
40 - 40 £&§
0 FXapmex X 57X X=X X XX =X 0 mm
MO5 J0O5 S05 NO5 M06 MO6 JO6 MO5 J0O5 S0O5 NO5 MO0O6 MO06 J06
month month
BDP SDP
—e——spruce A
Needle litterfall — —a— —mxied Needle litterfall _—’—_._ —?n’i)xr:;e
60 - — - A- - beech 60 - X ---A---beech
50 4 — =% --gap 50 | ./ \\ — - X---gap
/ N
N 40 - O 40 ' \ X
£ 30 E 30/ N\ 1
=2 = N
201 20 1 XA [
10 4 10 - i\ / \=' /_X
XX =X XZ-a A-X
0 L R A ) of =X = =
MO5 J0O5 S05 NO5 M06 MO06 J06 MO5 JO5 S0O5 NO5 M06 MO0O6 J06
month month

Fig. 9: Monthly leaf and needle litter distribution undéif@ent canopy classes in the beech
(BDP) and spruce (SDP) dominated plots.

Regardless of the canopy classes, the mean coatensr of potassium, calcium and
manganese in leaf and needle litter (Fig.10) predun the BDP were significantly higher than
in the litter produced in the SDP. The concentretiof N in beech foliar litter were higher in
the SDP than in the BDP, while spruce foliar littdstowed no differences between the plots
(p<0.05). The concentration of all other elememntsildted no significantly differences in both
leaf and needle litter fractions between the twail

-50 -



(a)

e Leaflitter

e ah

12 o BDP

10 ah m 5DP
g e

5 4

& 7 ah ah

2

o H

N P 5 K Ca Mg Mn

(h)
Meedle Liiter
18 -
14 4 o BDP
12 4
m 5DP
10 ah
¥ o
E .
4 1 ah ah
2
M P 5 K Ca Mg AMn

Fig. 1vean (xSD) element concentration in leaf (a)
and needle (b) litter in the beech (BDP) and
spruce (SDP) dominated plots. Different letters
indicate significant (p < 0.05) differences
between plots.

A comparison of annual element fluxes via foliagiedfall among different canopy classes in
the BDP did not indicate any significant differea¢p<0.05) for any of the considered elements
(Tab. 7).

In the SDP, the annual return of Mg to the fordsorf via foliar litterfall was lower under
spruce canopy than under beech and mixed canopigte other elements showed no
significant differences under different types ohapies (Tab. 7). The amount of total foliar
litterfall was higher in the BDP than in the SDRal§T 7) and considerably higher annual
fluxes of elements via litterfall under all canoglgsses were recorded in the BDP compared

to the corresponding values in the SDP.
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Tab.7: Mean (£SD) annual mass and element fluxegaliar litterfall under different
canopy classes in the beech (BDP)spndce (SDP) dominated plots (g Aiyear).

BDP SDP
SPRUCE MIXED BEECH GAP SPRUCE MIXED BEECH GAP
n=4 n=4 n==6 n=4 n=4 n=4 n==6 n=4
mass 302.6 313.7 314.7 307.3 201.9 206.1 201.4 2325
(12.3) (14.4) (15.4) (22.3) (17.0) (18.7) (25.9) (28.1)
Na 0.05 0.05 0.05 0.04 0.02 0.03 0.02 0.03
(0.00) (0.00) (0.01) (0.00) (0.00) (0.01) (0.00) (0.00)
K 0.74 0.77 0.82 0.75 0.27 0.29 00.3 0.32
(0.05) (0.06) (0.08) (0.04) (0.04) (0.07) (0.05) (0.06)
Ca 2.43 2.54 2.51 2.43 1.58 1.67 1.56 1.77
(0.13) (0.14) (0.18) (0.22) (0.36) (0.18) (0.14) (0.36)
Mg 0.36 0.40 0.40 0.39 0.14 0.19 0.19 170
(0.02) (0.02) (0.02) (0.04) (0.01)a (0.02)b (0.03)b  (0.02) ab
Mn 0.76 0.80 0.82 0.79 0.33 0.30 .280 0.38
(0.03) (0.04) (0.06) (0.07) (0.08) (0.06) (0.02) (0.11)
S 0.28 0.28 0.29 0.28 0.19 0.20 0.20 0.21
(0.01) (0.02) (0.02) (0.02) (0.02) (0.02) (0.03) (0.02)
N 2.95 2.99 3.06 2.99 1.93 2.10 .102 2.16
(0.10) (0.21) (0.08) (0.25) (0.14) (0.13) (0.32) 0.17)
C 156.6 162.3 163.8 160.1 105.7 105.1 103.3 119.2
(6.39) (7.0 (8.1) (11.5) (10.2) (9.09) (13.1) (14.2)

Values in brackets indicate the standard devigi@D).
Different letters indicate significant (p < 0.05{ferences under different canopy classes. Norletigans no significant difference

4.1.3 Total element inputs:

The contribution of litterfall and throughfall tganhsport elements from the canopy to soil
differed for different elements. In both plots,dhghfall was the main pathway for sodium,
potassium and sulphur but for calcium the majohywaly was litterfall. For nitrogen and
magnesium litterfall and throughfall showed a iigkly similar contribution to the total
nutrient inputs. For most elements, the contributid throughfall in all canopy classes was
greater in the SDP than in the BDP. The total iapaft all elements, with the exception of
sulphur for all canopy categories and for Na inggayere higher in the BDP than in the SDP.

Spruce and mixed canopy classes showed the hightastinputs for all studied elements in
both plots. The total inputs of K in mixed canopgsses were considerably higher than under
spruce canopy and under the other canopy cateddiaés 8).
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Tab. 8: Totalannual input of elements via throughfall (TF) amigifall (LF) under different
canopy classes in the beech (BDP) and spruce (8@Rinated plots.

Spruce Mixed Beech Gap
(g/ m2

(g/m2year) TF LF (g/m2yea) TF LF (g/m2yea) TF LF year) TF LF
BDP
Na 2.1 98 2 1.7 97 3 0.95 95 5 0.97 96 4
K 34 78 22 3.8 80 20 2.9 72 28 19 60 40
Ca 3.6 33 67 3.5 27 73 3.1 20 80 2.9 15 85
Mg 0.81 56 44 0.78 49 51 0.68 62 38 0.60 35 65
S 1.9 82 18 15 82 18 1.1 74 26 0.97 71 29
N 6.7 56 44 5,7 48 52 4.7 35 65 4.5 34 66
C 167 6 94 170 5 95 170 3 97 164 2 98
SDP
Na 1.8 99 1 1.8 98 2 0.83 96 4 11 97 3
K 2.7 90 10 35 92 8 1.7 85 15 1.7 82 18
Ca 3.0 48 52 3.1 46 54 2.2 28 72 2.6 31 69
Mg 0.61 77 23 0.71 73 27 0.39 51 49 0.44 61 39
S 2.1 91 9 2.2 91 9 1.0 80 20 1.3 83 17
N 54 64 36 55 62 38 3.8 45 55 4.3 50 50
C 119 11 89 117 10 90 110 6 94 127 6 94

(TF) and (LF) represent the contribution percefithimughfall and litterfall to total annual inpekements.
S = SQ-Srhroughta + Stitertalls »

N = (NH4'N + NGs-N +Norg'N)Throughfall+ Ntitertan

C = DOGroughtal + Cllitterfan

4.2 Forest floor and mineral soil
4.2.1 Soil pH (CaG)

For both plots, BDP and SDP, measured pH valuegdtetl very acidic soil conditions,
ranging between 2.6 to 3.1 in the organic layers lagtween 3.5 to below 4.2 in the mineral
soils down to a 40 cm soil depth (Fig. 11a, b).itAwould be expected, the pH values are
higher in the mineral horizons than in the orgdayers for both plots. However, the vertical
increase of the pH values with soil depth was mprenounce in the SDP (2.6 - 4.2)
compared with the BDP (2.8 - 4.0).
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Fig. 11a, b:Vertical patterns of pH values from the; yer down to the
40 cm soil depth in different sub-plots, (a) be€BBP) and (b)
spruce (SDP) dominated plot.

In the beech dominated plot (BDP) significantlgher pH values (p<0.05) were recorded in
the top mineral soil in the beech sub-plot, compaxéh the spruce sub-plot. While in the
spruce dominated plot (SDP) the gap sub-plots sdosignificantly higher pH values

(p<0.05) in the organic and mineral soil layers fapt0 cm depth), compare to other sub-

plots.

4.2.2 Concentration and storage of elements irfdhest floor

Beech dominated plot (BDP)

The concentration of C and N decreased with inangasoil depth (Tab. 9). In the @ layer,
carbon showed significantly higher concentratiomhi& spruce sub-plot compare to the beech
sub-plot. There were no significant differencesthe N concentration among sub-plots in
both organic layers (Qr Oy) within the beech dominated plot. No significarffetences
were also found in C/N ratios of the organic layamsong different sub-plots. However, dry

weights of Q.r layers in the spruce subplot were significantlgher compared with the

beech and gap subplots.
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The total concentration of potassium and aluminiartine Q.rlayer of the BDP in the beech
sub-plot showed significantly higher values compéwethe gap sub-plot. The lowest
concentration of magnesium in.@layer was found in the gap sub-plot. In thg l@yer of

the beech dominated plot, the only significant edéhce was found in the magnesium

concentration between the spruce and gap sub<{dlats 9).

Significantly higher C, N and S storages were detein the Q.r layer of the spruce sub-
plot, compared with the beech and gap sub-plots.stbrages of carbon, nitrogen and sulphur
followed the same order as the dry weights of aigaratter in this layer (spruce mixed>
beech> gap). No significant differences were found in theand N pools among theyO
layers of different sub-plots (Tab. 9). The whotgamic layers (Q.r and @Q;) showed higher
total stocks of C and N in the spruce subplot, camag with the mixed subplot (Tab. 10).

The total storages of base cations and aluminiurthénforest floor of different sub-plots
followed the same order as dry weights of organatten accumulated in the organic layers
(spruce> beech> mixed> gap). A significantly higher storage of potassiumagnesium, and
aluminium was detected in the forest floors of speuce and beech sub-plots, compared with
the gap sub-plot (Tab. 10).
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Tab. 9: Mean (£SD) characteristics of the organic layerdar different canopy classes in the beech (BDB)sanuce (SDP) dominated plot.

DW pH C N S
(kg/im?) (CaQ) (mglg)
Qe spruce 6.0(1.9)a n.d 422 (27)a 16 (1.4) 2.0Y0.1
mixed 4.0 (0.8) ab n.d 362 (73) ab 14 (1.6) 0.8)(
beech 3.2(0.8)b nd 360 (14) b 14 (3.5) 1.81)0.
gap 25(0.9)b n.d 404 (36) ab 17 (1.0) 1.9 (0.1)
BDP
() spruce 5.2(1.8) 29(0.1) 240 (75) 9.6 (1.8) 1.4 (0.3)
mixed 3.3(1.2) 2.9(0.2) 280 (55) 11 (1.6) 1.8§0.
beech 5.0 (1.9) 2.9(0.1) 296 (62) 13 (1.9) 1.7 (0.4)
gap 4.0 (1.7) 2.8(0.1) 298 (91) 12 3.7) 1.7 (0.6)
Q@ spruce 6.8 (0.5) a n.d 439 (56) 15 (1.4) 2.3)0.
mixed 6.1(1.3)a n.d 416 (69) 15 (2.0) 1.9(0.4)
beech 3.8(0.5)b n.d 410 (26) 16 (0.9) 2.@)0.
gap 35(0.9)b nd 431 (19) 17 (0.9) 2.1(0.2)
SDP
© spruce 7.8 (2.3) 2.6 (0.0)a 384 (58) 13 (1.6) 1.9)0.2
mixed 75 (1.7) 2.6(0.0)a 370 (59) 13 (1.4) 1.9 (0.3)
beech 4.6 (2.3) 2.7(0.1) ab 374 (53) 14 (1.0) 2.0(0.2)
gap 3.5(1.2) 28©0.1) b 294 (48) 13 (1.7) 1.8 (0.2)

C/N

27 (2.3)

27 (2.8)

28 (1.2)
27 (1.1)

25 (3.3)
27 (3.3)
4 @.8)

@o1)

29 (1.3)
8 (26)
26 (2.8)
6 (2.6)

30 (2.0) a
29 (2.7) a
27(22) a
23(12) b

K Ca Mg Al
(mg/g)

16(0.4) a 3.8(0.3) 1.0(0.1) a ag) a
2.3(0.8) ab 4.1(0.9) 1.1 (0.2) 7.3(3.8)ab
3.3(1.0) b 3.3(0.3) 1203) a 9427 b

1.0 (CeB) 4.2 (0.7) 0.66 (0.0) b 3.2(1.9) a

4.0(11 8 (0.6) 14 (0.3) a 16 (4.3)
3.3(0.7) 1.8 (0.6) 1.1(0.2) ab 13(3.4)
4.0 (0.9) 2.0 (0.6) 1.3(0.3) ab 149)2
2.3(0.9) 2.2 (0.6) 0.82(0.2) b 11 (3.4)
1.0 (0.5) 3.4(0.6) 0.68 (0.1) 3.7)2.
1.3(0.5) 3.5(0.4) 0.72 (0.2) 4.4 (2.4)
1.4 (0.3) 3.2(0.4) 0.79 (0.1) 8u)
1.2(0.1) 3.8(0.6) 0.69 (0.1) 3.8(0.9)
15(.4)a 2.0(0.2) 0.65 (0al) 751.7)a
1.6 (0.6) ab 2.2 (0.6) 072 (0k)a 7.8(2.1)ab
1.7 (0.4) ab 2.0(0.4) 0.74(0.1)ab 8.3(1.8) ab
2404) b 1.7 (0.2) 0.93 (0.1)b 12 (1.7)b

Different letters indicate significantly differeree@<0.05) between different subplots in eachlapdr, n.d. = no detected.
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Spruce dominated plot (SDP)

In the Q.r layer, the concentration of carbon in the beedh@at was lower than in the gap

and spruce sub-plots. No significant differencesewieund for the N concentrations in both

organic layers (@rand Qy) among different sub-plots within SDP.

Tab. 10:Mean (£SD) element storage in the organic layer{@nd Q) in different sub-plots at the beech (BDP
and spruce (SDP) dominated plot.

DW c N s K ca Mg Al
(kg/m?) (g/m?)

BDP

spruce 11 (3.2) 3741 (82) a 142 (30) a 19(4.7) 30 (1) a  31(54) 12 36) a 111 (44p

mixed 7.3 (0.9) 2365 (312) b 89 (88) b 12(25) 21(81) ab  22(43) 8:3(25) ab 76)(3 ab

beech 82 (2.1) 2670 (970) ab  105(32) ab 13(4.9) 30 (36) a  21(6.3) 10(17) a 99 (12) a

gap 66 (24) 2498 (1357) ab 95 (49) ab 12 (6.6) 11 09 b  20(10) 48(0.9) b 46 [9.0b

sDP

spruce 15 (20) a 6000 (1457) a 201(39) a 29(64)a a 18 (4.3) 38(55 a 96(05 a (88)

mixed 14 (24) a  5337(1331) ab  184(36) ab26(50)a a 20 (5.8) 38(11) a 97 (L7) a 85 (23)

beech 84(23) b 3357 (957) b 124(33) bc17(48 b b 12 (3.6) 22(70) b 63 (16 b  @H)

gap  70(19) b 2582(755) b 104(29) c 1439 b b 12 (2.6) 19(53) b 56 (1.3) b 4 @4)

Different letters indicate significantly differereé<0.05) between subplots

The gap sub-plot showed significantly lower C/Nasiof Q, layer compared with other sub-
plots (Tab. 9). The average dry weight (mass) afanic matter in Qr layer showed
significantly higher amounts in the spruce and miigeb-plots, compare to the beech and gap

sub-plots.

In the SDP, no differences were found in the cotreéinn of all considered cations in the
O.+r layer among different sub-plots. However, in the I@yer potassium, magnesium and
aluminium showed significantly higher concentrasion the gap sub-plot than in the spruce
sub-plot.

The storage of C, N and S in the.Player was higher in the spruce and mixed sub-plot,
compared with the beech and gap sub-plot. FoOthkayer significantly higher amounts of
C, N and S pools have been recorded for the smdemixed sub-plots compared to the gap

sub-plot. The patterns of differences in the sterad C, N and S in the forest floor
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approximately followed the differences in dry wdigh the organic matter (sprueemixed >

beech> gap)

In the forest floor, the storage of base cationd almminium in each subplot followed the
same order as total dry weights (Tab. 10). In tlases of calcium and magnesium
significantly higher pools were recorded in theusgr and mixed sub-plots, compared with

the beech and gap sub-plot.
4.2.3 Concentration and storage elements in thesralrsoil layers

Beech dominated plot (BDP)

Concentrations of C and N showed no significanfedéinces in different mineral soil layers
among different sub-plots. The C/N ratios were ificgmtly higher in the gap, compared with
the other sub-plots in the top 10 cm and also migien in the beech sub-plot in the 10-20

and 20-40 cm soil layers at this plot.

The cation exchange capacity (CEC) in all soil tayshowed no significant differences
among sub-plots. Base saturation (BS) tended tbigleer in the gap, compared to other
subplots in the top 10 cm of the mineral soil. Tingher base saturation in the gap sub-plot
compared to the other sub-plots was due to highecentrations of exchangeable*Cin
BDP (Tab. 11).

Further results revealed significantly higher conications of exchangeable’kn the top 10
cm of the mineral soil layer under the beech canapynpared to the spruce sub-plot. For
exchangeable calcium, higher concentrations werarded for the gap sub-plot, compared to

the spruce sub-plot in the top 10 cm of the mingodl

The concentrations of exchangeable?Mand AF* showed no significant differences in all
mineral soil layers (Tab. 11). The percentage @hergeable G4 decreased with soil depth
whereas the percentage of exchangeabléiAtreased. A significantly negative relationship
was found between Ca (% CEC) and Al (% CEC) in ntigeral soil layers r= -0.83,
P<0.05)
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Tab. 11: Mean (£SD) characteristics of the mineral soikli@yin different sub-plots in the beech (BDP) gmaise (SDP) dominated plot.

bW pH c N s CIN K ca Mg Al CEC BS
(kg/m?) (CaG) (mglg) (mma/ kg) o)
0-10 spruce 69 (21) a 3.1 (Ol)ab 33 (6.0) 1.7 (02) .2600.04) 19 (1LO) a 14 (0.2) a 4.7 (L0)a16 (0.3) 68 (16) 101 (47) 72 (L1)
mixed 72 (9.1)ab 3.1 (0.0)ab 37 (36) 20 (02) 2800.02) 18 (13)a 16 (02)ab 4.7 (L7)aR.0 (0.4) 69 (39) 101 (47) 7.9 (18)
beech 82 (57)b 33 (0)b 31 (24) 18 (0.1) 40@05) 17 (13)a 20 (0.3)b 48 (L3) a5 (0.1) 73 (46) 100 (45) 80 (L0)
Gap 82 (85b 31 (0l)a 39 (6.9) 16 (02)  Q2B4) 24 (13)b 16 (02)ab 7.5 (L4) b 4 10.4) 54 (19) 96 (21) 11 (4.2)
BDP 10-20 spruce 78 (11) 36 01) 18 22) 11 (0.1)  017(9.0116 (0.6)ab 08 (02) 15 (0.3) 086 (0.1) 67(82 76(92)  3.9(0.9)
mixed 77 (16) 36 (02) 19 49) 13 (03)  017(0.0215 (1.8)ab 091(03) 1.6 (L4) 081 (0.4) 62 (69) 72(13) 43 (L8)
beech 78 (7.4) 37 01) 15 (30) 11 (0.2) 01@®). 14 (L5)b 10 (0.1) 1.2 (0.2) 058 J01 59 (14) 66(19)  42(05)
gap 87 (6.7) 35 (02 17 11) 10 (01) 014§0 17 04)a  087(03) 16 (0.5) 054(01) 48 (15) 58(15)  57(28)
20-40 spruce 155 (22) 39 (01) 12 (16) 087 (0.1) 0.10%. 13 (0.9 078 02) 15 (05)  046(01) 48 (11) 54(12)  5.1(0.9)
mixed 155 (27) 39 01) 11 (1) 092 (0291400 45 4 077 (0.4 10 (0.7)  044(01) 44 (52) 48(6.6) 4.4 (L9)
beech 155 (15) 40 01) 9.6 (25) 090 (0.1)%15003) 44 (19 080 (0.1) 080 (0.2) 036(0.1) 4 ®8) 48 (10) 43(0.9)
gap 174 (13) 39 01) 11 @5 080 (0.0)914 002 44 1 064 (0.2) 090 (02)  0.30(0.1) @ 39 (10) 51(2.2)
0-10 spruce 75 (1.0) 30 0.)a 41 (43) 19(02)  0@®3) 22 (L0) 098 02) 56 (2.2) 1.63[0. 53 (48) 97 (6.6)  8.1(2.4)
mixed 71 (9.4) 30 01)a 45 (47)  21(0.2)  03D®. 21 (0.7) 14 (0.) 6.9 (2.9) 21(06) 48 (12) 94 (5.4) 11 (3.4)
beech 67 (1.3) 29 01)a 43 (44)  19(0.1) 00G02) 23 (L5) 12 (0.3) 45 (09) 8102 56 (5.8) 99 (49) 7.5 (L1)
gap 69 (5.0) 32 01)b 46 (7.2)  20(03) 0.32J0. 22 (0.3) 13 (0.1) 50 (3.1) 16 (0.5) ®2) 104 (12) 7.0 (2.4)
soP 10-20 spruce 89 (9.4) 36 01)a 19 25) 11(0.2)a 008Y) 17 (1.0) 056 (0.1)ab 1.7 (0.3) 047)01 51 (32) 58 (48) 46 (0.3)
mixed 78 (7.8) 35 (02)a 24 30) 13(01)b 0002 18 (1.2) 077 02) b 2.7 (L4) 0.873(0. 53 (64) 66 (57) 6.5 (2.6)
beech 79 (9.9) 35 (02)a 21 (25 11(01)a qa82) 19 (2.4) 06502)ab 1.6 (0.4) 0(t54) 54 (69) 64 (11) 46 (0.5)
gap 78 (6.3) 39 01)b 19 (LO) 11(00)a 0082) 18 (0.8) 039 (0.0)a 11 (0.5) 039)02 48 (7.2) 53 (7.9) 35 (05)
20-40 spruce 178 (19) 40 (01) 13 45  098(0.1) 0.1919.0 13 (3.3) 069 02) 11 (02) 030 (0.1) 1 @0) 45 (11) 47 (0.6)
mixed 160 (13) 40 01) 18 (5.0) 11 (02) 0191). 16 (2.2) 060 (03) 17 (0.7) 046 (0.3) 39 (49) 44 (61) 60 (2.0)
beech 159 (20) 39 02) 15 (26)  096(0.1) 01D 16 (2.3) 062 (0.1) 11 (0.3) 0392]0. 43 (7.9) 47 (96) 45 (05)
gap 157 (13) 42 (01) 11 (13) 085(0.1) 0.162.0 13 (L0) 038 (02) 075 (0.2) 021 (00) 30 (43) 34 (43) 3.9 (0.5)

DW = Dry weight; CEC = Cation exchange capacitys®aaturation (BS) = equivalent sum of exchangdzdde cations (Na , K, Ca, Mg) as a percent of CEfierent letters indicate significantly
differences (P<0.05) between subplots in eacHaye.
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The dry weight (DW) of soil per unit area (kinwas significantly different in 0-10 cm of
the mineral soil layers with higher values in treeth and gap sub-plots, compared with the

spruce sub-plot.

The highest storage of carbon and also exchangealdieim in the top 10 cm of the mineral
soil was found in the gap sub-plot, compare to ather sub-plots. The storages of
exchangeable ¥ Mg** and AF* did not differ significantly in mineral soil laygramong

different subplots in the beech dominated plot .(E2g).

The total storage of carbon in the mineral soitasg0 cm soil depth was significantly higher
in the gap compared with the spruce sub-plot. Henewo further significantly differences
were found in total storage of other elements enrthneral soil up to 40 cm soil depth of the
BDP (Tab. 12).

Spruce dominated plot (SDP)

The concentration of C showed no differences inmafieral soil layers among different sub-
plots. The only significant difference in the N centration was found in the 10-20 cm depth
of the mineral soil in the mixed sub-plot comparether sub-plots (Tab. 11). No significant
differences were found in dry weights and C/N matia all mineral soil layers among
different sub-plots in SDP.

The cation exchange capacity (CEC) in all soil tayshowed no significant differences
among different sub-plots. However, in SDP, badaration (BS) in all soil layers of the
mixed subplot tended to be higher compare to athbfplots. Exchangeable potassium in the
mixed subplot showed significantly higher concetires compared with the spruce and gap
sub-plots in 0-10 cm and 10-20 cm layers of theemahsoil, respectively. No differences
were detected in the concentration of exchange@iie Mg** and AF* in different mineral
soil layers among sub-plots (Tab. 11). The perggntaf exchangeable &adecrease with
soil depth and showed a close negative correldtfon 0.67,P<0.05) with the percentage of
exchangeable Al.
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(continued on next page).
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The storage of exchangeablé K 10-20 cm depth of mineral soil showed signifity
higher values in the mixed sub-plot than in the gap-plot. In the 20-40 cm depth of the
mineral soil, the storage of exchangeable potassias higher in the spruce sub-plot,
compare to the gap sub-plot. ForrCand Md* higher exchangeable pools were found in the
10-40 cm soil depth of the mixed sub-plot, compavath the gap sub-plot. The only
significant difference in the exchangeable alunmmipool was recorded in 20-40 cm layer of
the mineral soil with the lowest amounts in the gap-plot compare to other sub-plots (Fig.
12b).

The differences in total storage of C, N and exgleable magnesium in the whole mineral
soil (0 - 40 cm depth) showed significantly highvalues in the mixed sub-plot, compared
with the gap sub-plot (Tab. 12).

Tab. 12: Mean (£SD) element storage in the mineral soiétg®-40 cm depth) in different sub-plots of the
beech (BDP) and spruce (SDP) dominated plot.

DW C N s K Ca Mg Al
(kg/m?) (9/m?)

BDP
spruce 302 (34) 5417 (529) ab 340 (35) 56 (9.0) 11 (1.3) 13 (1.6) 2.9 (0.2) 541(14)
mixed 303 (55) 5566 (350) ab 377 (59) 54 (7.9) 11 (1.0) 11 (3.6) 3.2 (0.4) 147 (19)
beech 315 (27) 5146 (573) a 371 (54) 55 (5.8) 15 (2.4) 12 (2.0) 2.7 (0.3) 571(24)
gap 342 (28) 6498 (596) b 359 (23) 55 (3.0) 12 (3.8) 18 (4.5) 2.6 (0.5) 311(28)
SDP
spruce 342 (28) 7081 (688) ab 416 (42) ab 71(11) 9.5 (1.5) 15 3.4) 26 (0.1) ab 141 (16)
mixed 310 (30) 7708 (782) a 426 (29) a 67(8.4) 9.9 (2.8) 19 (6.6) 35 (08) a 125 (14)
beech 304 (30) 6864 (617) ab 366 (24) ab 60(5.5) 8.9 (0.9) 12 (24) 29 (05) abl32 (5.0)
gap 304 (18) 6377 (356) b 356 (13) b 61 (4.2) 6.9 (0.6) 11 (5.0) 2.1 (0.4) b 119 (6.0)

Different letters indicate significantly differere€<0.05) between sub-plots.
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4.3 Soil solution:

4.3.1 Soil solution pH

The pH of soil solution at 10 cm depth of minemil showed significant differences between
different sub-plots. The pH values ranged from 4t404.50 in the BDP and SDP. The
patterns of pH values in the soil solution pH (1) dollowed the same order (beecbap>
mixed > spruce) in both plots (Fig. 13). The besah-plots showed significantly higher pH
values, compared with the spruce sub-plots. Theedhiand gap sub-plots showed no
significant differences in the soil solution pH1# cm depth of mineral soil in both plots. At
100 cm depth, pH values of the soil solution raseboth plots above 4.2, however no
detectable differences were observed among diffetdnplots within each plot (Tab.13).

O Beech dominated plot (BDP)
4,8 - B Spruce dominated plot (SDP)

pH

spruce mixed beech gap
sub-plots

Fig. 13Mean pH values (£SD) of the soil solution (from
10 cm soil depth) in different sub-plots of the
beech (BDP) and spruce (SDP) dominated plot.

4.3.2 lon concentrations

Tab. 13 shows the chemical properties of soil smhuat 10 and 100 cm depths of the mineral
soil in different sub-plots of the beech (BDP) ampiduce (SDP) dominated plot. Given values
are the statistical mean of the ion concentratiothe soil solution in the period from Oct.
2003 to July 2006. In both plots, €and K were the dominated cations, whereas 8Os

and SQ*were the dominated anions.

In the BDP, the concentration of i the soil solution at 10 cm depth of the mines@il was
significantly higher in the spruce and beech sudisplcompared to the gap sub-plot. Analyses
of variance (ANOVA) showed no significant differexsc in the concentration of other
measured cations and anions in soil solution otrh0depth in this plot. The BC/Al molar

ratio was significantly higher in the beech subptoimpared with the gap sub-plot.
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At 100 cm depth, the concentration of Kas significantly higher in the spruce sub-plot,
compared with the other sub-plots.?Cahowed higher concentration of soil solution a 10
cm depth of mineral soil in the spruce and gap@obts, compared with the mixed and beech
sub-plots in the beech dominated plot. The sprudeptot showed significantly higher
concentration of S§¥ compared to the gap sub-plot. The concentrationitodite in 100 cm
soil depth in the gap sub-plot tended to be highan in the other sub-plots of the beech
dominated plot (BDP).

In the SDP, potassium showed significantly high@roentration in the soil solution at 10 cm
soil depth in the mixed sub-plot, compared with tbeech and gap sub-plots. Higher
concentrations of G4 were recorded in the soil solution in the mixed-piot, compared
with the beeclsub-plot at 10 cm soil depth. In the spruce doneahgilot, the significantly
higher SQ@* -S concentrations were observed in the spruce axednsub-plots, compared to
the beech and gap sub-plots. The molar ratio ofAB@As significantly higher in the mixed

sub-plot, compared with the beech and gap subplots.

The soil solution at 100 cm soil depth showed sigantly higher concentrations of'Kn the
spruce and mixed canopy sub-plots, compared wéhb#ech sub-plot. The concentration of
cd" in this depth was significantly lower in the beexib-plot, compared to the other sub-
plots. Nitrate concentration in the seepage waefQ0 cm) of the gap sub-plot tended to be
higher compared with the other sub-plots in theispdominated plot (SDP).
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Tab. 13: Mean (£SD) element concentrations and molar raifd3C/Al in the soil solution at 10 and 100 cmlstepths in different sub-plots of the beech
(BDP) and spruce (SDP) dominated plot, sampletemeriod from Oct 2003 to July 2006.

pH Na K Ca Mg Al SQ%-S NG;-N Cl BC/AI
(mg/L)
BDP 10
spruce 415(0.10) a 4.46 (0.86) 294 (1.41) a 3.80 (2.11) 1.34 (0.71) 1.52 (0.37) 2.34 (0.52) 4.96 (4.54)7.25 (3.76) 2.21(1.25) ab
mixed 430 (0.10) ab 3.26 (1.24) 1.61(0.86) ab 2.336(1.0 1.08 (0.45) 1.83(0.32) 1.78 (0.42) 2.41 (1.96 5.15 (2.58) 1.21(0.63) ab
beech 447 (0.15) b 2.03 (0.67) 3.02(0.81) a 3.68 (1.44) 1.24 (0.47) 1.30 (0.36) 1.70 (0.33) 2.90 (2.03)3.27 (1.69) 2.50(0.80) b
gap 431(0.12) ab 1.24 (0.49) 0.94(0.35) b 2.13 (0.77 0.84 (0.31) 1.66 (0.42) 2.21(0.67) 3.21(2.56)1.91 (1.72) 1.08 (0.31) ab
100
spruce 4.55 (0.18) 5.26 (0.86) 2.70(0.36) a 2.28(0.24n 0.99 (0.19) 2.33(0.59) 570(1.49) a 1.6391L.3 7.88(2.21) 1.31 (0.62)
mixed 4.43 (0.07) 2.44 (0.16) 0.61(0.30) b 1.27 (0.28) 1.04 (0.11) 2.21(0.17) 5.00 (0.77) ab 1.125p. 4.39 (2.80) 0.67 (0.20)
beech 4.53 (0.13) 2.16 (0.26) 067(0.13) b 1.68 (0.29) 0.98 (0.16) 2.01 (0.36) 427(0.89) ab  1.36%1. 3.92(2.71) 0.82 (0.20)
gap 4.26 (0.19) 1.36 (0.19) 0.73(0.37) b 2.96 (.83)a 1.29 (0.33) 1.82 (0.28) 314(0.72) b 3.31 (2.71)2.16 (1.60) 1.34 (0.41)
SDP 10
spruce 410(0.10) a 5.43 (1.26) 1.98(0.71) ab 3.16 (1.33ab 0.97 (0.34) 2.08 (0.40) 294 (0.92) a 16871 9.13(3.84) 1.35(0.59) ab
mixed 4.20(0.10) ab 3.05 (0.54) 3.76 (1.61) a 4.80 (2.66a 1.10 (0.54) 1.51 (0.73) 3.05(0.88) a 2.694B. 7.13(2.34) 2.54 (0.60)
beech 445(0.10) b 1.50 (0.57) 143(047) b 1.51 (0.50)p 0.51 (0.19) 1.72 (0.41) 144(0.25) b 0.9571.3 2.40 (1.85) 0.82(0.35) b
gap 4.24(0.10) ab 2.35(0.53) 1.08(0.44) b 3.50 (L.26ab 0.95 (0.39) 2.92 (0.80) 1.99(0.39) ab 43T7) 3.77 (1.40) 0.86 (0.66) b
100
spruce 4.43 (0.14) 5.11 (1.69) 1.36 (0.43) a 3.52 (0.38g 1.30 (0.33) 3.05 (1.19) 6.46 (2.86) 2.89 (1.33)9.20 (3.03)  0.94 (0.43)
mixed 4.34 (0.14) 3.89 (0.92) 2.68(1.82) a 3.32 (0.82n 1.27 (0.39) 2.68 (0.72) 5.40 (1.80) 0.87 (0.74)8.89 (2.06)  1.14 (0.73)
beech 4.62 (0.09) 1.76 (0.59) 0.45(0.22) b 1.42 (0.12) 0.63 (0.34) 1.24 (0.34) 3.12 (1.37) 0.33 (0.23)3.29 (1.51) 0.98 (0.30)
gap 4.41 (0.10) 3.56 (1.71) 1.08 (0.50) ab 3.05 (P.71a 1.05 (0.37) 2.93 (1.06) 4.68 (2.49) 3.37@L.5 6.75(2.29) 0.82 (0.70)

Different letters indicate significantly differees (P<0.05) between sub-plots in each depth.
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4.4 Litter decomposition and nitrogen turnover

4.4.1 Decay rate, remaining mass and carbon in dgmsing needle litter

After a 15 months period af situ incubation, needles showed only little visible akaown
and could still be identified, despite losing abbalf of their weightChanges in the colour of
decomposing litter were most pronounced in therlithgs incubated in the gap and under the

beech canopy classes of both plots.

In all sub-plots, the remaining mass (Fig. 14aai) the decomposition rates (Fig. 16a, b) of
decomposing needle litter decreased with increasicigpoation time. As given in Tab. 14, no
significant differences were found for the meanuatrvalues of the decay ratdsqonstant)
among different sub-plots (n=10, p<0.05). An exptia function was applied to describe

the relationship between tleconstant and the time of needle decomposition.(T4p

Tab. 14: Mean (xSD) annual decomposition rate 6=10, for 12 months ofn situ
incubation) and the correlation coefficient betwdlemk constant and the time of
needle decomposition (n=75, for 15 months) in d&ife sub-plots of the beech
(BDP) and spruce (SDP) dominated plot.

subplot k+SD r2
BDP spruce 0.73+0.23 a 0.83
mixed 0.76 £0.22 ab 0.82
beech 0.78+0.22 b 0.58
gap 0.80+0.21 b 0.75
SDP spruce 0.79+0.20 0.82
mixed 0.76 £ 0.26 0.79
beech 0.79+0.24 0.86
gap 0.79+£0.22 0.77

At the end of the incubation period, the remaimmgss of needles in different sub-plots ranged
from 47% to 63 % and from 58% to 63 % of the initreass in the BDP and SDP, respectively.
Significant differences in the remaining mass ofaleposing litter were observed in the last
two months of incubation period only in the beecmdhated plot. After about one year of the
litterbag incubation, the remaining mass of decasimgpneedle was significantly higher in the

spruce sub-plot compared with the beech and gapletbin BDP (Fig. 14a, b).
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Fig. 14a,b: Percentage of remaining to initial mass duringdbeomposition of needle litter
incubated in different sub-plots of the (a) beeBDR) and (b) spruce (SDP)
dominated plot from May 2005 to July 2006.

As given in Fig. 16 a, b, the temporal variationtb&é decomposition rates (k constant)
showed two different phases during the incubatienog. In the first phase a consistently
decline of decomposition rates with time were obseruntil 10 months in both plots. In the
second phase, the decomposition rates remain comstall sub-plots in SDP, and only in the
mixed subplot in BDP. In BDP, the decompositioresan the beech and gap sub-plots after a
short constant phase (3 months) started to incrbasén the spruce sub-plot, it began to
decrease. The significantly higherconstants were observed in the beech and gaplstso-p
compare to the spruce sub-plot in the last two hmdf the incubation period in beech
dominated plot (BDP).

The variation of C concentrations was very low ahdwed no significant differences during
the entire decomposition period. Hence, the tenipcranges in decay ratek ¢onstant)
corresponded to changes in the percent of remai@ing litterbags during the incubation
period in both plots (Fig. 15 and 16a, b).
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Fig. 15a,b: Changes of the percentages of remaining to irsaabon of decomposing needle
litter after the incubation in different sub-platé the (a) beech (BDP) and (b)
spruce (SDP) dominated plot from May 2005 to JW9&
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Fig. 16a,b: Changes in the decomposition rate (k constantlecbmposing needle litter after
the incubation in different sub-plots of the (agble (BDP) and (b) spruce (SDP)
dominated plot from May 2005 to July 2006.

4.4.2 N dynamics in decomposing needle litter

In both plots the total nitrogen concentration etamposing needle litter increased sharply
during the period of the litterbag incubation (Eigg, b). The increase in the concentration of
total N was linearly correlated with decomposittame in both plots f=0.82 for BDP and

r>= 0.80 for SDP).
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Fig. 17a,b: Relation between N concentration of decomposinglleektter and the time of
litterbag incubation in different sub-plots of t{@ beech (BDP) and (b) spruce
(SDP) dominated plot.

Fig.18a, b shows the temporal variation of N dyrenm the decomposing needle in different
subplots at both plots. An accumulation of nitrogess observed during the initial stage of
litter decomposition in both plots. The nitrogerc@nulation phase in all sub-plots, with the
exceptions of the beech sub-plot in the BDP andy#ipesub-plot in the SDP, was delayed due
to a net release of N. The net initially leaching@pe was about 1- 2 months in all cases and

only in the spruce sub-plot in BDP it lasted ab®utonths.

In contrast to the increase in total litter N camteation, the'® N excess decreased with the
incubation time in both plots. During the decompiosiof needle litter, N incorporation from
different external sources (fungal, throughfall asall N) simultaneously took place with
releasing of litter N. The temporal variation ofidtorporation in all subplots followed the
same pattern with no significant differences. Timeoants of incorporated N within the

incubated litterbags was not more than 20 % oiailnM
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ig. 18a,b: Temporal variation of total Nm(, N released) and N incorporation&) in the
decomposing litter after the incubation in differesub-plots of the (a) beech
(BDP) and (b) spruce (SDP) dominated plot from N&@5 to July 2006Erorr
barsindicate standard error deviation of the mean[f+18=5).
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Fig.19a, b shows the temporal variation of the @tb of decomposing needles in different
subplots at both plots. In all subplots the C/Nosatshowed a similar trend. In BDP, the
spruce subplot showed significantly higher C/Naaturing the incubation period compared

with the beech and gap subplots.
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Fig. 19a,b:Changes in C/N ratios of decomposing needle Ildtemg the period of litterbag
incubation (May 2005 to July 2006) within the fdrésor in different sub-plots of

the (a) beech (BDP) and (b) spruce (SDP) domingited

4.5 Soil respiration

The average rates of soil respiration during thireeperiod of this investigation (from June
2005 to July 2006) ranged between 14.8 - 97.5 mg®* in the BDP and 18.4 - 100.3 mg

C.m?h'in the SDP (Tab. 15).

A significant difference in soil respiration rat@asvfound in the beech dominated plot (BDP).

In this plot, the beech sub-plot showed signifiba(®<0.05) higher respiration rate compared
with the gap sub-plot (Tab 15). In the spruce datdd plot (SDP) no significant differences

were found in soil respiration rates among difféirb-plots.

-72 -



Tab. 15: Mean rates of soil respiration, annual soil regpn (Se9), annual C inputs via
foliar litterfall (Cy;), root-associated CGQproduction (R9 and RedSes ratios in
different sub-plots of the beech (BDP) and spr&i2R) dominated plot.

Soil
Plot subplot  respiration rate Sres (gC/m2.year) Cjit (g C/m2.year) Ryes(g C/m2.year) RredSres
(mg C/mz.h)

BDP  spruce 44.4 ab 271 ab 157 115 0.42
mixed 51.0 ab 319 ab 162 157 0.49
beech 63.5a 395 a 164 231 0.59
gap 35.0b 211 b 160 51 0.24

SDP  spruce 53.7 337 106 232 0.69
mixed 53.1 339 105 234 0.69
beech 49.4 296 103 193 0.65
gap 45.2 279 119 160 0.57

There were no significant differences in mean swmitl forest floor temperatures among
different subplots in both plots. Temporal trendisail respiration followed approximately
the same order as temporal changes in the meatesgkrature at 10 cm depth (Fig. 21 and
22a, b). The lowest rates of soil respiration waibserved in November and March in both
plots. Soil temperature (10 cm depth) explained 46 49% of CQ@released from the soil
in BDP and SDP respectively (Fig. 23a, b).
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Fig. 20a,b: Mean monthly water flux via throughfall (mm) in tlfferent sub-plots of
the a) beech (BDP) and b) spruce (SDP) dominateidfidm June 2005 to
July 2006.
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Fig. 21a,b: Temporal variation of mean soil temperatures (&€)10 cm depth in
different sub-plots of the a) beech (BDP) and busp (SDP) dominated
plot from June 2005 to July 2006.
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Fig. 22a,b: Temporal variation of mean rate of soil respinatimg C /ni.h) in different
sub-plots of the a) beech (BDP) and b) spruce (Si2i)inated plot from
June 2005 to July 2006.

The monthly variation of soil respiration rates idgrthe period of this study showed no

similar trend to the temporal changes of waterdhixia throughfall (Fig. 20 and 22a, b).

As mentioned in the material and method sectionyjas not possible to measure soil

respirations during winter months (December, Janaad February). It was assumed that the
soil respiration during winter was negligible. TAanual soil respirations were 211-395 g

C.mZ.year' in BDP and 279-339 g C:fryeaf* in SDP (Tab.15).
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Fig. 23 a,b: Relation between the rate of soil respiration H#relsoil temperature at 10
cm depth in the a) beech (BDP) and b) spruce (SI0Rjinated plot.

The estimation of the root-associated {oduction based on a model given by Raich and
Nadelhoffer (1989) revealed that the total belowgib carbon allocation (TBCA) or root
CO, production were 51-231 g Chi'in BDP and 160 - 234 g C:fth™ in SDP (Tab. 15).
The ratios of RdSesfor each sub-plot showed that the contributionthefroot respiration to
total soil respiration in SDP (57%-69%) were mohart in BDP (24%-59%). The gap
subplots in both plots showed the relatively lonesitribution of root in total soil respiration
(Tab. 15).
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5. Discussion

5.1 Throughfall

The results have shown that throughfall fluxes afstmof the elements were considerably
higher under the canopy of spruce than beech. dlaéwater fluxes, on the other hand, tended
to be higher under the beech canopy than undercdnepy of spruce in both plots. The
differences in total element fluxes between spae beech canopy classes cannot, therefore,
be caused by differences in water fluxes undemlespecies, but reflect differences in their
canopy properties. Higher filtering capacity of .ggg canopy and higher foliage longevity
compared with beech have been pointed out as tle measons for higher element fluxes in
throughfall under spruce (Ranger, 2001; and Rotla ,2002).

The tendency of higher pH values under the beesbpacompared with spruce and seasonal
variability of pH values under different canopyssas can be explained by different rates of H
buffering process in the canopies. The great gbiit beech foliage to reduce "Hon

concentration in throughfall has been pointed guStaelen et al. (2006).

Interspecific differences between spruce and beacdbpies observed in current study were in
agreement with previous comparative studies in peexh and spruce stands (Nihlgard, 1970;
Razicka, 1994; Messenburg et al.,, 1995; Rothe et al022@ulehle and Hruska, 2005).
Moreover, spruce and beech canopy classes showedathe pattern of differences in two
contrasting types of mixture in this investigatidrhis indicates that canopies of beech and
spruce would show the same species-related diffesein mixed stands of various beech-
spruce proportions. Studies of the throughfall urdiferent species growing in mixtures are
rare. Based on available knowledge there is noighdd study on differences in throughfall
chemistry under beech and spruce crowns in a nfotedt. Wilpert (personal communications)
did not find any significant differences in nutriezoncentrations in throughfall under spruce
growing in monocultures and in admixture with beeRlothe and Binkley (2001) suggested
that the nutrient inputs with atmospheric depositwould not vary for the same species in

monocultures and mixtures.

On the other hand, the influence of the dominasipgcies on the water and element fluxes in

gaps, under mixed canopies and also under the gafagdmixed species were also observed
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in this study. As spruce, compared with beech, tiigher element fluxes in throughfall and
lower amounts of water, this influence can be seban comparing the fluxes of water and
elements for the corresponding canopy classes enSBP and BDP. Tab.16 shows the
SDP/BDP ratios of water and element fluxes viaulgrdall for different canopy classes. The
impact of the dominating species were more pronedms mixed and gap canopy as the ratios
were higher than 1 for all of the elements. Thexdhiin pure beech and pure spruce canopy
classes in the two plots were relatively similad dar some of the elements the ratios were
lower than 1, which might be related to the diffexes in throughfall water fluxes (25% lower
in the SDP) and to the possible differences imafafiutrient status of trees in the two plots. The
investigated plots in this study represent two Widentrasting types of beech/spruce mixtures
in terms of the proportional contribution of eadhtlte species. In a mixed stand with a more
balanced tree composition the differences betwhencénopies of spruce and beech will be
even more similar to the interspecific differendestween beech and spruce observed in
monocultures.
Tab. 16: The SDP / BDP ratio of water and element

fluxes via throughfall for different
canopy classes.

spruce mixed beech gap

Water 0.7 0.8 0.9 0.9
H* 1.6 1.6 1.5 1.2
Na 0.9 1.1 0.9 1.1
K* 0.9 1.1 0,7 1.3
cat 1.2 1.5 1.0 1.9
Mg** 1.0 1.4 0.7 1.3
Mn%* 1.3 1.9 0.5 1.4
NH, - N 1.0 1.2 1.1 1.4
NOs- N 0.8 1.3 1.1 1.4
SO2- S 1.2 1.6 1.0 1.5
CI 0.9 1.2 1.0 1.3
DOC 1.2 1.5 1.1 2.1
Norg 1.0 1.2 1.2 1.5

The spruce canopy with a more circular and symmatghitecture may create more systematic
spatial variability in throughfall compared with beech canopy, which has a more
heterogeneous crown structure (Beier et al, 1998)skn, 1995; Seiler and Matzner, 1995;
Whelan et al, 1998; Zirlewagen and von Wilpert, Z0Btaelen et al., 2006). In this study the
throughfall in gap in the BDP showed more similagtwith the throughfall of the dominating

species even though the gap in the BDP was crégtdige felling of a single beech tree a few
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years ago while in the SDP the gap has been an spgzare within the canopy for a long time.
At the same time spruce as an admixed species ccausee heterogeneity in throughfall
samples under different canopy classes than beedhei SDP. This indicates the higher
capacity of a spruce tree to influence throughgatterns in a beech-dominated stand compared

to the effect of a beech tree in a spruce-dominsited

In both plots the water and element fluxes via ulgidall under the mixed canopies showed
values which were similar or intermediate (parielyl for the BDP) between the values for
beech and spruce canopies. However, foth€ pattern was substantially different. The ahnu
fluxes of K* under the mixed canopies in both plots were camally higher than the fluxes
under spruce and beech canopies. If it is assuhadhe beech and spruce canopy classes were
mixed at the ratio of 1:1, the simple summatiotnhodughfall input cannot represent the values
found in the mixed classes. The high inputs 6fukder mixed canopy may be related to the
overlapping of spruce and beech canopies in andnteeaction between the canopies of the
two species. The spruce trees in both plots wdlex than the beech trees, so the rainfall water
first passed through the spruce canopy, whichasatterised by high interception capacity, and
then the canopy of beech with its high susceptybit leaching. The separate calculation 6f K
amounts in throughfall depending on the seasorshawn that the fluxes of Kwere higher in
mixed canopy categories even in the leafless pebading this period the pH of throughfall
under the spruce canopy in this investigation tdrtdebe lower in the leafless part of the year
than the pH of bulk precipitation, particularly the SDP plot (Fig. 7). Since potassium is
leached more under more acidic condition (KhanrmhWnch, 1991; Langusch et al, 2003) the
higher acidity of water might have promoted theckeag of potassium from beech branches.
The calculated amount of leached potassium in hiheughfall was highest under the mixed

canopies in both plots (Fig.8).

According to the calculations based on Ulrich’s mpdhe canopy leaching was an important
source of base cations in the throughfall. In ahapy classes and in both plots more than 50%
of C&*, about 60% of Mg and about 90% of Kin the throughfall originated from canopy
leaching. These findings were in good agreemeirtt thi¢ values reported by Nordén (1994) for
the throughfall under beech crowns in three mixedidlious forests in Southern Sweden. His
data has showed that, depending on the site condjtthe canopy leaching was the source of
60-70% of Ca, 50-80 % of Mg and 80-90% of K in bedwoughfall. Based on 15 case studies
in beech and spruce forests in Europe, Rothe €2@02) have reported slightly lower values:
37% for Ca, 34% for Mg and 80% for K.
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5.2 Litterfall

Rothe and Binkley (2001) have suggested that thkeenimobility of beech leaves together
with lower mobility of the spruce litter will caudagher total foliar litterfall amounts under
spruce canopies, but such a pattern was not faurldei current investigation. In this study,
the distribution pattern of total foliar litterfalfas fairly homogeneous and did not cause any
variation in nutrient input among different canagategories. This might be related to the fact
that there were such an extreme case of mixturésrins of beech-spruce proportions. The
distribution of beech litter that has accountedrfare than 90 % of total foliar litter in all
canopy categories in the BDP was very homogendouthe SDP the mobility of beech
leaves, which, depending on canopy category, darted 17-43 % to the total foliar litterfall,
was more restricted, possibly due to the effedurfounding spruce trees. Such a distribution
together with small differences in the concentrated most of the elements in beech and
spruce foliar litterfall have resulted in similalement fluxes via foliar litterfall among
different canopy categories in both plots, with theeption of magnesium. In the case of
magnesium the element concentration in leaf Iites considerably higher than in needle
litter (Fig. 10). This has caused significantly Enamagnesium input under spruce canopies
compared with other canopy categories in the SDfhé BDP, the same tendency could be
observed, but the differences were not significiud to more homogeneous distribution of
beech leaf litter. The difference in Kfginput via litterfall under the spruce canopy was
reflected in lower concentration of this elementtlie soil organic layer under the spruce
canopy compared to other canopy classes at theedtptbts (Tab. 7). This is in accordance
with results reported by Thelin et al. (2002), wiave found lower Mg concentration in the
upper (0-10 cm) mineral soil under spruce treesvgmg with beech in mixtures than under

spruce in monoculture stands.

Nutrient concentrations in beech and in spruceafditterfall in this study were within the
range reported by other authors for foliar littéréd these species (Matzner, 1988; Pedersen
and Bille-Hansen, 1999; Berg and Gerstberger, 2004h exception of manganese, which
was a little higher in this study, particularlytime BDP. The element fluxes via litterfall in all
canopy classes in the BDP were always higher thdnel corresponding canopy categories in
the SDP, mainly due to the higher total amountwoté&f litter in this plot (Tab. 7) but also due
to a higher nutrient concentration in both needilé kaf litterfall for the case of potassium,

calcium and manganese (Fig. 4).
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Although the concentration of elements found inafolitter will also depend on processes of
nutrient resorption and leaching, the higher cotregions of K and C&" in foliar litterfall in
the BDP indicate a positive effect of beech treeshe nutrient availability of these elements
in mixed beech-spruce stands. In the case 6f @& ability of beech trees to improve the
calcium circulation in spruce stands due to calcuptake from deeper soil horizons (known
as the Ca-pump effect) has previously been sughéstg. Berger et al., 2006). With regard to
K", the results of this study correspond to thos&'adlin et al. (2002) who have reported
substantially higher Kconcentrations in current year needles of Norwayce growing in
mixtures with beech compared with spruce monocedtu€alcium concentrations in needles
in their study varied from 1.4 to 6.0 mg/g and sadwio significant differences between
beech-spruce mixtures and spruce monoculturesthautmedian concentration was 34%
higher in mixed stands than in pure spruce stamdsontrast, Rothe et al. (2003) who have
used a different approach (known as the neighbaatlapproach) to investigate the effects of
broadleaves on nutrient status of coniferous inouar mixed stands have not observed any

positive effects.

5.3 Total nutrient inputs

The importance of throughfall and litterfall flux@s total nutrient inputs to the soil surface
varies depending on the nature of the elementsh@tski and Zimka (2002) showed that
nearly 80% of potassium in foliage existed in iofoem, while for Mg and Ca the values

were much smaller. 40% and 20% respectively. Atagsium is so highly leachable,

throughfall is the main source of Knputs to the soil surface in forest ecosystemg. (e

Nordén 1994; Duchesne et al., 2001; Langusch g2@D3). The same role of throughfall in

K" inputs to the soil surface was observed in thislystThe differences in total potassium
inputs among the canopy categories have cleariyotel the differences between them in K

fluxes via throughfall. The high total inputs of Knder mixed canopies may therefore be
caused by higher Kleaching in this canopy category.

In contrast to K, litterfall was the major source of inputs for’Cén all canopy classes.

However, in spruce canopy categories in both @atsin mixed canopy category in the SDP
the relative contribution of throughfall to the abtC&* fluxes was close to 50%. As the
calcium inputs via leaf litterfall were very similamong all canopy categories (Tab. 7) the
total inputs of these elements was higher undeucgprand mixed canopy categories,

reflecting the differences in €ainputs via throughfall among the canopy categaoffed. 5).
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The lower magnesium inputs with litterfall in speucanopy categories compared with beech
and mixed canopy classes (especially pronouncétkiSDP) was compensated by high’Mg

fluxes via throughfall.

Even though litterfall may have a homogenising @ffen nutrient inputs to the soil surface, as
was observed in this study, the total nutrientdésixnder different canopy categories in a mixed

beech spruce forest will differ due to spatial @ats of throughfall.

5.4 Forest floor and mineral soil

The results of the current study showed that tifi@eence of the forest canopy was mainly
limited to the organic layer and the upper 10 to @0 depth of the mineral soil. The
differences in soil chemical characteristics ameunb-plots in the lower mineral soil layers
(20-40 cm) were small and not significant. In ademce with this finding, Rothe et al.

(2002a) believed that tree composition may clealtigr top soil properties.

In the present study, the variations in soil chémypisf the forest floor and top mineral soll
were mainly observed with respect to the pH and d¢bacentrations of total carbon,
potassium and calcium. The observed differencéisarsoil chemistry between sub-plots may
suggest that the detectable differences in soiinated characteristics mainly resulted from
differences among canopy categories. Augusto e{2802) reviewed the impact of tree
species on soil productivity in temperate forestey concluded that the intensively impacts
of tree canopies on the forest floor and uppermuseral soil properties may be caused by
enhancing the fluxes of water and elements. Inptiesent investigation, water and element
inputs (especially via throughfall) showed sigrafitly different fluxes under different

canopy classes in both plots (BDP and SDP; see5l)ab.

In this study, a significant influence of canopymqmsition on the pH (Cag)lof the Gy layer
was observed in the spruce dominated plot (SDRyek@H values of the Qlayer under the
spruce canopy class was found compared to thengidue iISDP plot. This can be explained by
the acidity of throughfall. The pH of throughfatl the gap and beech sub-plots tended to be
lower compared to the spruce sub-plot (Tab. 5)hRatal. (2002a) also claimed that the
acidity of throughfall has a strong impact on tieqf organic and mineral soil layers. At the

same time, production of high molecular weight aiganatter with slow decomposition rate
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in the litter layer (Binkley and Valentine, 199agen-Thorn et al., 2004) may cause acidic

condition under the crown of spruce trees.

According to Rothe (1997) the pH of the organic amderal soil in spruce stands showed
lower values compared with beech stands. Howewethe current investigation, the pH of
the Qy layer in the beech sub-plots showed no signifigdifferences compared with the
spruce sub-plots. This can be explained by the @tnp& stemflow beneath the canopy of
beech trees. Stemflow can change the soil chemidtiize proximal area (area next to the
stem base) under the crown of trees in beech mdmoes (Koch and Matzner, 1993;
Matschonat and Falkengren-Grerup, 2000). In additibe admixture of spruce and beech
trees may decrease the pH of beech stemflow (LBviand Frost 2003). In the SDP, the area
of beech sub-plot was limited under the canopiesmof beech trees surrounded by spruce
trees. Hence, the influence of stemflow can deerd¢las pH of soil in the zone around the
base of stem under the beech canopy. Consequeatignificant difference was observed in

the pH of organic layer between the spruce andhseloplots.

The thickness of litter layers under different gayoclasses in both plots showed no
significant differences. The homogenising effecbeéch foliar litterfall in the small scale of
investigated plots may presumably cause the sirtfilakness of litter layers in different sub-
plots. However, the mass of @layers under the spruce canopy was greater thineibeech
and gap sub-plots. According to Binkley and Valeat(1991), Rothe et al, (2002a) and
Berger et al. (2006), the forest floor of the sratands are characterized by relatively thicker
and contains more organic matter compare to thestdioor of beech stands. Lower mobility
(Rothe and Binkley, 2001) and slower decompositiates of spruce litter (Binkley and
Valentine, 1991), compared with beech litter magutein the build up of the forest floor with
high bulk density in spruce stands. Less favourablero-environmental conditions for
microbial activity in spruce stands compared witbet¢h stands have also reported by
Sarilyildiz et al. (2005) and Albers et al. (200/Rothe et al. (2002b) claimed that the
properties of the forest floor of mixed spruce-lfestands are more similar to spruce stands
than beech stands. In the current study, , preslyndale to more resistance organic matter to
decay, no obvious difference was found in dry weaftthe Q, layer between the spruce and

beech sub-plots.
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Variations in C and other nutrient storages betwibenspruce and beech sub-plots were in
some cases comparable with the finding of earigestigations in pure and mixed beech -
spruce stands (Berger et al., 2002 and the refesetterein). Higher stocks of carbon in the
forest floor were found in the spruce sub-plots pared with the other subplots in both plots.
This may result from the higher rate of litter acadation under spruce canopy (Ulrich et al.,
1971). Mean annual fluxes of litterfall did not yaamong sub-plots in SDP as well as BDP
(Tab. 6). The higher storage of C in the foresbiflof the spruce sub-plot, compare to the
mixed subplot in BDP and compare to the beech apdsgbplots in SDP may indicate the
differences in created micro-sites under diffei@rmopy classeJhe litter quality and micro-
environmental factors under different canopy classan control the microbial activity
differently (Nordén, 1994). Moreover, in the sprusté-plot, higher interception deposition
compared to the beech sub-plot could have leddgbehninutrient inputs (inorganic nitrogen
ions and base cations) via throughfall. Those entsi are readily available for micro
organisms and reduced the decay rate of organitem@ignac et al., 2002). At the same
time, the incorporation of superficial roots of @& trees in the organic and top 10 cm of
mineral soil (particularly in the SDP) may be armtheason for higher carbon concentration
in the spruce sub-plots (Fig. 12a, b). Accordingviajdi and Persson (1993), the importance
of fine roots in spruce stands as the sourcesgafoc mater in organic and top mineral soil is

approximately the same as litterfall.

In both plots, N concentrations showed no significdifferences in the Qr and Q layers
among different sub-plots. However, the whole orgdayers under the spruce canopies
showed significantly higher N storages compareithéoother sub-plots. This might be a result
of relatively lower rates of organic matter decosipon which is associated with N
mineralization under the crown of spruce (Alberket 2004). The higher quality of litter and
higher rates of decomposition in beech stands \{i#r et al., 2005) can explain the lower
C/N ratios in the beech dominated plot. Rothe (}98%0 found higher C/N ratios in the

organic and top mineral soil of spruce stand coexgbarith beech stand.

Dry weight of organic matter also determines tlogagjes of other elements in the forest floor
of different sub-plots in this study. In the beetdminated plot, presumably as the effect of
stemflow, the beech subplots showed significanitjhér concentration of Kand AF*in the

O+ layer, compared with the gap and spruce sub-plitsereas the only difference in the
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storages of potassium and aluminium in the forkesirfwas observed in the gap sub-plot,
compared with the beech and spruce sub-plots.

Based on Tab. 5, the mixed subplots of BDP and &gBived considerably higher amounts
of K* via throughfall compared to other subplots. Thhs, higher potassium concentrations
in the 20 cm depths of the mineral soils at botiipéare probably caused by the higher inputs

of potassium via throughfall under the mixed canclagses.

The organic acids produced in the forest floor ad ariginated directly from throughfall
under different canopy may change the content of@xgeable cations and base saturation in
different solil layers (Jonsson et al., 2003). la finesent study, differences in base saturation
among subplots were mainly due to changes in qalsaturation. This was most pronounced
in the gap sub-plot at the BDP and in the mixedgob at the SDP (Tab.11). In the upper
mineral horizon in both plots the high concentmnatamd storage of Ca was probably caused
by Ca- pump effect by deep rooting system of beesds. Berger et al. (2006) suggested that
the acidifying effect of spruce accelerate the nidttion Ca in the upper mineral soil of

mixed spruce-beech stand.

The higher concentration of Ca in 0-10 cm mineddl depth in the gap sub-plot of the BDP
may be related to higher rates of litter decompasitThe gap in BDP has been originated by
felling a beech tree some years ago. Gap formataght induce mineralization process
(Prescott, 2000). Another reason for enhanced exygable Ca concentration might be high
density of ground vegetation in gap sub-plot. Emlearof Md concentrations in the upper 10
cm depth in the mixed sub-plots in both plots maychused by higher nutrient inputs via
foliar litterfall under the mixed canopy class. §h$ in accordance with results reported by
Thelin et al. (2002), who have also found higher &tgcentration, in the upper (0-10 cm)
mineral soil under spruce trees growing with be@&thmixtures than under spruce in

monoculture stands.

Aluminium concentrations under beech canopy clagseb-plots) tended to be higher
compared to other subplots (particularly in BDPhisTcan be as a function of stemflow to
change the soil chemistry under the canopy of béesds. As it has been discussed in this
section, stemflow can reduce the pH of soil under ¢anopy of beech. The highei H

concentration leads to the greater aluminium comagon (Koch and Matzner, 1993).
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5.5 Soil solution

The spatial heterogeneity of the soil solution pHthe spruce and beech sub-plots in the
present study was strongly related to the pattémvater fluxes via throughfall. As given in
Tab. 5, in both plots, BDP and SDP, the fluxes afew via throughfall were higher under the
beech canopy classes, compared with the spruceygatasses. Augusto and Ranger (2001)
also claimed that greater throughfall water fluxas be statistically linked to higher pH
values of the soil solution. This behaviour carelplained by the higher interception loss of
rainfall by the spruce canopy compare to the beeahopy (Toba and Ohta, 2005;
Christiansen, 2006).

The pH of the soil solution at 10 cm depth in thesb-plots showed intermediate values
between the spruce and beech sub-plots. The fluxabér in the mixed and gap sub-plots
tended to be higher compared with the beech sub-phas may suggest that the water input
via throughfall was not the only factor which caérthe spatial pattern of soil solution. On
the plot scale the distribution of roots and therotial activity can significantly alter the
chemistry of soil water (Manderscheid and Matzaé85). Furthermore, the given mixed and
gap canopy classes of this study exhibit a verygtermstructure. The formation of the mixed
canopy classes was due to the overlapping of thepgya of spruce and beech. The
development of spruce canopy was limited in thecipnal area around spruce trunk. In the
mixed canopy class the proportion of spruce camvegy more than beech canopy. Therefore,
the influence of the spruce canopies on the sailsml solution chemistry in the mixed sub-
plots were higher than the influence of beech cesopin the gap subplots, the higher
measured decay rate associated with a higher nizadian rate after gap formation in the
beech dominated plot (BDP) and the influence ofaaurding canopy in the spruce dominated

plot (SDP) may lead to lower pH in the soil solatio

High concentrations of potassium in the soil solutof the spruce sub-plot in BDP may be
related to the higher leaching of this cation fritma spruce canopy, compared with the beech
and gap sub-plots. It might be also related to lkineer amount of throughfall and

incorporating water in the soil profile of the speusub-plot.

The molar ratios of base cations to aluminium (BCAA the soil solution below 1.0 can

cause physiological stress to fine roots (Ulricd89). In the mixed and gap sub-plots, lower
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concentrations of base cations in the soil solytthre to less interception deposition and the
tendency of higher concentration of Al led to lowatio of BC/AL.

At SDP, higher mean concentrations df&d C&'in the soil solution of the mixed sub-plot,
compared with the beech and gap sub-plots may damsdigher flux of these elements via
litterfall and throughfall (Tab.13). This may albe related to the mean concentration of
exchangeable potassium and calcium. The concemtrafi exchangeable *Kand C&" at 10
cm depth of mineral soil tended to be higher inrtheed sub-plot compared to the other sub-
plots. High concentration of €ain the seepage water (at 100 cm soil depth) uspierce and
mixed stands may be a result of Ca mobilizatiomdidifying effect of spruce litter (Berger et
al., 2006).

The higher concentration of $0in the soil solution under the spruce and mixedopg
classes may be due to atmospheric deposition.drpthsent study, the fluxes of sulphate
under the spruce and mixed canopy classes werdicagly higher compared with the beech
and gap subplots. According to Augusto and Rang@®X), and Oulehle and Hruska (2005)
high concentrations of sulphate in spruce standsbeacaused by the high input of sulphate
via throughfall. Moreover, acidified soils can ast a source of sulphate (Wilpert and Mies,
1995; Rothe et al., 2002b).

Properties of different sub-plots can be quantifiwdthe hydrochemical input/output budget.
In order to estimate a hydrological input-outpulabae, the flux of seepage water below the
rooting zone (at 100 cm depth of soil) is necessowever, water modelling was not the

focus of this study.

For the vegetation period of 2001, Cheussom (209ddelled the fluxes of seepage water
under different canopy classes in the given mixpduse and beech plots at Solling.
However, due to the lack of main seepage waterubutpwinter season, his estimation is not
sufficient to calculate annual water output fluxeride, other published data from a
neighbouring pure beech (plot B1; Brumme, in preasypruce stand (control plot of the
Solling Roof Project; Xu et al., 1998), and a g8arf(sch, 2000) were applied to estimate

water output fluxes.
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To gain seepage water fluxes for each sub-pldbigrdtudy, the annual average of long term
water output flux were used to calculate a fac&timeen throughfall and seepage water. This
factor was applied to estimate the amount of anseapage water. It means that the flux of
seepage water of the given sub-plots was a rougima®n based on measured annual
throughfall water flux in each sub-plot multiply blye calculated factor (ratio between long
term mean of input and output water fluxes from dkailable data). However, mean values
between the spruce and beech sub-plots were ustt dactor to calculate seepage water

fluxes for the mixed sub-plots.

Results of the estimated water and major elemetpuddluxes for the investigated plots are
given in Tab.17. The output fluxes were calculated the multiplication of element

concentrations by the estimated fluxes of seepadenat 100 cm of soil depth.

The estimated water and ion fluxes at 100 cm spkld showed differences among different
sub-plots at both, BDP and SDP. The amounts aditeitand calcium in seepage water below
the rooting zone of BDP and SDP showed about twisfgreater fluxes in the gap sub-plots,
compared with the other sub-plots. This may bebatied to the higher mineralization rate
(Wilpert and Mies, 1995; Wilpert et al., 2000; R, 2002; Ritter and Vesterdal; 2006),
lower root densities (Brumme, 1995) and greatex @itiseepage water in the gap sub-plots,
compared with the other sub-plots. Bartsch (20089 #ound greater nitrate and calcium

output in a gap, compared with the adjacent mattaieds in Solling forest.

Tab. 17: Mean annual water (mm) and element (g% year) fluxes at 100 cm soil depth in
different sub-plots of the beech (BDP) and spr&2R) dominated plot.

BDP SDP

SPRUCE MIXED BEECH GAP SPRUCEMIXED BEECH GAP
S.W* 319 446 484 596 238 378 442 518
K* 0.7 0.4 0.3 0.4 0.6 0.7 0.3 0.4
c&* 0.7 0.6 0.6 1.8 0.8 1.3 0.6 1.6
Mg?* 0.6 0.5 0.5 0.6 0.6 0.5 0.3 0.5
SO* 1.9 2.2 1.8 1.9 2.0 2.3 15 2.2
NOy 0.8 0.5 0.5 1.8 0.7 0.3 0.1 15

* S.W.: Calculated seepage water.

The hydrochemical input-output budget (Fig. 20)vebo a net output of sulphate for all sub-
plots. In agreement with other European case stuthés indicates that acidified forest soils
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in Solling still act as a source of sulphate outpMilpert and Mies, 1995; Rothe et al.,
2002a).

In this study, due to high standard deviation, igmi§cant differences were detected in the
concentration of N@ in the seepage water (at 100 cm depth) betweesphuee and beech

sub-plots. However, in both plots, the spruce dolbspshowed higher tendency of nitrate
concentration, compared with the beech sub-pldisrdfore, nitrate output in the spruce sub-

plots were slightly higher than in the beech sulitspl

For the gap sub-plots at BDP and SDP a net nitaatk calcium output was calculated.
According to Rothe et al. (2002a), nitrate leachingy be influenced by the N input, litter
distribution, decomposition and mineralization msses. The fluxes of nitrate via throughfall
in the gap sub-plots in the present study wereif@sgntly lower compared with the spruce
and mixed sub-plots and similar to the beech sobtsglab. 5). High rates of decomposition,
transformation of ammonium input to nitrate (Wilpand Mies, 1995; Prescott, 2002) and
low root densities (Brumme, 1995) to take up avddadN may explain net leaching of nitrate
from the gap subplots. This means that the folest fand the mineral soil in the gap sub-
plots are not able to immobilize inorganic nitrogérccording to the concept of “mobile
anions”, the out put fluxes of nitrate and sulphet® associated by the leaching of equivalent
amounts of cations (Reuss and Johnson, 1986). Heémecautritional status of the sub-plots is

strongly related to the concentration of those ecdmions in the seepage water.
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5.6 Litter decomposition and nitrogen turnover

For a long time the litterbag technique is knowraaommon method to estimate the decay
rate of litter material in forest ecosystems (Berg araimm, 1991). It was hypothesised
however, that micro-environmental conditions undiéfierent canopyclasses in a mixed stand
may control major part of decomposition processesratrogenturnover. Hence, in order to
investigate the impact of canopy composition orefidecayrates, the litterbags were filled
with a standard needle litter material. The applicaof the singlelitter under all canopy
classes may reveal one aspect of decompositioreggddowever, in reality the mixture of
litter with different composition under differenammopy classes might have a very strong
influence on decay rates (Gartner and Cardon, 2004)

The results of the applied litterbag experimentesd®d that about half of litter material
decayed after about 420 days of the incubationogeriThis means, in the absent of
mechanical breakdown by large animal, a substamnkegradation of the litter material
occurred. This finding is in agreement with reswoltother studies with a similar application
technique (Staff, 1988; Berg, 2000; Alber et al02).

The beech and gap sub-plots in the beech domimpdde¢dBDP) showed significantly higher
mass losses of decomposing needle, compared vatbpituce sub-plot. This can support the
idea that the micro-environmental condition in tbeest floor under the canopy of beech is
more favourable for the decomposer community. T&ig1 agreement with the finding of
earlier comparative studies between pure beechpanel spruce stands (Alber et al., 2004;
Sariyiliz et al., 2005). Prescott (2002) reportéghkr decomposition and mineralization rates
of litter in the gap centre compare to a neighbmumature stand. Furthermore, the rate of
litter decomposition in the gap may be influencegdidwer water loss via transpiration and
interception from the gap and more direct radiabbsun light reaching the forest floor. This
might be caused by higher soil moisture and tentpexan the gap compare to other parts of
the forest ecosystem which finally can lead to arghates of mass loss (Bjgrnlund and
Christensen, 2005). At the same time, in compartsoother sub-plots, the litterbags in the
gap sub-plots were exposed to the greater amodivtsiter via throughfall. This may have
led to a direct and enhanced leaching of decompasddsoluble compounds of the litter.
Heim and Frey (2004) also claimed that the abitémching of soluble substances can

influence litter decomposition rate in the earlygs after litterfall in temperate forest.
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Differences in the remaining mass and decompositaes between the beech and spruce
sub-plots were observed in the last two monthdefibcubation period (after 12 months) in
the beech dominated plot (BDP). This revealed timatinfluence of different canopy classes
on decay rates seems to start only in the latgrestd decomposition. This is in agreement
with the findings of Alber et al. (2004) and Sdig/et al. (2005). It was found that found that
significant differences in the decay rates of sprneedles under pure and mixed spruce-
beech stands began only one year after the stéreditterbag incubation. According to Berg
and Staff (1980) the nutrient level of the litteaterial (litter quality) determines the rate of
mass loss during the first year of decompositionc&in the present experiment, all litterbags
were filled with identical litter material, the irapt of litter quality in all sub-plots was the
same. Hence, no significant differences in the gleates were found among different sub-

plots in the early stage of decomposition.

Two stages were observed in the decomposition psodering the period of the applied
experiment. In the first stage, the rate of decasitpm was higher. This observation is in
accordance with previous studies (Berg, 1986; B20g0; Alber et al., 2004). It was stated,
that the decomposition rates in the first few merdhe related to the concentration of water-
soluble nutrients while in the following stage, ihBuence of recalcitrant substrates (lignin)

are more pronounced.

The accumulation of nitrogen in the early stagéhefdecomposition in most sub-plots of this
study was in agreement with the findings of presititterbag experiments (Berg and Staaf,
1980; Staaf, 1988; Berg, 2000; Alber et al., 200d)accordance with Berg and Ekbohm
(1983), nitrogen in the current investigation adéowed a fluctuated temporal variation. The
initially leaching phase is followed by an absoluterease (net immobilisation) and a
subsequent net release (net mineralisation). Tlagwely longer net leaching phase of total N
in the initial stage of decomposition under theusprcanopy class in the BDP compared to
the other sub-plots may be related to the influesfckigh acidity of throughfall input in the

spruce sub-plot.

Simultaneous release and incorporation of nitrdgem litterbags has been stated previously
as the main crucial process to describe N dynainidgterbag experiments (Berg, 1988;
Gebauer et al., 2000). Mechanisms by which thisistex may occur are not clearly

understood yet but N deposition via throughfallinidut through soil fauna are known as the
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major sources for incorporating N. Possible pasgsw#H N release are leaching and litter
degradation (Berg, 1988). HowevéiN enriched litter material might be applied to sepa
the incorporated and released N in decomposirgy litiaterial (Gebauer et al., 2000). It was
assumed that the changes N concentrations during the decomposition periothis study
were negligible. Therefore any change in exces&Nf(the term “excess” is described in
further details in the material and method sectioejulted from the change in N
concentration. The calculation of N incorporati@aapercentage of initial nitrogen by excess
of N in this study revealed that the canopy compasitiad no significant effect on N

incorporation into incubated litterbags under diéf# canopy classes in both plots.

It was hypothesis that the significant spatial aaifity of inorganic N input via throughfall
can change the decay rates under different canlagges. In this study, the spruce sub-plots
showed significantly higher annual fluxes of inargaN via throughfall, compared with the
beech sub-plots (Tab. 5). However, the resultshedf litter bag experiment provided no
evidence that greater N availability in the spraab-plots lead to faster litter decomposition,
compared with the beech sub-plots. In contrast) Navailability in the spruce sub-plot may
suppress decomposition process. This is in agreemigh the findings of Fogg (1988).
Presccot (1995) also found no relationship betwewss loss of decomposing jack pine
needles and the availability of exogenous N. Onativer hand, litter quality may determine
the influence of external N on decay rate (Knoralet 2005). This means that high level of
external N can not accelerate the mass loss ofglaaity litter (Berg, 1988; Dijkstra et al.,
2004). Spruce needle litter with relatively highmcentrations of lignin (Berg and Staaf, 1980;
Alber et al., 2004) was applied as litter materralthe present study. Therefore, higher
external N via throughfall in the spruce sub-plotild not stimulate the decay rate of needles
compared with the beech and gap sub-plots. Albed.g2004) claimed that the retarding
condition under the spruce canopy may reduce tle®rdposition rates of spruce litter.
Hence, the high accumulation rate of organic magkes place under the spruce canopy. In
contrast, the condition under the beech canopyoiefavourable for decomposition and may

accelerate litter mass loss.

5.7 Soil respiration

The typical range of COefflux in this investigation was comparable wittetfinding of a
previous study which was done in pure and mixedicgprand beech stands at the Solling
forest (Borken and Beese, 2005).
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The correlation between soil respiration and serhperature in both plots is in general
agreement with results of earlier studies in beswhspruce stands (Subke et al., 2003; Epron
et al., 2004). The positive relationship between €flux and top soil temperature suggested
that approximately half of the G@riginated from metabolic activity in the upper shgoil
layers.

Soil water content can explain a large part ofgbi respiration variance in deciduous forest
(Anderson et al., 2005). The influence of spatiatiability of soil moisture was more

pronounce in BDP compared with SDP. This may bdagx@d by the continued canopy
cover of spruce trees in the spruce dominated(gIDP) which prevent considerable temporal

changes of soil moisture content.

The findings of this study revealed that the canaeynposition influence annual soil
respiration. In the beech dominated plot (BDP), bemch sub-plot showed significantly
higher soil respiration, compared with the gap pldd- Brumme (1995) also expressed 40%
lower soil respiration at the centre of the gapaimature beech stand compared with the
surrounding area under the canopy of beech.

CO; release from the forest soil originates from twtiedent sources, decomposition of
organic matter and respiration of living roots.this study, the litter bag experiment showed
no significant differences in the rate of littercdenposition between the beech and gap sub-
plots in BDP. Therefore, lower rate of soil respom may be attributed to the root
respiration. It was not possible to measure liva respiration in this study. Hence, a model
given by Raich and Nadelhofer (1988) was used tioutzie the root-associated €O
production or total belowground carbon allocatidBCA). In this model, it is assumed that
the amount of annual litterfall equals the amourdezomposition of aboveground litter. The
comparison of calculated amounts of TBCA betwediemint sub-plots revealed that the root
activity in the gap sub-plot might be lower, congghmwith the beech sub-plot (Tab. 15). The
relative contribution of root respiration to totil respiration in the gap sub-plot was 24 %
whereas it was 59 % in the beech sub-plot. At #mestime, the biotic and abiotic parameters
under the beech canopy may create more desirallditiom for microbial activity and

consequently higher soil respiration rate.
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The relative contribution of root-associated £C@oduction to total soil respiration in the
given study was within the ranges reported by otheestigations (Raich and Nadelhoffer,
1989; Borken and Beese, 2005; Andersen et al.,)2005current study the rates of sall
respiration and the fluxes of carbon via foliatelifall were measured only in a 15 months
period. Hence, temporal variation of root-assoda¥, production could not be shown
because the estimation of TBCA is based on annealsarements and needed more than 2

years period.

At the beech dominated plot (BDP), the annual maspiration in the spruce sub-plot tended
to be lower compare with the beech sub-plot. This lse explained by the greater storage of
carbon in the forest floor of the spruce sub-gletBDP, C storage in organic horizons under
the spruce canopy tended to be higher than in #eehb sub-plot. Differences in carbon
storage in organic layers may be related to love¢es of litter decomposition under the
canopy of spruce which leads to lower rates of sgsbiration. This is in accordance with
findings of earlier studies in pure and mixed sprand beech stands (Borken et al., 2002;
Borken and Beese, 2005; Elberling and Ladegaar@Bed, 2005). Tewary et al. (1982) also
found a significantly inverse relationship betweearbon storage in the soil and soil
respiration in a mixed oak-coniferous forest. Imliaidn an external N via throughfall under

the spruce canopy can suppress @@mation (Berg and Matzner, 1997).

At the spruce dominated plot (SDP), despite theiogntly higher storage of C in the spruce
sub-plot, compared with the beech and gap sub;péotaual soil respiration showed no
significant difference. The presence of superfis@iuce roots in the forest floor and the top
mineral soil layer as well as a strong layer ofugmb vegetation in SDP may mask the
differences in soil respiration among different glols. The greater contribution of root €O
release to total soil respiration {FS..s ratios) in the spruce dominated plot (SDP), comgar
with the beech dominated plot (BDP) may suppors titiea. According to Raich and
Tufekcioglu (2000), in temperate zone, the contidyu of root respiration to total soil

respiration under broad-leaved stands is relatikeiier than under the coniferous stands.
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6. Conclusions

The canopy composition in a mixed spruce and bestahd has a great impact on the
heterogeneity in element and water fluxes via tghdall. The differences in throughfall
water fluxes and chemistry under the canopies etlbeand spruce in the two contrasting
cases of admixtures were in agreement with prelyogported differences between these
species grown in monocultures. This result suggdettat crowns of individual tree species
may show the same behaviour for throughfall nutrieputs in different kinds of spruce-
beech mixed stands. The chemistry of throughfalgaps and under mixed canopy categories
will obviously reflect the differences between Weeand spruce canopies but will not
necessarily represent a simple average of the ghfall characteristics of the two species, as
was clearly demonstrated for the case bfiiKthe current study. The significantly highef K
fluxes under the mixed canopies might have resuitech an enhancing effect of spruce
throughfall on K leaching from beech. However, further investigagiowith sample
collection at different canopy heights are needeahdnitor the gradual changes in throughfall
chemistry within the mixed canopies and to clatifg interaction mechanisms between beech

and spruce.

Differences in the soil chemistry under differeanopy classes were mainly observed in the
forest floor and top mineral soil layers. Desphe homogenising effect of nutrient input via
litterfall, different micro-climatic conditions magause the differences in the storages of carbon
and nutrients under different canopy classes. Tmlition under the canopies of beech and
spruce trees are driven by species-specific prigggeof the canopies and are quite independent
of the degree of admixture. This was clearly obserwith respect to pH values, mass of

organic matter and concentration and storage tiocein the forest floor.

The chemical properties of the soil and soil solutin the mixed sub-plots are mainly

influenced by the spruce canopy. While in the galp-gots, the origin of a gap (felling of a

single tree or long lasting open space among thepaof niegbohring trees) and the ambient
dominat tree species obviously determine the cheyro$ the soil and soil solution.

It should be noted however, that the given reasanthe observed differences in the soil and
soil solution properties under different canopyssks can not be defined with absolute
certainty. In this study, canopy composition wagli@d as the factor to separate different
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sub-plots. The behaviour of spruce and beech tretfgeir monocultures was mainly used to
explain and discuss the significant differencesveen different sub-plots. Nevertheless, the
species specific characteristics are more complesnwtwo species are growing in a mixed
stand. The complexity can lead to several uncditain the interactions between the canopy
and soil compartment particularly in the gap andedi situations, which are not well
understood yet. Hence, it is not possible to disalsout all of observed differences among
different sub-plots in this investigation. Fine tas an important source of soil chemical
variability exhibit a complex distribution in therkst floor and the mineral soil layers under a
mixed spruce-beech stand. Information about firee llomass and associated nutrients can
help to better interpretation the observed diffeemnin biogeochemical properties between
different sub-plots.

The impact of an individual spruce tree in a bedaminated site induced higher degrees of
spatial heterogeneity with respect to nutrient tepditter decomposition and total soil

respiration compared to individual beech trees sprauce-dominated site. This may suggest
that the influence of a small proportion of sprarees in a dominated beech stand will cause
greater biodiversity of soil micro-organisms angha@r carbon sequestration compare to a
beech monoculture. In contrast, a small proportbieech trees in a spruce stand are not

able to create strong spatial heterogeneity inaragmd nutrient cycling.
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