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1 Introduction

1.1 N input to terrestrial ecosystem

Under natural conditions N fixation is the dominant process to provide reactive
N to terrestrial ecosystems. Biologically unavailable N2 in the atmosphere is trans-
ferred to reactive N forms such as ammonia (NH3), ammonium (NH4*), nitrite
(NOy), nitrate (NOy3), nitrogen oxides (NO and NO»), N>Os and nitrous oxide
(N20) through biological and oxidative fixation (Galloway and Cowling 2002, van
Egmond et al. 2002). Biological N fixation is accomplished by certain microor-
ganisms, including a few free-living bacteria and blue-green algae as well as symbi-
otic bacteria, and contributed 89 Tg N yr! in 1990 (Galloway et al. 1995). Oxida-
tive N2 fixation is via lightning, and contributed 5 Tg N yr! in 1990 (Galloway et
al. 1995).

Anthropogenic activities have increased N input drastically in the past century
and become main contributor of N to terrestrial ecosystems. In 1890, fossil com-
bustion contributed only about 0.6 Tg N yr-! (van Aardenne et al. 2001). Cultiva-
tion contributed 15 Tg N yr-! in 1900 (Smil 1999). In 1990, fertilizer consumption
and other industry, cultivation, and fossil fuel combustion accounted for 85, 33
and 21 Tg N yr, respectively (Levy et al. 1999, Smil 1999, 2002, FAO 2000, van
Aardenne et al. 2001).

The drastically increased anthropogenic N input to terrestrial ecosystems in-
fluences the global N cycle (Fig. 1.1). Emission of reactive N to the atmosphere
increases with increasing anthropogenic N input. Reactive N in the atmosphere
spreads with air currents and increases deposition to terrestrial and marine ecosys-
tems. NH; emission from agricultural land and livestock was 9 Tg N yr-! in 1890
and increased to 43 Tg N yr! in 1990 (van Aardenne et al. 2001). NOy mission
from vegetation and fossil fuel combustion was 7 Tg N yr-! in 1890 and increased
to 33 Tg N yr!in 1990 (van Aardenne et al. 2001). Atmospheric N deposition to
terrestrial ecosystems increased from 16 Tg N yr' in 1890 to 76 Tg N yr-! in 1990,
while atmospheric N deposition to the ocean surface increased from 17 Tg N yr!
in 1890 to 27 Tg N yr! in 1990 (Lelieveld and Dentener 2000). Transfer of dis-
solved inorganic N to coastal ecosystems via rivers also increased, from
5Tg N yrtin 1890 to 20 Tg N yrtin 1990 (Seitzinger and Kroeze 1998).
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Introduction 3

1.2 Impact of elevated N input on temperate forest
ecosystems

The increased anthropogenic N input influences not only the global N cycle, but
also N cycle within terrestrial ecosystems. Temperate forest ecosystems are an
important component of terrestrial ecosystems and their response to elevated N
input has been documented.

In temperate forest ecosystems, soil organic matter (SOM) is mineralized to
NH4* (Fig. 1.2). A part of NH4* is further nitrified to NOs. NH4* and NOs can
be immobilized by microorganisms and plants or react with SOM via an abiotic
pathway. NH4* can also be fixed on surfaces of clay minerals. NO3 can be leached
to groundwater or denitrified. N2, N>O and NO, which are produced during nitri-
fication and denitrification, are released to the atmosphere. The increased anthro-
pogenic N input participates in the N cycle and affects productivity, species com-
position, soil chemistry and water quality of temperate forest ecosystems
(Nihlgard 1985, van Breemen and van Dijk 1988, Aber et al. 1989, Bobbink et al.
1998).

Temperate forest ecosystems are primary N-limited. The elevated N input in-
creases N availability and stimulates initially forest growth (Tamm 1989, Kauppi et
al. 1992, Spiecker 1999). When N input exceeds the biotic and abiotic demand of
N within temperate forest ecosystems, N saturation is approached (Agren and
Bosatta 1988, Aber et al. 1989). Forest decline and mortality may occur (Schulze
1989, McNulty et al. 1996), due to element imbalance in foliage, increased plant
susceptibility to other stress (frost, ozone, insect attack, etc.), soil acidification and
depletion in base cation (see below, van Dijk and Roelofs 1988, Emmett 1999,
Matson et al. 2002). Slow-growing and slow N-cycling coniferous stands may be
replaced by fast-growing and fast N-cycling deciduous forests (McNulty et al.
19906).

The elevated N input can result in an initial increase, but ultimately a possible
decrease in mineralization (McNulty et al. 1990, Aber et al. 1998). N accumulation
in the soil has a consequent increase (Aber et al. 1998). The decreased mineraliza-
tion and increased N accumulation are attributed to suppression of lignolytic en-
zymes in white rot fungi, and formation of stable nitrogenous compounds from
lignin by-products (Berg and Matzner 1997).

Nitrification and nitrate leaching can increase with the elevated N input (Puhe
and Ulrich 2001, Magill et al. 2004, Meesenburg et al. 2004). Increased release of
proton (H*), which occurs during nitrification and immobilization of NH4*, can
lead to soil acidification. Base cation in soil solution can become depleted with
elevated N input (Federer et al. 1989, Lawrence et al. 1995), which is attributed to
increased leaching of base cation as counterbalance ion for leached NOj-and re-
duced cation exchange site resulting from higher AlP* availability and lower pH
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(Matzner and Murach 1995, Likens et al. 1996). N gas losses can also increase as a
result of the elevated N input (Schmidt et al. 1988, Butterbach-Bahl et al. 1998).

T N input
F 3

assimilation M assimilation
ioti
abiotic abiotic

immobilization immobilization

immobilization . . immobilization
—/_____' microorganism
m \ nitrification

uoneIyLIIUSP

mineralization

—

denitrification

Fig. 1.2. N cycle in forest ecosystems.

1.3 Distribution of N input among forest ecosystems

N input to temperate forest ecosystems is distributed to different ecosystem com-
partments such as tree, soil and leachate. The distribution of N input among for-
est ecosystem compartments is an important basis to understand N cycling and

functioning of temperate forest ecosystems.

Many studies have reported that forest ecosystems posses the ability to effi-
ciently retain N input (Table 1.1). In forests with relative low N input (< 20 kg
ha! yr1), the largest proportion of N input was found in soils, varying from 38%
to 87% (Buchmann et al. 1996, Koopmans et al. 1996, Gundersen 1998, Nadel-
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hoffer et al. 1999a). Trees and ground vegetations accounted for 3% to 44% of N
input, while only up to 10% of N input was leach out. In forests with higher N
input, soils retained 26% to 63% of N input (Melin et al. 1983, Koopmans et al.
1996, Tietema et al. 1998, Nadelhoffer et al. 1999a, b, Schleppi et al. 1999). 8% to
45% of N input was recovered in trees and vegetations, whereas leaching loss
increased up to 50%. Among forest ecosystem compartments, soils are in most
cases the largest sink for N input.

N is retained in the soil through microbial and abiotic immobilization. Abiotic
immobilization includes fixation of NH4* to clay mineral and reaction of N with
SOM. Therefore, SOM can play an important role in the retention of N input.

1.4 SOM

141 SOM stability

The accumulation of N input in SOM is influenced by SOM stability. The amount
of N accumulated in SOM is a balance between N input and N mineralization. N
mineralization can be inhibited by stabilization mechanisms of SOM, leading to N
accumulation in SOM. The stabilization mechanisms of SOM are proposed to be:
1) biochemical recalcitrance, 2) spatial inaccessibility to decomposer organisms,
and 3) interaction of organic matter with minerals and metal ions (Sollins et al.
1996, von Litzow et al. 2006, Kégel-Knabner et al. 2008).

Recaleitrance refers to biodegradability of SOM due to its molecular-level cha-
racteristics, including elemental composition, presence of functional groups and
molecular confirmation (Sollins et al. 1996, Kogel-Knabner et al. 2008). Recalci-
trance of SOM includes that of plant litter, rhizodeposits, microbial products,
humic polymers and charred organic matter (von Liitzow et al. 20006).

Spatial inaccessibility refers to spatial location of SOM that influences the access
to microbes and enzymes (Sollins et al. 1996). Spatial inaccessibility of SOM re-
sults from occlusion by aggregation, intercalation within phyllosilicates, hydro-
phobicity and encapsulation in organic macromolecules (von Liitzow et al. 20006,
Kogel-Knabner et al. 2008).

Interaction refers to inter-molecular interactions between SOM and mineral
surfaces (Fe-, Al-, Mn-oxides and phyllosilicates) as well as between SOM and
metal ions (Sollins et al. 1996, von Liitzow et al. 2006). These interactions are
accomplished through precipitation, sorption and complexation reaction and re-
duce availability of SOM to microorganisms and extracellular enzymes (Sollins et
al. 1996).
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1.4.2 SOM pools

SOM is composed of various pools, which differ in stability. These pools need to
be identified to understand SOM dynamics in soil. Physical and chemical fractio-
nation methods have been developed to separate the various SOM pools. Physical
fractionation methods base on the association of SOM with soil particles, are less
destructive than chemical fractionation methods and results are anticipated rela-
tive directly to the structure and function of SOM in situ (Christensen 1992, von
Litzow et al. 2007). One of the usually used physical fractionation methods is
density fractionation.

Density fractionation isolates SOM pools according to the degree of associa-
tion between SOM and soil particles (Christensen 1992). These SOM pools are
separated through floatation or sedimentation in a heavy solution with a specific
density (Christensen 1992). SOM associated with fewer mineral particles, either as
free OM or occluded OM, is separated into lighter density fraction. SOM ad-
sorbed to mineral surfaces is separated into heavy density fraction. SOM in the
lighter fraction is dominated by plant debris, while that in the heavy fraction is
mainly of microbial origin. In the density fractionation method, the usually used
density varies in the range of 1.6-2.2 g cm™ and the preferred density agent in
recent years is sodium polytungstate (SPT, Nag(HoW12040)).

Golchin et al. (1994a, b) developed a hierarchical density fractionation scheme
and proposed a conceptual model of SOM decomposition processes. They sepa-
rated SOM into five pools: free particulate OM (fPOM, d < 1.6 g cm?), three
occluded particulate OM fractions (oPOM 1, II, III, d < 1.6 g cm?3, d = 1.6-
1.8 gem3, d = 1.8-2.0 g cm?3, respectively) and mineral-associated OM (Mineral-
OM, d > 2.0 g cm™3). According to the model, carbonate-rich plant debris (fPOM)
is attractive to microorganisms and establishes intimate association with mineral
particles. With proceeding decomposition, the labile portion of plant debris is
consumed; microbial biomass and products are adsorbed to surfaces of mineral
particles. The association between SOM and mineral particles becomes looser.
After disaggregation through ultrasonic treatment, SOM, which associates inti-
mately with mineral particles, is accumulated in the fraction oPOM III. SOM,
which has loose association with mineral particles, is released with fewer particles
and accumulated in the fraction oPOM II or oPOM I. The remaining mineral
particles with associated microbial biomass and products are accumulated in the
fraction Mineral-OM. Generally, the stability of SOM pools follows the order:
fPOM< oPOM < Mineral-OM (von Liitzow et al. 2007). The higher stability of
oPOM than fPOM is attributed to higher recalcitrance (Golchin et al. 1994a) and
spatial inaccessibility caused by occlusion (Poirier et al. 2005).
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1.5 Application of N isotopes in forest ecosystem studies

15N and N are two stable isotopes of nitrogen. 3N is heavier and scare in nature,
while N is lighter and abundant. N abundance can be used to provide insight
into N cycling within forest ecosystems. "N abundance is noted either as atom%
or more commonly as & >N, which is expressed as per mill deviation of the
15N /14N ratio from atmospheric standard (0.3663 atom?%, eq. 1.1).

(15N/14N)

(15N/14N)

w1 {*1000
standard (1 ‘1)

515N —

1.5.1 Natural 5NN abundance

In forest ecosystems, slight isotope fractionation occurs during N transformation
processes, during which “N is preferentially transformed. As a result, natural >N
abundances of forest ecosystems show systematic variation among and within
ecosystem compartments. Plants are usually '’N-depleted relative to soils. Soils are
enriched in ®N with depth. Natural >N abundances of plants and soils can be
used to provide information on overall patterns of N cycling (Gebauer and
Schulze 1991, Garten et al. 1994), contribution of N sources to plant uptake
(Hogberg 1997), change in N inputs and losses (Johannisson 1996, Nohrstedt et
al. 1996, Emmett et al. 1998) and perturbations in nutrient cycles (Gebauer and
Schulze 1991) over long timescales ranging from decades to centuries (Nadelhof-
fer and Fry 1994). For example, elevated N input could result in an increase in
815N of current needles, caused by increased nitrification and preferential uptake
of NH4* by trees (Johannisson 1996).

1.5.2 15N tracer

Application of 5N tracers can provide a strong >N signal above natural back-
ground level (Nadelhoffer and Fry 1994), so that isotope fractionation during N
transformation processes can be ignored. Usually, small amounts of highly 'SN-
labelled tracers are applied to minimize priming effect (i.c. addition of 3N tracers
increases substrate pool, Jenkinson 1981). 15N tracers are used in short-term incu-
bation experiments (hours to days) to estimate gross N transformation rates such
as mineralization, nitrification and immobilization rate with SN pool dilution
technique (e.g. Davidson et al. 1991, Hart et al. 1994, Perakis and Hedin 2001,
Compton and Boone 2002, Corre and Lamersdorf 2004). 15N tracers can also be
added to large scale forest ecosystems as a single pulse or periodically to estimate
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distribution of N input in forest ecosystems (e.g. Melin et al. 1983, Vitousek and
Matson 1984, Nommik 1990, Nadelhoffer et al. 1995, Buchmann et al. 1996,

Gundersen 1998).
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2 Objectives

Although temperate forest ecosystems are primary N limited, many forests in
central Europe and North America have been subjected to N saturation, which
increases concern about forest decline and nitrate leaching (Fenn et al. 1998,
Matzner 2004). Of potential management strategies and practices to improve N-
saturated forest ecosystems, reduction of atmospheric N emission is the only
practical long-term solution in many areas (Fenn et al. 1998), especially in central
Europe where atmospheric N deposition can be in excess of 60 kg N ha'! yr!
(MacDonald et al. 2002). To provide basis for policy, it is necessary to know how
N-saturated forest ecosystems respond to reduced atmospheric N deposition. In a
Europe-wide project, NITREX (NITRogen saturation EXperiment), responses of
forest ecosystems to both N addition and reduced atmospheric N deposition have
been investigated (Dise and Wright 1992, Wright and van Breemen 1995). At-
mospheric N deposition in three sites (two in the Netherlands and one in Ger-
many) was drastically reduced through roof construction below canopy of forests.
Results from the NITREX project showed that reduced atmospheric N deposi-
tion led to rapid and drastic decrease of nitrate leaching as well as increased fine
root growth (Boxman et al. 1995, Bredemeier et al. 1998a, Xu et al. 1998, Lamers-
dorf and Borken 2004). N transformation processes were influenced by reduced
atmospheric N deposition: gross N mineralization rate showed a slight increase;
microbial NH4* cycling was enhanced (i.e. higher microbial NH4* immobilization
and faster turnover of NH4* and microbial N pools); gross nitrification was unde-
tectable and abiotic nitrate immobilization increased (Corre and Lamersdorf
2004). In spite of these findings, some questions are still open: how atmospheric
N is distributed among forest ecosystem compartments? Which forest ecosystem
compartment is responsible for the decreased nitrate leaching? As inorganic N
deposition has two N forms (NH4+ and NOy), is there any difference in distribu-
tion of atmospheric ammonium and nitrate in forest ecosystems?

To answer such questions, a >N tracer study has been conducted in conifer-
ous forests at two Dutch sites (Koopmans et al. 1996). In this N tracer experi-
ment, however, only "NH4" was applied, because NH4-N is the dominant N form
in atmospheric N deposition at the two sites (Koopmans et al. 1996). In addition,
the SNH4* tracer had been added only for one year after three-years of reduction
of atmospheric N deposition. Many forested sites have approximately equal depo-
sition of atmospheric ammonium and nitrate (e.g. Buchmann et al. 1996, Nadel-
hoffer et al. 1999, Schleppi et al. 1999). In the present study, "NH4* and "NOj-
have been separately added to a mature spruce forest for over three years, after a
ten-year reduction of atmospheric N deposition. The main objective of the study
was to evaluate how long-term reduced atmospheric N deposition influences the
partitioning of atmospheric ammonium and nitrate in the spruce forest ecosystem.
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Two main experiments were conducted in the study: a "N tracer experiment in
the field and a density fractionation experiment in the laboratory. The aims were
to:

1) evaluate how long-term reduced atmospheric N deposition influences N retention in trees and
soil as well as N loss by leaching

Using a N mass balance equation (Nadelhoffer and Fry 1994, see 3.3.4), the
retention of atmospheric N in tree compartments (needle, twig and branch, bole
and live fine root) and soil as well as leaching loss of atmospheric N were com-
pared between under ambient atmospheric N deposition and under long-term
reduced atmospheric N deposition. It was also determined whether the distribu-
tion of atmospheric NH4t vs. NOjs in forest ecosystem compartments changes
under long-term reduced atmospheric N deposition.

2) evalnate how long-term reduced atmospheric N deposition influences the partitioning of atmos-
pheric N retained in the soil in different SOM pools

SOM was separated into five pools through a density fractionation procedure. The
distribution of atmospheric N retained in the soil in different SOM pools was
compared between under ambient atmospheric N deposition and under long-term
reduced atmospheric N deposition. It was also determined whether the distribu-
tion of atmospheric ammonium retained in the soil in SOM pools is different
from that of atmospheric nitrate under the two atmospheric N deposition condi-
tions. In addition, equations were derived to prepare density solutions and two
aggregate-disrupting methods were compared in a preliminary experiment.



3 Materials and Methods

3.1 Study site

The experimental site is a 75-year-old (2008) Norway spruce forest (Picea abies (L.)
Karst.) on the Solling plateau in central Germany (51°31" N, 9° 34" E; 510 m
a.s.l.). The area is characterized by a temperate sub-oceanic mountainous climate
with prevailing southwest to west winds. The mean annual air temperature is
6.4 °C, varying from -2.2 °C in January to 14.7 °C in July. The annual precipitation
is 1090 mm, distributed evenly throughout the year. N deposition in throughfall
water was more than 30 kg ha! yr! (1973-2001) with an approximate ammonium-
to-nitrate ratio of 1:1 (Manderscheid et al. 1995, Xu et al. 1998, Lamersdorf and
Borken 2004).

The soil is classified as Typic Dystrochrept (USDA) or acidic Dystric Cambi-
sol (FAO), developed from loess solifluction layer overlaying weathered sandstone
(Heupel 1989). Depth of the loess solifuction layer is about 70-100 cm (Blanck et
al. 1993). Soil texture is silty loam. pH (CaCly) value ranges from 3.2 at 0-10 cm
mineral soil depth to 4.2 at 40-80 cm mineral soil depth and base saturation is up
to 7% throughout the mineral soil profile (Bredemeier et al. 1998b). Soil solution
is dominated by acid cations (Al, Mn and Fe), while sulfat and nitrate are the most
important charge fraction among anions (Bredemeier et al. 1998b). The organic
layer is 6-9 cm thick and classified as a moder humus form (Heupel 1989, Blanck
et al. 1993).

The spruce forest is the second generation growing on previously European
beech occupied area. The forest stand was thinned to about 845 trees ha'in 1990
(Dohrenbusch et al. 1993). Ground vegetation is absent, due to high canopy den-
sity, thick organic layer and soil acidity (Bredemeier et al. 1995).

3.2 Experimental design

Three transparent roofs (each 300 m?) were constructed in 1991 with timber
frames and polycarbonate ceiling 3.5 m above the forest floor (Fig. 3.1). One
roofed plot was used to reduce the atmospheric inputs (D1, hereafter ‘clean rain
plot’). The second roofed plot served as a control (D2, hereafter ‘roof control
plot’). Another roofed plot was used for drought and rewetting experiment,
whereby the intercepted throughfall water was held back to create artificial
drought events (D3, ‘drought plot’, Lamersdorf et al. 1998). In this study, only
two roofed plots (the clean rain and the roof control plot) were used. Besides the
roofed plots, an adjacent non-roofed plot was selected in the same spruce stand to
serve as a non-manipulated reference (DO, hereafter ‘ambient control plot’) and to
investigate potential roof effects. The roof effects (reduction of photosynthetic
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light, small change of soil temperature, etc.) were described by Gundersen et al.
(1998) and Lamersdorf and Borken (2004). Prior to roof manipulation, soil type
and soil chemistry were not different between the clean rain and the roof control
plot (Blank et al. 1993). The basal area was slightly higher in 1998 in the clean rain
plot (61 m2ha) than in the roof control plot (53 m? ha'!, Jachne 2000).

Fig. 3.1. Roof constructions in the 75-year-old Norway spruce forest at Solling (D1: clean
rain plot, D2: roof control plot, D3: drought plot, drawed by R. Grote).

Throughfall water in the clean rain and the roof control plot was continuously
collected from the roof surfaces and filtered (350 pm) to remove organic debris.
In the clean rain plot, the throughfall water was subjected to further filtration
(50 um), ion exchange, addition of mineral solution and pH adjustment before its
redistribution to soil surface by a sprinkler system (standard sprinkler system,
Evers, Kéln, Germany). In the roof control plot, the throughftall water was redis-
tributed immediately to the soil surface without further treatment. Compared to
the roof control plot, the annual atmospheric deposition of ammonium, nitrate,
sulphate and proton in the clean rain plot was reduced by 86%, 49%, 53% and
77%, respectively, during 1992 and 2001; the annual deposition of dissolved ot-
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ganic nitrogen (DON) was reduced by 27% during 1998 and 2001 due to 50-pm
filtration (Table 3.1).

Table 3.1. Mean annual deposition of ammonium, nitrate, DON, sulphate and proton
(kg ha'! yr1) in the clean rain and the roof control plot during 1992 and 2001.

NH, -N NO;-N DON* SO,”-S H*
roof control 15.0 15.0 2.5 26.0 0.5
clean rain 2.1 7.6 1.8 12.2 0.1
reduction -86% -49% -27% -53% -77%

* Annual deposition of DON was the mean during 1998 and 2001.

In November 2001, each of the two roofed plots was separated into two ap-
proximately equal sections with a 1 m high polyethylene film above the ground
and with steel panels in the upper mineral soil down to 30 cm soil depth (Fig. 3.2).
Using another sprinkler systems installed at 80 cm above the ground, one half of
each roofed plot was labelled with "NH4NO3 (95 atom% 1>N), whereas the other
half was labelled with NH4*NO3 (98 atom% !5N). The 5N tracers were added
homogencously to the subplots as a 1 mm rain event after every 30-40 mm of
regular throughfall water was re-sprinkled. The amount of added >N tracers,
therefore, depended upon the amount of the collected throughfall water. In 2002,
2003 and 2004, N tracers were added 34, 18, 22 times, respectively. In the clean
rain plot, the "NH4*-labelled subplot yielded correspondingly 3.0, 1.6 and 2.0 mg
15N m2, which were equivalent to 0.3%, 0.1% and 0.2% of annual N deposition.
The "NOs-labelled subplot of the clean rain plot yielded correspondingly 12.0,
6.4 and 7.8 mg >N m2, which were equivalent to 1.2%, 0.5% and 0.6% of annual
N deposition. In the roof control plot, both the "NH4*- and "NOs~-labelled sub-
plots received 21.3, 11.3 and 13.8 mg >N m2 in 2002, 2003 and 2004 respectively,
which were equivalent to 0.7%, 0.3% and 0.5% of annual N deposition. The >N
abundance of the throughfall water in the clean rain plot increased from -6 to
534%o (ot from 0.3640 to 0.5604 atom?%o) after the 'SNH4* addition and to 2179%o
(or to 1.1542 atom?%o) after the 'SNOs addition. In the roof control plot, the SN
abundance of the throughfall water increased from 2 to 1332 %o (or from 0.3672
to 0.8493 atom%) after the "NH4* addition and to 1347%o (or to 0.8546 atom?%bo)
after the ’"NOs3- addition.
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Fig. 3.2. Separation of the clean rain and the roof control plot into '*N-labelled subplots.

To gain soil solution separately from the '*N-labelled subplots, additional suction
cup lysimeters were installed 4 wecks before the N addition at the mineral soil
depths of 0, 10, 40 and 100 cm with 10 single cups per depth in the »NOs-
labelled subplot of each roofed plot, whereas lysimeters had been installed in a
previous study in the '"NHs*-labelled subplots. The additional lysimeters were the
same type of the previous lysimeters (P-80 cups, 5 x 2 cm, CeramTec Ag, Mark-
tredwitz, Germany) and were distributed in the same frequency (each two cups
mixed to one replicate, i.e. n =5 samples per depth). Although the additional
lysimeters were installed with high caution to avoid contamination with organic
particles and the collected first 0.5 to 1 L soil solution pro lysimeter was discarded,
the NHy*- but mainly the NO3-N concentration and thus the N leaching rates
were obviously higher in the SNOs-labelled subplot than in the 'SNHy*-labelled
subplot of each roofed plot (Table 4.11). We attribute differences in N-leaching
between the two 'N-labelled subplots of each roofed plot not to any treatment
effect but mainly to stronger and local mineralization process induced by the in-
stallation of the additional lysimeters in the " NOs-labelled subplots. The stronger
mineralization in the "NOs-labelled subplots caused higher NO3-N fluxes, but
simultaneously diluted "N concentration by enhanced N release and thus might
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not change >N fluxes. In the ’NOs-labelled subplot of the clean rain plot, one of
the five replicates had much higher NO3-N flux than the others (15.7 vs. 0.7 kg
ha'! yr!) at the 100 cm mineral soil depth. This replicate was treated as an outlier
and not taken into consideration.

3.3 PN tracer experiment

3.3.1 Sampling and analysis

In this N tracer experiment, samples were collected from different compart-
ments (needle, twig and branch, bole, fine root, litter, soil and soil solution) in the
15NH4*- and '>NOj-labelled subplot of each roofed plot to determine the alloca-
tion of PN within the spruce forest ecosystem. In the ambient control plot, eco-
system compartments were also sampled to provide reference values of natural
15N abundance.

3.3.1.1 Tree compartments

Needle samples were collected each autumn from 2002 to 2004 with a crane from
six trees at the 7% whotl within each ’N-labelled subplot. The needles from each
tree were separated into 2, 6 and 4 age classes in 2002, 2003 and 2004, respec-
tively. More age classes were separated in the latter two years, because they re-
flected more completely N allocation in the needles. Only in 2004, needle sam-
ples were collected from three trees in the ambient control plot.

Twig and branch samples were collected randomly in 2003 from three of the
six trees per "N-labelled subplot, from which the needle samples were taken. The
samples from each tree were divided into six age classes, whereby bark and wood
were separated. Bole woods were sampled in April 2005 from the three trees from
which branch samples were collected. In the ambient control plot, bole wood
samples were taken from the three trees where the needles were sampled. Bole
wood cores were taken at about 1.3 m height with a hollow punch (bark and outer
wood samples) and an increment corer (inner wood samples). Cores from each
tree were separated into outer bark, inner bark and six wood increments: wood
produced before 1952, from 1952 to 1971, from 1972 to 1991, from 1992 to 1996,
from 1997 to 2001 and from 2002 to 2004.

Litter was sampled seasonally from March 2003 to present in each !SN-
labelled subplot and the ambient control plot. Needles were separated from the
litter samples that were collected during the spring (March to May) and autumn
(August to October) of 2003.

Fine roots (<2 mm) were collected in 2002 from the Or+n, 0-5, 5-10,
10-20 cm mineral soil layers and in 2004 from the O, 0-10, 10-40 cm mineral soil
layers (the samples in 2004 provided by Borken, personal communication,
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BITOK, Bayreuth, Germany, 2004). The fine root samples taken in 2002 were a
mixture of live and dead fine roots, whereas the fine roots sampled in 2004 were
separated into live and dead roots (according to their colour, elasticity and resi-
liency, Lamersdorf and Borken 2004) and the analysis was only done for the live
fine roots.

All plant samples were oven-dried at 60 °C and grounded using either an ul-
tra-centrifugal mill (0.25 mm sieve, Retsch ZM1, Haan, Germany) or a vibration
mill (Retsch MM2, Haan, Germany). C and N concentrations were determined
using elementar vario EL. C/N analyser (Hanau, Germany). !N was measured
with Finnigan MAT 251 (for natural >N abundance) or Finnigan Delta C (for SN
enriched samples) isotope ratio mass spectrometer (IRMS, Bremen, Germany).

3.3.1.2 Soil

Soil samples were collected in December 2002 and June 2004 separately at five
randomly selected locations in each *N-labelled subplot as well as in the ambient
control plot, using stainless steel corers of 8 cm in diameter and 30 cm in length.
The soil cores were divided into different layers: Op+n, 0-5, 5-10, 10-20 cm min-
eral soil in 2002 and Ovr+p+n, 0-5 cm mineral soil in 2004. Because the 815N values
of the organic layer (Or+r+n) sampled in 2004 in the NH4*-labelled subplot of
the clean rain plot showed strong variations, this layer in this subplot was resam-
pled in July 2005 at six randomly selected locations and for further evaluation the
average PN recovery of the both samplings was used. The soil was air dried,
sieved (< 2 mm) and pulverized with a planetary mill (Retsch PM 4000, Haan,
Germany) to measure total C, N concentrations and "N abundances. Soil samples
from deeper layers were also taken in 2004 with a corer (3 cm in diameter and 1 m
long) at the same sampling time and the same sampling locations as the upper soil
layers in order to reveal completely >N allocation in the soil profile. These soil
samples were separated into 5-10, 10-20, 20-30, 30-40, 40-60 cm mineral soil lay-
ers, oven-dried (40 °C), sieved and pulverized for C, N and >N analysis.

3.3.1.3 Soil solution

Soil solution samples for all mineral soil depths (0, 10, 40 and 100 cm) were col-
lected monthly by the lysimeters between January 2002 and June 2004 in each
15N-labelled subplot and the ambient control plot. The concentrations of NH4*-,
NO;3-N and total dissolved N in the samples were measured using continuous
flow injection colorimetry (Cenco/Skalar Instruments, Breda, the Netherlands).
5N was analysed either for the 100 cm mineral soil depth in quarterly mixed sam-
ples (i.e., 4 quarters per year with 5 replicates per quarter) or for all sampling
depths only in two selected months per year (i.e., May 2002, 2003, 2004, Decem-
ber 2002 and 2003, Fig. 3.3).
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Fig. 3.3. Mixture of soil solution samples for >N analysis in each "N-labelled subplot of
the clean rain and the roof control plot.

BN abundance in the soil solution samples was determined using a diffusion
method (Stark and Hart 1996) modified by Corre et al. (2003). In the "NH4* de-
termination, appropriate amounts of the soil solution samples containing at least
20 pg N were put into 150 ml glass bottles. 0.2 g MgO was added to raise the pH
value of the solution and to release NHs. Two glass fibre filter paper disks, each
of which was acidified by 10 pL of 2.5 mol L' KHSOy, were wrapped in Teflon
traps and immediately placed on the mouths of the bottles before the lids were
fastened. N diffusions were conducted at the room temperature (approximately
22 °C) for 6 days, during which the bottles were switled twice a day. In the ®NOj-
determination, MgO was added and the soil solution samples were then left open
for 6 days in order to eliminate the influence of NH4*. Subsequently 0.2 g MgO
and 0.4 ¢ Devard’s alloy were added. The following procedures (placement of
Teflon tapes and switl of the bottles) were as same as those in the XNH4* deter-
mination. In the N measurement of DON, the soil solution samples were di-
gested with persulfate in order to convert all N forms to NOj3 (Cabrera and Beare
1993, see also Stark and Hart 1996). The soil solution samples and oxidizing re-
agent (15 ¢ NaOH L, 30 ¢ H;BO3 L1, 50 g K>S5:05 L) were mixed at a volume
ratio of 1:1 in 150 ml glass bottles and placed in an autoclave. The samples were
heated at 130 °C for 1 hour. The persulfate digestion of the soil solution samples
were diffused similarly as in the X NOj measurement, except for a shorter (3-day)
open period and the use of 2 ml 10 mol L' NaOH instead of 0.2 g MgO. Because
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of the low N concentration in many soil solution samples, additional (NH4)>SO4
(0.366 atom% 15N) or KNOs3 (0.365 atom% '>N) was used to increase N content
in the soil solution if necessary.

3.3.2 Natural BN abundance and N content in ecosystem
compartments

Natural >N abundance in the ecosystem compartments was either obtained from
Sah et al. (2008) in the clean rain and the roof control plot prior to the addition of
the N tracers (needle, needle litter, fine root, soil and NOj in soil solution),
respectively, or measured from the samples collected in the ambient control plot
(bole bark, bole wood and DON in soil solution). N content in each compartment
was calculated as the product of N concentration and mass of the compartment.
N concentration was estimated using own measurement. Needle biomass in dif-
ferent age classes was obtained from Dohrenbusch et al. (2002). Biomass of
branches, bole bark and bole wood were calculated from the breast height diame-
ter obtained from Jachne (2000) and the model provide by Miiller-Using et al.
(2004). Biomass of twig and branch bark was assumed to be 10% of twig and
branch wood (Knigge and Schulz 1966). Fine root biomass was obtained from
Borken (personal communication, BITOK, Bayreuth, Germany, 2004). Soil mass
for different depths was estimated based on bulk density.

3.3.3 N fluxes

Fluxes of NH4™-, NO3- and DON-N were calculated by multiplying their concen-
trations in the throughfall water and the soil solution at the 10 and 100 cm mineral
soil depths with the respective cumulative throughfall amount and soil seepage.
The soil seepage at different soil depths was estimated by Xu (personal communi-
cation, School of Renewable Natural Resources, Louisiana State University Agri-
cultural Center, USA, 2005) from the throughtall amount and seepage flow rates
at the corresponding soil depths. Daily seepage flow rates were estimated with a
soil water balance model that was based on Richards’ equation (Richards 1931) for
vertical flow in unsaturated soil. The total amount of water available for infiltra-
tion at the soil surface was the amount of the throughfall water. Daily evapotran-
spiration was estimated using the Penman-Montheith equation (Monteith and
Unsworth 1990). The estimated evapotranspiration rates were reduced with an
empirical reduction function by Feddes et al. (1976) for the soil water uptake by
roots. The modelled results on soil seepage for the clean rain and the roof control
plot were verified through the comparison of the simulated soil matric potentials
at the depths of 10 and 100 cm against the measurements over 4 years from 1998
through 2001.
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3.3.4 Calculation of 5N excess and recovery

815N excess was calculated from enriched N value subtracted by natural N
abundance. 5N abundance in DON was calculated as follow:

[N Jato N, ~[NH,' ~NJ<atoeN [N, ~N]ratosN,
[DON] 3.1)

where [N, [NH4*-N], [NO3-N] and [DON] are N concentration of total N,
NH4*, NOs and DON, respectively; at.%! N, at.%!®Nnn4, at.%!*Nnos and
at.%'> Npon are the values of atom percent >N in total N, NH4*, NOj3 and DON,
respectively.

In this PN tracer experiment, 8'°N excess was used for all tree compartments
and soil after >N addition, whereas absolute 8N value was given for the soil
solution because natural >N abundance was not determined for NO3 and DON
in the soil solution at all depths.

The mass of N recovered in each ecosystem compartment was determined
according to 13N mass balance (Nadelhoffer and Fry 1994) as follow:

oy Meomp *(at.9%"N ., —at.%" N, )
- at'%ls N ref.

at.%" N ygy =

comp.

P at'%ls Ntracer (3.2)
where *Neomp. 1s "N mass recovered in a labelled ecosystem compartment (g m-2);
Meomp. is the N mass of the labelled compartment (g m2); at.% *Neomp., at.% 5N,
and at.% "Nqeer ate the atom percent 15N of the labelled compartment, the refer-
ence compartment (natural N abundance) and the applied >N tracer. >N recov-
ery in the labelled compartment was expressed as percent of total applied N
tracer.

For soil solution, "N flux was determined for each quarter and selected
month. These 1*N fluxes were summarized in the experiment period and >N re-
covery was calculated.

15N recoveries in the ecosystem compartments were calculated for the sam-
ples taken in 2002 and 2004. N allocation within the ecosystem compartments
followed a similar pattern in the both sampling years. In 2004, more age classes
(needles) and deeper layers (fine roots and soil) were sampled and analyzed with
longer experiment duration. Therefore, only the SN recoveries calculated for the
samples taken in 2004 were presented. Because all organic layers sampled in 2004
already included litter (Or), no needle litter sample was used for the calculation of
5N recovery.
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3.4 Density fractionation experiment

A part of the soil samples collected in June 2004 from Orp+p+n, 0-5 cm and 5-10
cm mineral soil layer in each 'N-labelled subplot and the ambient control plot
were used in the density fractionation experiment. The soil samples from the 0-5
cm and the 5-10 cm mineral soil layer in the "NH4*-labelled subplot of the clean
rain plot were not included due to undetectable N signal (Table 4.12). The soil
samples were air or oven (5-10 cm, 40 °C) dried, sieved (< 2 mm) and roots were
removed before the density fractionation.

3.4.1 Density fractionation procedure

The density fractionation was conducted following the procedure described by
Golchin et al. (1994a, b, Fig. 3.4), except that a 16-h shaking with glass beads was
used to instead sonification to disrupt aggregates.

5 ¢ (Or+r+n) or 10 g (mineral soil) soil samples were placed in 50-ml centti-
fuge tubes and 25 to 40 ml SPT (Sometu, Berlin, Germany) with a density of 1.6 g
cm-3 were added. The centrifuge tubes were inverted gently five times by hand and
stood for 30 minutes. After 60-minute centrifugation at 4700 rpm (revolutions per
minute), the supernatants were filtered through micro filter papers (0.45 um) un-
der vacuum. For the organic layer samples, the tubes stood 30 minutes after cen-
trifugation to separate floating particles and sediments; the floating particles were
then removed firstly with a small spoon and placed directly on the micro filter
papers due to a large quantity of particles in the supernatants (Rovira and Vallejo
2003). The obtained particles from the organic layer and the mineral soil samples
were washed several times with distilled water, transferred to pre-weighed evapo-
rating dishes, dried at 40 °C and weighed. The separated fraction was free light
fraction (FL,d < 1.6 g cm?).

In the residual soils in the tubes, 40 ml SPT (d = 1.6 g cm3) and 10 glass
beads (5 mm in diameter) were added. The tubes were shaken for 16 hours at 60
rpm to disrupt aggregates (Balesdent et al. 1991, see also John et al. 2005), left to
stand for 30 minutes and centrifuged. The floating particles were filtered, washed,
dried and weighed. The separated fraction was occluded fraction I (Ocl. I,
d <1.6gcm?).

Subsequently, 40 ml SPT (d = 1.8 g cm™3) were added. The tubes stood over-
night and were shaken for 10 minutes at 100 rpm. After standing and centrifuga-
tion, the particles were filtered, washed, dried and weighed. The separated fraction
was occluded fraction II (Ocl. 11, d = 1.6-1.8 g cm™).

The procedure for the separation of the OclII fraction was repeated with
SPT (d = 2.0 g cm™3), the separated fraction was occluded fraction III (OclIII,
d =1.8-2.0 g cm?).
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Finally, distilled water was added and mixed with the residual soils in the
tubes. The tubes were shaken for 10 minutes, centrifuged for 30 minutes and the
supernatants were removed. The processes were repeated five times. The soils
were then transferred to pre-weighed glass beakers, dried and weighed. The
fraction was dense fraction (DF, d > 2.0 g cm™).

Soil sample
(5 g Opsrsn, 10 g mineral soil)

SPT,d=1.6 gem™

invert 5 times

30 min. standing

60 min. centrifugation (4700 rpm)

floating particles

filtration (0.45um)
washing
h 4

FL@d<l.6g cm'l) I residual soil

SPT,d=1.6 gem™

16 h shaking (60 rpm) with 10 glass beads
30 min. standing

60 min. centrifugation (4700 rpm)

floating particles

filtration (0.45um)
washing
3 A 4

Ocl. 1(d<1.6 gem™) residual soil

SPT,d=1.8gcem™

10 min. shaking (100 rpm)

30 min. standing

60 min. centrifugation (4700 rpm)

floating particles

filtration (0.45um)
washing

A 4

I Ocl. 11 (d=1.6-1.8 gem™) I residual soil

SPT,d=2.0gem™

10 min. shaking (100 rpm)

30 min. standing

60 min. centrifugation (4700 rpm)

floating particles

filtration (0.45um)
washing

v
I Ocl. 111 (d = 1.8-2.0 gem™) I residual soil

distilled water

10 min. shaking (100 rpm)

30 min. centrifugation (4700 rpm)
repeated 5 times

| DF (d>2.0 g em™)

Fig. 3.4. Diagram of density fractionation procedure
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3.4.2 Comparison of two aggregate-disrupting methods

For the samples taken from the organic layer and the 0-5 cm mineral soil layer in
the ambient control plot, density fractionation was conducted using two different
aggregate-disrupting methods. One method was 16-hour shaking with 10 glass
beads, which was described as above. The other was sonification.

In the second method, the residual soils in the tubes were transferred to glass
beakers with 40 ml SPT (d = 1.6 g cm™) after the separation of the FL fraction.
The beakers were placed into larger glass beakers with cool water and sonificated
for 5 minutes using Branson 450-D. The soils were then transferred back to the
tubes. The tubes stood for 30 minutes and were centrifuged. The following pro-
cedure was as same as that described above.

For the samples taken from the 5-10 cm mineral soil layer in the ambient con-
trol plot, aggregates were disrupted using sonification.

3.4.3 Preparation of density solution

150 g water was put into a 250-ml measuring cylinder and 25 g SPT was added.
After SPT was completely dissolved, the solution was weighed and its volume was
read from the cylinder. Subsequently, different amounts of SPT were gradually
added, the procedure was repeated after each SPT addition.

3.4.4 Analysis and calculation

All separated fractions were grounded with a mortar and analyzed for C, N con-
centrations and SN abundances using IRMS. Because of the low pH value, inor-
ganic C was absent in the soil. Total C concentration in the soil was equal to the
concentration of soil organic C (OC).

The amount of soil >N recovered in each fraction was calculated according to
15N mass balance (Nadelhoffer and Fry 1994). The recovery of soil >N in each
fraction was expressed as the percentage of total soil 1°N and calculated as:

M, *(at.%""N . —at.%" N, )

- frac. — *100
Mgy * (at.%" N, —at.%" "N, )

15N frac. (%) =
soil (3‘ 3)
where ®Np.. is the percentage recovery of soil °’N in a separated fraction; Miac,
and mgi are N mass of the separated fraction and the soil (g m2); at.%!*Nuc,
at.%!Nyoil and at.%!5Ni.r are atom percent 13N of the separated fraction, the soil
and the reference fraction (natural !N abundance).

For the soil samples taken from the organic layers and the 0-5 cm mineral soil
layers, C and N concentrations of the soils were measured based on air-dried level,
whereas those of the separated fractions were determined based on the oven-dried
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level (40 °C). In otder to reduce error caused by the temperature difference, sub-
samples of the soils from the organic layers and the 0-5 cm mineral soil layers
were taken, dried at 40 °C and water contents were calculated. C and N concen-
trations of these soil samples were recalculated based on the water contents.

With the assumption that the volume change of SPT solution is linearly corre-
lated to the amount of added SPT (equation 3.4) and the density equation (equa-
tion 3.5), the amount of SPT and the volume of water needed for a SPT solution
with an expected volume and density were calculated with equation 3.6 and 3.7:

\ _VHZO =K*Mgsr

(3.4)
_ Mgpr +Myy 0
\ (3.5)
V(-
SPT (1_ k) (36)
_V*(—kp)
-k (3.7)

where mspr and mmuzo are the amount of SPT and H>O in g, respectively; V and
V2o are the volume of SPT solution and water in ml, respectively; o is the density
of SPT solution in g cm™3; £ is a constant.

3.5 Statistical analysis

In the study, both the two roofed plots and the >N applications had no replica-
tion. Statistical analyses were based on replicates within each '"N-labelled subplot
(i.e. pseudoreplicates). The nonparametric statistics (Mann-Whitney U Test) was
used to test significant differences at p < 0.05 in N concentration, N fluxes and
N recovery for each ecosystem compartment (°N tracer experiment) as well as
in proportion of soil dry weight, of soil OC and N, in C and N concentration, the
ratio of C/N and the recovery of soil 15N for each fraction (density fractionation
experiment) between the "INH4*- and "NOs-labelled subplot within each roofed
plot and between the clean rain and the roof control plot for each 5N tracer. The
difference was regarded as a tendency when the p-level was between 0.05 and 0.1.
All statistical procedures were performed using the STATISTICA software pack-
age (StatSoft Europe GmbH, Hamburg, Germany).






4 Results

4.1 PN tracer experiment

4.1.1 The roof control plot

4.1.1.7 Natural >N abundance

In the roof control plot, all tree compartments showed negative natural >N abun-
dance (Table 4.1). The mean 3'°N value of current year needles was -2.5%o. The
mean 85N value of bole bark, bole wood and needle litter samples were lower
than that of green needles, except for the bole woods produced from 1972 to
1991. Compared with the bole bark, the bole wood showed a slightly higher aver-
age 315N value (-1.6%o to -3.9%o). Natural N abundance of the live fine roots
increased with soil depth. The mean 8°N value of the live fine roots increased
from -4.2%o0 in the Og-layer to -0.6%o in the 10-40 cm mineral soil layer. The
natural "N abundance of the needles was within the range of the live fine roots in
the upper and deeper soil layers. Compared to the live fine roots, a stronger in-
crease of the mean 8N value was observed in the soil, from -2.2%o in the organic
layer to 7.2%o in the 10-20 cm mineral soil layer. Since 85N value of the soil in
each soil layer was not significantly different between the roof control plot and the
clean rain plot (Table 4.1, 4.7), the averaged values of the two plots were used for
calculation (85N excess and >N recovery) and for extrapolation of natural SN
abundances of deeper soil layers. In the same layer, the live fine roots had a lower
815N value than the soil. Generally, natural >N abundance in this Norway spruce
forest ecosystem followed the pattern: tree compartments < organic layer < min-
eral soil.

Natural "N abundance of NH4* was positive in the throughfall water (16.9%o,
Table 4.2) but could not be determined in the soil solution, since the concentra-
tion of NH4*-N in the soil solution was below the detection limit of 0.15 mg L.
Natural >N abundances of NOj in both the throughfall water and the soil solu-
tion were negative. The mean 85N value of NO3 was -11.5%o in the throughfall
water and varied from -4.3%o to -3.2%o in leachate at the different soil depths.
Natural N abundance of DON in the soil solution was positive, ranging from
6.4%o at the 10 cm mineral soil depth to 5.6%o at the 100 cm mineral soil depth.
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Table 4.1. Natural >N abundances (mean * 1sg) of main tree compartments and soil of
the 75-year-old spruce forest in the roof control plot.

Compartment 8""N (%o) SE
Needle

current year -2.5 0.2
Bole bark

outer -4.8 0.5

inner -4.1 0.2

Bole wood produced in

2002-2004 -39 0.1
1997-2001 -3.3 0.6
1992-1996 -3.0 0.1
1972-1991 -1.6 0.6
1952-1971 -2.9 0.5
<1952 2.6 0.9
Needle litter 4.3 0.2

Live fine roots in

Oy -4.2 1.3
0-10 cm mineral soil -3.5 0.9
10-40 ¢cm mineral soil -0.6 1.8
Soil
Opiren 22 0.4
0-5 cm 2.9 0.4
5-10 ecm 5.0 0.1
10-20 cm 7.2 0.6
20-30 ¢cm *8.4
30-40 cm *9.1
40-60 cm *97
60-100 cm *9.7

*Natural ’N abundance was estimated using extrapolation based on average values of the
upper soil in the clean rain and the roof control plot.

4.1.1.2 N content in ecosystem compartments and N fluxes

Total N content in the trees amounted to 880 kg ha! in the roof control plot
(Table 4.3). Much of the total N content was found in the bole and needle bio-
mass. The bole bark and bole wood contained 504 kg N ha'!, accounting for 57%
of the total N in the trees. The needles contained 276 kg N ha'!, accounting for
31% of the total N in the trees. About 100 kg N ha! were contained in the twigs,
branches, needle litter and live fine roots. Soil was the largest N pool in the spruce
forest ecosystem (Table 4.4). In total 9089 kg N ha! were accumulated in the or-
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ganic layer and the top 100 cm mineral soil. The organic layer alone contained
1585 kg N ha'!, accounting for 17% of the total soil N content.

Table 4.2. Natural "N abundance (mean * 1sg) of the throughfall water and the soil
solution of the 75-year-old spruce forest in the roof control plot.

Compartment 3"N-NH," 3°N-NOy 5"N-DON
P (%0) (%0) (%0)
Throughfall 16.9 -11.5 n.d.
(2.2) (2.4)

Soil solution

10 cm mineral soil depth n.d. -4.3 6.4
(2.4) (2.3

100 cm mineral soil depth n.d. -3.2 5.6
(3.6) (5.6)

n.d. = not determined.

In the "NH4™- and '"NOj-labelled subplot of the roof control plot, annual N
fluxes in the soil solution at the 100 cm mineral soil depth were lower than those
at the 10 cm mineral soil depth (Table 4.5). In the soil solution at the 10 cm min-
eral soil depth, the annual N fluxes were not significantly different between the
15NH4*- and 1®NOj-labelled subplot of the roof control plot. In the soil solution
at the 100 cm mineral soil depth, however, the difference in annual N fluxes be-
tween the two !>N-labelled subplots of the roof control plot was significant.
NH4*- and NO3-N flux at the 100 cm mineral soil depth were obviously lower in
the "NH4*-labelled subplot (0 and 4.6 kg ha! yr-!, respectively) than those in the
15N Os-labelled subplot (0.8 and 10.1 kg ha-! yr-!, respectively).

4.1.1.3 5NN enrichment in ecosystem compartments

In the BNH4*- and 'NOs-labelled subplot of the roof control plot, 8'°N excess
of the needles declined with increased age classes (Fig. 4.1). A clear 15N signal was
shown in both the young needles that grew after 15N tracer addition (42-92%o0 &
5N excess) and the needles of older age classes (15-41%o0 8 15N excess). For the

needles of each age class, the 85N excess was similar between the two 'N-
labelled subplots.
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Table 4.3. Masses, N concentration and contents of main tree compartments of the 75-
3 p
year-old spruce forest in the roof control plot.

Compartment MasseI N ] C/N N contelnt
(kgha) (mgg) (kgha™)
Needle
current year 7229 13.4 38 97
1-year-old 5622 14.7 35 83
2-year-old 4076 13.8 37 56
3-year-old 2249 13.2 39 30
4-year-old 884 11.6 43 10
S-year-old 10 11.0 45 0
subtotal 20100 276
Twig and branch
bark
current year 41 6.2 82 0.3
1-year-old 41 7.1 71 0.3
2-year-old 41 7.1 72 0.3
3-year-old 41 8.5 59 0.4
4-year-old 41 8.4 58 0.3
>4-year-old 41 7.2 68 0.3
wood
current year 413 10.5 45 4.3
1-year-old 413 9.1 55 3.7
2-year-old 413 6.9 75 2.8
3-year-old 413 4.5 112 1.9
4-year-old 413 3.5 143 1.5
>4-year-old 413 2.9 167 1.2
subtotal 2723 17.3
Bole bark
outer 9557 4.7 103 45
inner 10671 5.6 85 59
Bole wood produced in
2002-2004 15459 2.6 176 40
1997-2001 25765 1.3 385 33
1992-1996 25765 1.2 363 31
1972-1991 103059 1.1 354 116
1952-1971 103059 0.9 459 93
<1952 92753 0.9 511 86
subtotal (bark+wood) 386088 504
Needle litter 2077 12.1 38 25
Live fine roots in
Oy 1816 13.2 37 24
0-10 ecm mineral soil 967 11.9 35 11
10-40 cm mineral soil 1957 11.1 35 22
subtotal 4740 57
Total tree 413651 880




Results 31

Table 4.4. Masses, C-, N concentration and N contents of soil of the 75-year-old spruce
forest in the roof control plot.

Depth Massel C | N 1 C/N N pooll
(kg ha”) (mgg') (mgg') (kg ha”)
Oprin 114031 352 13.9 25 1585
0-5cm 356212 57 2.6 22 932
5-10 cm 389500 39 1.7 22 676
10-20 cm 790000 28 1.3 21 1037
20-30 cm 856000 16 0.9 18 777
30-40 cm 856000 11 0.7 14 634
40-60 cm 2308800 5 0.5 10 1149
60-100 cm 4617600 5 0.5 10 2298
total 10288143 9089

Table 4.5. Annual N fluxes (kg ha! yr!) (mean £ 1sg) in the roof control plot during
Jan.02 and Jun.04.

NH,-N NO;-N  DON N,
10 cm mineral soil depth
NIH," subplot 0.0 12.4 3.0 15.5
(0.0) (3.0) (0..3) (3.0)
*NO;” subplot 1.2 18.1 3.1 22.4
(0.6) (2.5) (0.3) (3.0)
100 cm mineral soil depth
NH," subplot 0.0 ® 46 *° 0.9 54°
(0.0) (1.3) 0.2) (1.2)
*NO; subplot 0.8° 10.1° 1.5 12.4°
(0.4) (0.6) (0.2) (0.7)

Different letters show the significant difference between the " NH4*- and NOj-labelled
subplot of the roof control plot (Mann-Whitney U Test, p < 0.05).

The 85N excess of the batk and wood of the twig and branch samples followed
similar pattern as the needle samples in the roof control plot (Fig. 4.2). The mean
815N excess declined from 42.6%o in current year bark to 20.6%o in > 4-year-old
bark after SNH4* addition and from 55.5%o to 27.0%0 after '"NOsaddition. Be-
tween the two 5N tracers, the 8'’N excess of the bark and wood of the twig and
branch samples were not different.
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Fig. 4.1. 8°N excess (mean * 1sp) of needles of different age classes in a) 2002; b) 2003;
) 2004 in the "NH4*- and ®NOj-labelled subplot of the roof control plot (n = 6). Arrow
shows the time when N tracer addition began.
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Fig. 4.2. 3°N excess (mean T 1sg) of a) bark; b) wood of twigs and branches with differ-
ent age classes in 2003 in the "NH4*- and '*NOj-labelled subplot of the roof control plot
(n = 3). Arrow shows the time when *N tracer addition began.

In the tree boles, the same tendencies were observed in the two 15N-labelled sub-
plots of the roof control plot (Fig. 4.3). The mean 8'°’N excess of the inner bark
was 29.6%o in the "NH4*-labelled subplot and 50.9%o in the *NOj-labelled sub-
plot. These values were higher than those of the outer bark (11.5%0 and 7.7%o,
respectively). The 315N excess of the bole wood decreased with wood age. A no-
ticeable N signal was detected also in the bole wood produced decades ago. The
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mean 3'°N excess of the bole wood produced from 1972 to 1991 was 26.4%o in
the "NHs*-labelled subplot and 41.5%o in the >NOs~-labelled subplot. In the bole
wood produced before 1972, the mean 8N excess was smaller than 1.8%.
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P 3

20

0 8 °

outer inner 2002- 1997- 1992- 1972- 1952- <
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Fig. 4.3. 3PN excess (mean T 1sg) of bole bark and different increments of bole wood in
the "NH4*- and "NOs-labelled subplot of the roof control plot (n = 3) after over 3 year
15N addition (2001-2004).

In spring 2003, the mean 8N excess of the needle litter was 10.2%o in the
15NHy*-labelled subplot and 11.1%o in the 'SNOs-labelled subplot. The values
were similar to those in autumn 2003 and did not differ significantly from those of
2 5-year-old needles, which varied from 14.7%o to 16.5%o.

In 2002, the mean 35N excess of the live and dead fine roots in the organic
layer was not significantly different between in the 'SNHg*-labelled subplot
(133%0) and in the '"NOs-labelled subplot (52%0) of the roof control plot (Fig.
4.4). The 8N excess declined with soil depth in the *NH4*-labelled subplot,
whereas the value rose in the "NOs-labelled subplot. In 2004, the live fine roots
had the same pattern as in 2002. The mean 8N excess of the live fine roots in
the organic layer was 213%o in the >NH4*-labelled subplot and 93%o in the SNOj-
-labelled subplot. In the 10-40 cm mineral soil layer, the mean 35N excess of the
live fine roots declined to 102%o in the 'SNH4*-labelled subplot, whereas it in-
creased to 239%o in the SNOs-labelled subplot.
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Fig. 4.4. 3°N excess (mean * 1sg) of a) live and dead fine roots (2002); b) live fine roots
(2004) at different soil depths in the '>NH4*- and '"NOj-labelled subplot of the roof
control plot (n = 51in 2002, n = 4 and 3 in 2004 in the "NH4* and "NOj- subplot, respec-
tively).

The 85N excess of the organic layer was higher in the "NH4*-labelled subplot
than in the "NOs~-labelled subplot of the roof control plot (Fig. 4.5). In 2002, the
mean 8N excess was 12%o in the "NH4*-labelled subplot and 4%o in the "NOj--
labelled subplot. In 2004, the mean 8°N excess of the organic layer increased to
43%o in the "NHg4*-labelled subplot, whereas the value kept low (6%o) in the
15N Os-labelled subplot. In the "NHs*-labelled subplot, the 8'°N excess decreased
drastically from the organic layer to the mineral soil. The >N signal was hardly
detectable in the mineral soil below the 5 cm (2002) or 20 cm (2004). In the
15N Oj-labelled subplot, the 85N excess was relative stable throughout all meas-
ured soil depths. A detectable 13N signal was still shown in 2004 at the 40-60 cm
mineral soil depth with 2% 815N excess.

The mean 8'"’N-NOs in the soil solution collected in the selected months was
higher in the "NOs-labelled subplot than in the "NH4*-labelled subplot of the
roof control plot at the 0, 10 and 40 cm mineral soil depths, whereas no difference
was found at the 100 cm mineral soil depth (Fig. 4.6). Based on the quarterly
mixed samples for the output calculation at the 100 cm mineral soil depth (Janu-
ary 2002 to June 2004), the average §"’N-NOs was 493%o in the "NHj*-labelled
subplot and 728%o in the ’"NOj~-labelled subplot.
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Fig. 4.5. 815N excess (mean * 1sg) of soil at different depths in a) 2002; b) 2004 in the

15NH4*- and "NOs-labelled subplot of the roof control plot (n = 5). Soil samples taken in
2002 were only to 20 cm mineral soil.
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Fig. 4.6. Gradient of '®N abundance (mean * 1sg) of a) NOs; b) DON in soil solution
collected in selected months (Mai 2002, 2003, 2004, December 2002 and 2003) in the
I5NH4*- and "NOjs-labelled subplot of the roof control plot (n = 5).

The 15N abundance of DON in the soil solution showed similar values at all
measured soil depths and did not differ between the two 3N-labelled subplots of
the roof control plot (Fig. 4.6). In the quarterly mixed samples at the 100 cm min-
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eral soil depth (January 2002 to June 2004), the mean 3'>N-DON was 351%o in
the "NH4*-labelled subplot and 317%o in the 1’ NOs-labelled subplot.

4.1.1.4 5NN recovery in ecosystem compartments

In the roof control plot, about 15% of added 15N were found in the needles for
the both 15N tracers (Table 4.6). >N recovery was highest in the current year
needles (7%) and declined with increased age classes. In the 3-year-old needles,
15N recovery was only 1%.

Woody tissues (twigs, branches and boles) retained a large proportion of the
added N in the roof control plot. >N recovery in the boles was higher than that
in the twigs and branches. In the "NH4"-labelled subplot, 0.7% of "N was found
in the twigs and branches and 6.7% in the boles. >N recovery was 1.1% in the
twigs and branches and 12.2% in the boles in the "NOj-labelled subplot. In the
two >N-labelled subplots of the roof control plot, >N recovery in the inner bark
was higher than that in the outer bark. 5N in the bole wood was concentrated in
the wood produced between 1972 and 2004. Less than 0.2% of 1®N was found in
the bole wood produced before 1972.

In the roof control plot, 6.8% of added 'SNH4* and 7.1% of added "NOs
were recovered in the live fine roots. The recovery of ’NH4* tended to be higher
in the live fine roots in the organic layer (On horizon, 4.2%) than in those in the
0-10 cm mineral soil layer (0.9%, p = 0.06). In the live fine roots in the organic
layer, the recovery of "NH4* seemed to be higher (4.2%) than that of "NO3
(1.8%), although this difference was not statistically significant. In the live fine
roots in the 10-40 cm mineral soil layer, the recovery of "NOj was conversely
higher (4.1%) than that of "NH4* (1.8%, p = 0.00).

In total, 30.0% of the added '"NH4* and 35.6% of the added SNOs were
found in the tree compartments (needles, twigs, branches, boles and live fine
roots) in the roof control plot. As >N recovery in each tree compartment was not
statistically different between the two !3N-labelled subplots of the roof control
plot, the total recoveries of the two >N tracers in the tree compartments should
not differ from each other in the roof control plot.

Soil retained the largest proportion of 3N tracers in the roof control plot.
71.1% of the added "NH4* and 42.2% of the added '"NOj were found in the
organic layer and the top 100 ¢cm mineral soil. In the "NHs*-labelled subplot,
most 1N was accumulated in the organic layer (64.6%). >N recovery in the min-
eral soil was low (6.4%) and decreased with soil depth. Only < 1.2% of the added
15NH4" was found in the mineral soil below the 10 cm soil depth. In the ®NOs-
labelled subplot, only 8.0% of the added "N was recovered in the organic layer,
whereas 34.2% of the applied "N was distributed evenly across the analysed min-
eral soil depths.
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Table 4.6. Percent PN recoveries (mean * 1sg) in main spruce forest ecosystem com-
partments in the roof control plot in 2004.

Compartment ""NH,  subplot ""NO;" subplot

Needle
current year 7.1 (0.9 7.2 Lo
1-year-old 4.6 (0.6) 4.5 0.5
2-year-old 2.9 0.5 26 03
3-year-old 1.0 0.2 09 (.1
subtotal 15.7 15.2

Twig and branch
bark 0.1 0 0.1 (.0
wood 0.7 @1 1.1 @2
subtotal 0.7 1.1

Bole bark
outer 04 @©.1) 0.2 (0.0
inner 1.2 (0.1 23 (0.3

Bole wood formed in
2002-2004 1.6 (1) 1.9 0.2
1997-2001 0.8 0.3 1.9 0.9
1992-1996 0.7 @3 1.6 04
1972-1991 1.9 0.9 42 (L3
1952-1971 0.0 0 0.1 @0
<1952 0.0 @0 0.0 0
subtotal (bark-+wood) 6.7 12.2

Live fine roots in
Oy 42 (1.2 1.8 0.2
0-10 cm 09 @3 1.2 @2
10-40 cm 1.8 (0.3 4.1 (07)
subtotal 6.8 7.1
subtotal (tree) 30.0 35.6

Soil
O pen 64.6 (53) ¢ 80 2z "
0-5cm 4.2 (1) 43 (0.8
5-10 cm L1 oos ° 45 @2y "
10-20 cm 0.1 (1) ¢ 39 @7 "
20-30 cm 0.8 03 ¢ 69 23 b
30-40 cm 03 02 2.8 (0.7) b
40-60 cm 0.0 .0 3.9 (26
60-100 cm 0.0 @0 7.9 52
subtotal (mineral soil) 6.4 ! 34.2 b
subtotal (organic layer + mineral soil) 71.1 42.2

Leaching at 100 ¢cm mineral soil depth
NO5 34 (13 19.2
DON 0.4 0.0 0.6 @2
subtotal 3.7 19.8

Total 104.8 97.6

Different letters show the significant difference between the "NH4*- and 'SNOs-labelled
subplot of the roof control plot (Mann-Whitney U Test, p < 0.05).
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The N tracers appeared also in nitrate and DON leachate in the two ®N-
labelled subplots of the roof control plot. At the 100 cm mineral soil depth, the
15N recovery in the nitrate leachate was higher in the '>NOs-labelled subplot
(19.2%) than in the '""NHj*-labelled subplot (3.4%). Mean >N recovery in the
DON leachate was lower than 0.8% in the two "N-labelled subplots.

4.1.2 The clean rain plot
4.1.2.1 Natural "N abundance

Natural >N abundances of the spruce forest ecosystem compartments in the clean
rain plot showed similar patterns as those in the roof control plot. The natural >N
abundances of the tree compartments were negative in the clean rain plot, except
for the live fine roots in the 10-40 cm mineral soil layer (Table 4.7). The mean
81N value of the cutrent year needles was -3.5%o and slightly higher than that of
the needle litter (-4.4%o). The natural >N abundance of the live fine roots in-
creased with soil depth. The mean 35N value of the live fine roots was -2.4%o in
the organic layer and increased to 1.6%o in the 10-40 cm mineral soil layer. Com-
pared to the live fine roots, soil showed a stronger increase of 615N value with soil
depth, from -1.4%o in the organic layer to 6.0%o in the 10-20 cm mineral soil layer.
In the same layer, the natural "N abundance of the soil was always higher than
that of the live fine roots.

In the clean rain plot, the natural >N abundance of NH4* in the throughfall
water and the soil solution could not be determined as the >N signal was below
the detection limit of IRMS (Sah et al. 2008, Table 4.8). The natural 1N abun-
dance of NOs in the throughfall water and the soil solution were negative in the
clean rain plot. The mean 35N value of NOj was -9.3%o in the throughfall water
and varied from -6.3%o to -2.0%o in the soil solution at different soil depth.

4.1.2.2 N content in ecosystem compartments and N fluxes

N concentration of the tree compartments was generally lower in the clean rain
plot than that in the roof control plot (Table 4.9). However, trees in the clean rain
plot contained 947 kg N ha! and the value was higher than that in the roof con-
trol plot, mainly due to the higher basal area in the clean rain plot. As in the roof
control plot, most of tree N in the clean rain plot was found in the boles and the
needles, containing 554 kg N ha! and 292 kg N ha'l, respectively. The twigs, the
branches, the needle litter and the live fine roots together contained about 100 kg
N ha'l. N concentration and contents of the soil in the clean rain plot did not
differ from those in the roof control plot (Table 4.10). The organic layer and the
top 100 cm mineral soil contained 9161 kg N ha! in the clean rain plot.
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Table 4.7. Natural >N abundances of main tree compartments and soil of the 75-year-old
spruce forest in the clean rain plot.

3N SE

Compartment (%o)
Needle

current year -3.5 0.2
Bole bark

outer -4.8 0.5

inner -4.1 0.2
Bole wood produced in

2002-2004 -3.9 0.1

1997-2001 -3.3 0.6

1992-1996 -3.0 0.1

1972-1991 -1.6 0.6

1952-1971 -2.9 0.5

<1952 -2.6 0.9
Needle litter -4.4 0.2
Live fine roots in

Oy =24 0.6

0-10 cm mineral soil -1.9 0.6

10-40 cm mineral soil 1.6 1.0
Soil

Oppn -14 0.1

0-5cm 2.8 0.1

5-10 cm 5.5 0.6

10-20 cm 6.0 0.4

20-30 ¢cm *8.4

30-40 cm *9.1

40-60 cm *9.7

60-100 cm *97

*Natural PN abundance was estimated using extrapolation based on average values of the
upper soil in the clean rain and the roof control plot.
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Table 4.8. Natural >N abundance (mean * 1s.) of the throughfall water and the soil solu-
tion of the 75-year-old spruce forest in the clean rain plot.

Compartment 5"N-NH,’ 5N-NO; 5°N-DON
P (%0) (%0) (%0)

Throughfall n.d. -9.3 n.d.
(1.7)

Soil solution

10 cm mineral soil depth n.d. -6.3 6.4
(3.7) (2.3)

100 cm mineral soil depth n.d. -2.0 5.6

(3.5) (3.6)

n.d. = not determined.

In the soil solution at the 10 cm and the 100 cm mineral soil depth, NO3-N and
total dissolved N fluxes were obviously lower in the clean rain plot than in the
roof control plot, while NHs*-N and DON fluxes in the soil solution at the both
mineral soil depths were either not significantly different between the two plots or
slightly lower in the clean rain plot (Table 4.11). In the clean rain plot, NH4*- and
NOj3-N fluxes in the soil solution at the 10 cm mineral soil depth were signifi-
cantly higher in the >NOs~-labelled subplot than in the '"NH4*-labelled subplot,
while the differences in N fluxes between the two '"N-labelled subplots were not
significant in the soil solution at the 100 cm mineral soil depth.

4.1.2.3 5NN enrichment in ecosystem compartments

Evaluating "N abundances of the spruce forest ecosystem compartments, it
should be noticed that the clean rain plot yielded different amount of N-NH4*
and -NOs. Moreover, the amounts of the two 5N tracers yielded in the clean rain
plot were different from those yielded in the roof control plot, respectively.
Therefore, the direct comparison of >N abundance for each forest ecosystem
compartment was not possible between the "NH4™- and "NOs-labelled subplot
within the clean rain plot as well as between the clean rain and the roof control
plot for each N tracer.

815N excess of tree compartments in the clean rain plot showed similar pat-
terns as in the roof control plot. In the "NH4*- and "NOs-labelled subplot of the
clean rain plot, 8'N excess of aboveground tree tissues (needle, twig, branch and
bole) decreased with increased tissue age (Table 4.12). 85N excess of the fine
roots declined with soil depth in the "NH4*-labelled subplot, whereas the value
rose in the 3NOj-labelled subplot, except for the samples take in 2002.



Results

41

Table 4.9. Masses, N concentration and contents of main tree compartments of the 75-
3 p
year-old spruce forest in the roof control and the clean rain plot.

Compartment Masse (kg ha™) N(mggh) C/N chgo}??.l;t
roof  clean roof clean roof clean roof  clean
control  rain control rain control rain control rain
Needle
current year 7229 8392 134 127 * 38 39 97 106
1-year-old 5622 6527 14.7 12,9 kx 35 39 83 84
2-year-old 4076 4732 13.8 123 ** 37 41 56 58
3-year-old 2249 2611 13.2 11,9 #*=x 39 42 30 31
4-year-old 884 1026 1.6 11.2 43 45 10 12
5-year-old 10 47 11.0 9.8 ** 45 51 0 0
subtotal 20100 23333 276 292
Twig and branch
bark
current year 41 52 62 72 82 7l 0.3 0.4
1-year-old 41 52 7.1 7.1 71 72 0.3 0.4
2-year-old 41 52 7.1 7.0 72 72 0.3 0.4
3-year-old 41 52 85 7.0 ** 59 72 0.4 0.4
4-year-old 41 52 8.4 6.6 FE* 58 76 0.3 0.3
>4-year-old 41 52 72 6.7 68 75 0.3 0.3
wood
current year 413 519 10.5 8.0 ** 45 60 4.3 4.1
1-year-old 413 519 9.1 63 * 55 76 3.7 33
2-year-old 413 519 6.9 4.0 ** 75 125 28 2.1
3-year-old 413 519 45 33 * 112 145 1.9 1.7
4-year-old 413 519 35 2.6 ** 143 181 1.5 1.4
>4-year-old 413 519 29 28 167 176 1.2 1.4
subtotal 2723 3427 17.3 16.1
Bole bark
outer 9557 11336 47 4.6 103 111 45 52
inner 10671 12208 56 54 85 90 59 66
Bole wood produced in
2002-2004 15459 19429 2.6 1.5 k= 176 327 40 29
1997-2001 25765 32381 1.3 1.0 385 468 33 32
1992-1996 25765 32381 1.2 09 ** 363 503 31 30
1972-1991 103059 129524 1.1 1.1 354 448 116 139
1952-1971 103059 129524 09 0.8 459 502 93 110
<1952 92753 116571 0.9 511 569 86 96
subtotal (bark+wood) 386088 483352 504 554
Needle litter 2077 2172 12.1 9.2 ek 38 50 25 20
Live fine roots in
Oy 1816 3017 132 121 37 41 24 3
0-10 ¢m mineral soil 967 1149 119 11.8 35 35 11 14
10-40 cm mineral soil 1957 1667 11.1 8.9 k% 35 50 22 15
subtotal 4740 5833 57 65
Total tree 413651 515945 880 947

* showed difference in N concentration of main tree compartments between the clean rain
and the roof control plot (Mann-Whitney U Test, * p < 0.1, ¥* p < 0.05, *** p < 0.01).
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Table 4.10. Masses, C-, N concentration and N contents of soil of the 75-year-old spruce
forest in the roof control and the clean rain plot.

Masse

- (ke ha') C(mgg") N(mgg") CN N pool (kg ha™)
P clean rain roof  clean roof  clean roof  clean roof  clean
roof control  control rain  control rain control  rain control  rain
Opspan 114031 3532 389 139  13.8 25 28 1585 1573
(13) (10) (0.4) (0.5)
0-5 cm 356212 57 81 2.6 3.1 2 26 932 1110
(2) (7 0.1) 0.3)

5-10 cm 389500 39 33 1.7 1.6 22 20 676 640
(7) ) 0y W00

10-20 cm 790000 28 21 1.3 1.1 21 18 1037 901
3) ) 0 01

20-30 ¢cm 856000 16 14 0.9 0.9 18 15 771 744
(i) (1 00 00

30-40 cm 856000 11 10 0.7 0.8 14 13 634 664
(1) (1) 005 {0.03)

40-60 cm 2308800 5 6 0.5 0.5 10 11 1149 1176
(1) () 0.06)  (0.04)

60-100 cm 4617600 5 6 0.5 0.5 10 11 2298 2332

total 10288143 9089 9161
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Table 4.11. Annual N fluxes (kg ha! yr!) (mean * 1sp) in the roof control and the clean
rain plot during Jan.02 and Jun.04.
NH,"-N NO;-N DON N
roof  clean roof  clean roof  clean roof  clean
control  rain control  rain control  rain control  rain
10 cm mineral soil depth

“NH," subplot 00" 00" 124" 00° 30 0 26 155" 26°
) {0.0) (0.0) (3.0) 0.0) 0.3) 0.1) (3.0) (0.1)
"NO; subplot 2% 09° 181" 41° 3125 224" 76"
(0.6) (0.4) 23 (19 0.3 (0.6 3.0 (24

100 cm mineral soil depth

“NH," subplot 00" 00% 46° 00° 09" 02 54" 02°
) {0.0) (0.0) (1.3) 0.0) 0.2) 0.1) (1.2) 0.1)
“NO;" subplot 08" 00* 101" 07° 15 06 124" 13°

(0.4)  (0.0) 0.6) (0.5 02  (04) 0.7)  (0.7)

Different letters show the significant difference between the clean rain and the roof con-
trol plot for PNH4*- or NOj-labelled subplot as well as between the NH4*- and
15N Ojs-labelled subplot within each plot (Mann-Whitney U Test, p < 0.05).

In the "NH4*-labelled subplot of the clean rain plot, >N signal was only detect-
able in the organic layer. The mean 85N excess of the organic layer was 1.7%o in
2002 and 4.0%o in 2004. In the "NOs-labelled subplot of the clean rain plot, the
mean 3'°N excess was highest in the organic layer (14.9%o in 2002 and 16.0%o in
2004) and stable 315N excess was observed in the mineral soil, varying from 1.0%o
to 4.9%o.

The mean 85N-NOs in the soil solution was undetectable in the NH4*-
labelled subplot of the clean rain plot due to the very low NO3-N concentration
(Table 4.13). In the 'SNOs-labelled subplot of the clean rain plot, the mean 8'5N-
NOs- in the soil solution was similar at all measured soil depth with the value of
more than 2000%o. The mean 8'"N-NO;- in the quarterly mixed soil solution
samples at the 100 cm mineral soil depth (Jan. 2002 to Jun. 2004) was 2281%o in
the "NOj~-labelled subplot.

The mean 3"’N-DON in the soil solution did not differ significantly among
soil depths in the "NH4*- and "NOs+-labelled subplot of the clean rain plot, re-
spectively. Based on the quarterly mixed soil solution samples at the 100 cm min-
eral soil depth (Jan. 2002 to Jun. 2004), the mean 8'"’N-DON was 1146%o in the
15NH4*-labelled subplot and 413%o in the ’NOs-labelled subplot.
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Table 4.12. 3'°N excess (%o) (mean * 1sg) of tree compartments and soil in the PNH4*-
and NOjs-labelled subplot of the clean rain plot.

N "NH," subplot NO; subplot
Compartment 2002 2003 2004 2002 2003 2004
Needle

current year 57000 1125 14954 24.5 4.9) 30.5 4.3) 58.6 8.2)
1-year-old 2635 99615 11.0@0 11.0 ¢2.49) 25.6 (3.9) 46.6 6.4
2-year-old 5126 99@2 14.6 240 393 (58
3-year-old 42024 57@0 11.2 /1.8 24.1 (3.6)
4-year-old 3.6 (2.0) 11.0 2.6)
S-year-old 1.4 10.8) 9827
Twig and branch
bark 7.3 (1.0) 28.2 (6.3)
current year 5.7 (1.0) 15.6 (4.4)
1-year-old 3.0 0.8 10.8 (1.9)
2-year-old 3.3 Loy 11.4¢2.5)
3-year-old 2.2 (0.6) 10.4 3.0)
4-year-old 0.9 0.7) 10.5 ¢5.6)
>4-year-old
wood
current year 7.2 0.9 27.7 (5.7
1-year-old 6.4 (L0 25.9 5.6
2-year-old 5312 21.5 4.9)
3-year-old 4.5 (1.0 19.7 ¢4.1)
4-year-old 43 @.7) 18.2 (4.0)
>4-year-old 4.4 1.0 17.9 (7.9)
Bole bark
outer 1.6 (0.6) 4.4 (14
inner 5.7¢19 25.1 8.0)
Bole wood produced in
2002-2004 8.6 (2.5 35.1 9.3
1997-2001 6.4 2.8 25.8 5.8
1992-1996 6.7 (1.7) 19.4 6.2
1972-1991 2.5m.7) 5.0 0.3
1952-1971 1.2 @0.2) 1.6 (0.1)
Fine roots in*
Opn/On 19.4 (3.7) 204 3.7 50.1 (4.3) 86.0 (21.6)
0-5 cm 6.1 (3.5 9.7 (1.3 26.6 (2.8) 132.2 61.3)
5-10 cm 2.1 @.8) 17.2 26
10-20 cm/10-40 cm 0.6 (0.4) 6.1 (0.3) 21.7 6.1 128.8 (61.3)
Soil
Op/Op g * 1.7 @.5) 4.0 (1.5 14.9 1.0) 16.0 (3.3
0-5 cm 0.0 0.0) 0.0 @.09 2.4 0.9 49 (1.8
5-10 cm 0.0 0.0) 0.0 .0) 1.2 0.7) 3.5 (1.3)
10-20 cm 0.0 (0.0) 0.0 .09 1.7 (1.1) 43 (13
20-30 cm 0.1 @1 4.0 21
30-40 cm 0.0 0.0 1.8 (1.6)
40-60 cm 0.0 0.0) 1.0 0.7)

* Fine roots collected in 2002 were from Op+p, 0-5, 5-10, 10-20 cm soil layer and not
separated between live and dead fine roots; those collected in 2004 were from Op, 0-10,
10-40 cm soil layer and live fine roots were separated and analyzed..

** Op+n was sampled in 2002 and Or+r+p in 2004.
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Table 4.13. 8N (%o0) (mean + 1sg) of NO3-N and DON in soil solution in the "NH4*-
and NOjs-labelled subplot of the clean rain plot during Jan. 02 and Jun. 04.

Dot _ NO; _ DON
P "NH, subplot ""NO; subplot “NH," subplot "NO; subplot
0cm n.d. 2896 98 192
(302) 45) (34)
10 cm n.d. 2231 512 269
(878) (188) (53)
40 cm n.d. 2042 324 523
(252) (122) (70)
100 cm n.d. 2425 447 341
(119) (86)

n.d. = not determined. The 3°N of NOj" in soil solution in the >NH4*-labelled subplot
was not determined due to the concentration below the detection limit (0.15 mg L-1).

4.1.2.4 °N recovery

In the clean rain plot, 17.9% of added 'SNH4* and 18.9% of added 1*"NOj; were
found in the needles (Table 4.14). 15N recovery in the needles declined with in-
creased age classes from 9% in the current-year needles to 1% in the 3-year-old
needles in the two >N-labelled subplots.

Among woody tissues, N recovery in the boles was higher than that in the
twigs and branches in the clean rain plot. 13N recovery in the boles was 8.2% in
the "NHy*-labelled subplot and 6.4% in the '"NOs-labelled subplot. In the twigs
and branches, "N recovery was 0.7% and 0.8%, respectively. >N in the bole
wood was retained mostly in the wood produced between 1972 and 2004. In the
wood produced before 1972, 1°N recovery was less than 0.5% in the two >N-
labelled subplots.

The live fine roots retained 5.7% of added "NH4* and 9.2% of added "NOs-
in the clean rain plot. In the "NH4*-labelled subplot, the live fine roots in the
organic layer (Op) alone retained 4.3% of added >N, while those in the mineral
soil layers together retained only 1.4% of added “N. In the '*NOs-labelled sub-
plot, N recovery in the live fine roots in the organic layer (4.4%) was approxi-
mately equal to that in the live fine roots in the mineral soil layers (4.8%). Within
the clean rain plot, "N recovery in the live fine roots in the 10-40 cm mineral soil
layer tended to be lower in the ’"NHy*-labelled subplot (0.6%) than in the "NOs-
labelled subplot (2.4%, p = 0.06). 15N recovery in the live fine roots was in total
not different between the clean rain and the roof control plot for each N tracer.
However, 15N recovery in the live fine roots in different soil layers showed differ-
ences between the two plots. The recovery of "NH4* in the live fine roots in the
10-40 ¢cm mineral soil layer tended to be lower in the clean rain plot than in the
roof control (p = 0.06), whereas the recovery of ®NOs in the live fine roots in
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the organic layer tended to be higher in the clean rain plot than in the roof control
(p = 0.00).

In total, 32.4% of added '*NH4* and 35.3% of added SNO3 were found in
the tree compartments in the clean rain plot. The >N recovery in each tree com-
partment was not significantly different between the PNHj*- and the NOj-
labelled subplot of the clean rain plot. Therefore, the total recoveries of the two
15N tracers in the tree compartments did not differ from each other in the clean
rain plot. For each "N tracer, the >N recovery in each tree compartment was also
not significantly different between the clean rain and the roof control plot. The
total recovery of each N tracer in the tree compartments was thus not different
between the two roofed plots.

The organic layer and the top 100 cm mineral soil retained 71.0% of added
15NH4* and 67.6% of added "NOs in the clean rain plot. In the >NH4™-labelled
subplot, the largest proportion of added "N was found in the organic layer
(70.3%) and only 0.7% of added >N was recovered in the mineral soil. In the
15N Os-labelled subplot, 37.0% of added >N was found in the organic layer and
30.7% was distributed evenly throughout the mineral soil. The >N recovery in the
organic layer was higher in the 'SNHg*-labelled subplot than in the 'SNOs-labelled
subplot, although the difference was not significant. Conversely, the ’N recovery
in the mineral soil was obviously lower in the "NH4*-labelled subplot than in the
15NOj~-labelled subplot. In the clean rain plot, the recovery of added “NH4* in
the total soil profile was not significantly different from that in the roof control
plot. However, the distribution of added ""NH4" in the soil layers was different
between the clean rain and the roof control plot. The recovery of added "NH4* in
the organic layer had a slight increase in the clean rain plot, while that in the min-
eral soil was significantly lower in the clean rain plot than in the roof control plot
(0.7% vs. 6.4%). Compared to the roof control plot, the recovery of added
1BNOj in the soil had a significant increase in the clean rain plot. The increased
recovery of added "NOj-in the soil in the clean rain plot was caused by an obvi-
ously increased N recovery in the organic layer. The recovery of added "NOs in
the mineral soil was not different between the two roofed plots.

The NOs leachate at the 100 cm mineral soil depth accounted for 0% of
added SNH4* and 2.0% of added "NOjs-in the clean rain plot. The recoveries of
both added "NH4* and "NOs- in the NOj- leachate at the 100 cm mineral soil
depth were obviously lower in the clean rain plot than in the roof control plot.
The PN recovery in the DON leachate at the 100 cm mineral soil depth was not
different between the ''NHjt-labelled subplot (1.3%) and the 'NOs-labelled
subplot (0.5%) of the clean rain plot. For each 5N tracer, the >N recovery in the
DON leachate at the 100 cm mineral soil depth was also not different between the
clean rain and the roof control plot.
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Table 4.14. Percent >N recoveries (mean * 1sp) in main spruce forest ecosystem com-

partments in the roof control and the clean rain plot in 2004.

Compartment _ roof control clean rain

P PNH, subplot "NO; subplot "NH, subplot "NO; subplot
Needle
current year 7.1 @09 7.2 (L) 9.0 (3.5 8.8 (1.2
1-year-old 4.6 (0.6) 4.5 (0.5) 4.9 ¢1.7) 5.7 0.8
2-year-old 29 @5) 2.6 (0.3) 3.1 1.2 3.2 (.5)
3-year-old 1.0 @2 09 1) 0.9 0.4 1.1 ©.2)
subtotal 15.7 15.2 17.9 18.9
Twig and branch
bark 0.1 ©0) 0.1 (0.0 0.1 .0 0.1 @.0)
wood 0.7 .1 1.1 02 0.7 (0.1) 0.7 .1)
subtotal 0.7 1.1 0.7 0.8
Bole bark
outer 0.4 1) 0.2 0.0 0.4 0.2 0.3 1)
inner 1.2 @10 23 (0.3 1.8 0.7) 2.1 .6)
Bole wood formed in
2002-2004 1.6 @.1) 1.9 0.2 1.3 0.5 1.2 .2)
1997-2001 0.8 @3 1.9 0.9 1.0 0.4 1.1 @2
1992-1996 0.7 3 1.6 (0.4 0.9 @.2) 0.8 m3)
1972-1991 1.9 0.9 4.2 (1.3 22 09 0.7 @.0)
1952-1971 0.0 @0 0.1 (.0 0.5 0.1 0.2 .0)
<1952 0.0 00 0.0 .0
subtotal (bark+wood) 6.7 12.2 8.2 6.4
Live fine roots in
Oy 42 (12 1.8 (0.2) 43 (L0 4.4 (11
0-10 cm 0.9 @3 1.2 0.2) 0.8 (0.1) 2.4 (1)
10-40 cm 1.8 m3) 4.1 0.7) 0.6 (0.0) 2.4 (12
subtotal 6.8 7.1 5.7 9.2
subtotal (tree) 299 35.6 324 353
Soil
Oppsm 646 (55 ° 80 (12 ° 703 (129 % 37.0 7.1) °
0-5 cm 42 (. 43 o8 * 0.0 0o ® 7.1 27 ¢
5-10 cm LI @4 * 45 09 0.0 00 ¢ 35 a4 "
10-20 cm 01 @n * 39 @7 ° 01 @p* 61 as"®
20-30 cm 08 3 * 69 25 ° 0.6 06 * 4.6 (22 ™
30-40 cm 03 02 * 28 @n " 0.0 00 * 19 (1.6 °
40-60 cm 0.0 0.0) 39 26 0.0 0.0 25 19
60-100 cm 0.0 .0) 7.9 (5.2 0.0 (0.0 5.0 3.7)
subtotal (mineral soil) 6.4 T342 b 0.7 ¢ 307 b
subtotal (organic layer + mineral soil) 71.1 42.2 71.0 67.6
Leaching at 100 em mineral soil depth
NOy 34 3 * 192 0.0 0y * 20 eut
DON 04 .0 0.6 (0.2 1.3 @.7) 0.5 0.2
subtotal 3.7 19.8 1.3 2.5
Total 104.8 97.6 104.7 105.4

Different letters show the significant difference for each plot between N tracers as well
as for each >N tracer between the clean rain and the roof control plot (Mann-Whitney U

Test, p < 0.05).
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4.2 Density fractionation

4.2.1 Preparation of density solution

The relationship between the amount of added SPT and the volume change of
SPT solution was shown in Table 10.2. The volume of 150 g H>O was 152 ml and
slightly higher than the theoretical value (150 ml). It may be partly attributed to
the room temperature (> 30 °C), at which the solution was prepared, since the
measuring cylinder is calibrated at 20 °C. The volume of SPT solution was thus
corrected in the proportion, in which 152 ml H>O was corrected to 150 ml. The
volume change of SPT solution was closely correlated with the amount of added
SPT (y = 0.1863 x, r2 = 0.9993, Fig. 4.7).

50 1
40 1
E 301
? A y = 0.1863x
R? =0.9993
ﬂ 10 o
0 r r .
0 100 200 300

SPT(g)

Fig. 4.7. The relationship between the amount of added SPT and the volume change of
SPT solution.

4.2.2 Comparison of two aggregate-disrupting methods

The properties of separated soil density fractions from the ambient control plot
after the use of two different aggregate-disrupting methods were shown in Table
4.15. The proportion of soil dry weight, soil OC and total soil N in the Ocl. I
fraction was higher after sonification than after shaking, although the difference
was not significant in the Ocl. I fraction from the organic layer. C and N concen-
tration of the Ocl. II fraction from the organic layer was higher after sonification
than after shaking, whereas lower C concentration after sonification than after
shaking was observed in the Ocl. II fraction from the 0-5 cm mineral soil layer.
The proportion of total soil N in the Ocl. II fraction from the 0-5 cm mineral soil
layer tended to be higher after sonification than after shaking. The properties of
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the Ocl. III fraction from both soil layers were not different after using the two
aggregate-distupting methods, except that lower C/N ratios were found after
sonification than after shaking. The DF from the organic layer had lower C and N
concentration, a lower C/N ratio and proportion of soil OC after sonification
than after shaking. In both soil layers, 59-92% of soil OC and 81-98% of total soil
N were recovered in the separated density fractions after using the two aggregate-
disrupting methods, respectively.

Natural N abundances of the soil density fractions increased generally with
increased density in the organic layer and the 0-5 cm mineral soil layer after using
the two aggregate-disrupting methods (Table 4.16). In the organic layer, natural
15N abundances of the occluded fractions and the DF were higher after sonifica-
tion than after shaking, although the difference was not significant in the Ocl. 11
fraction. In the 0-5 cm mineral soil layer, natural SN abundances of these frac-
tions were not different after using the two aggregate-disrupting methods, except
that the 8'°N value of the Ocl. I fraction tended to be lower after sonification
than after shaking.

4.2.3 Distribution of OC and N in soil density fractions

4.2.3.1 Organic layer

In the organic layer, the FL fraction accounted for the largest proportion of soil
dry weight (72-95%) in the clean rain and the roof control plot, followed by the
DF (4-14%, Table 4.17). C and N concentration of the density fractions decreased
generally with increased density. C and N concentration of the DF were about 3%
and 0.2%, respectively, which were much lower than those of other fractions (17-
43% and 1-2%, respectively). The highest C/N ratio was found in the FL fraction
and the lowest in the DF. The FL fraction contained most of soil OC and total
soil N with more than 84%.

The soil OC and N distribution in the occluded fractions from the organic
layer were different between the clean rain and the roof control plot. Compared to
the roof control plot, C and N concentration of the occluded fractions as well as
the proportion of soil dry weight, soil OC and total soil N in these fractions were
lower in the clean rain plot.

4.2.3.2 Mineral soil layers

In the clean rain and the roof control plot, the density fractions separated from
the mineral soil layers had different OC and N distribution from those separated
from the organic layer (Table 4.18, Table 4.19). The DF accounted for the largest
proportion of soil dry weight (88-94%), followed by the Ocl. III and the FL frac-
tions (1-6%, respectively). C and N concentrations of the density fractions de-
creased with increased density. The FL and the Ocl. I fractions had the same den-
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sity (1.6 g cm?3), but C and N concentrations of the Ocl. I fractions were higher
than those of the FL fractions, respectively. The largest proportion of soil OC and
total soil N were found in the DF (29-58% and 34-81%, respectively). The Ocl. 1
fractions accounted for the lowest proportion of soil OC and total soil N (1-2%,
respectively).

The density fractions from different mineral soil layers showed little differ-
ences in properties. The DF from the 5-10 cm mineral soil layer comprised higher
proportions of soil dry weight, soil OC and total soil N than those from the 0-5
cm mineral soil layer in the two roofed plots. C and N concentration of each frac-
tion from the 5-10 cm mineral soil layer were lower than those from the 0-5 cm
mineral soil layer.

Compared to the roof control plot, the FL fractions from the mineral soil lay-
ers accounted for higher proportion of soil dry weight, soil OC and total soil N in
the clean rain plot, although the differences were not always significant. C and N
concentrations of the FL fractions were lower in the clean rain plot than in the
roof control plot. Conversely, the occluded fractions comprised lower proportions
of soil dry weight, soil OC and total soil N in the clean rain plot than in the roof
control plot. C concentrations of the occluded fractions were higher in the clean
rain plot than in the roof control plot.

4.2.4 Recovery of soil 5N

In the organic layer, most of soil "NH4" and "NOj5 were recovered in the FL
fractions in the clean rain and the roof control plot (Table 4.20). The recoveries of
soil "NH4* and 'NOs in the FL fraction were 89.8% and 81.4% in the clean rain
plot, respectively. The FL fraction in the roof control plot retained 78.7% of soil
1NH4* and 72.9% of soil ’'NOy, respectively. In the clean rain plot, no soil
15NH4* was recovered in the Ocl. III fraction and the DF from the organic layer,
while the recovery of soil "NOj5 in the two fractions was 1.5%. In the roof con-
trol plot, the recoveries of soil "NH4* in the Ocl. I and Ocl. 11 fraction from the
organic layer were lower than those of soil ’NOj-. The recovery of soil "NH4* in
the DF was conversely higher than that of soil " NOs-.

Compared to the roof control plot, the recoveries of soil PNHy4* in the
OclIII fraction and the DF from the organic layer were lower in the clean rain
plot. The recovery of soil "'NOs in the OclI fraction was significantly lower in
the clean rain plot than in the roof control plot. A tendency to a lower recovery of
soil ’NOs- in the clean rain plot than in the roof control plot was also observed in
the Ocl. II fraction (p = 0.09). The DF from the organic layer retained 0.4% of
soil PNOj- in the clean rain plot and the value was higher than that in the roof
control plot (0%).

In the 0-5 cm mineral soil layer, the recovery of soil " NOs was highest
(35.5%) in the DF in the clean rain plot. The FL fraction and the occluded frac-
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tions in the clean rain plot accounted for 20.1% and 19.8% of soil "NOs, respec-
tively. In the roof control plot, the recovery of soil "NH4" in the FL fraction
from the 0-5 cm mineral soil layer tended to be lower (20.8%) than that of soil
1BNOs (35.8%, p = 0.09). Conversely, the Ocl. 1I fraction retained significantly
larger proportion of soil PNH4* (14.9%) than soil ®NOs (7.1%) and the same
tendencies were found in the Ocl. I fraction and the DF (p = 0.09). Compared to
the roof control plot, the recovery of soil ’NOj- in the DF from the 0-5 cm min-
eral soil layer tended to be higher in the clean rain plot (p = 0.09).

In the 5-10 cm mineral soil layer, most of soil "NOs in the clean rain plot
was found in the DF (63.7%), followed by the FL fraction (22.9%). The occluded
fractions retained 17.6% of soil "'NOj-. In the roof control plot, the FL fraction,
the occluded fractions and the DF accounted for 33.2%, 21.9% and 34.9% of soil
15NH4", respectively. The recovery of soil "NOj in these fractions was 27.9%,
16.8% and 38.3% in the roof control plot, respectively. The recoveries of soil
15NH4* and NOs- in each fraction from the 5-10 cm mineral soil layer did not
differ from each other in the roof control plot. The recovery of soil "NOs in
each fraction from the 5-10 cm mineral soil layer was also not different between
the clean rain and the roof control plot.
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Table 4.16. Natural "N abundances (mean * 1sg) of density fractions from the organic
layer and the 0-5 cm mineral soil layer in the ambient control plot after using two different

aggregate-disrupting methods (n = 5).

Soil layer fraction 37N (%)
sonification shaking
Oppin FL -2.5w.4) -2.50.4)
Ocl.l 1.3 (1.4) -1.1 .2 %
Ocl.l 0.4 0.2) -0.1 0.2
Ocl.III 8.4 1.3 3.6 (0.6) %
DF 18.4 (1.6) 6.3 ¢1.1) ¥k
0-5 cm FL 1.8 0.9 2.0 0.4
Ocl.I 2.4 .6 4.1 0.9 *
Ocl.II 3.0 0.4 2.8 (0.6)
Ocl.III 3.7 (0.6) 3.1 .4
DF 4.7 (0.6) 4.8 (0.5)

FL = free light fraction (d < 1.6 g cm™3), Ocl.=

DF = dense fraction (d > 2.0 g cm™).

occluded fraction (Ocl. 1d < 1.6 gcm?,
Ocl. I1d =1.6-1.8 gcm3, Ocl. II1 d = 1.8-2.0 g cm™3),

* show difference in natural 1N abundance between two methods (Mann-Whitney U Test,

*p < 0.1, #p < 0.05, ¥+p < 0.01).
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Table 4.20. Percent recovery (mean F1sg) of soil 1°N in density fractions from the organic
layer and the mineral soil layers in the clean rain and the roof control plot after "NH4*
and PNOj- addition

Soil layer fraction —e——s clean réun ‘ N roof corllzrol ‘
NH; subplot  "NO; subplot NH, subplot  "NO;” subplot
Opspsn FL 89.8 81.4 78.7 72.9
(13.6) (2.1) (3.3) (3.6)
OclI 06 © 05 ° 03 ° 18 °©
0.3) 0.1) 0.1) 0.2)
OclLII 2.8 1.4 09 ° 40 °®
2.3) (0.6) 0.2) (1.2)
Ocl.III 00 *° I 02 ¢ 34 b
(0.0) (0.5) 0.035) 3.1)
DF 00 *° 04 ° 0.1 ¢ 0.0 ¢
(0.0) 0.1) 0.02) (0.0)
sum 93,2 848 80.2 82.1
0-5¢m FL n.d. 20.1 20.8 35.8
(5.2) (2.6) (5.6)
OclI n.d. 2.1 9.5 23
(0.8) (5.4) 0.5)
OclLII nd. 4.6 149 ¢ 71 °
(1.7) (14) (0.9)
Ocl.11I n.d. 13.1 22.0 12.0
4.5) (3.7) (2.8)
DF n.d. 35.5 26.8 7.1
(10.5) (7.1) 3.9)
sum 753 94.0 64.4
5-10em  FL n.d. 229 33.2 27.9
(6.5) (9.7) (7.5)
Ocl.I n.d. 2.4 2.6 3.6
(0.4) (0.5) (1.2)
OclLII n.d. 43 4.7 59
(0.4) (1.7) (1.0)
Ocl.III n.d. 10.9 14.6 73
(3.0) (7.8) (1.0)
DF n.d. 63.7 34.9 383
(19.8) (20.2) (6.2)
sum 104.1 90.2 83.1

FL = free light fraction (d < 1.6 g cm), Ocl. = occluded fraction (Ocl. Id < 1.6 g cm?,
Ocl. I1d =1.6-1.8 gecm3, Ocl. 111 d = 1.8-2.0 g cm™3),

DF = dense fraction (d > 2.0 g cm™), n.d. = not determined.

Different letters show significant difference for each plot between the two >N tracers as
well as for each N tracer between the clean rain and the roof control plot (Mann-

Whitney U Test, p < 0.05)






5 Discussion

5.1 "N tracer experiment

5.1.1 Natural 3NN abundance

The natural >N abundances of the tree compartments in the roof control and the
clean rain plot (Table 4.1, Table 4.7) fall within the range of those reported from
other studies (-5 to +4%o) (Gebauer and Schulze 1991, Nadelhoffer and Fry 1994,
Emmett et al. 1998a). Low 8!°N values in the tree compartments in the two
roofed plots are ultimately caused by isotopic fractionation against >N during N
mineralization and tree uptake (Nadelhoffer and Fry 1994). In the roof control
plot, the bole bark and bole wood were N depleted relative to the current year
needles, reflecting that N in the bole bark and bole wood may preferentially origi-
nate from compounds recycled from senescing compartments (Gebauer and
Schulze 1991). The natural >N abundance of the current year needles in the roof
control plot varied between those of the live fine roots in both the upper and
deeper soil layers, indicating that not only the live fine roots in the upper soil but
also those in the deeper soil provide considerable N to the needles. Correspond-
ing to increased natural N abundance of the soil with depth in the roof control
and the clean rain plot (see below), the natural N abundance of the live fine
roots in the two roofed plots which assimilate N from the soil increased also with
soil depth. In the same layers in each roofed plot, the natural >N abundance of
the live fine roots was always lower than that of the soil due to isotopic fractiona-
tion during mineralization and uptake.

Compared to the tree compartments, the soil in the two roofed plots was en-
riched in N. The natural "N abundance of the organic layer was low, caused
mainly by return of the ""N-depleted needle and root litter onto the soil surface
(Emmett et al. 1998a). When fractionation against N occurs, either through the
mineralization-tree uptake pathway, or via the continuous leaching of nitrate pro-
duced by nitrification throughout the soil profile, the remaining N in the soil is
gradually enriched in SN (Nadelhoffer and Fry 1994). Hoegberg (1997) reported
another possible explanation for 'N-enrichment with soil depth. Norway spruce
can form symbiosis with ecto-mycorrhizal fungi which are enriched in >N caused
by fractionation during metabolic processes or resulted from selective retention of
specific N compounds. Fungi N are important precursors of recalcitrant N in the
soil. Accumulation of the "N-enriched recalcitrant N with soil depth might con-
tribute to the increased N abundance of the soil.

In the throughfall water in the roof control plot, NH4* was strongly N en-
riched relative to NO3- (Table 4.2). The high SN enrichment of NH4* was proba-
bly caused by isotopic fractionation during nitrification, which occurred during the
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collection and re-sprinkling of the throughfall water. In the soil solution in the
roof control plot, the negative 8'"N value of nitrate indicated that nitrate in the
soil solution was derived more from '>N-depleted nitrate deposition than from
15N-enriched ammonium deposition. DON in the soil solution in the two roofed
plots originated from the throughfall water, root exudates, microbial metabolites
and products of litter composition (Smolander et al. 2001) and the positive 55N
value of DON might also result from these sources.

5.1.2 15N recoveries

The Solling site is characterized by equivalent deposition of atmospheric ammo-
nium and nitrate (Table 3.1). In the roof control plot, the two *N-labelled sub-
plots have received the same amount of labelled N applied as 'SNH4NO; or
NH4*NO:; in a period of over 3 years. In the clean rain plot, different amounts of
BNH4NO3 and NH4'SNO3 were separately added in the period of over 3 years
after 10-years of reduction of atmospheric deposition. This experimental design
offered opportunities to trace the fate of atmospheric N, and to provide insights
into the distribution of atmospheric ammonium and nitrate within this Norway
spruce forest ecosystem under both ambient and long-term reduced atmospheric
deposition conditions.

In this 1N tracer study, coarse roots were not sampled. The role of the coarse
roots alone in retaining N input have not been reported so far. However, Melin et
al. (1983) and Buchmann et al. (1996) found that less than 7% of >N were recov-
ered in roots (< 30 mm) of an old Scots pine and less than 4% in roots (< 10 mm)
of a young Norway spruce forest, respectively. Schleppi et al. (1999) reported that
13% of 15N was found together in roots and litter of an old Norway spruce forest.
Higher 3N recoveries (16 to 22%) were found by Gundersen (1998) in roots of an
old Norway spruce forest. In the present spruce forest ecosystem, the high >N
recoveries in the roof control and the clean rain plot indicated that the coarse
roots may play a minor role in retaining N input.

5.1.2.1 Under ambient atmospheric deposition (the roof control ploz)

51.2.1.1 Soil

As in other studies (Buchmann et al. 1996, Koopmans et al. 1996, Nadelhoffer et
al. 1999a, 2004, Gebauer et al. 2000), under ambient atmospheric deposition the
largest proportion of atmospheric N was retained in the soil of the Norway spruce
forest at Solling (Table 4.6). Furthermore, the results showed a very high retention
of atmospheric ammonium and a low retention of atmospheric nitrate in the or-
ganic layer in the roof control plot. Corre and Lamersdorf (2004) verified that
microbes assimilated less NOj3- than NH4* and that the abiotic NOj3- immobiliza-
tion was low in the organic layer of this Norway spruce forest ecosystem under
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ambient atmospheric deposition. As a result, atmospheric nitrate was highly mo-
bile in the roof control plot and transported to deeper soil layers. The consider-
able vertical transport of atmospheric nitrate, as indicated by high >N abundance
of NOs in the soil solution at deeper depths in the >NOs-labelled subplot of the
roof control plot (Fig. 4.6), resulted in a four-time greater retention of atmos-
pheric nitrate than that of atmospheric ammonium in the mineral soil in the roof
control plot (Table 4.6). In comparison with the results of the roof control plot,
similar high retention of atmospheric ammonium (46-63%) but much higher re-
tention of atmospheric nitrate (46-74%) in the organic layer was reported in other
15N studies (Buchmann et al. 1996, Nadelhoffer et al. 1999a, Table 1.1). The dif-
ference in nitrate retention could be attributed to the lower atmospheric N depo-
sition at those study sites (< 12 kg ha! yr!, as compared to > 30 kg ha'! yr! in the
roof control plot). Under lower atmospheric N deposition, the supply of atmos-
pheric ammonium in the organic layer may not meet the N demand of microbes,
which led to increased microbial uptake of atmospheric nitrate. Moreover, the
abiotic nitrate immobilization in the organic layer may increase under lower N
deposition (Corre and Lamersdorf 2004).

51212 Tree

Trees are the second important sink for atmospheric N under ambient atmos-
pheric deposition. In the roof control plot, more than 30% of atmospheric N was
found in the trees. A similar result was reported by Koopmans et al. (1996) in a
N-saturated Douglas fir forest at Speuld in the Netherlands, in which 29% of
atmospheric ammonium was recovered in trees. Buchmann et al. (1996) and
Nadelhoffer et al. (1999a) found, however, an noticeably lower proportion
(= 10%) of atmospheric ammonium and nitrate in the Norway spruce forest in
Fichtelgebirge and in a red pine forest at Harvard Forest, respectively. The differ-
ent recovery in trees was mainly due to the difference in atmospheric N deposi-
tion among these study sites. At sites with low atmospheric N deposition (Buch-
mann et al. 1996, Nadelhoffer et al. 1999a), trees seemed to be less competitive
than microbes, whereas the availability of atmospheric N for trees appeared to
increase at sites with high atmospheric N deposition (Koopmans et al. 1996, the
present study). The relationship between the N application rate and N consuming
processes (the proportion of applied N) was demonstrated by Nommik (1990) in
a Scott pine forest: N uptake by trees and loss by leaching and/or denitrification
increased with elevated N application while N immobilization in soil decreased.
Among the tree compartments, the largest proportion of the assimilated at-
mospheric N was retained in the needles under ambient atmospheric deposition.
The 5N recovery in the needles showed a decreasing trend with increasing needle
ages in the roof control plot, which may be mainly due to the needle biomass
difference between the different age classes (Table 4.3). The N signal in the nee-
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dles that grew before >N addition (Fig. 4.1) indicated a retranslocation of the
newly assimilated atmospheric N into the older needles.

The woody tissues (twigs, branches and boles) are the second largest sink in
the trees for atmospheric N under ambient atmospheric deposition. Like the nee-
dles, atmospheric N was not only assimilated to the new woody tissues, but also
retranslocated to the old ones. The retranslocation of SN among tree rings was
also reported by Hart and Classen (2003) in ponderosa pine trees, in which the
815N wvalue reached the maximum in the ring formed one year after >N addition
and decreased bidirectionally toward younger and older tree rings. Although the
bark and wood of the twigs and branches showed similar 85N excess value as the
corresponding needles in the roof control plot, they accounted only for a small
proportion of atmospheric N as the smallest N pool in the trees. In contrast to
the needles, the bole bark and bole wood were a larger N pool but retained a
smaller proportion of atmospheric N in the roof control plot, indicating that the
assimilated atmospheric N was preferentially transported to the needles.

Under ambient atmospheric deposition, the live fine roots accounted for a
large proportion of atmospheric N. Compared with the live fine roots in the up-
per mineral soil, a higher recovery of atmospheric ammonium was found in those
in the organic layer (p = 0.00) in the roof control plot due to the higher 315N ex-
cess (p = 0.06) combined with significantly higher biomass. Because of energetic
advantage in utilizing ammonium (Gutschick 1981), the recovery of atmospheric
ammonium in the live fine roots in the organic layer tended to be higher than that
of atmospheric nitrate in the roof control plot. The difference was not statistically
significant, probably due to the high spatial variability caused by the small sample
size (n =< 4). From another root sampling applied in the same subplots and the
same year (2004) but with larger sample size (n = 5), significant higher recovery of
atmospheric ammonium (3.0%) than nitrate (1.4%) in the live and dead fine roots
in the organic layer was found in the roof control plot. In the deeper soil, atmos-
pheric nitrate was the major available N source for the fine roots under ambient
atmospheric deposition, indicated by the higher 55N excess of the live fine roots
after ’NOj5 addition than after ’NH4* addition in the roof control plot (Fig. 4.4).
Consequently, the higher recovery of atmospheric nitrate than ammonium was
found in the live fine roots in the deeper soil in the roof control plot (p = 0.06).
Although the recovery of atmospheric ammonium and nitrate in the live fine
roots differed with soil depth, the total recovery of the two N species in the live
fine roots was equal in the roof control plot.

5.1.2.1.3 Leaching

Consisting with the higher retention efficiency of the soil for atmospheric ammo-
nium under ambient atmospheric deposition, a larger proportion of atmospheric
nitrate than ammonium was exported as nitrate below root zone. The sink
strength of nitrate leaching has been reported from several studies (Koopmans et
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al. 1996, Gundersen 1998, Tietema et al. 1998, Nadelhoffer et al. 1999b, Schleppi
et al. 1999, Table 1.1). In accordance with the result in the roof control plot in
which nitrate leaching comprised 3% of atmospheric ammonium, Nadelhoffer et
al. (1999b) reported that 5% of "N-ammonium leached as nitrate during 2 years
of 15N addition to the forest at West Bear Brook Watershed in Maine, USA. In the
N-saturated Douglas fir forest at Speuld in the Netherlands, however, Koopmans
et al. (1996) found a much larger proportion (32%) of atmospheric ammonium in
the nitrate leachate. The higher nitrate leaching at Speuld was caused by lower
C/N ratio of organic layer (21, as compared to 25 in the roof control plot) com-
bined with higher N deposition (44 kg ha! yr!). The lower C/N ratio indicates
more active nitrification as well as lower retention capacity of the soil for depos-
ited and internally generated nitrate (Emmett et al. 1998b).

DON leaching is a negligible sink for atmospheric N under ambient atmos-
pheric deposition. This result is consistent with the finding by Perakis and Hedin
(2001) that < 2% of »N-ammonium and '>N-nitrate were respectively recovered
in extractable NH4* and DON pools in an old mixed-angiosperm forest in Chile.
Because inorganic N in the throughfall water was transformed to organic N by the
assimilation of tree and microbe, the negligible >N recovery in DON leachate in
the roof control plot suggested that almost all of the assimilated inorganic N was
cither recycled within the spruce forest ecosystem or exported as nitrate leachate
under ambient atmospheric deposition.

5.1.2.2 Under long-term reduced atmospheric deposition (the clean rain plot)

5.1.2.2.1 Soil

Similar to under ambient atmospheric deposition, under long-term reduced at-
mospheric deposition, soil was the largest sink for atmospheric N (Table 4.14). In
the clean rain plot, the recovery of atmospheric ammonium in the total soil profile
was not different from that of atmospheric nitrate. However, the organic layer
seemed to account for a larger proportion of atmospheric ammonium than at-
mospheric nitrate, although the difference was not significant. Conversely, the
recovery of atmospheric ammonium in the mineral soil was only 0.7% and much
lower than that of atmospheric nitrate (30.7%). This suggested that almost all
atmospheric ammonium in the soil was retained in the organic layer, while a large
proportion of atmospheric nitrate was still transported to the deeper soil under
long-term reduced atmospheric deposition. Buchmann et al. (1996) reported simi-
lar recovery of "NH4* and ®*NOs in the soil of the Norway spruce forest in the
Fichtelgebirge with a similar atmospheric N deposition rate (12 kg ha! yr!), with
the exception that a higher recovery of "NHy4* (24%) was found in the mineral
soil.

The retention of atmospheric N in the soil was influenced by long-term re-
duced atmospheric deposition (Table 4.14, Fig. 5.1). Although the organic layer
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and the mineral soil together retained the same proportion of atmospheric ammo-
nium in the clean rain plot as in the roof control plot, the distribution of the re-
covered atmospheric ammonium in soil layers was different between the two
roofed plots. The recovery of atmospheric ammonium in the organic layer had a
slight increase in the clean rain plot, resulting in a lower recovery of atmospheric
ammonium in the mineral soil in the clean rain plot than in the roof control plot.
Long-term reduced atmospheric deposition had a greater influence on the reten-
tion of atmospheric nitrate in the soil. The recovery of atmospheric nitrate in the
soil amounted to 42% in the roof control plot and increased significantly to 68%
in the clean rain plot, driven by an obvious increase of the recovery in the organic
layer from 8% in the roof control plot to 37% in the clean rain plot. The mineral
soil accounted for about one third of atmospheric nitrate, and the recovery was
not different between the clean rain and the roof control plot. It indicated that the
mineral soil was an important and a relatively stable sink for atmospheric nitrate.
Therefore, in such forest ecosystem, the organic layer was the key compartment
for indicating and controlling the change in retention efficiency of the soil for
atmospheric nitrate under changed atmospheric deposition.
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Fig. 5.1. Percent recovery of a) "NH4*; b) ’NOs in the spruce forest ecosystem com-
partments in the clean rain and the roof control plot.

Compared to the roof control plot, the lower recovery of atmospheric ammonium
in the mineral soil and the obviously higher recovery of atmospheric nitrate in the
organic layer in the clean rain plot could be explained by the N transformation
processes reported by Corre and Lamersdorf (2004) in the same Norway spruce
forest. They found that microbial immobilization of ammonium was enhanced
and abiotic nitrate immobilization increased in the organic layer in the clean rain
plot. Moreover, gross nitrification was undetectable in the clean rain plot. The
enhanced microbial immobilization of ammonium in the organic layer in the clean
rain plot enabled atmospheric ammonium to have less opportunity to leach to the
deeper soil. The undetectable gross nitrification suggested that nitrate in the soil
originated from atmospheric nitrate. Consequently, the increased abiotic nitrate
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immobilization in the organic layer in the clean rain plot led to a higher propozr-
tion of atmospheric nitrate retained in this layer.

The retention efficiency of the soil for N input under changed N input condi-
tions was reported in other >N tracer studies and yielded different results. In
agreement with this present study, Koopmans et al. (1996) found a higher recov-
ery of ’NH4" in the organic layer under reduced atmospheric N deposition in the
Douglas fir forest at Speuld in the Netherlands. Tietema et al. (1998) and Gunder-
sen (1998) reported higher recoveries of N (3NH45NO; or "NOy3) in the or-
ganic layer and constant recoveries of 15N in the mineral soil under lower N inputs
in two European spruce forests. Perakis et al. (2005) found a relative constant
recovery of "NH4""NOj in a temperate forest soil in Chile under N fertilization of
up to 160 kg ha' yrl. Nevertheless, Nadelhoffer et al. (1999a) reported a higher
recovery of "'NOj in the mineral soil in a fertilized plot than in a control plot in
the red pine forest at Harvard Forest. They attributed the higher recovery of
15NOs5 in the mineral soil to a possibly lower proportion of "’NOj3 immobilized by
microbes in the organic layer in the fertilized plot. In addition, Nadelhoffer et al.
(19992) found the differences in the recovery of "NH4* vs. ’'NOs in the control
and the fertilized plot. In the control plot, a lower recovery of SNHy* than ’NOj-
was shown in the organic layer, whereas the recoveries of the two >N tracers were
not different in the mineral soil. In the fertilized plot, a higher recovery of "NH4*
than 'SNOs was observed in the organic layer, whereas the opposite pattern was
found in the mineral soil. The present study showed, however, consistent trends
in the recovery of BNH4* vs. ’NOj- in the clean rain and the roof control plot,
i.e. higher recovery of "NH4* than "NOs- in the organic layer and lower recovery
of ®’NH4* than NOj in the mineral soil. This indicated that the retention effi-
ciency of the organic layer for ammonium and nitrate input may be different be-
tween the red pine forest and the Norway spruce forest under changed N input
conditions. In the red pine forest at Harvard Forest, the retention efficiency of the
organic layer for nitrate input was higher than that for ammonium input in the
control plot, while this retention capacity for nitrate input may reach saturation in
the fertilized plot (Nadelhoffer et al. 1999a, 2004). In the Norway spruce forest at
Solling (the present study), the organic layer had a higher retention efficiency for
atmospheric ammonium than for atmospheric nitrate in both the clean rain and
the roof control plot, leading to greater transport of atmospheric nitrate than am-
monium to the mineral soil in the two plots.
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5.1.2.2.2 'Tree

Under long-term reduced atmospheric deposition, trees were the second impoz-
tant sink for atmospheric N, accounting for more than 32% of the added '>N. The
distribution of atmospheric N in tree compartments under long-term reduced
atmospheric deposition showed similar patterns as that under ambient atmos-
pheric deposition. Among the tree compartments, needles retained the largest
proportion of atmospheric N in the clean rain plot, followed by the woody tissues
and the live fine roots. The assimilated atmospheric N in above ground tree tis-
sues was not only used to produce new tissues but also retranslocated to older
tissues. In the live fine roots in the 10-40 cm mineral soil layer, the recovery of
atmospheric nitrate was slightly higher than that of atmospheric ammonium in the
clean rain plot. This retention pattern was consistent with that found in the soil,
where a cleatly higher recovery of atmospheric nitrate than ammonium was found
in the mineral soil in the clean rain plot. The similar retention pattern in the live
fine roots and the soil demonstrated the high mobility of atmospheric nitrate to
the deeper soil under long-term reduced atmospheric deposition. In general, the
retention efficiency of the trees for atmospheric ammonium did not differ from
that for atmospheric nitrate under long-term reduced atmospheric deposition.

The retention efficiency of the trees for atmospheric N was not significantly
affected by long-term reduced atmospheric deposition, with the exception that the
retention efficiency of the live fine roots in different soil layers showed small dif-
ferences. The recovery of atmospheric ammonium in the live fine roots in the 10-
40 cm mineral soil layer tended to be lower in the clean rain plot than in the roof
control plot, whereas the recovery of atmospheric nitrate in the live fine roots in
the organic layer tended to be higher in the clean rain plot than in the roof control
plot. These retention patterns in the live fine roots were consistent with those in
the soil, and may reflect the leaching loss of atmospheric N under long-term re-
duced atmospheric deposition. Compared to the roof control plot, the lower re-
covery of atmospheric ammonium in the deeper soil and in the live fine roots in
deeper soil layer in the clean rain plot indicated a lower proportion of atmospheric
ammonium was transported to deeper soil depths and may leach out under long-
term reduced atmospheric deposition. The recovery of atmospheric nitrate in the
mineral soil was constant, and that in the live fine roots in the mineral soil was not
different between the clean rain and the roof control plot. The higher recovery of
atmospheric nitrate in the organic layer and in the live fine roots in this layer in
the clean rain plot could enable a lower proportion of atmospheric nitrate to leach
out under long-term reduced atmospheric deposition.

The same retention efficiency of the trees for atmospheric N under long-term
reduced atmospheric deposition as under ambient atmospheric deposition, may be
attributed to enhanced microbial immobilization of ammonium as well as faster
turnover of ammonium and microbial N pools in the clean rain plot (Corre and
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Lamersdorf 2004). >N recovery in a pool is a function of initial uptake, residence
time, subsequent inputs from and losses to other ecosystem pools (Nadelhoffer et
al. 2004). The enhanced microbial immobilization of ammonium and faster turn-
over of ammonium and microbial N pools could enable more atmospheric N to
be transferred from microbial pool to the trees in a shorter time. As a result, the
retention efficiency of the trees for atmospheric N may remain constant under
long-term reduced atmosphetic deposition.

Compared to the present study, in which the recovery of 5N in the trees was
not significantly influenced by long-term reduced atmospheric deposition, a simi-
lar result was also reported by Koopmans et al. (1996) in the Douglas fir forest at
Speuld. They demonstrated that the recovery of "NH4* in trees did not change
significantly under reduced atmospheric N deposition. Gundersen (1998), Tietema
et al. (1998) and Nadelhoffer et al. (1999a) found different results in N fertiliza-
tion experiments. Higher recoveries of 1°N tracers in trees with increased N inputs
were found in a Norway spruce forest at Klosterhede (Gundersen 1998) and in
the red pine forest at Harvard Forest in Massachusetts (Nadelhoffer et al. 1999),
while a lower recovery of "NOs with increased N input was reported in Sitka
spruce trees at Aber (Tietema et al. 1998). The different results in the N fertiliza-
tion experiments could be explained by different N inputs to the forests. In these
N fertilization experiments, N input to the forests in Massachusetts and at Klos-
terhede increased from 8 to 58 kg ha! yr! and from 20 to 55 kg ha! yr, respec-
tively, while N input to the forest at Aber increased from 50 to 90 kg ha! yr!. The
lower initial N input and N fertilization rate in Massachusetts and at Klosterhede
enabled the trees to further assimilate available N. At Aber, the high initial N in-
put may have already far exceeded the demand of the trees, as indicated by a large
proportion of N input in leachate (35%, see Table 1.1). Therefore, the trees at
Aber retained a smaller proportion of N input after N fertilization with a higher
fertilization rate. Simultaneously, a larger proportion of N input (50%) was
leached out.

In the present study, the recovery of atmospheric ammonium in the trees was
not different from that of atmospheric nitrate under ambient and long-term re-
duced atmospheric deposition. Perakis and Hedin (2001) reported similar recovery
of BNH4" and NOs in fine roots in a mixed-angiosperm forest in Chile. How-
ever, higher recoveries of SNOs than "NH4* in trees were found in two Euro-
pean Norway spruce forests (Buchmann et al. 1996, Providoli et al. 2005) and in
the red pine forest at Harvard Forest in USA (Nadelhoffer et al. 1999a). Nadel-
hoffer et al. (1999a) attributed the higher recovery of ®"NOs than 'SNH4* in the
trees to tree species preference for nitrate, to greater competition between tree
roots and soil microbes for ammonium or to more rapid movement of nitrate to
root surfaces.
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5.1.2.2.3 Leaching

Leaching loss accounted for a small proportion of atmospheric N under long-
term reduced atmospheric deposition. Due to high retention of atmospheric am-
monium and nitrate in the forest ecosystem, no atmospheric ammonium was de-
tected in the nitrate leachate, and only 2% of atmospheric nitrate was exported as
nitrate leachate below root zone in the clean rain plot. At a similar atmospheric N
deposition rate (12 kg N ha' yr'), low recoveries of "NH4* and "NOys in the
nitrate leachate (0.2% and 2.3%, respectively) were also found in the Norway
spruce forest in Switzerland (Providoli et al. 2005).

Long-term reduced atmospheric deposition decreased the leaching loss of at-
mospheric N as nitrate. Although almost all atmospheric ammonium was retained
in the forest ecosystem in the roof control plot, the retention efficiency of the
forest ecosystem still increased slightly in the clean rain plot. As a result, no at-
mospheric ammonium was exported as nitrate leachate in the clean rain plot. The
leaching loss of atmospheric nitrate decreased drastically under long-term reduced
atmospheric deposition from 19.2% in the roof control plot to 2.0% in the clean
rain plot. Since trees and the mineral soil were stable sinks for atmospheric nitrate,
the drastic decrease in leaching loss of atmospheric nitrate was driven by a
strongly increased retention efficiency of the organic layer. The retention effi-
ciency of the organic layer controlled, thus, the leaching loss of atmospheric ni-
trate. The influence of changed N inputs on the recovery of N in the nitrate
leachate was reported in several studies. In the Douglas fir forest at Speuld, the
recovery of "NH4" in nitrate leachate decreased drastically from 32% to 2% under
reduced atmospheric N deposition (Koopmans et al. 1996). Gundersen (1998) and
Tietema et al. (1998) found increased recoveries of N in nitrate leachate with
increased N inputs in two European spruce forests, respectively.

The recovery of atmospheric N in the DON leachate was very low in the
clean rain plot. As gross nitrification was not detected in the clean rain plot (Corre
and Lamersdorf 2004), the low recovery of atmospheric N in the DON leachate
suggested that almost all assimilated atmospheric N was recycled within the forest
ecosystem under long-term reduced nitrogen deposition. The low recovery of
atmospheric N in the DON leachate was independent of the amounts and forms
of atmospheric N deposition, indicating that export of atmospheric ammonium
and nitrate as DON leachate was small and relative stable.
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5.2 Density fractionation experiment

5.2.1 Preparation of density solution

It was time-consuming to prepare the SPT (sodium polytungstate) solutions for
the density fractionation experiments, as the volume of SPT solution varied with
the amount of added SPT. In the small preliminary experiment, the volume
change of SPT solution was found to be linearly correlated with the amount of
added SPT (Fig. 4.7). Based on the linear correlation, the amount of SPT and the
volume of water needed for an expected volume of SPT solution with an expected
density could be calculated (equation 3.6, 3.7). The calculated amount of SPT and
the volume of water were tested during the density fractionation experiment. It
was found that the density of SPT solution was slightly lower and the volume of
the solution slightly higher than that expected, respectively, after the addition of
the calculated amount of SPT and volume of water (data not shown). The density
of SPT solution did not need to be further adjusted, when only the calculated
amount of SPT was used and water was added to the level marked in the con-
tainer. It suggested that the constant £ may not be exact enough, due to the inac-
curate estimate of volume of the solution in the measuring cylinder. In spite of
this shortcoming, the constant 4 and the related equations gave directions, and
greatly reduced the time needed to prepare the SPT solution. Therefore, the con-
stant £ and the related equations, especially equation 3.6, could be considered as
useful tools in preparing an expected volume of SPT solution with an expected
density.

5.2.2 Comparison of two aggregate-disrupting methods

Sonification seemed to provide more energy to disrupt aggregates than 16-h shak-
ing with glass beads. Compared to 16-h shaking, sonification destroyed the asso-
ciation between organic matter and mineral particles to a greater extent. As a con-
sequence, more organic matter with less mineral particles was released from the
aggregates and accumulated in the lighter Ocl. I fraction (Table 4.15). As the min-
eral particles had a low C and N concentration, less mineral particles in the Ocl. 1
fraction after sonification resulted in the slightly higher C and N concentration of
this fraction. The higher yield of the Ocl. I fraction combined with the slightly
higher C and N concentration led to a larger contribution of the Ocl. I fraction to
soil OC and total soil N after sonification than after shaking. SOM in the heavier
Ocl. III fraction had a close association with mineral particles (Golchin et al.
1994b). Properties of this fraction were, thus, not significantly influenced by the
two different aggregate-disrupting methods, except that the C/N ratio was lower
after sonification than after shaking. Different trends were showed in the proper-
ties of the Ocl. II fraction with a medium density after using the two aggregate-



70 Discussion

disrupting methods in different soil layers. The Ocl. II fraction from the organic
layer had higher C and N concentration after sonification than after shaking, while
that from the 0-5 cm mineral soil layer had significantly lower C concentration
after sonification than after shaking. A higher C concentration may result from a
lower mineral content and/or a more advanced degree of SOM decomposition
(Golchin et al. 1994a). The different aggregate-disrupting methods were unlikely
to cause the difference in degree of SOM decomposition. The different C and N
concentration of the Ocl. II fraction after using the two aggregate-disrupting
methods in the measured soil layers, indicated a different mineral content in this
fraction. The mineral content in the Ocl. II fraction from the organic layer was
lower after sonification than after shaking. Conversely, the mineral content in the
Ocl. II fraction from the 0-5 cm mineral soil layer was higher after sonification
than after shaking. The DF with the highest density accumulated the mineral par-
ticles, which remained after the release of SOM (Golchin et al. 1994b). In the
organic layer, fewer mineral particles were associated with organic matter in the
occluded fractions after sonification. More mineral particles were, therefore, re-
tained and accumulated in the DF after sonification. The DF had a higher mineral
content, resulting in a significantly lower C and N concentration after sonification
than after shaking. The significantly lower C concentration of the DF after sonifi-
cation was the main cause of a significantly smaller contribution of this fraction to
soil OC. The C/N ratio of the DF from the organic layer was obviously lower
after sonification than after shaking, attributing probably to the higher mineral
content in this fraction after sonification. Microbial biomass and products, which
had a low C/N ratio, were absorbed to the surfaces of the mineral particles during
the decomposition of SOM (Golchin et al. 1994b). The higher mineral content
with associated microbial biomass and products in the DF could lead to the lower
C/N ratio. In the organic layer and the 0-5 cm mineral soil layer, soil OC and N
were not completely recovered in the separated density fractions after using the
two aggregate-disrupting methods. This phenomenon was common in density
fractionation experiments, and may be explained by the loss of soluble OC and N
with the SPT solution during the density fractionation procedure (Compton and
Boone 2002, Rovira and Vallejo 2003).

In both the organic layer and the 0-5 cm mineral soil layer, natural >N abun-
dance increased from the FL fraction to the occluded fractions after using the two
aggregate-disrupting methods, indicating an increased degree of decomposition.
After using the two aggregate-disrupting methods, the natural >N abundances of
the occluded fractions and the DF from the different soil layers showed different
trends. The 8N values of the occluded fractions and the DF from the organic
layer were obviously higher after sonification than after shaking, while the §>N
values of these fractions from the 0-5 cm mineral soil layer were not significantly
different after using the two methods, It was not clear why the stronger isotopic
fractionation against 5N after sonification than after shaking occurred in the frac-
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tions from the organic layer, but not in those from the 0-5 cm mineral soil layer.
The higher 6N values of the occluded fractions and the DF from the organic
layer combined with incomplete recovery of soil N, might indicate that more “N
was lost with the SPT solution after sonification than after shaking. The preferen-
tial loss of 1N with the SPT solution during density fractionation was evidenced
by Crow et al. (2007) in a conifer forest soil.

Generally, properties of soil density fractions showed only few significant dif-
ferences after using the two different aggregate-disrupting methods. It demon-
strated that sonification and 16-h shaking may have no significant difference in
aggregate-disruption.

5.2.3 Distribution of OC and N in soil density fractions

The organic layer consisted mostly of undecomposed litter. The FL fraction had,
therefore, a predominant contribution to the soil dry weight, soil OC and total soil
N (Table 4.17). The occluded fractions and the DF played only a small role. The
C/N ratio of the occluded fractions was lower than that of the FL fraction, indi-
cating an increased degree of decomposition. The C/N ratio was lowest in the
DF, due to microbial biomass and products adsorbed on the mineral surface
(Golchin et al. 1994b). These results were in accordance with those reported by
Rovira and Vallejo (2003). They found 89% of OC and 85% of N in the FL frac-
tion from the Op layer, respectively; the C/N ratio was highest in the FL fraction
and lowest in the DF.

Compared to the roof control plot, the occluded fractions from the organic
layer showed a smaller contribution to the soil dry weight, soil OC and total soil N
in the clean rain plot. It suggested that relative less SOM was accumulated in the
occluded fractions in the clean rain plot than in the roof control plot. The organic
matter in the occluded fractions has higher stability than that in the FL fraction,
attributing to the higher recalcitrance and spatial inaccessibility caused by the oc-
clusion (von Liitzow et al. 2007). The accumulation of relative less SOM in the
occluded fractions from the organic layer in the clean rain plot indicated that
SOM in the organic layer had a lower stability in the clean rain plot. As the oc-
clude fractions from the organic layer made only a small contribution to SOM, the
difference in the stability of SOM between the clean rain and the roof control plot
may not be great. This was consistent with slightly increased gross N mineraliza-
tion in the organic layer in the clean rain plot compared to the roof control plot
(Corre and Lamersdorf 2004). Swanston et al. (2004) concluded that long-term
clevated N could increase SOM stability. They attributed the increased SOM sta-
bility in the organic layer to increased recalcitrance of the SOM, but did not pre-
clude the effect of elevated N on specific microbial species, functional species
groups ot enzymes.



72 Discussion

Krosshavn et al. (1992) reported that the C content of organic matter in-
creased with increasing decomposition in spruce forest soil. In the present study,
although decomposition of organic matter was stronger in the clean rain plot, C
concentrations of the occluded fractions from the organic layer were significantly
lower in the clean rain plot than in the roof control. One possible explanation was
an underestimation of the C concentration caused by the formation of CaPT.
Rovira and Vallejo (2003) noted that CaPT could increase the weight of a fraction,
resulting in a decreased C concentration, especially for the occluded fractions with
small amounts. In the present study site, the Ca content in the organic layer was
higher in the clean rain plot (2.7 g kg'!) than in the roof control plot (2.4 g kg,
Heinrichs et al. 1986, see also Corre and Lamersdorf 2004). More CaPT may form
in the clean rain plot, as evidenced by the high recovery of soil dry weight which
was more than 100%. Combined with the smaller amount of the occluded frac-
tions, C concentrations of these fractions may be underestimated in the clean rain
plot. Similarly, N concentrations of the occluded fractions might be also underes-
timated in the clean rain plot. The C and N concentration of total soil decreased
with increasing soil depth (Table 4.4). In the roof control plot, C and N concen-
trations of the density fractions followed the same pattern as the total soil. How-
ever, C and N concentrations of the occluded fractions from the organic layer
were lower than those from the 0-5 cm mineral soil layer in the clean rain plot.
This supported the idea that C and N concentrations of the occluded fractions
from the organic layer were probably underestimated in the clean rain plot.

In the mineral soil layers, the DF played the most important role. The DF
made the largest contribution to soil dry weight, soil OC and total soil N (Table
4.18, Table 4.19). Its contribution to soil OC, especially to total soil N, became
predominant in the 5-10 cm mineral soil layer. The increased contribution of the
DF to soil OC with soil depth, especially to total soil N, was also found in medi-
terranean forest soils (Rovira and Vallejo 2003). The distribution of soil OC and
total soil N in the density fractions from the mineral soil layers in the present
study was comparable to that reported in other studies, in which the same density
fractionation procedure was applied. Golchin et al. (1994a, b) demonstrated simi-
lar results from five virgin soils. Rovira and Vallejo (2003) and John et al. (2005)
(see also Helfrich et al. 20006) showed, however, a higher contribution of the FL
fraction to soil OC and total soil N. They found that the FL fraction from A hori-
zon accounted for 58% of soil OC and 50% of total soil N in the mediterranean
forest soils, and 34% of soil OC and 28% of total soil N in a Norway spruce for-
est soil, respectively.

Like the occluded fractions from the organic layer, those from the mineral soil
layers made generally a smaller contribution to soil dry weight, soil OC and total
soil N in the clean rain plot than in the roof control plot, indicating lower accu-
mulation and stability of SOM in the clean rain plot. Swanston et al. (2004) re-
ported two different stabilization mechanisms of SOM for light fractions (LF,
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d < 1.65g cm3) and heavy fractions (HF) stimulated by elevated N. In the LF,
elevated N may cause greater incorporation of N to the Klason lignin fraction,
leading to increasing recalcitrance of SOM. In the HF, elevated N may inhibit the
mechanisms of the degradation of complex molecules. Besides the two stabiliza-
tion mechanisms, another possible mechanism was the interaction of SOM with
Al In the present study site, the Al concentration in the soil solution in upper
mineral soil depth was lower in the clean rain plot than in the roof control plot
(Bredemeier et al. 1998b, Lamersdorf and Borken 2004). The interaction between
SOM and Al was probably lower in the clean rain plot than in the roof control
plot, resulting in lower stability of SOM in the clean rain plot.

In the upper mineral soil, the higher C and N concentrations of the occlude
fractions in the clean rain plot than in the roof control plot may result from more
advanced decomposition and lower mineral content in the clean rain plot. The FL.
fraction consisted mainly of relative fresh and undecomposed plant debris (Gol-
chin et al. 1994a, Helfrich et al. 2000). The lower C and N concentration of the
FL fraction from the mineral soil layer in the clean rain plot suggested that this
fraction may have a higher mineral content in the clean rain plot than in the roof
control plot.

5.2.4 Recovery of soil ’N

Recovery of soil N in the density fractionation experiment reflected the distribu-
tion of atmospheric N retained in the soil in different density fractions. Since
density fractions differ from each other in stability, the incorporation of atmos-
pheric N in different density fractions may demonstrate the stability of atmos-
pheric N retained in the soil. In most cases, the total recoveries of soil 5N in the
density fractions ranged from 64% to 94%. The incomplete recovery of soil 15N in
the density fractions may be due to loss of soil "N through the incorporation in
dissolved organic matter and subsequent loss with the SPT solution (Compton
and Boone 2002).

In the clean rain and the roof control plot, the FL fraction was a predominant
sink for atmospheric N retained in the organic layer, while the occluded fractions
and the DF accounted for less than 10% of atmospheric N in this layer (Table
4.20, Fig. 5.2). As the FL fraction represents an active pool with low stability, and
the occluded factions and the DF contribute intermediate and passive pools with
high stability (von Liitzow et al. 2007), high recovery of atmospheric N in the FL.
fraction and low recovery in the occluded fractions and the DF from the organic
layer indicated that atmospheric N retained in the organic layer may be mainly
active and have a low stability. The stability of atmospheric N in the organic layer
was little different between atmospheric N forms as well as between the two
roofed plots. In the clean rain and the roof control plot, smaller proportions of
atmospheric ammonium than nitrate in the organic layer were incorporated into
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the occluded fractions and the DF, suggesting possibly lower stability of atmos-
pheric ammonium in the organic layer in the two plots. Compared to the roof
control plot, smaller proportions of atmospheric N in the organic layer were re-
covered in the occluded fractions in the clean rain plot, indicating that the stability
of atmospheric N in the organic layer may be lower in the clean rain plot.
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Fig. 5.2. Percent recovery of soil ’N in density fractions from a) the organic layer; b) the
0-5 cm mineral soil layer; ¢) the 5-10 cm mineral soil layer in the clean rain and the roof
control plot after P’NH4* and 1"NOj-addition.

Compared to the organic layer, the FL fraction was a much smaller sink for at-
mospheric N retained in the mineral soil layers, whereas the occluded fractions
and the DF were larger sinks. The DF had the highest stability and accounted for
larger proportions of atmospheric N in the 5-10 cm mineral layer than in the 0-5
cm mineral soil layer. This suggested that the stability of atmospheric N in the soil
may increase with soil depth. Atmospheric N forms and long-term reduced at-
mospheric N deposition seemed to have greater influences on the stability of at-
mospheric N in the 0-5 cm mineral soil layer than that in the organic layer. In the
roof control plot, the tendency to a lower recovery of atmospheric ammonium
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than nitrate in the FL fraction combined with higher recoveries of atmospheric
ammonium than nitrate in the occluded fractions and the DF from the 0-5 cm
mineral soil layer demonstrated that atmospheric ammonium was probably more
stable than atmospheric nitrate in this layer. However, it should be noted that the
total recovery of atmospheric ammonium (94%) was higher than that of atmos-
pheric nitrate (64%) in the density fractions from the 0-5 cm mineral soil layer.
Therefore, the stability of atmospheric ammonium might be less different from
that of atmospheric nitrate in the 0-5 cm mineral soil layer. Long-term reduced
atmospheric deposition tended to increase the stability of atmospheric nitrate in
the 0-5 cm mineral soil layer, as indicated by the trend to a higher recovery of
atmospheric nitrate in the DF in the clean rain plot than in the roof control plot.
In the deeper mineral soil layer (5-10 cm), the stability of atmospheric N was in-
fluenced neither by atmospheric N forms nor by long-term reduced atmospheric
deposition.

The results from the mineral soil layers in the present study were different
from those reported by Compton and Boone (2002). They found that the LF
(corresponding to the FL in the present study) accounted for a higher proportion
of "NH4* and ®NOj; (17-39%) than the HF (corresponding to the occluded frac-
tions and the DF in the present study, < 5%) after 18h incubation in 0-15 cm
mineral soil layer, and concluded that the LF was a strong short-term sink for N.
In the present study, in which NH4" and 'NOj had been added for over
3 years, the recoveries of soil N in the FL fraction from the mineral soil layers
were less than or approximately equal to those in the occluded fractions and the
DF. It suggested that the roles of the density fractions in incorporation of added
N may vary with time.

Atmospheric N was incorporated into the soil through biotic (microbial) and
abiotic immobilization (Johnson 1992, Aber et al. 1998, Berntson and Aber 2000).
Mechanisms for abiotic ammonium immobilization include condensation reaction
with phenolic compound and fixation on clay minerals (Nommik and Vahtras
1982, Davidson et al. 1991, Johnson et al. 2000). Abiotic nitrate immobilization is
thought to occur via the reaction of NOy with soil organic matter (Smith and
Chalk 1980, Azhar et al. 1986, Thorn and Mikita 2000). These mechanisms could
not be clearly distinguished. In the organic layer, low recovery of atmospheric N
in the occluded fractions and the DF indicated that microbial and abiotic N im-
mobilization occurred mainly in the undecomposed plant debris. The organic
matter in the DF was mainly of microbial origin (Golchin et al. 1994b, 1995).
Although the proportion of microbial biomass in the FL fraction and the oc-
cluded fractions were unknown, high recovery of atmospheric nitrate in the DF
from the mineral soil layers suggested that microbial immobilization may play an
important role in incorporation of atmospheric nitrate in mineral soil.
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In the present study, "NHs* and '"NOj had been added to a typical central
European Norway spruce forest for over 3 years after a 10-year reduction of at-
mospheric deposition. The distribution of >N in different spruce forest ecosystem
compartments was followed under ambient and long-term reduced atmospheric
deposition. In addition, the distributions of soil >N in different density fractions
were compared under the two atmospheric deposition conditions. The results
reflected the influence of long-term reduced atmospheric deposition on the parti-
tioning of atmospheric N within the spruce forest ecosystem as well as on the
partitioning of atmospheric N in SOM pools.

Influence of long-term reduced atmospheric deposition on the partitioning of atmospheric N within
the spruce forest ecosystem

The soil was the largest sink for atmospheric N under ambient and long-term
reduced atmospheric deposition. Trees had a high contribution to the retention of
atmospheric N and the retention efficiency of the trees was independent of the
amount and inorganic N forms of atmospheric N deposition. Long-term reduced
atmospheric deposition influenced mainly the partitioning of atmospheric nitrate.
The mineral soil was an important and a constant sink for atmospheric nitrate,
while the retention efficiency of the organic layer controlled the leaching loss of
atmospheric nitrate. Under ambient atmospheric deposition, the partitioning of
atmospheric ammonium and nitrate differed from each other in the soil and the
nitrate leachate. A higher proportion of atmospheric ammonium than nitrate was
retained in the soil and conversely a lower proportion of atmospheric ammonium
than nitrate losses by the nitrate leachate. Long-term reduced atmospheric deposi-
tion lessened the differences in the partitioning of atmospheric ammonium and
nitrate. The similarity in the partitioning of atmospheric N between the present
study, in which "NH4* and '>NOs had been separately applied for over 3 years
after a 10-year reduction of atmospheric deposition, and the study at Speuld, in
which "NH4* had been added for one year after a 3-year reduction of atmos-
pheric ammonium deposition, may conclude that the short-term and long-term
response of forest ecosystems to the reduced atmospheric N deposition does not
seem to differ greatly.

Influence of long-term reduced atmospheric deposition on the partitioning of atmospheric N in
SOM pools

SOM pools played different roles in incorporation of atmospheric N retained in
different soil layers. Atmospheric N retained in the organic layer was incorporated
predominantly into the less stable SOM pool (FL fraction). The contribution of
the stable SOM pool (DF) to incorporation of atmospheric N in the soil increased
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with soil depth. The stability of atmospheric N in the soil increased, thus, with soil
depth. N forms and long-term reduced atmospheric deposition influenced mainly
the stability of atmospheric N in the most upper mineral soil layer (0-5 cm). Un-
der ambient atmospheric deposition, atmospheric ammonium in the 0-5 cm min-
eral soil layer may be more stable than atmospheric nitrate. Long-term reduced
atmospheric deposition increased the stability of atmospheric nitrate in the 0-5 cm
mineral soil layer.



7 Summary

In the past century, anthropogenic activities have increased N input drastically to
terrestrial ecosystems and influenced the global N cycle. Especially temperate
forest ecosystems are affected in their productivity, species composition, soil
chemistry and water quality. N input to forest ecosystems is retained in trees and
soil. Excessive N is leached out or released as gases. The retention of N input in
soils is mainly influenced by the stability of soil organic matter (SOM). In central
Europe and North America, many forests have been subjected to N saturation, i.c.
excessive N appeared as nitrate in the leachate below the rooting zone. To im-
prove N-saturated forest ecosystems, reduction of atmospheric N emission and
consequent atmospheric N deposition is proposed to be the only practical long-
term solution. Therefore, it is necessary to know how N-saturated forest ecosys-
tems respond to reduced atmospheric N deposition. The main objective of the
present study was to evaluate how long-term reduced atmospheric N deposition
influences the partitioning of atmospheric ammonium and nitrate in a Norway
spruce forest ecosystem. Two main experiments were conducted in the study: a
15N tracer field and a density fractionation laboratory experiment. The aims were
to 1) evaluate how long-term reduced atmospheric N deposition influences N
retention in trees and soil, as well as N loss by leaching and 2) evaluate how long-
term reduced atmospheric N deposition influences the partitioning of atmos-
pheric N retained in the soil in different SOM pools.

The study was conducted in a currently 75-year-old Norway spruce forest on
the Solling plateau in central Germany. Atmospheric deposition was manipulated
through roof constructions below the canopy of the spruce forest. A roof control
plot received neatly unchanged ambient atmospheric N deposition of 30 kg ha!
yr'! (sum of ammonium and nitrate), while a clean rain plot received reduced at-
mospheric N deposition to about 10 kg ha'! yrl. Simultaneously, annual atmos-
pheric deposition of dissolved organic nitrogen (DON), sulphate and proton in
the clean rain plot were reduced by 27%, 53% and 77%, respectively, compared to
the roof control plot. Besides the two roofed plots, an ambient control plot with-
out a roof served as a non-manipulated reference. After 10-year reduction of at-
mospheric N deposition, small amounts of highly labelled NH4NO; and
NH43NOj had been separately and continuously added to one half of the clean
rain and the roof control plot for over 3 years. In the >N tracer experiment, tree
compartments (needles, twigs and branches, boles and fine roots), different soil
layers (organic layer, 0-5, 5-10, 10-20, 20-30, 30-40, 40-60 cm mineral soil layer)
and leachates at different soil depth (0, 10, 40, 100 cm mineral soil depth) were
sampled in each ®N-labelled subplot and the ambient control plot to analyze the
C, N concentrations and >N abundances. In the density fractionation experiment,
the organic layer and the upper two mineral soil layers in each "N-labelled subplot
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were separated into five density fractions, respectively: the Free Light fraction (FL,
d < 1.6 g cm?); three occluded fractions (Ocl. I, Ocl. II and Ocl. 1II, d < 1.6 g
cm3, d = 1.6-1.8 g cm? and d = 1.8-2.0 g cm™3, respectively) and the Dense frac-
tion (DF, d > 2.0 g cm™3). The organic C and total N concentration as well as the
15N abundance of each density fraction were analyzed. In addition, in a prelimi-
nary density fractionation experiment two aggregate-disrupting methods (sonifica-
tion and 16-h shaking with glass beads) were used for the density fractionation of
the organic layer and the 0-5 cm mineral soil layer in the ambient control plot. In
the preliminary experiment, different amounts of a density agent (sodium poly-
tungstate, SPT) were added to a volume of water to derive equations for prepara-
tion of solutions of a range of densities.

Results from the N tracer experiment demonstrated that the soil was the
largest sink for atmospheric N in the clean rain and the roof control plot. Seventy-
one percent of added "NH4* was retained in the soil in the two plots. The organic
layer retained the largest proportion of added "NH4*, accounting for 70% in the
clean rain plot and 65% in the roof control plot. The recovery of added "NOs in
the soil increased significantly from 42% in the roof control plot to 68% in the
clean rain plot, mainly due to an increase in the organic layer from 8% to 37%.
The mineral soil was an important and a constant sink for atmospheric nitrate,
retaining 31-34% of added ""NOjs-in the two plots. Trees had a high contribution
to the retention of atmospheric N, accounting for 30-36% of added '"NH4* and
15NOj- in the clean rain and the roof control plot. The recovery of added 5N in
the trees was affected neither by long-term reduced atmospheric N deposition nor
by the forms of the N tracers. Among tree compartments, the largest proportion
of added >N was retained in needles (15-19%), followed by woody tissues (7-
13%) and live fine roots (6-9%). In the roof control plot, NOs leaching accounted
for 3% of added '"NH4* and 19% of added »NOs. The recoveries of added
15NH4" and ®NOs in the NOj- leachate decreased to 0% and 2% in the clean rain
plot, respectively. In the two plots, only less than 2% of added "NH4* and "NOj-
were found in the DON leachate. These results suggested that long-term reduced
atmospheric N deposition influences mainly the partitioning of atmospheric ni-
trate and lessens differences between the partitioning of atmospheric ammonium
and nitrate in forest ecosystems.

In the preliminary density fractionation experiment, the volume change of SPT
solution was found to be closely correlated with the amount of added SPT (y =
0.1863 x, r2 = 0.9993). Based on the linear correlation, the amount of SPT and the
volume of water needed for a SPT solution with an expected volume and an ex-
pected density could be calculated, and thus reduced largely the time in preparing
SPT solution. In the ambient control plot, only the Ocl. I fraction from the 0-5
cm mineral soil layer had a greater contribution to total soil N after sonification
(10%) than after 16-h shaking (2%). It demonstrated that the two methods may
have no significant difference in the degree of aggregate-disruption.
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Results from the density fractionation experiment showed that the FL fraction
was a predominant sink for atmospheric N retained in the organic layer. Ninety
percent of soil "NH4* and 81% of soil ’NOs were found in the FL fraction in
the clean rain plot. The recovery of soil "NH4* and "NOj in the FL fraction was
79% and 73% in the roof control plot, respectively. Recoveties of atmospheric N
retained in the 0-5 cm mineral soil layer in density fractions were influenced by N
forms and long-term reduced atmospheric N deposition. In the roof control plot,
the FL fraction from the 0-5 cm mineral soil layer accounted for a larger propot-
tion of soil "NOs (36%) than soil "NH4* (21%). The recovery of soil "NH4* in
the occlude fractions was conversely higher (46%) than that of soil "NOs (21%).
The DF had a greater contribution to the retention of soil "NH4* (27%) than to
that of soil "NOs (7%). In the clean rain plot, the FL fraction, the occluded frac-
tions and the DF from the 0-5 cm mineral soil layer retained 20%, 20% and 35%
of soil "NOys, respectively. In the 5-10 cm mineral soil layer, the retention of
atmospheric N in density fractions was affected neither by N forms nor by long-
term reduced atmospheric N deposition. The recovery of soil ’"NH4* and "NOj-
in the FL fraction, the occluded fractions and the DF fraction was 23-33%, 17-
22% and 35-64% in the clean rain and the roof control plot, respectively. These
results indicated that the stability of atmospheric N retained in the soil increases
with soil depth. Atmospheric ammonium retained in the most upper mineral soil
layer is more stable than atmospheric nitrate under ambient atmospheric N depo-
sition. Long-term reduced atmospheric N deposition increases mainly the stability
of atmospheric nitrate retained in the most upper mineral soil layer.






8 Zusammenfassung

Anthropogene Aktivititen haben im letzten Jahrhundert zur deutlichen Verdnde-
rung des weltweiten Stickstoffkreislaufs sowie zur drastischen Steigerung der
Stickstoffeintrige in zahlreichen terrestrischen Okosystemen gefiihrt. Nachgewie-
sene Folgen fiir Wald6kosysteme der gemiBigten Zonen sind u.a. die Verinde-
rung der Produktivitit, die Beeinflussung von Bodenchemie und Sickerwasserqua-
litit sowie eine Verinderung der Zusammensetzung von Pflanzengesellschaften.
Der in Walddkosysteme eingetragene Stickstoff kann entweder von der Waldvege-
tation direkt aufgenommen oder von Béden und Bodenmikroorganismen absot-
biert bzw. immobilisiert werden. Uberschiissiger Stickstoff wird als Nitrat mit dem
Sickerwasser ausgewaschen oder verldsst gastérmig das System. Die Rate der Fest-
legung des Stickstoffeintrags im Boden wird primir von der Stabilitit der vorhan-
denen organischen Bodensubstanz beeinflusst. Insgesamt unterliegen in Zentral-
europa und Nordamerika bereits viele Walder einer N-Sittigung, d. h. der im
Uberschuss vorhandene Stickstoff erscheint als Nitrat in der Bodenlésung unter-
halb des Hauptwurzelraums. Zur langfristigen Minderung dieser Problematik wird
gefordert, die Stickstoffemissionen und damit auch die Stickstoffeintrige deutlich
zu reduzieren. Dabei ist es von grundlegender Bedeutung zu wissen, wie bereits
N-gesittigte Waldokosysteme auf einen langfristic reduzierten atmosphirischen
Stickstoffeintrag reagieren. Das Hauptanliegen der vorliegenden Arbeit war es
daher zu kliren, wie eine lingerfristig applizierte Reduktion des Stickstoffeintrags
die Verteilung von deponiertem Ammonium und Nitrat in einem typischen Fich-
tenwaldSkosystem beeinflusst. Dazu wurden zwei Hauptversuche durchgefiihrt, 1)
ein ®N-Tracerversuch im Feld und ii) Laboruntersuchungen zur Charakterisierung
der organischen Bodensubstanz mittels Dichtefraktionierung. Die wesentlichen
Fragestellungen lauteten: 1.) Wie beeinflusst eine lingerfristige Reduktion des
Stickstoffeintrags die Verteilung von deponiertem Stickstoff in wesentlichen
Kompartimenten von Biumen, Béden und hinsichtlich der Auswaschung, und 2.)
Welche Verdnderungen ergeben sich beziiglich der Verteilung des im Boden fest-
gelegten Stickstoffs auf unterschiedliche Pools der organischen Bodensubstanz.
Die votliegende Arbeit wurde in einem heute 75-jdhrigen Fichtenreinbestand
im Solling durchgefthrt. Die atmosphirischen Eintridge wurden durch eine Dach-
konstruktion unterhalb des Kronendaches dauerhaft manipuliert. Dabei erhielt die
Variante ,,Dach-Kontroll"-Fliche den nahezu unverinderten atmosphirischen
Stickstoffeintrag der Umgebung mit Raten von 30 kg ha'! yr!' (Summe des Am-
moniums und Nitrats), wihrend die so genannte ,,Clean-Rain‘“-Fliche einen redu-
zierten atmosphirischen Stickstoffeintrag mit ca. 10 kg ha! yr! erhielt. Gleichzei-
tig wurden die jahrlichen atmosphirischen Eintrdge von organisch geléstem N
(DON), Sulfat und Protonen auf der ,,Clean Rain“-Fliche im Vergleich zur ,,Dach
Kontroll“-Fliche jeweils um 27 %, 53 % und bzw. 77 % reduziert. Auler den
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beiden Dach-Flichen diente eine Kontrollfliche ohne Dach als eine nicht-
manipulierte Referenz. Nach 10-jdhriger Reduktion des atmosphirischen Stick-
stoffeintrags wurden geringe Menge von hoch markiertem “NHsNO;3 und
NH4"NO; getrennt in je einer Hilfte der ,,Clean-Rain“- und der ,,.Dach-
Kontroll“-Fliche fiir mehr als drei Jahre kontinuietlich zugegeben. Im Rahmen
dieses >N-Tracerversuchs wurden Proben von Baumkompartimenten (Nadeln,
Aste, Stammbholz und —rinde, Feinwurzeln), verschiedenen Bodenhorizonten (or-
ganische Auflage, 0-5, 5-10, 10-20, 20-30, 30-40, 40-60 cm Mineralbodenhorizont)
und vom Sickerwasser aus unterschiedlichen Bodentiefen (0, 10, 40, 100 cm Mine-
ralbodentiefe) in jeder >N-markierten Teilfliche und in der Kontrollfliche ge-
nommen und beziglich der C- und N-Konzentrationen sowie der !’N-
Abundanzen analysiert. Im Versuch zur Dichtefraktionierung wurden die organi-
sche Auflage und die oberen zwei Mineralbodenhorizonte in jeder "N-markierten
Teilfliche jeweils in finf Dichtefraktionen getrennt. Folgende Fraktionen wurden
ausgeschieden: 1.) die ,,Freie leichte Fraktion® (FL, d < 1.6 g cm?), 2.) — 4.) drei
,,Okkludierte Fraktionen® (Ocl. I, Ocl. II und Ocl. 1II, d < 1.6 g cm3, d = 1.6-
1.8 ¢ cm? und d = 1.8-2.0 g cm™3) und 5.) die ,,Dichte Fraktion“ (DF, d > 2.0 ¢
cm?d). In diesen Fraktionen wurden jeweils die organischen C-Gehalte, die N-
Gesamtgehalte sowie die SN Abundanzen bestimmt. Zusitzlich wurden in einem
Vorversuch die Aggregate mit zwei unterschiedlichen Analysenmethoden (Ultra-
schall versus 16-h Schiitteln mit Glasperle) zerstért. Untersucht wurden dabei die
organische Auflage und der obere Mineralboden (0-5 cm) der ambienten Kont-
rollfliche. Weiterhin wurden Gleichungen fiir die Herstellung der Dichteldsung
abgeleitet, indem  unterschiedliche  Verdiinnungen des  Dichtemittels
(Natriumpolywolframat, SPT) eingesetzt wurden.

Die Ergebnisse aus dem '>N-Tracerversuch zeigen, dass der Boden die gréfite
Senke fir eingetragenen atmosphdrischen Stickstoff sowohl fur die ,,Clean Rain‘-
als auch fiir die ,,Dach-Kontroll"-Fliche bildet. Im Betrachtungszeitraum wurden
im Mittel 71 % des zugegebenen "NH4* im Boden in den zwei Flichen festgelegt.
Mit 70 % auf der ,,Clean-Rain““~-Fliche und 65 % auf der ,, Dach-Kontroll“-Fliche
wurde in der organischen Auflage jeweils der grofite Anteil des zugegebenen
NH4* gebunden. Die Wiederfindung des zugegebenen 'NOj im Boden stieg
signifikant von 42 % auf der ,,Dach-Kontroll“-Fliche bis auf 68 % auf der
,,Clean-Rain“-Fliche an, wobei die Steigerung der Nitrat-Wiederfindung auf der
,,Clean-Rain“-Fliche hauptsichlich auf die Zunahme der Wiederfindung in der
organischen Auflage zurlickzufihren war (Steigerung von 8 auf 37 %). Dagegen
wurden im Mineralboden unabhingig von den Behandlungen zwischen 31 und
34 % des eingetragenen Nitrats festgelegt. Die Waldbiume selbst lieferten einen
relativ gro3en Beitrag zur Festlegung des eingetragenen Stickstoffs, nimlich 30-
36 % des zugegebenen "NH4* und "NOj- auf der ,,Clean-Rain®- und der ,,Dach-
Kontroll“-Fliche. Insgesamt wurde die Wiederfindung des zugegebenen N in
den Biumen weder vom lingerfristig reduzierten atmosphdrischen Stickstoffein-
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trag noch von den Formen des "N Tracers beeinflusst. Zwischen den Baumkom-
partimenten wurde der gré3te Anteil vom zugegebenen >N in den Nadeln festge-
legt (15-19 %). Im verholzten Gewebe lag die Festlegung zwischen 7 und 13 %, in
den lebenden Feinwurzeln zwischen 6 und 9 %. Die Nitratauswaschung trug zu
3 % zur Wiederfindung vom zugegebenen NHi* und 19 % vom zugegebenen
15NOj auf der ,,Dach-Kontroll“-Fliche bei. Die Wiederfindung des zugegebenen
1NH4* und NOj in der Nitratauswaschung sank jeweils auf 0 % und 2 % auf
der ,,Clean-Rain“-Fliche. Auf beiden Flichen wurde jeweils nur weniger als 2 %
des zugegebenen "NH4" und "NOj5 in der Auswaschung der organisch gebunde-
nen N-Fraktion (DON) wiedergefunden. Die Ergebnisse weisen darauf hin, dass
sich der lingerfristig reduzierte atmosphirische Stickstoffeintrag hauptsichlich auf
die Verteilung des eingetragenen Nitrats auswirkt. Damit verringern sich insge-
samt die Unterschiede zwischen der Verteilung von deponiertem Ammonium und
Nitrat in wesentlichen Kompartimenten des untersuchten Fichtenwald6kosys-
tems.

Hinsichtlich der Dichtefraktionierung ergaben sich folgende wesentliche Er-
gebnisse: In dem Vorversuch konnte gezeigt werden, dass die Volumenidnderung
der SPT-Lésung eine enge Korrelation mit der Menge des zugegebenen SPT auf-
weist (y = 0.1863 x, 12 = 0.9993). Damit konnten die Menge des SPT und das
Volumen des Wassers fiir eine SPT-Lésung mit einem bestimmten Volumen und
einer bestimmten Dichte kalkuliert werden. Dadurch reduzierte sich der Zeitauf-
wand bei der Herstellung der SPT-Lésung erheblich. Hinsichtlich der zwei ver-
wendeten Methoden zur Zerstérung der Aggregate ergaben sich insgesamt keine
signifikanten Unterschiede. Lediglich die Fraktion Ocl. I des oberen Mineralbo-
dens zeigte nach der Ultraschallbehandlung einen signifikant groferen Beitrag
bezlglich des N-Gesamtgehalts, im Vergleich zur Schiittelbehandlung.

Die Ergebnisse der Hauptuntersuchungen zur Dichtefraktionierung ergaben,
dass das in der organischen Auflage festgelegte atmosphirische Ammonium und
Nitrat vorwiegend in der FL-Fraktion wiederzufinden war. Auf der ,,Clean-Rain®-
Fliche wurden 90 % des im Boden festgelegten "NH4*" und 81 % des im Boden
festgelegten 'NOs in der FL-Fraktion der organischen Auflage wiedergefunden.
Auf der ,,Dach-Kontroll“Fliche lag der entsprechende Wert fiir 'SNHy* bei 79 %
und fiir SNOj3 bei 73 %. Im oberen Mineralboden (0-5 cm) wurde die Wiederfin-
dung des im Boden festgelegten atmosphirischen N in den Dichtefraktionen so-
wohl von der N-Form als auch von der Eintragsreduktion beeinflusst. So wurden
auf der ,,Dach-Kontroll“-Fliche 36 % des im Boden festgelegten "NOj; und nur
21 % des im Boden festgelegten "NH,* in der FL-Fraktion wiedergefunden. In
den okkludierten Fraktionen dagegen lag die Wiederfindung des im Boden festge-
legten '"NH4" mit 46 % tber der des im Boden festgelegten "NOj5- (21 %). Auch
fur die DF-Fraktion des oberen Mineralbodens der ,,Dach-Kontroll“~-Fliche wur-
de eine hohere Wiederfindung fiir das im Boden festgelegte S'NH4* (27 %) als fiir
das “NOs (7 %) analysiert. Auf der ,,Clean-Rain“-Fliche ergab sich fiir die FL-,
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die okkludierte und die DF-Fraktion eine Wiederfindung von jeweils 20 %, 20 %
und 35 % fiir das im oberen Mineralboden festgelegte °NOs-. In 5-10 cm Boden-
tiefe hatten die N-Form und die Eintragsreduktion keinen Einfluss auf die Wie-
derfindungen des im Boden festgelegten atmosphirischen N in den Dichtefrakti-
onen. Die Wiederfindungen des im Boden festgelegten '"NH4" und 'NOj- auf
beiden Untersuchungsflichen in der FL-, in den okkludierten und in der DF-
Fraktion lagen jeweils bei 23-33 %, 17-22 % und 35-64 %. Die Ergebnisse weisen
darauf hin, dass die Stabilitit des im Boden festgelegten atmosphirischen N mit
der Bodentiefe zunimmt. Dabei zeigt sich unter Stickstoffeintrigen aus der umge-
benden Atmosphire fiir das im Mineraloberboden festgelegte Ammonium eine
groBere Stabilitit als fiir das Nitrat. Der lingerfristig reduzierte atmosphirische
Stickstoffeintrag steigert hauptsdchlich die Stabilitit des im Mineraloberboden
festgelegten atmosphirischen Nitrats.
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Table 10.1. C and N concentration of the organic layer and mineral soil layers in the ambient
control plot, the clean rain and the roof control plot based on oven-dried level.

Soil layer plot C% N%
O ambient control 42.6 1.7
clean rain 42.4 1.5
roof control 37.4 1.5
0-5cm ambient control 7.5 0.2
clean rain 8.3 0.3
roof control 5.8 0.3
5-10 cm ambient control 3.8 0.2
clean rain 33 0.2
roof control 3.9 0.2

Table 10.2. The relationship between the amounts of SPT added to 150 g water and the
volume change of solution.

SPT volume of solution corrected volume A vol.
(2) (ml) of solution (ml) (ml)
0 152.0 150.0 0.0
25.05 157.0 154.9 4.9
50.09 162.0 159.9 9.9
75.17 167.0 164.8 14.8
100.17 171.0 168.8 18.8
125.17 176.0 173.7 23.7
150.16 180.0 177.6 27.6
175.18 184.5 182.1 32.1
200.25 190.0 187.5 37.5
225.31 194.5 191.9 41.9

244.29 198.0 195.4 454




98 Appendix

Table 10.3. 35N excess (%o) of density fractions from the organic layer and the mineral
soil layers in the clean rain and the roof control plot after "NHy* and "NOj3- addition.

soil layer  fraction clean rain roof control
“NH, subplot  "NO; subplot “NH, subplot ""NO; subplot
Oppn FL 3.5 334 14.0 5.7
Ocll 6.9 20.6 11.9 6.0
Ocl. 11 24 127 9.9 33
Ocl. III 0.0 8.0 6.5 0.2
DF 24 12.0 6.7 0.7
0-5 cm FL 14.2 10.1 216
OclI 10.2 8.5 5.1
Ocl. IT 72 6.1 4.1
Ocl. III 4.0 4.4 2.8
DF 2.1 23 0.8
5-10em  FL 18.4 18.1 43.6
Ocll 7.5 319 324
Ocl. IT 42 9.1 123
Ocl. Il 3.7 5.7 6.5
DF 1.9 3.7 4.1

FL = free light fraction (d < 1.6 g cm3), Ocl. = occluded fraction (Ocl. Id < 1.6 g cm?,
Ocl. IId =1.6-1.8 gecm?, Ocl. III d = 1.8-2.0 g cm?),
DF = dense fraction (d > 2.0 g cm™).
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n the past century, anthropogenic activities have increased N input drastically

to terrestrial ecosystems and influenced the global N cycle. Especially tempe-
rate forest ecosystems are affected in their productivity, species composition,
soil chemistry and water quality. N input to forest ecosystems is retained in trees
and soil. Excessive N is leached out or released as gases. The retention of N input
in soils is mainly influenced by the stability of soil organic matter (SOM).
Many forests in central Europe and North America have been subjected to N satu-
ration, i.e. excessive N appeared as nitrate in the leachate below the rooting zone.
Reduction of atmospheric N emission and consequent atmospheric N deposition
is proposed to be the only practical long-term solution to improve N-saturated
forest ecosystems. However, responses of N-saturated forest ecosystems to re-
duced atmospheric N deposition have been seldom investigated.
In the present study, atmospheric deposition was manipulated through roof
constructions below the canopy of a mature Norway spruce forest on the Sol-
ling plateau in central Germany. A 5N tracer field and a density fractionation
laboratory experiment were conducted in the present study to investigate the
influence of long-term reduced atmospheric N deposition on the partitioning
of atmospheric N in different forest ecosystem compartments as well as on the
partitioning of atmospheric N retained in the soil in different SOM pools.
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