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ABSTRACT

The primary objective of this paper is to study the interspecific variation of >N natural abundance in two dominant
conifer tree species, Scot pine (Pinus sylvestris L.) and Norway spruce (Picea abies L. Karst) in a N-limited mixed
boreal coniferous forest in southern Finland. Both a mature tree stand (a natural forest stand) and a stand of seed-
lings in a clear-cut area were considered. We analyzed %N and 815N natural abundance in needles, branches, litter
and soil of the both above-mentioned stands. Pine needles had higher N concentrations than spruce needles, both
in mature forest (pine = 1.09%, SE + 0.02 and spruce = 0.79%, SE + 0.02) and in the clear-cut area (pine = 1.01%,
SE + 0.07 and spruce = 0.74%, SE + 0.04). Furthermore, pine needles were significantly more depleted in §!°N na-
tural abundance than the spruce needles, both in the mature forest (pine = —=5.6%o, SE + 0.1%o and spruce = —4.0%o,
SE + 0.2%o) and in the clear-cut sites (pine = —2.8%o, SE + 0.2%o and spruce = —2.1%o, SE + 0.3%o). The more pro-
nounced depletion of 1°N in the pine foliage might be connected to its different fungal associates in the roots
compared to spruce roots. We assume that the mycorrhizal N-uptake is very prominent at the N-limited site. After
clear-cutting, needles of the seedlings and the uppermost part of soil organic layer were found to be more °N-enri-
ched than at the natural forest site. This was attributed to an increased level of nitrification in the clear-cut site soil.
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Under nitrogen-limited conditions, coexisting
species may tap different sources for nutrient sup-
ply and this may lead to significant differences in
plant nutrition even in the same habitat (Schulze
et al. 1994). Boreal forests play a substantial role
in the global carbon (C) cycle. A better under-
standing of N dynamics is needed because of the
intimate connection between cycling of N and C in
the biosphere (Agren and Bosatta 1996). Nitrogen
occurs in organic and inorganic forms and circu-
lates via complex processes among many different
compartments in forest ecosystems. Because many
of these processes exhibit an isotope effect (i.e.
discrimination against *N or !°N), N isotopes
ratio may be used to study ecosystem N cycling
(Nadelhoffer and Fry 1994). The ecosystems vary
with the plant natural ®N abundance. In addi-
tion to the observed trends of plant 8'°N across
different ecosystems, strong variations in §1°N
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may occur among species within an ecosystem
(Stewart and Schmidt 1999, Hobbie et al. 2000).
This variation in 8'°N values among different spe-
cies indicates their different sources of N uptake,
since the N-sources vary in their §1°N values
(DeLucia et al. 1988, Gower and Richards 1990,
Marshall and Zhang 1994).

In order to analyze how different species coexist
in a nutrient-limited environment, we investigated
15N natural abundance in two dominant conifer
tree species in a mixed boreal coniferous forest
in southern Finland. The two dominant tree spe-
cies studied are Scot pine (Pinus sylvestris L.)
and Norway spruce (Picea abies L. Karst). We
anticipated that both tree species will vary in
their N-dynamics and one of them would be more
efficient in N-acquisition.

Clear cutting is one of the most common sil-
vicultural practices in Finland. Annually some
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100 000—200 000 hectares of forests are clear-cut.
In clear-cut sites, the stems are transported out
of the ecosystem, but branches, needles, stumps
and roots are left at the site causing an abrupt and
massive input of decomposing biomass. At the same
time the soil temperature and moisture increases.
The effects of the rapid increase in slash and the
removal of living trees on the >N fractionation
mediated by changes in the amount of decompo-
sition, plant uptake and leaching of mineralized
nitrogen are not known. The other goal of this
paper is to document the impacts of clear-cutting
on N concentrations and the natural abundance
of >N in forest soils. Our hypothesis on the pos-
sible impacts of clear-cutting on the forest soil is
that at the clear-cut site the difference between
the 8'°N of the upper soil horizon and lower soil
horizon should be narrower as compared to the
undisturbed forest soil profile. After clear cutting,
the nitrification increases and '*N-enriched NH
is produced in the soil. The leaves (mainly herba-
ceous layer in clear-cut sites) takes ®N-enriched
NH, from the soil (as NO, leaches down) and the
leaves of clear-cut sites, hence, will be more °N-
enriched as compared to the undisturbed mature
forest. In the mature forest the nitrification rate is
very low and no isotopic enrichment of NH " due
to the nitrification exists, thus the leaves of the
natural site should be depleted in '°N compared
to the clear-cut sites.
The aim of this paper is to assess:

1. Interspecific variations of N concentrations and
I5N natural abundance in needles, branches,
and litter;

2. N concentration and °N gradients along the
soil depth;

3. The impact of clear-cutting on the N concentra-
tion and 8'°N distribution in the seedlings and
in the forest soil.

MATERIAL AND METHODS

Site description

Two research sites, a natural and mature forest
and a nearby recent clear-cut site (5 years old) were
selected in southern Finland (61’48”N, 24’19”E).
The studied natural boreal coniferous forest site
is about 130 years old and it comprises of two
dominant conifer tree species, Scot pine (Pinus
sylvestris) and Norway spruce (Picea abies). The
clear-cut site is adjacent to the natural site and
the clear-cutting was done in 1998. The average
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annual precipitation in the area is 709 mm and
the annual mean temperature during the growing
season (May—September) is 12.6°C. The research
site is located at the altitude of about 150 m a.s.l.
The soil is haplic podzol, which has emerged from
under the glacial ice about 10 000 years ago. The
soil of the study area consists of homogenous
glacifluvial sand. The bedrock is mainly acidic
granite. The atmospheric N-deposition is very low
(less than 5 kg/ha/year) (Kumala et al. 1998).

Sampling

The stand in the area is a mixed forest of pines
and spruces. In February—March 1998 a small (size
around 1 ha) clear-cut was made within the stand,
and the rest of the stand was left untouched to be
used as a control forest for clear-cut area. The plant
samples (foliage, litter and branches) of mature
trees were colleted from the trees of the original
closed forest. All the pines in the stand were in
the dominant canopy class, so only one pine was
sampled. Typically for spruces, trees were present
in dominant, intermediate and suppressed canopy
positions. One sample tree from each canopy layer
was randomly selected. Samples of current year and
one-, two- and three-year old foliage and branches
were taken during spring before the growth period
started. The samples were taken from three dif-
ferent proportional heights (bottom, middle and
top) of the tree canopy.

The seedlings growing below mature trees and
on the clear-cut area were sampled five years af-
ter clear-cutting, also before the beginning of
the growth period. The current year needles and
branches from the top whorls of the seedlings were
taken. Litterfall of the clear-cut trees was sampled
with 12 circular collectors of 0.5 m? surface area
at the height of 1.5 m. The collection was carried
out between years 1993-1998 and separated for
needles and other litter material. After the clear-
cut the litter collection was ceased.

The soil core samples from the time preceding
the clear-cut were not available, so we took the
soil samples (n = 8) representing closed canopy
conditions from the mature stand and the clear-
cut area soil samples (# = 8) from the middle of
the clear-cut. The samples were taken at random
with a steel soil core sampler (49.5 deep x 5 cm
diameters). The soil cores were cut into 0.5-2 cm
slices for the laboratory analysis.

For all plots, the soil cores were separated accord-
ing to their soil horizon and NH,-N and NO,-N
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concentrations were measured by FIA (flow injec-
tion analyzer) from the soil solution separated by
centrifugation drainage technique described by
Giesler and Lundstrom (1993).

Analytical methods

All the plant and soil samples were dried at 70°C
and samples were ground into a fine powder in
a planetary mill. Nitrogen and carbon of plant and
soil samples were analyzed by CNS analyzer (LECO
Corporation, St. Joseph, MI, USA). The isotope of
N was measured on the Finnigan MAT Delta Plus
stable isotopic ratio mass spectrometer (IRMS)
equipped with an elemental analyzer for conver-
sion of N into N, (at the Institute of Soil Science
and Forest Nutrition, University of Goettingen,
Germany). Results of the IRMS measurement were
given in 8 notation. The § values of isotope N are
expressed as %o and calculated as follows (Shearer
and Kohl 1993):

60X =(R /R — 1) x 1000 (%o)

sample’ ““atmos

where: X = 1°N/4N ratio, R

R = X present in atmosphere as standard
atmos

sample = X Present in samples,

N (%)

1.5
1.1

RESULTS

Natural §1°N abundances in the needles
and branches by height and age classes
of the closed forest site

The 8'°N values did not change continuously
from current year to 3-year old needles in either
of the tree species (Figure 1). For both species,
15N abundance depleted significantly (P < 0.05)
from current year to 2-year old needles and re-
mained almost constant in older needles, except
for spruce needles in the bottom part of the can-
opy. The N natural abundance in the needles
was almost constant along the height of the tree.
Nitrogen concentrations in the needles decreased
significantly (P < 0.05) with age in both tree species.
Similar to 8!°N values, there were no significant
variations of N concentrations in the needles by
height, although for spruce a slight but insignificant
increase in N concentrations with increasing height
was observed (Figure 1). This figure further shows
that both species differed significantly (P < 0.05)
in their N concentrations and >N natural abun-
dance. The pine needles had significantly higher
N-concentrations than spruce needles and the
pine needles were significantly more °N-depleted
than the spruce needles.
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Figure 1. %N and 8'°N (%o) in the needles taken from different heights of spruce and pine trees by the age

of needles (years) including needle litter (# = 1-3, error bars represent standard error of means)
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Figure 2. %N and 8'°N (%o) in the branches of trees taken from different heights of spruce and pine trees by

the age of branches (years) (n = 1-3, error bars represent standard error of means)

The age dependency in the 8!°N values of both
tree species was more pronounced in branches
than in needles (Figure 2). §'°N values decreased
significantly (P < 0.05) from current year to 2-year
old branches and increased again in the 3" year
branches of both tree species. Similar to needles,
there was no significant height variation in §!°N of
the branches of either species. N concentration in
the pine branches was significantly higher (P < 0.05)
than that in the spruce branches (Figures 1 and 2),
but branch N concentrations did not significantly
differed between the examined heights of trees.

Natural §1°N abundance and N concentrations
in needle-to-soil continuum

For both stands, we observed a typical °N en-
richment from the different tree components
(needles, needle-litter and branches) to different
soil depths; 1°N increased in the order vegeta-
tion < humus < mineral soil (Figure 3). For the
needles of the closed forest site, the total mean
value (across all needle height and age classes) of
815N in the spruce needles (—4.0%o, SE + 0.2%o)
was significantly (P < 0.05) higher than the value
of pine needles (—5.6%o, SE + 0.1%o) (Figure 3).
Similar results were observed with the seedling
needle 8!°N values, i.e. spruce seedling needles in
closed forest were significantly more 1>N-enriched

332

(=5.0%o0) than pine needles (—6.0%o). Same as in the
closed forest, spruce needles at the clear-cut site
were significantly (P < 0.05) more °N-enriched
than pine needles. The mean §'°N values of both
spruce (—2.1%o, SE + 0.3) and pine seedling needles
(—2.8%o, SE + 0.2) at the clear-cut site were signifi-
cantly more enriched than those found in mature
tree needles as well as needles of seedlings grown
in the closed forest (Figure 3). For the closed forest,
pine needle N concentrations were significantly
(P < 0.05) higher (1.09%, SE + 0.02) compared to
spruce (0.79%, SE + 0.02). For the clear-cut site,
seedlings needles N concentrations in pine (1.01%,
SE + 0.07) were significantly (P < 0.05) greater
than those found in spruce (0.74%, SE + 0.04)
(Figure 4). At the clear-cut site, N concentrations
of needles of both tree species were generally
slightly lower compared to those in the closed
forest (Figure 4).

Spruce needle litter of the closed forest site,
(=3.2%o, SE + 0.6) was slightly more '°N-enriched
(but insignificantly) than the pine needle litter
(—3.9%o, SE £ 0.6). In both tree species, the needle
litter was more °N-enriched in comparison to the
green needle in both species. 1°N-enrichment of
litter by 1.7%o (green needle — needle litter) in
pine was significantly higher compared to spruce
(>N-enrichment by 0.8%o). The litter of both spe-
cies contained lower N concentrations than the
green needles due to the translocation of mobile N
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Figure 3. Mean 8'°N values (%o) in the needle-to-soil continuum of both closed forest and clear-cut sites
(CC = clear-cut, CF = closed forest, n = 3-8, error bars represent standard error of means)

to twigs and branches before their fall. The re-
translocation of N calculated as the percentage
difference of N between oldest age class of green
needle and the litter (i.e. oldest age class green
needle — litter/oldest age class green needle x 100)
by pine needle litter was significantly higher (57%)
compared to spruce needle litter (1.41%).

For the closed forest, the branches of spruce
(—4.6%o, SE + 0.1) were significantly (P < 0.05) more
enriched in >N compared to the branches of pine
(—=6.0%0, SE + 0.2). Similar order in comparison
between species, but with more enriched values
were obtained for the clear-cut site. The living
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branches of spruce seedlings (—3.7%o, SE + 0.2) in
a clear-cut site were also significantly (P < 0.05)
more enriched in '°N in comparison to the branches
of pine seedlings (—4.3%o, SE + 0.2). The branches
of both tree species were significantly (P < 0.05)
more depleted in °N than their needles. N con-
centrations in the branches of both tree species at
the clear-cut site were slightly lower than those ob-
served in the closed forest (Figure 4). Furthermore,
pine branches had significantly (P < 0.05) higher
N concentration (0.78%, SE + 0.06) than spruce
branches (0.60%, SE + 0.03) and this difference
was also similar for the needles (Figure 4).
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Figure 4. Mean N% values in the needle-to-soil continuum of both closed forest and clear-cut site (CC = clear-

cut, CF = closed forest, n = 3-8, error bars represent standard error of means)
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In general, we observed typical 1°N enrichment
with the increasing soil depths (Figure 3) for the
soil of both closed and clear-cut forest sites. In
the natural forest site the variations of 8'°N from
the uppermost organic soil layer to the lowermost
mineral soil depths ranged from —4.5%o (£0.27) to
+5.6%0 (+0.41), whereas in the clear-cut stand it
was from —3.3%o (£0.49) to +6.2%o (+0.13). From
the Figure 3 it is evident that both plots differed
significantly only in their humus 8'°N values, but
they did not differ significantly in their mineral
soil 8!°N values. The uppermost soil organic layer
(0 cm depth) of the clear—cut site was significantly
(P <0.05) more enriched in 8'°N (-3.0%o, SE + 0.50)
compared to that of closed forest (—4.5%o, SE + 0.27).
Opposite to the §°N trend, there is a decreasing
trend of N and C concentrations with the increasing
soil depths in both plots (Figures 4 and 5).

Figure 6 illustrates the NH,-N and NO,-N con-
centrations of the centrifuged soil water in dif-
ferent horizons of the forest and clear-cut site
soils. From this figure, we can observe that NO,-N
concentration in soil water is significantly higher
after clear-cut.

DISCUSSION

Trends in the N concentrations and 815N
values in the needles and branches of closed
forest sites according to the age and the height

The N abundance levels of the vegetation of
our research sites are consistent with the results
reported for other conifer forests (Gebauer and
Schulze 1991, Gebauer and Dietrich 1993, Garten
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and Miegroet 1994, Koopmann et al. 1997, Sah and
Brumme 2003). However, higher positive values
of 8'°N in the needles of conifer species (from
—2.14 to —1.70%o0) were reported in N-saturated
forests of Europe; they were attributed to higher
anthropogenic N-deposition (containing enriched
I5N) at these sites (Gebauer et al. 1994, Koopmann
et al. 1997, Sah and Brumme 2003).

Our findings that the needle >N abundance (in
both conifer tree species) decreased from current to
2-year old needles and remained constant in older
needles, corresponds to other studies (Gebauer and
Schulze 1991, Gebauer et al. 1994, Koopmann et
al. 1997, Emmet et al. 1998). The non-continuous
shift of 8'°N values from current year to 3-year
old needles indicates major transformations of
N between plant compartments. A decrease in
81°N values for current year to 2—3-year old nee-
dles reflects the fact that the younger needles
are anabolically more active than older needles,
and thus represent a greater sink for assimilated
nitrogen. Conversely, an increase in §'°N values
in older needles may reflect ?’N-discrimination
with catabolic breakdown and a subsequent export
of nitrogenous compounds from the older leaves.
Kolb and Evans (2002) from their greenhouse
15N-labelling studies of deciduous plant species
also supported this view experimentally, suggest-
ing 1°N-discrimination occurs with reallocation
of recycled N (from stem) to younger needles.
They further concluded that the contribution of
recycled nitrogen to leaf production varied with
timing of leaf development; as more leaves were
produced, the contribution of recycled N decreased
until all leaf N was derived from absorbed sources
(other than recycled). This pattern of reliance
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Figure 6. NH,-N and NO,-N concentrations in the different soil horizons of both closed and clear-cut forests

on recycled N for early leaf production was also
found in herbaceous perennials (Bausenwein et
al. 2001a, b), shrubs (Grelet et al. 2001), decidu-
ous (Neilsen et al. 1997, Malaguti et al. 2001) and
evergreen trees (Proe and Millard 1995, Stephens
et al. 2001). Thus the reliance of perennial plants
on recycled N for spring leaf production appears
to be a widespread phenomenon, which suggests
that many plants have enhanced seasonal uptake
of N by sequestering a substantial portion of N
from ephemeral tissues.

The »N-discrimination with recycling of N is
likely to be due to the incomplete breakdown of
N storage proteins into different amino acids that
are transported through the xylem and incorpo-
rated into new leaf tissue. Few studies suggest that
a few amino acids (such as, asparagine, glutamine,
aspartic acid and arginine) may be involved in
N remobilization (Malaguti et al. 2001). All of these
(with the exception of aspartic acid) contain more
than two N atoms, and it was found that at least with
arginine the 8'°N value of the amino acid varied
greatly depending on the extent of N enrichment
at various positions (Medina and Schmidt 1982).
Molecular heterogeneity in >N-enrichment could
be the result of different enzymatic reactions in-
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volved in forming the molecules and/or different
catabolic pathways leading to slight differences in
N source pools (Yoneyama et al. 1998). Another
process that may cause differences in isotopic
composition of internal N pools is discrimination
during loss of volatile amines or ammonia dur-
ing the protein hydrolysis that accompanies leaf
senescence (Shearer and Kohl 1986).

The 8'°N values of branches found in our study
correspond to other studies and are lower than in
the needles studied by other researchers (Gebauer
and Schulze 1991, Emmet et al. 1998). The age de-
pendency was more pronounced in branches than
in needles. The trend of decreasing §!°N values
from current year to 2-year old branches and in-
creasing again from 2" year to 3¢ year branches
corresponds to other studies (Emmet et al. 1998).
Similar to needles, this indicates a greater sink for
assimilated N in younger branches.

Interspecific variations of foliar and litter
815N and N concentrations in closed forests

N concentrations in all studied vegetation com-
ponents (except for the litter) are significantly
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higher in pines compared to spruces. The litter
fall of both tree species in our study were more
I5N-enriched compared to green needles and can
be attributed to !°N discrimination during retrans-
location of N from needles to twigs before needle
litterfall (Gebauer and Schulze 1991, Gebauer et
al. 1994, Nasholm 1994).

Needles of pine were much more °>N-deplet-
ed than those of spruce, which means that pine
takes more 1°N-depleted N during plant N-uptake
compared to spruce at the same site. This might
be due to several reasons such as rooting depth
variations between tree species and mycorrhizal
infections variations. The interspecific foliar N and
81°N variations due to different rooting depth are
based on the fact that soil tends to become §!°N
enriched with the increasing depth. In our studies,
the °N-enrichment of needles in pine cannot be
related to the rooting depth, as both species are
rooted primarily in the upper organic soil horizon
(Helmisaari et al. 1999). Another reason might be
the variation in the fungal associates of roots in
both tree species. In our studies no mycorrhizal
studies of roots have been done, but some other
studies reported differences in fungal associates in
pine and spruce roots on the same stand (Bothwell
et al. 2001). The mycorrhizal fungi associated with
atree species influence its nutrition as they differ in
their ability to capture, store and transfer N to the
host (Abuzinadah et al. 1986, Hobbie et al. 2000).
Hence, we assume that >’N-depletion of pine needles
might be attributed to the different types of mycor-
rhizal associations in pine roots in comparison to
spruce roots; this may lead the differences in the
proportion of mycorrhixal N-uptake. We assume
that pine takes more depleted N due to the higher
proportion of its mycorrhizal N uptake as soil
N source compared to spruce, since the isotopic
fractionation during N-transfer from mycorrhizas
to plants leads to depletion of 8'°N values com-
pared to the source soil N.

In our case, the amount of N atmospheric deposi-
tion was negligible and the site was N-limited; thus
the role of mycorrhizas appears to be important
during plant N-uptake. These observations sup-
port our assumptions that in our N-limited sites,
higher N concentrations in pine are due to higher
proportion of N uptake from mycorrhizal fungi
as soil N source. Similar results were reported
in other studies, and they were attributed to the
higher proportion of mycorrhizal infections in
pine roots and not to the rooting depths (Bothwell
et al. 2001, Kitayama and Iwamoto 2001). Such
characteristics of pine species may thus allow
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pines to outperform spruce on N-limited sites
(Bothwell et al. 2001).

The trend of §1°N from needle-to-soil
continuum in closed forest

Our results have shown that generally the natural
abundances of >N in the vegetation and soil oc-
curred in the following order: branches < green
needles < needle litter < uppermost soil organic
layer < mineral soil. This typical ®N-enrichment
from the vegetation to soil observed in our study is
consistent with other studies; this pattern reflects
an isotopic discrimination of 8'°N during min-
eralisation of soil N as indicated by the decrease
of total soil N (C does not increase along with
depth) with depth (Shearer et al. 1974, Nadelhoffer
and Fry 1988, 1994, Gebauer and Schulze 1991,
Garten and Miegroet 1994, Hogberg et al. 1996,
Koopmann 1996, Koopmann et al. 1997, Emmet
et al. 1998). The mechanistic level is still con-
troversial. I°N discrimination during microbial
decomposition and leaching of depleted nitrate
may be the most important process, resulting in
the gradual °N-enrichment of the residual organic
matter (Nadelhoffer and Fry 1988, 1994, Mellilo
et al. 1989).

Impacts of clear-cutting on the needle
and soil °N-fractionation

Our hypothesis on the possible impacts of
clear-cutting on the forest soil 1°N fractionation
is presented in Figure 7. After clear-felling, the
nitrification increases and *N-enriched NH ' is
produced in the soil (Hogbom et al. 2002). The
foliage of trees and herbaceous layer in clear-cut
sites should take '°N-enriched NH,from soil and
leaves of clear-cut sites; hence, it will be more
I5N-enriched compared to the undisturbed natural
forest. This assumption is supported by our results,
i.e. seedling needles of both tree species and the
upper soil organic layer are more ®N-enriched at
the clear-cut site than those of closed forest site.
Such changes in N cycle and patterns will ultimately
feed back on soil profile development as shown in
Figure 5. Therefore, we assumed that the differ-
ence between 8'°N of the upper soil horizon and
lower soil horizon, at the clear-cut site, should be
very narrow compared to the undisturbed forest
soil profile; this assumption is supported by our
study as well (Figure 7).
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In the natural forest, little nitrification occurs and
has no isotopic enrichment of NH, * and the leaves
of the natural site are depleted in >N compared to
the clear-cut sites. Such changes in N cycle patterns
will ultimately feed back on soil profile develop-
ment as shown in Figure 7. In our studied sites we
observed significantly higher NO,-N concentrations
in soil water (25 cm depth) from the clear-cut sites
than at the closed forest site (Figure 6).

The interspecific variations in natural '>N abun-
dance in the vegetation of the same habitat ob-
served in our study reflect their different N sources.
Furthermore, we also recorded that !°N natural
abundance in needles and soil also functions as
an indicator of the N dynamics after clear-cutting.
However, at present we have no data on the long-
term effect of reforestation as shown in Figure 7,
but we assume that the reforestation after clear-cut-
ting would result in a declination of NO, leaching,
which would subsequently lead to 1°N-depletion
of needles and humus compared to clear cutting
condition; in other words, this process should be
reversible. Further measurements of the fluxes of
Cand N through mycorrhizal fungi are needed to
assess properly their role in the ecosystem and to
test the suggested hypotheses accounting for the
observed patterns in plant 8!°N values.

REFERENCES

Abuzinadah R.A.,, Finlay R.D., Read D.J. (1986): The
role of proteins in the nitrogen nutrition of ectomy-

PLANT SOIL ENVIRON., 53, 2007 (8): 329-339

corrhizal plants: II. Utilization of protein by mycor-
rhizal plants of Pinus contorta. New Phytol., 103:
495-506.

Agren G.L, Bosatta E. (1996): Quality: A bridge between
theory and experiment in soil organic matter studies.
Oikos, 76: 522-528.

Bausenwein U., Millard P., Raven J. (2001a): Remobilized
old-leaf nitrogen predominates for spring growth in
two temperate grasses. New Phytol., 152: 283-290.

Bausenwein U., Millard P., Thornton B., Raven J.A.
(2001b): Seasonal nitrogen storage and remobili-
zation in the forb Rumex acetosa. Funct. Ecol., 15:
370-377.

Bothwell K.S., Prescott C.E., Jones M.D. (2001): Factors
contributing to the superior growth and N nutrition
of 11-years-old lodgepole pine compared with sitka
spruce on a N-poor cedar-hemlock cutover. Can J.
For. Res., 31: 1272-1279.

DeLucia E.H., Schlesinger W.H., Billings W.D. (1988):
Water relations and the maintenance of Sierran co-
nifers on hydro-thermally altered rock. Ecology, 69:
303-311.

Emmet B.A., Kjonaas O.]., Gundersen P., Koopmans C.,
Tietema A., Sleep D. (1998): Natural abundance of
I5N in forests across a nitrogen deposition gradient.
Forest Ecol. Manage., 101: 9-18.

Garten C.T,, Jr., Migroet H. (1994): Relationship between
soil nitrogen dynamics and natural >N abundance in
plant foliage from Great Smoky Mountains National
Park. Can. J. Forest Res., 24: 1636—-1645.

Gebauer G., Dietrich P. (1993): Nitrogen isotope ratios
in different compartments of a mixed stand of spruce,
larch and beech trees and of understorey vegetation
including fungi. Isotopenpraxis, 29: 35-44.

337



Gebauer G., Giesemann A., Schulze E.D., Jager H.J.
(1994): Isotope ratios and concentration of S and N
in needles and soils of P. abies stands as influenced
by atmospheric deposition of S and N compounds.
Plant Soil, 164: 267-281.

Gebauer G., Schulze E.D. (1991): Carbon and nitrogen
isotope ratios in different compartments of a healthy
and declining Picea abies forest in the Fichtelgebirge,
N.E. Bavaria. Oecologia, 87: 198-207.

Giesler R., Lundstrom U. (1993): Soil solution chem-
istry: Effects of bulking soil samples. Soil Sci. Soc.
Am.]J., 57: 1283-1288.

Gower S.T., Richards J.H. (1990): Larches: decidu-
ous conifers in an evergreen world. BioScience, 40:
818-826.

Grelet G.A., Alexander 1.]., Proe M.F., Frossard J.S.,
Millard P. (2001): Leaf habit influences nitrogen re-
mobilization in Vaccinium species. J. Exp. Bot., 52:
993-1002.

Helmisaari H.S., Makkonen K., Olsson M., Viksna A.,
Mailkoénen E. (1999): Fine-root growth, mortality and
heavy metal concentrations in limed and fertilized
Pinus silvestris (L.) stands in the vicinity of a Cu—Ni
smelter in SW Finland. Plant Soil, 209: 193-200.

Hobbie E.A., Macko S.A., Williams M. (2000): Corre-
lations between foliar 8'°N and nitrogen concentra-
tions may indicate plant-mycorrhizal interactions.
Oecologia, 122: 273-283.

Hogberg P., Hogbom L., Schinkel H., Hogberg M., Jo-
hannisson C., Wallmark H. (1996): N abundance
of surface soils, roots and mycorrhizas in profiles of
European forest soils. Oecologia, 108: 207-214.

Hégbom L., Nilsson U., Orlander G. (2002): Nitrogen
dynamics after clear-felling as monitored by natural
abundance of >N and an in vivo nitrate reductase
activity (NRA) of Deschampsia flexuosa (L.) Trin.
For. Ecol. Manag., 160: 273-280.

Kitayama K., Iwamoto K. (2001): Patterns of natural
15N abundance in the leaf-to-soil continuum of tropi-
cal rain forests differing in N availability on Mount
Kinabalu, Borneo. Plant Soil, 229: 203-212.

Kolb K.J., Evans R.D. (2002): Implications of leaf nitro-
gen recycling on the nitrogen isotope composition of
deciduous plant tissues. New Phytol., 156: 57-64.

Koopmann C.J. (1996): The impact of reduced N deposi-
tion on N-cycling in Dutch forest ecosystems. [PhD
Thesis]. University of Amsterdam, Netherlands.

Koopmann C.J., Van Dam D., Tietema A. (1997): Natural
I5N abundance in two N-saturated forest ecosystem.
Oecologia, 11: 470-480.

Kumala A., Leinonen L., Ruoho-Airola T., Salmi T.,
Walden J. (1998): Air Quality Trends in Finland.
Ilmanlaatumittauksia — Air Quality Measurements.
Finnish Meteorological Institute, Helsinki.

338

Malaguti D., Millard P., Wendler R., Hepburn A., Ta-
gliavini M. (2001): Translocation of amino acids in
the xylem of apple (Malus domestica L. Brokh.) trees
in spring as a consequence of both N remobilization
and root uptake. J. Exp. Bot., 52: 1665-1671.

Marshall ].D., Zhang J. (1994): Carbon isotope discrimi-
nation and water use efficiency of native plants of the
north-central Rockies. Ecology, 75: 1887-1895.

Medina R., Schmidt H.L. (1982): Nitrogen isotope
ratio variations in biological material, indicator for
metabolic correlations. In: Schmidt H.L., Forstel H.,
Heinzinger K. (eds.): Stable Isotopes. Springer, Am-
sterdam, Netherlands: 465-473.

Mellilo .M., Aber ].D., Linkins A.E., Turner A.E., Fry B,
Nadelhoffer K.J. (1989): Carbon and nitrogen dynam-
ics along the decay continuum: plant litter to soil
organic matter. Plant Soil, 7115:189-198.

Nadelhoffer K.J., Fry B. (1988): Controls on natural ni-
trogen-15 and carbon-13 abundance in forest soil or-
ganic matter. Soil Sci. Soc. Am. J., 52: 1633-1640.

Nadelhoffer K.J., Fry B. (1994): N-isotope studies in
forests. In: Lajtha K., Michener H.R. (eds.): Stable
Isotopes in Ecology and Environmental Sciences.
Blackwell, Oxford, UK: 22-62.

Nasholm T. (1994): Removal of N during needle se-
nescence in scot pine (P sylvestris L.). Oecologia,
99: 290-296.

Neilsen D., Millard P., Neilsen G.H., Hogue E.J. (1997):
Sources of N for leaf growth in a high-density apple
(Malus domestica) orchard irrigated with ammonium
nitrate solution. Tree Physiol., 17: 733-739.

Proe M.F, Millard P. (1995): Effect of N supply on the
seasonal partitioning of N and P uptake in young
Sitka spruce (Picea sitchensis). Can. J. For. Res., 25:
1704-1709.

Sah S.P,, Brumme R. (2003): Natural 1°N abundance in
two nitrogen saturated forest ecosystems at Solling,
Germany. J. For. Sci., 49: 515-522.

Schulze E.D., Chapin E.S. III, Gebauer G. (1994): Ni-
trogen nutrition and isotope differences among life
forms at the northern treeline of Alaska. Oecologia,
100: 406-412.

Shearer G., Duffy J., Kohl D.H., Commoner B. (1974):
A steady state model of isotopic fractionation ac-
companying nitrogen transformations in soil. Soil
Sci. Soc. Am. Pro., 138: 315-322.

Shearer G., Kohl D.H. (1986): N, fixation in field setting:
estimations based on natural '°N abundance. Aust.
J. Plant Physiol., 13: 699-756.

Shearer G., Kohl D.H. (1993): Natural abundance of °N:
fractional contribution of two sources to a common
sink and use of isotope discrimination. In: Knowles R.,
Blackburn T.H. (eds.): Nitrogen Isotope Techniques.
Academic Press, San Diego, USA: 89-125.

PLANT SOIL ENVIRON., 53, 2007 (8): 329-339



Stephens D.W., Millard P., Turnbull M.H., Whitehead D.

(2001): The influence of nitrogen supply on growth
and internal recycling of nitrogen in young Nothofa-
gus fusca trees. Aust. J. Plant Physiol., 28: 249-255.
Stewart G.R., Schmidt S. (1999): The evolution and
ecology of plant mineral nutrition. In: Press M.C.,
Scholes J.D., Barker M.G. (eds.): Physiological Plant
Ecology. Blackwell Science, Oxford, UK: 91-114.

Yoneyama T., Fujiwara H., Wilson J. (1998): Variations
in fractionation of C and N isotopes in higher plants.
In: Griffith H. (ed.): Stable Isotopes: Integration of
Biological, Ecological and Geochemical Processes.
Bios Scientific Publishers, Oxford, UK: 99-109.

Received on April 11, 2007

Corresponding author:

Dr. S.P. Sah, University of Helsinki, Department of Forest Ecology, PL 27, Latokartanonkaari 7, 00014 Helsinki, Finland

e-mail: shambhu.sah@helsinki.fi

PLANT SOIL ENVIRON., 53, 2007 (8): 329-339

339



