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*  The net nitrogen mineralization (NNM) flux in drained peat soils depends largely on the C/N
ratio and tree species.

*  The soil NNM process is affected by trees through organic litter input into soil.

*  Pine stand in low-fertility drained transitional bog is dominated by net ammonification.

* Birch and spruce stands on the fertile drained peat soil with higher pH and N content are
dominated by net nitrification.

The main aim of the current study was to estimate the annual net nitrogen mineralization (NNM)
flux in stands of different tree species growing on drained peatlands, as well as to clarify the effect
of tree species, soil properties and litter on annual NNM dynamics. Three study sites were set up in
May 2014: a downy birch (Betula pubescens Ehrh.) stand and a Norway spruce (Picea abies (L.)
Karst.) stand in Oxalis full-drained swamp (ODS) and a Scots pine (Pinus sylvestris L.) stand in
Myrtillus full-drained swamp (MDS). The NNM flux was estimated using the in sifu method with
incubated polyethylene bags. The highest value of NNM was found in stands that were growing
on fertile ODS: 127.5 kg N ha! yr ! and 87.7 kg N ha ! yr!, in the downy birch stand and in the
Norway spruce stand, respectively. A significantly lower annual NNM flux (11.8 kg N ha! yr'!)
occurred in the Scots pine stand growing in MDS. Nitrification was highest at fertile ODS sites
and ammonification was the highest at the low fertility MDS site. For all study sites, positive
correlation was found between soil temperature and NNM intensity. The difference in annual
NNM between the downy birch stand and the Norway spruce stand growing on similar drained
fertile peatlands was due to litter quality. The annual N input into the soil through leaf litter was
the highest at the downy birch site where also the C/N ratio of litter was the lowest. The second
highest N input into the soil was found in the spruce stand and the lowest in the pine stand.
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1 Introduction

Forest drainage is an important and widely used forest management practice for increasing site
fertility and forest growth in excessively moist soils and peatlands in the boreal and hemiboreal
zones. About 15 million ha of peat soils have been drained in the temperate and boreal regions for
the purpose to improve forest site fertility (Paavilainen and Pdivinen 1995). In Finland, over 5.5
million ha are under drained forests, of which 4.5 million ha grow on peatlands (Peltomaa 2007).
In Estonia, the most intensive forest draining was carried out during 1970-1980 and the total
area of drained forest formed over 500000 ha (Yearbook of Forest 2016). Approximately 20%
of Estonian forests grow on peatlands, from which 14% are drained (Yearbook of Forest 2016).
These forests are diverse; a large share of them are managed regularly and some belong to pro-
tected forest areas. After drainage of peatlands, soil organic matter starts to decompose, which can
also lead to the increased rate of greenhouse gas (GHG) emission. Several studies have reported
intensive soil respiration in drained forests (Martikainen et al. 1993; Silvola et al. 1994; Ojanen
et al. 2013). In the light of increased CO, emissions and expected global warming, a number of
studies have focused on carbon (C) emissions in drained forest (Silvola et al. 1994; Ojanen et al.
2013; Meyer et al. 2013; Birdsey and Pan 2015). However, since nitrogen (N) is strongly related
to the C cycle, studies of the N cycle and N mineralization in drained forest ecosystems should be
emphasized as well. Nitrogen is one of the mineral elements limiting forest growth in the boreal
region (Luo et al. 2004). Thus N availability is an essential factor affecting also C accumulation by
plants also, there is strong relationship between forest C and N cycling (Millard et al. 2007). Net
nitrogen mineralization (NNM) is an essential flux in whole N cycle of boreal and temperate forests
(Zak et al. 1990; Goodale and Aber 2001; Lovett et al. 2002; Uri et al. 2008), since most of the N
utilized for plant production is produced by in situ mineralization of organic matter (Tate 1995).

The intensity of NNM depends on many factors: soil type, tree species, land use history
etc. (Zak et al. 1990; Goodale and Aber 2001; Lovett et al. 2002; Uri et al. 2008). Also soil water
content can influence the intensity of NNM (Raison et al. 1987; Stenger et al. 1995; Persson and
Wiren 1995). Reduction in soil water content and improvement in soil aeration in drained peatlands
also make conditions more favourable for NNM, which improves tree growth and influences eco-
system structure (Silins and Rothwell 1999). Wang et al. (2018) conclude that long term drainage
increases nutrient availability and the vegetation changes in response to drainage. Some studies
report that the N pool of drained forest can even be higher than the N pool of upland sites (Westman
and Laiho 2003). Also a change in the leaching of N in the form of ammonium may be increased
after drainage (Laine et al. 1995). When NNM studies mostly focus on mineral soils in different
forest ecosystems (Connell et al. 1995; Goodale and Aber 2001; Andersson et al. 2002; Lohmus
et al. 2002; Pajuste and Frey 2003; Uri et al. 2008, 2011; Becker et al. 2015, 2016), then relevant
studies focusing on organic soils are still scarce.

This study involved three main tree species that form most part of the stands growing in
drained forest ecosystems in Estonia: Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies
(L.) Karst.) and downy birch (Betula pubescens Ehrh.). The main aim of the study was to estimate
the annual NNM flux in different stands growing on drained peatlands and to clarify the effect of
tree species, soil type and litter quality on annual NNM dynamics. We hypothesized that annual
NNM is higher in deciduous (birch) stand than in coniferous (spruce) stand growing on similar
organic soils.
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2 Materials and methods
2.1 Study sites

Three study sites were set up in May 2014 in the Jarvselja experimental forest district (58°16'N,
27°18 E) which is located in the eastern part of Estonia. The area belongs to the hemiboreal veg-
etation zone (Ahti et al. 1968), which is a transition zone from the temperate to the boreal climate.
The Jérvselja forest district has a long drainage history (the first drainage systems were set up at
the end of the 19th century) and drained forests are widespread in this area. All study sites of dif-
ferent tree species are located on long-term drained forested peatlands (Table 1) and the average
distance between the study sites was roughly 5 km. In Estonia, Oxalis full-drained swamp (ODS)
and Myrtillus full-drained swamp (MDS) are the two main forest site types in peatland forest
(Yearbook forest 2016). The ODS site type made up 14% and the MDS site type made up 6% of
the Jarvselja forest district (Korjus et al. 2015). All studied sites had been drained approximately
40-50 years earlier using open ditches. As a result of drainage, groundwater level was normally
below 40 cm from surface during the growing season.

At all study sites, a sample plot (20x25 m) was established and the main stand characteristics
were measured (Table 1). The main tree species according to the study sites were downy birch,
Norway spruce and Scots pine and all stands were naturally regenerated. However, in the spruce
stand and in the pine stand, some birch trees were growing as secondary species whose basal area
(BA) formed roughly 15% and 10% of total stand BA, respectively.

The soil of the study sites was classified according to World Reference Base for Soil
Resources (FAO 2006) (Table 2). The region’s long term average precipitation is 650 mm, average
temperature is 17 °C in July and —6.7 °C in January and the growing season usually lasts 175-180
days (Kupper et al. 2011). Soil pits were dug at all sites to estimate the soil type as well as its bulk
density. The soils and the site types of the birch and spruce stands were similar and the site type
was classified as ODS. The pine stand was growing on MDS.

2.2 Incubation method

The NNM experiment was performed by using the method with incubated polyethylene bags (Eno
1960; Uri et al. 2008; Becker et al. 2015, 2016). Polyethylene bags ensure permeability to gases
(0, CO,, Ny, etc.), but prevent leaching and the input of soluble N, as well as the direct nitrogen
uptake by plants. The dynamics of NNM was studied in the 0—10 cm soil layer at all three study
sites from May 2014 to June 2015. At all sites, sampling and incubation were performed at an
approximately monthly interval, which has been reported to be an optimal period for changes in

Table 1. Main stand characteristics of the study sites. H — average stand height, D, 3 — average breast height diameter,
BA — basal area.

Study site Age Stand area N H D3 BA Volume
(yr) (ha) (trees ha™!) (m) (cm) (m? ha™') (m3 ha™)
Downy birch 30 5.1 1660 15 14 24.5 193
Norway spruce 55 0.9 942 17 18,4 25 208
Scotch pine 65 1.3 620 23 22 20.1 218
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the concentration of the mineral forms of N (Adams et al. 1989), and has also been applied in our
earlier studies (Uri et al. 2003, 2008, 2011; Becker et al. 2015, 2016). At each sampling session, 24
samples for incubation were taken from all study sites by using a cylindrical soil corer (@ 48 mm).
The internal diameter of the inner part of the corer was 1.6 mm larger than the diameter of the cut-
ting edge to avoid compression of the soil. The intact soil cores were packed in polyethylene bags
with a thickness of 18 pm and incubated inside the same hole. Simultaneously with the incubation
of a new sample, an adjacent initial sample was taken next to the incubated sample each time.
Both the incubated and the initial samples from each sampling place were collected separately
and gathered then by three in order to form eight composite samples from the incubated and initial
samples, which were transported to the laboratory on the same day. Sampling was done monthly
throughout the year, except when the soil was frozen. A more detailed description of the incuba-
tion methods has been published earlier in Uri et al. (2003, 2008) and Becker et al. (2015, 2016).

2.3 Litter collection

Aboveground litter was collected in 2015 using seven litter traps installed at each of the three study
sites. In the downy birch stand the collecting area of a litter trap was 0.36 m? and in the conifer-
ous stands it was 0.53 m2. Litter was collected from the litter traps at an approximately monthly
interval. However, in the autumn when litter fall in the birch stand was more intensive the interval
was about two weeks. All collected litter was taken to the laboratory and dried to constant weight.
After drying, litter was fractioned according to the tree species growing at the site and all fractions
were weighed. As the decomposition of leaf and needle litter is faster compared to branch litter and
affects net nitrogen mineralization the most, we considered only the leaf and needle fractions of litter.

2.4 Soil chemical analysis

The Tecator ASN 3313 was employed for testing the soil samples for nitrogen after Kjeldahl. Soil
NO;-N, NO;-N and NH4"-N were determined by flow injection analysis with the Tecator ASN
65-32/84 and the Tecator ASN 65-31/84. Soil pH was determined in a 2.5:1 KCl soil (vol/wt) suspen-
sion. Available P and K were extracted with ammonium lactate (0.1 M NH4CH;CH(OH)COO- +
0.4M CH3;COOH, pH 3.75). Available phosphorus in the extraction solution was determined by
flow injection analysis with of the Tecator ASTN 9/84 and the content of available potassium was
determined from the same solution by the flame photometric method. For determination of C,g
content in the oven-dried samples, the combustion method (1150 °C) was applied using a vario-
MAX CNS elemental analyser (ELEMENTAR, Germany).

The samples of litter were analysed for total Kjeldahl nitrogen (N). The block digestion
and steam distillation methods were used for testing the plant material (leaves and needles) for N
concentration (Tecator AN 300).

2.5 Statistical analysis of the data

Normality of variables was checked using the Lilliefors and Shapiro-Wilk’s tests. For multiple
comparisons of means, in case the assumptions were satisfied, the t-test was employed to compare
the two group means. The correlation matrix was used to estimate relationships. In all cases the
level of significance 0.05 was accepted. STATISTICA 7 (StatSoft, Inc., 2013) software was used
in all cases.
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3 Results
3.1 The soil nitrogen pool and the seasonal dynamics of soil mineral nitrogen

The total N pool for the upper 10 cm soil layer was higher in the birch and spruce stands growing
on Drainic Eutric Histosols and it was estimated roughly at 5 t N ha!. In the pine stand on Drainic
Mesic Histosol, the total N pool for the upper 10 cm soil layer was almost 2 t ha! (Table 2). The
average concentrations of mineral N for the different months were higher in the birch and spruce
stands and were significantly lower in the well-drained Myrtillus-type pine stand (Fig. 1). There
was no significant difference in annual (whole-year dataset) mineral N concentrations in the soil
between the spruce and birch stands (t-test, p>0.05). However, when comparing soil N concentra-
tions in the different months for the birch and spruce stands, then they were significantly higher for
the spruce stand in May 2014, November 2014 and May 2015 (t-test, p<0.05) (Fig. 1).

The annual dynamics of soil mineral N concentrations was significantly different for the
studied Oxalis and Myrtillus fully drained forest sites (Fig. 1). Both in the birch and spruce stands,
soil mineral N concentration peaked in August and November, amounting almost to 70 mg kg!
(Fig. 1). In the pine stand, the mineral N concentration varied between 0.1-2.8 mg kg! throughout
the year and peaked in April when it was only up to 3 mg kg! (Fig. 2¢). In the birch and spruce
stands the highest share of soil mineral N was formed of NO3-N, while in the pine stand NH4-N
was the dominating form of mineral N in the upper soil layer (Fig. 2). Also soil pH was significantly
lower in the pine stand (Table 2). The pH of the incubated samples in the birch stand varied between
4.7 and 4.8, in the spruce stand between 4.3 and 4.5 and in the pine stand 2.5 and 2.8. There was
no difference between the pH values of the initial and the incubated samples at all studied sites
(t-test, p>0.05). Although NH4-N was almost missing in the soil of the birch stand, it made up
30% of total mineral N in the spruce stand in the different months (Fig. 2).
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Fig. 1. Mean concentrations of soil mineral nitrogen in the upper 10 cm soil layer of birch, spruce and
pine stand. Bars indicate the values of standard error, n=8 (24 replicates pooled by three).
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3.2 Annual net nitrogen mineralization
3.2.1 Birch and spruce stands

The intensity of annual NNM was the highest in the birch stand and the lowest in the pine stand
(Fig. 3). In the birch stand a peak of NNM occurred in July 2014 (t-test, p<0.05), when NNM
intensity exceeded 120 mg N kg day !, and another peak (109 mg N kg day!) occurred in June
2015 (t-test, p<0.05). The rate of net nitrification was very high in the birch stand whereas the
rate of ammonification was even negative during seven months. There was positive correlation
between NNM intensity and soil temperature for the birch stand (r=0.78, p=0.013). However,
when we considered the net nitrification and the net ammonification processes separately, positive
correlation occurred only between soil temperature and net nitrification (r=0.80, p=0.009). There
was no correlation between soil pH and NNM intensity between soil moisture content and NNM
intensity for the birch stand.

In the spruce stand, likewise, net nitrification was the dominating process and net ammoni-
fication was negative during four months in the study period (Fig. 3). The NNM intensity peaked
one month later than in the birch stand (in August), being as high as 100 mg N kg day! and another
peak (61 mg N kg day!) occurred in May (t-test, p<0.05). There was also strong correlation
between NNM intensity and soil temperature (r=0.79, p=0.012) as well as between NOs3-N and
soil temperature (r=0.79, p=0.011). The share of net ammonification in total NNM was larger
compared with the birch stand, but like for the birch stand, there was no correlation between net
ammonification and soil temperature or between pH and NNM intensity.

Annual cumulative NNM was significantly higher in the birch stand compared with the
spruce stand (t-test, p=0.045) (Table 3), being almost 130 kg ha!, which made up 2.4% of the
soil N pool of the upper 0-10 cm. In the spruce stand the annual NNM flux was 88 kg ha™!, which
accounted for about 1.7% of the upper 0—10 cm soil N pool. At the same time, in both stands the
share of net nitrification made up 95%. The share of net ammonification in total NNM in May and
October was substantial in the spruce stand (Fig. 3). Yet because of the microbial immobilization
of ammonium nitrogen in the other months, total annual net ammonification was still low.

3.2.2 Pine stand

The intensity of NNM in the pine stand had a different pattern form that of the birch and spruce
stands which were growing on a more fertile drained peat soil. Overall, it was much lower with
peaks in June in both 2014 and 2015. Only in June 2015 was it significantly higher than in the other
months (t-test, p<0.05) (Fig. 3). Net ammonification was the highest in the pine stand where nitri-
fication was practically missing. Positive correlation between soil temperature and NNM intensity
was found also for the pine stand (r=0.74, p=0.023), but there was no correlation between soil pH
and NNM intensity. In all cases, NNM intensity was the lowest in the autumn months (October
and November) and cumulative annual NNM was only 12 kg ha! (Table 3).

3.3 Nitrogen input into soil through litter fall

The annual litter flux in 2015 was around 4 t ha™! at all study sites (Table 4). To calculate the N
input into the soil through litter, only leaf litter and needle litter were taken into account as the
corresponding fractions have the highest decomposing rate and form the main share of the annual
litter flux. In the birch stand, leaf litter was 3.1 t ha™! and contributed the most to the N input
(36 kg N ha!) into the soil among the study sites. In the spruce stand, the needles and the birch
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Table 3. Annual net nitrification (NOs-N), annual net ammonification
(NH4-N), total net nitrogen mineralization (NNM) (kg ha!) and the
share of net nitrification (%) in the studied stands.

Study site NO;-N NH4-N NNM Nitrification
ha ha

Downy birch 129.3 -1.7 127.5 100.0

Norway spruce 83.3 4.4 87.7 94.9

Scots pine 0.1 11.8 11.8 0.0

leaves produced 2.8 t ha! and their total N input into the soil through litter was 25 kg N ha™!
(Table 4). In the pine stand, the N input into the soil through litter was the smallest (10 kg N ha™!)
and N concentrations in the leaves and needles were also the lowest.

4 Discussion
4.1 Soil nitrogen pool and its dynamics
4.1.1 Birch and spruce

A large soil nitrogen (N) pool is typical of drained eutrophic swamp forests (Westman and Laiho
2003). In this study the total soil N pool in the 0—10 cm upper soil layer in the birch and spruce
stands was about 5 t N ha™! and in the soil layer up to 40 c¢cm it even amounted to 20 t N ha™!
(Table 2). This exceeds to considerably the N storages reported for mineral soils of the boreal and
hemiboreal forest ecosystems (Gundersen 1995; Uri et al. 2003, 2008; Becker et al. 2015, 2016).
The large total soil N storage, inherent in organic soils, can be explained by presence of a thick peat
layer and high N concentration of peat. However, a large soil N pool does not reflect the amount
of N that is actually available for uptake by plants. According to Helmisaari (1995), typically only
about 0.1-1% of the soil N pool is available for plants in the form of inorganic N in boreal forests.
The corresponding share of 1-3.5% in the upper soil N pool has been found to be available as
mineral N (Baldock and Nelson 2000; Uri et al. 2008; Becker et al. 2015). In this study the share
of mineral N of the total N pool in the upper 0—10 cm soil layer was in a similar range and varied
from 1.7% to 2.4% in the spruce and birch stands, respectively.

The annual dynamics of soil mineral N in the birch and spruce stands demonstrated a similar
pattern. There was no difference between these stands in mineral N concentration in the upper
0-10 cm soil layer over the whole-year dataset (t-test, p>0.05). In both stands, soil mineral N

Table 4. Litter characteristics of the studied stands (n=7).

Stand Leaves  Needles Branches  Other Total N concentration N input C/N
(tha!)  (tha!) (tha') (tha) (%) (kg ha!)
Leaves  Needles Leaves  Needles
Birch 3.1 0.4 0.1 3.7+0.18 1.14 35.7 42
Spruce 0.8 2.0 0.9 0.6 4.3+0.16 1.11 0.80 24.9 59
Pine 0.3 2.1 0.5 0.9 3.8+0.15 0.96 0.34 10.0 157

10
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concentration peaked in August and November 2014. The increase of soil mineral N in autumn
is a typical pattern which can be explained mainly by the ceased N uptake by plants and by the
input of fresh organic matter through litter (Uri et al. 2003, 2008; Becker et al. 2015). Mineral N
concentration in the soil was low in spring and increased up to autumn, which is in good accord-
ance with the dynamics of NNM intensity. High soil mineral N concentration during the vegetation
period (Fig. 1) is the result of favourable conditions that promote NNM.

4.1.2 Pine stand

As the pine stand was growing on a relatively poor drained oligotrophic peat soil, the content and
dynamics of mineral N was different from those of the birch and spruce stands. The total soil N
pool in the pine stand was significantly smaller, amounting to 1.9 t N ha™! in the upper 10 cm soil
layer. Also the content of soil mineral N was several times lower, which is mainly related to soil
properties and site history. It is well known that the concentration of soil mineral N depends on
the intensity of NNM and, on the other hand, on plants uptake. The low share of mineral N of the
upper soil layer (0.6% of the total soil N pool) in the pine stand could be explained by low NNM
intensity. Ammonium N was the prevailing form of mineral N in the pine stand, whereas nitrate N
concentration was negligible in all months. The concentration of soil ammonium N varied between
0.45 and 2.8 mg kg! during the whole study period. This estimate can be considered low since it
is roughly ten times as low as the corresponding estimate for a Rhodococcum pine stand in Estonia
(Kurvits et al. 2004).

4.2 Annual NNM and litter N input
4.2.1 Birch and spruce stands

In this study N mineralization occurred in the upper 0—10 cm soil layer, which is the most active
soil part. The upper soil layer is characterized by higher nutrient content, higher microbial biomass
and activity as well as the largest fine root biomass (LShmus et al. 2006; Uri et al. 2009; Aosaar
etal. 2013; Varik et al. 2013). Moreover, according to several studies, most of NNM occurs in the
topsoil layer. Connell et al. (1995) concluded that 75-85% of NNM generally takes place in the
upper 0-20 cm soil layer. Persson and Wirén (1995) have reported that on average 78% of NNM
occurs in the 0—10 cm topsoil layer and the remaining 22%, in the 10-50 cm layer of the mineral soil.

The buried bag method used in situ is one of the most common methods for in situ NNM
studies (Hanselman et al. 2004; Duran et al. 2012) and reflects the actual rate of N mineralization
in the soil. Also the method with the covered cylinders may give similar results assuming that the
diameter of the incubated soil core is sufficiently large (5 cm) (Hanselman et al. 2004; Duran et
al. 2012).

NNM is mainly affected by soil temperature and pH (Tietema and Verstraten 1992) while
the effect of soil moisture is not very clear (Uri et al. 2008; Becker et al. 2015, 2016). The effect
of soil temperature on NNM intensity was revealed also in the present study, but the effects of pH
and soil moisture on NNM were not detected. Although it has been reported that the concentra-
tion of soil nitrate N is largely affected by temperature and drainage while the concentration of
soil ammonium N depends on soil moisture and precipitation rate (Glina et al. 2016), we did not
find any positive correlation between NH4-N and soil moisture. At the same time, the nitrification
process was more favoured in the birch stand than in the spruce stand despite the fact that both
were growing on peat soils with similar properties and N content (Table 2). Nitrification was also
the major process of N transformation in the spruce stand while ammonification accounted for
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roughly 5% of total NNM. In the birch stand, the rate of nitrification was 100% (Table 3). Lower
nitrification in the spruce stand can partly be explained by lower soil pH (Table 1), which is evi-
dently the result of more acid needle litter. The favourable range for nitrification is from pH 3.9 to
6.3 (Van Praag and Weissen 1973); low pH often restricts nitrification and almost no nitrification
can be detected at pH <4 (Persson and Wiren 1995). As in both stands the pH values were higher
than 4, nitrification was a favoured process in both of them.

Also the annual cumulative NNM flux was different in the birch and spruce stands growing
on fertile drained Drainic Eutric Histosols, which are nutrient rich and whose pH is relatively
high. Annual NNM in the birch and spruce stands was estimated roughly at 130 kg N ha! yr!
and 90 kg N ha! yr-!, respectively. This difference is likely due to the difference in the species
composition of these stands. Several studies indicate that also the quantity and quality of soil
organic matter have a significant effect on NNM intensity, the C/N ratio being one of the key fac-
tors (McClaugherty et al. 1985; Zak et al. 1990; Tietema et al.1993). According to literature data
(Aber et al. 1989; Scott and Binkley 1997; Magill et al. 2000; Uri et al. 2011; Becker et al. 2015),
the annual NNM in deciduous stands varies between 24 kg ha™! yr-! and 200 kg ha! yr! and can
usually cover a major part of the annual N demand of these stands. An earlier study on mineral soil
in Estonia found the annual N mineralization flux to be only 24 kg N ha~! yr-! in a spruce stand
(Pajuste and Frey 2003). At a site with low fertility the C/N ratio for a spruce stand growing on
Haplic Podzol was between 28-31 kg N ha™! yr-! (Pajuste and Frey 2003), which is much higher
than the corresponding ratio in our the present study. In a spruce stand, after a clear cut for the
purpose of stump harvesting, the annual NNM flux was as high as 200 kg N ha! yr-! (Becker et al.
2016). In the present study the soil C/N ratio for the upper 0—10 cm layer in the birch and spruce
stands was 15.3 and 12.3, respectively (Table 2). These figures are of the same magnitude as those
found for fertile forest site types on mineral soils (Cools et al. 2014; Uri et al. 2014, 2015; Varik
et al. 2015; Becker et al. 2015, 2016). In Estonian birch stands, aged 13 to 45 years and growing
on fertile mineral soils, the soil C/N ratio for the A-horizon has been evaluated to range between
13.6 and 15.8 (Varik et al. 2015).

Soil nitrogen dynamics is strongly related to the carbon cycle (C). Both the downy birch
stand (Uri et al. 2017) and spruce stand (unpublished data) were highly productive and acted as
C sinks. In forests growing on drained organic soils, the high C uptake by trees can often com-
pensate for intensive soil respiration (Minkkinen et al. 2002; Hargreaves et al. 2003) and in terms
of productivity and more effective C sequestration, available soil N is crucial. Stand productivity
depended on the co-effect of multiple factors; high annual NNM intensity is one factor which ensures
vigorous growth of trees and hence high C accumulation. As a result of the long term drainage of
swamps, there has emerged a specific fertile site type which is very favourable for forest manage-
ment. However, in order to increase the C sequestration ability of stands, also tree species play an
important role. Further, reforestation of these areas after clear-cut by more productive tree species
like black alder (4/nus glutinosa (L.) Gaertn) or Norway spruce (P. abies) would be a reasonable
option. Still, it should be noted that, despite their high productivity, spruce stands on organic soils
may be sensitive to wind throw.

Annual NNM in forest soils has often two peaks, one at the beginning and the other one at
the end of the growing season (Nadelhoffer et al. 1984; Uri et al. 2003). In the current study NNM
mineralization in both stands peaked at the early in the vegetation period in both years (2014 and
2015). The second peak in the rate of NNM mineralization at the end of the vegetation period
occurred in the birch stand but not in the spruce stand.

The negative net ammonification fluxes noted for the spruce stand in the four months of the
study period (Fig. 3) can most probably be explained by N immobilization or by gaseous losses of
denitrification (Maag and Vinther 1996). Negative available ammonium was oxidized into nitrate.
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One characteristic that describes the influence of tree species on NNM is the difference in
their litter quality. The difference in the annual NNM flux between the birch stand and the spruce
stand was about 30% and the difference in the annual N fluxes that reached the soil through leaf
litter and needle litter has the same range (Table 4). Our result about the annual N input into the
soil through needle litter is in good accordance with earlier studies (Pajuste and Frey 2003) where
the N input into the soil through spruce needles was estimated at 24.2 kg N ha! yr-!. The impact
of tree species on N cycling in forest ecosystems resulted from different soil properties (Lovett et
al. 2004). The decomposition rate of litter is strongly affected by leaf nitrogen content (Cotrufo et
al. 1995). In this study N content was the highest in the birch leaves and the C/N ratio, which is an
essential factor in terms of litter decomposition, was about one third smaller for the birch leaves
compared with the spruce needles.

4.2.2 Pine stand

In the studied pine stand, annual NNM was significantly lower than in the birch or spruce stand,
being about 12 kg N ha! yr-!. This can be explained by lower site fertility, on the one hand, and
by the quality of organic litter, on the other. The pine stand is growing in the MDS site type with
Drainic Mesic Histosols, which are known as relatively nutrient poor soils but suitable for pine. In
the present case the fertility of the soil is strongly affected by site history; MDS is the result of long
term drainage of transitional (mesotrophic) bog. The fertility of such sites is mainly influenced by
the previous drainage situation, but first and foremost, by the thickness of the peat layer. Drainage
intensity also plays a crucial role; annual NNM tends to be lower in poorly drained soils than in
well-drained soils (Ullah and Moore 2009). In the present case, the peat layer was quite thin, having
attained a thickness of only up to 45 cm after the almost 50-year drainage period. Similar or even
lower values of NNM in pine stands (6-24 kg ha~! yr-!) have been reported earlier from Estonia
(Pajuste and Frey 2003; Kiilla et al. 2004). In a study from Sweden, negative N mineralization
occurred in pine stands growing on sandy soils (Vestgarden et al. 2003).

The share of net nitrification and net ammonification processes at the studied sites was
different, which can be explained by soil fertility and reaction. It is known that low pH restricts
nitrification and almost no nitrification can be detected at pH <4 (Persson and Wiren 1995); in the
studied pine stand average pH was 2.6. (Table 2). When in the birch and spruce stands nitrification
was the dominating process, then in the pine stand ammonification was prevailing. The NNM flux
in the pine stand was also strongly affected by litter quality. It was estimated that about 10 kg of
N reached the soil annually through litterfall, which was about three times lower than in the birch
and spruce stands. The NNM flux is clearly affected by the litter C/N ratio as for the pine stand
the litter C/N ratio was the highest among the studied stands.

5 Conclusion

In the studied drained peatlands, the annual net nitrogen mineralization (NNM) flux was largely
influenced by the post-drainage peatland type and the tree species of stand. The annual NNM flux was
large in fertile full-drained eutrophic swamps; it was lower in the spruce stand (87.7kg N ha~! yr 1)
than in the downy birch stand (127.5 kg N ha™! yr!); this difference was related to the quality of
aboveground litter. Thus both N content and the litter C/N ratio are important indicators of litter
affecting NNM.

The annual NNM flux in the pine stand growing in a full-drained transitional bog was signifi-
cantly smaller (11.8 kg N ha~! yr1), which was due to the co-effect of the soil and the ree species.
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Myrtillus full-drained swamp has evolved from transitional bog after long-term intensive drainage,
but soil fertility and especially soil N content in the peat soil of transitional bog are significantly
lower compared with eutrophic swamp. Moreover, N content is much lower in the needle litter of
Scots pine than in the birch leaves or spruce needles.

The nitrification process was limited by soil pH: nitrification was dominating in the fertile
drained peat soil with higher pH and N content, whereas ammonification dominated in the pine
stand in low-fertility drained transitional bog. The high NNM rate indicates that drained peat soils
can be as fertile as mineral soils, while the NNM flux depends in turn largely on soil properties
and on tree species.
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