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Abstract As part of the Kushiro Wetland Restoration
Project, we evaluated the effect of the tree-cutting (February
2003) on soil water chemistry for 3 years in an alder
(Alnus japonica) shrubland on the peat soil in the Kushiro
Wetland, the largest wetland in Japan. The alder stand was
divided into two types; low stature and high stature stands,
mean heights being 1.5 and 2.6 m, respectively. The treat-
ment plot with tree cutting and the reference plot measuring
25 m x 25 m each were established in both stands, and a
soil incubation experiment was also conducted by trenching
the root zone of wetland vegetation in the treatment plots in
both stands in the summer of 2004. The tree cutting did not
substantially increase the concentrations of ammonium ion
(NH,41) and nitrate ion (NO; ") in the soil water, although a
gradual and slight increase of NOj;~ concentration was
found after the tree-cutting only in the high stature stand
(<10 pmol/l). This increase in the NO5;~ concentration in
the high stature stand was probably due to the rhizosphere
oxidation of wetland herbaceous vegetation, and was
accompanied by the increase of Ca®" concentration. The
soil incubation experiment showed no significant change of
the nitrogen concentration, suggesting that inorganic
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nitrogen was immobilized and NO;~ was denitrified
intensively in this wetland peat soil. The results of this study
suggested that this wetland ecosystem had a high potential
to stabilize the soil water chemistry.
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Nitrogen - Root zone trenching - Tree-cutting - Wetland

Introduction

The Kushiro Wetland, the largest wetland in Japan, has
shrunk or deteriorated by various disturbances caused by
human activities (Nakamura et al. 2002). The deteriorative
problems in the Kushiro Wetland include land-use devel-
opment, the load of suspended sediment and nutrients
contributing to eutrophication (Nakamura et al. 2004a),
stream channelization (Nakamura et al. 1997), expansion of
non-native vegetation, decreases of endangered species
populations and expansion of abandoned fields. The
Kushiro Wetland Restoration Project was started in 2002 to
assess these deteriorative problems (Nakamura and Ahn
2006). In the Kushiro Wetland, expansion of the distribu-
tion area of alder (Alnus japonica), a nitrogen-fixing spe-
cies, has been one of the major problems (Fujimura et al.,
2008). Human activity caused environmental changes in the
Kushiro Wetland, leading to a change in vegetative com-
position through the expansion of the alder (Nakamura and
Ahn 2006). Zedler and Kercher (2004) suggested the impact
of invasive plants on nutrient cycling, including nitrogen
processing, in the wetland ecosystem, although impacts on
ecosystem function are site- and species-specific. Ehrenfeld
(2003) suggested large effects of an invasive nitrogen-fixing
species on nitrogen cycling. Therefore, direct removal (e.g.,
cutting) of alder may be an effective method to restore the
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original vegetation in the Kushiro Wetland. However,
establishment of alder forest has constructed a peculiar
wetland environment for several decades, and alder cut-
ting may have serious influences on the current wetland
ecosystems. Then, tentative experiments have been con-
ducted in parts of the Kushiro Wetland to evaluate the
influence of the alder cutting from many aspects: the
changes of the vegetation, microclimate and chemistry of
soil water and groundwater.

Tree-cutting experiments have been conducted in
many upland forests (e.g., Bormann and Likens 1979;
Matson et al. 1987; Swank et al. 2001; Van Miegroet
and Cole 1984). These studies suggested a change of the
nutrient dynamics in forest soil and increased losses of
nitrate ion and base cations from the forest soil, although
time length taken for the nutrient losses after the tree-
cutting varied among forest ecosystems. Tree-cutting in
the wetlands has been conducted, and influences of not
only the vegetation (Batzer et al. 2000; Gale et al. 1998;
Spencer et al. 2001) and hydrology (Sun et al. 2000; Xu
et al. 2002), but also the chemical characteristics of soil
and soil water (McLaughlin et al. 1994, 1996, 2000;
Westbrook and Devito 2004) have been evaluated.
However, these tree-cutting studies on soil chemistry in
wetlands were limited and were mainly conducted for
the evaluation of soil fertility in managed systems. Other
than for the managed systems, the cutting of the invasive
and/or expanding tree species may be necessary for the
restoration of the original vegetation in a wetland eco-
system. Therefore, the evaluation for the effect of tree-
cutting on nutrient dynamics in the wetland ecosystem is
important to acquire basic information for the conser-
vation of wetland ecosystems.

In general, in wetland soil that is under anaerobic con-
ditions, ammonification occurs, while the nitrification does
not occur easily (Bowden 1987). Moreover, uptake by plant
root and microbial immobilization of inorganic nitrogen
generally and intensively occurs in the wetland soil, and
denitrification also occurs (Hedin et al. 1998; McLaughlin
et al. 2000; Zhu and Ehrenfeld 2000; Westbrook and
Devito 2004). Especially in the peat wetlands in cold
regions, slow decomposition of organic matter and conse-
quent slow release of inorganic nitrogen lead to the intense
competition between plant roots and soil microbes for the
inorganic nitrogen. (Mitsch and Gosselink 2000). There-
fore, the ‘net’ change of the inorganic nitrogen dynamics
after tree cutting will be difficult to find in the soil and soil
water under stable waterlogged conditions. This will be the
case for cutting of nitrogen-fixing trees such as alder. The
purpose of this study was to evaluate the effect of tree-
cutting on the nitrogen concentrations in the soil water in a
wetland ecosystem in combination with the soil incubation
experiment to assess nitrogen mineralization and with the
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observation of other nutrient concentrations. Some impli-
cations for wetland restoration and the future prospects will
be suggested.

Materials and methods
Study site

We studied the effect of tree-cutting on the soil water
chemistry in the Hirosato area (N43°03’, E144°24’, Fig. la)
in the Kushiro Wetland. Our study area was surrounded by
the Kyu-Setsuri River, the Junigou-shisen River and a dike
that was constructed along the Shin-Kushiro River (Fig. 1b).
The Kyu-Setsuri River and the Junigou-shisen River have
been cut off by the Shin-Kushiro River and the dike since the
river and dike were newly constructed during 1921-1931.

(a) !
i (c) 25m
N40° ! Kushiro >
%L (Study site)
u
°

Alder stand

T
500m Junigou-shisen river

Fig. 1 Study site. a Location of the study site; b picture of the study
site; ¢ plot outline. Open squares are the plots established. “H” and
“L” mean low stature and high stature of the alder stand, respectively.
“R” and “T” mean reference and treatment plot, respectively. Arrows
denote the direction of river flow. In the plot outline ¢, the closed
circle and closed square are the points of soil water sampling and
field soil incubation, respectively
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The present study area was located at the east side of the
Shin-Kushiro River about 6.0-8.5 km upstream from an
estuary facing the North Pacific. Abandoned farmland with a
ca. 80-ha spread along the Kyu-Setsuri River as well as the
remaining area of ca. 160 ha was a mire undisturbed artifi-
cially. Over the mire, Japanese alder (Alnus japonica) was
widely distributed. The distribution area of the alder was
divided into two types of stands: low stature (L) and high
stature (H). The L stand had a mean height of 1.5 m and the H
stand a mean height of 2.6 m (Nakamura et al. 2004b). Most
alders grew on hummocks in both stands. In each stand, alder
was cut 5 cm above the ground with a handsaw in an area of
25 m x 25 m (treatment plot, T) in February 2003. Stumps
were left, and the cut trees were immediately transported to
the abandoned farmland. The sprouts regrew from the
stumps that were left, and then they were harvested in late
August every year. On the other hand, a reference plot
(R) having the same area was also established in each stand.

At the Kushiro Local Meteorological Observation sta-
tion, about 4 km south-southwest from the present study
site, the annual mean temperature and mean annual pre-
cipitation (1986-2005) were 6.2°C and 1030 mm, respec-
tively (Kushiro Local Meteorological Observation,
http://www.jma-net.go.jp/kushiro/). The mean of maxi-
mum snowpack depth during the same period was 36 cm,
and mean monthly temperatures from December to March
were below —1°C. The soil freezes in winter every year,
from November—January (varied with years and places) to
April in the present site (K. Okada and H. Yamada,
unpublished data); alder was cut on the frozen soil.

The altitude of the alder stand with low stature (LT and
LR) was 2.3 m above sea level and was highest in the
Hirosato area. Altitudes of HT and HR were 2.1 and 2.2 m,
respectively. These altitudes were on hollows. The
groundwater table was usually within ca. 5 cm below the
soil surface. The soil type of the alder stand was Fibric
Histosols (FAO/Unesco 1988) derived from a peat layer of
ca. 3 m, composed mainly of decomposing reed and sedge
(Yamada et al. 2004).

Tree density of alder, which was estimated from the
census for the belt transect of 5 m x 25 m, was 11440
and 8720 trees/ha in the L and H stand, respectively.
Percentage of canopy occupancy, which was calculated
from the tree crown projection by the hand-writing in the
same belt transects, was 72 and 82% in the L and H
stands, respectively; however, foliar density was thin.
Other tree species were seldom found in the present
study site. Herbaceous vegetation in both alder stands
was composed of Carex lasiocarpa, var. occultans,
Phragmites australis (Nakamura et al. 2004b). The floor
vegetation in the L stand was often occupied by some
Sphagnum species, Sphagnum imbricatum and S. sub-
fulvum. In the high stature, however, Sphagnum spp.

substantially lessened, and occupancy of Carex lasio-
carpa increased.

Sampling methods

Soil water was sampled at a depth of 10 cm (usually below
the groundwater table) using a porous ceramic cup at five
points of hollows in each plot (closed circle in Fig. Ic).
This sampling was conducted two or three times a year
during the no-snow season: seven times from 2003 to 2005
(Table 1). In winter, soil water was not sampled because of
the soil freezing. Frequent field observation was not per-
mitted to protect the endangered species. Groundwater was
also sampled at depths of 50, 100 and 150 cm at the same
point as soil water in August and November 2003 using a
hand pump and the PVC tube with a diameter of 5 cm
screened between the respective depths £5 cm. The sam-
pling point for the groundwater was the hollow.

Chemistry of bulk precipitation, throughfall and stem-
flow was obtained to compare the influence on the soil
water chemistry between treatment and reference plots.
Bulk precipitation was sampled with a funnel 20 cm in
diameter and a container at an open field in the abandoned
farmland. Throughfall was sampled at five points in HR
using a bucket with an opening 23 cm in diameter. Stem-
flow was sampled from five target trees in HR attaching the
vinyl tube in spiral. Bulk precipitation, throughfall and
stemflow were sampled when rainfall exceeded 20 mm/
event in 2003. Stemflow was converted into “mm” using
the tree crown projection described above.

Field soil incubation

There are various methods of soil incubation to assess the
nitrogen dynamics in the soil water. We attached

Table 1 Climatic indices for 1 week before the sampling days

Sampling day AP. 2> 0°C 2 <0°C
June 2003 0.0 1641 -5
August 2003 11.0 2587 0
November 2003 6.0 877 —45*
July 2004 4.5 2763 0
September 2004 35.5 2293 0
November 2004 2.5 1178 —108
July 2005 5.5 2866 0
November 2005 3.0 335 —573

A.P. antecedent precipitation, sum of precipitation during 1 week
before the sampling

2 > 0°C and X < 0°C: Cumulative hourly temperature >0°C and
<0°C, respectively

% No weather data in situ were available, and data from Kushiro
Local Meteorological Observation were used
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importance to (1) minimum disturbance of the wetland soil
and (2) semi-natural condition of the hydrological regimes
in the surface soil, except for the transpiration by the
vegetation. Especially for (2), an oxidative-reductive con-
dition related to hydrological regime is important for the
nitrogen dynamics in the wetland soil, especially in the
habitat of alder, an actinorhizal nitrogen-fixing species
(Hurd and Raynal 2004). Therefore, we chose the method
of trenching the root zone (Vitousek et al. 1982; Yamashita
et al. 2004) of the wetland vegetation, allowing the influ-
ence of rainfall and deep groundwater.

In mid-July 2004, plastic frames that were
25 cm x 25 cm with a height of 25 cm were inserted into
the soil to 20 cm depth at five hollows in LT and HT to
trench the root zone of vegetation (Fig. Ic); 5 cm was
above the ground. Then, herbaceous vegetation within the
frame was cut at the ground surface, and shed sheets
(vinylon meshed cloth) were covered on the frame doubly
to intercept 76% of the light. The plastic frame and shed
sheet were black to minimize photosynthetic growth. In
mid-August 2004, the vegetation regrown within the
frames was removed again. Soil water was sampled in
the same way as described above immediately before the
installation of the frame and after 9 weeks (mid-September
2004) within and out of the frame. At the same time, the
pH and oxidation reduction potential (ORP) of the soil
were also measured.

Chemical analyses

The water sample was passed through the glass fiber filter
with a pore size of 1.0 um after the pH measurements and
stored in the dark below 4°C until chemical analyses. The pH
was determined using a glass electrode (TOA, HM-12P).
Total dissolved nitrogen was analyzed by ultraviolet
absorption spectrometry after digestion with potassium
peroxodisulfate. NO;~, C1~, NH,", K* and Ca*" were
analyzed by an ion chromatography (Dionex, DX-500) after
passage through the 0.20-um membrane filter. Total dis-
solved carbon (DOC) was measured with a total organic
carbon analyzer (Shimadzu Inc., TOC-5000) for the soil
water of field soil incubation. The C/N ratio (mass ratio) in
soil water was determined by dividing the DOC concentra-
tion by total nitrogen concentration. In the field soil incu-
bation experiment, in situ pH and ORP in the soil (at a depth
of 10 cm) were measured with the glass electrode of a por-
table meter (TOA-DKK, HM-20P and RM-20P, respec-
tively) rifting the soil and then inserting the electrodes into
the rift. The tips of the electrodes were below the ground-
water table. ORP was converted to the value at pH 7 (ORP7).

In the present study, nitrogen had three species, dis-
solved organic nitrogen (Org-N), NH," and NO;~. The
concentration of Org-N was determined by subtracting the
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concentration of NH," plus NO;~ from that of total dis-
solved nitrogen. The source of Ca®" in the soil water was
divided into sea and non-sea sources (ss and nss, respec-
tively) using the ratios to Cl™ concentration in sea water,
on the assumption that C1™ in the soil water and ground-
water was derived from sea water as follows.

ssCa = Clgy x Casea/CISea

nssCa = Cag, — ssCa

“Ca” and “CI” denote the Ca** and C1~ concentration,
respectively. Subscript “sw” denotes the concentration in
soil water, and subscript “sea” denotes the concentration in
sea water. In the same calculation K™, the sources of these
ions could not be separated successfully because most
nssK™ concentrations were negative.

Indices of climatic conditions

In the present study, in situ hourly precipitation and air
temperature were observed from June to November. Soil
water chemistry was expected to be influenced by the cli-
matic condition on the sampling day and antecedent con-
dition. Precipitation directly affects water chemistry
through concentration or dilution, and temperature affects
the activity of plant and soil microbes. Therefore, we used
the sum of the antecedent precipitation and index of tem-
perature for 1 week before the sampling (Table 1). The
index of temperature consists of two types for warmness
and coldness. Cumulative hourly temperatures in cases of
>0 and <0°C were calculated by summing the temperature
for 1 week before the sampling day in the respective cases.

Statistics

In each plot, the difference in soil water chemistry among
sampling days was evaluated by one-way repeated mea-
sures ANOVA, and post hoc test was conducted by
Bonferroni’s multiple comparison. For each sampling day,
the difference in soil water chemistry between the treatment
and reference plot in each stand was analyzed by the ¢ test.
In field soil incubation, the difference in soil water chemistry
among treatments was evaluated by one-way ANOVA
followed by Scheffe’s multiple comparison (p < 0.05).

Results

Vertical distribution of chemistry in soil water
and groundwater

The dominant form of nitrogen species was Org-N, and
NO;~ was a minor component in soil water and
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Fig. 2 Vertical distribution of chemistry in soil water and ground-
water. Upper slash bar and lower mesh bar denote the value in
August and November 2003, respectively. Horizontal thin bar
denotes standard error (SE). The unit is pmolc/l for ions and pmol/l
for Org-N

groundwater (Fig. 2a). Inorganic nitrogen, especially
NO; ™, was often undetected, increasing the standard error.
Org-N in HT in August and that in HR in August and
November exhibited decreasing tendencies along the depth.
In other cases, however, there was little change in nitrogen
concentration along the depth.

In both the H and L stands, ClI™ concentrations exhibited
increasing tendencies along the depth, although the H stand
had lower Cl™ concentrations than the L stand (Fig. 2b).
The same tendencies were found in Ca** (Fig. 2b) and K"
(not shown) concentrations. The mean concentration (min.
and max. values) of Cl™ in the soil water was 2368
(1029-5823), 2435 (785-6088), 1107 (513-2229) and 1574
(886-2938) pumolc/l in LT, LR, HT and HR, respectively.
Similarly, pH in the soil water was 6.61 (6.18-7.86), 6.51
(6.05-7.48), 6.44 (5.93-7.53) and 6.51 (6.01-7.22) in LT,
LR, HT and HR, respectively.

Seasonal change in soil water chemistry

NH,* concentrations in the soil waters usually increased in
July or August, although no significant seasonal change
was found (Fig. 3; Table 2). The NO3~ concentrations in
all plots increased in November 2005. NO3;~ concentra-
tions in HT increased from the beginning of the present
study step by step. Org-N concentrations in all plots tended
to decrease.

Ca”" concentrations in the soil water in all plots sig-
nificantly fluctuated. The Ca®" concentrations only in HT
increased from the beginning of the present study step by
step. K concentrations in all plots increased in November
2005. These patterns of the Ca>* concentration in HT and
K" concentrations in all plots followed the seasonal
changes in the respective NO3~ concentrations, although
the change in NO;~ was smaller than that in base cations.

A significant difference in soil water chemistry between
the treatment and reference plot was found for Org-N in
July 2003 (p <0.01) and NO3~ in November 2005
(p < 0.05) in the H stand; the concentrations in HR were
higher in HT in both cases.

The concentration of ssCa®" and nssCa®" in all plots
except for ssCa>" in HT significantly fluctuated (Fig. 4;
Table 2); most of these fluctuations exhibited no obvious
pattern. However, the concentration of nssCa** only in HT
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increased from the beginning of the present study step by
step, except for the temporal increase in August 2003. This
pattern of nssCa®" in HT seemed to be similar to that of
NO;™ in HT (Fig. 3).

Low Stature High Stature

10 T
NH,"

pmole/L

umole/L

=

=

E

|

S

©

=

=

—

S

£ a

3 <&
F JAN J N J N F JAN J N J N
2003 2004 2005 2003 2004 2005

Fig. 3 Seasonal change in chemistry of soil water after tree-cutting.
Open circle LR, filled circle LT, open triangle HR, filled triangle HT.
Vertical bar denotes SE. Characters denote the results of RM-
ANOVA followed by Bonferroni’s multiple comparison (p < 0.05).
Small character denotes the difference for the control plot and large
character for the treatment plot. Values with the same character are
not significantly different at the 5% level

Comparison of chemistry among soil water,
bulk precipitation, throughfall and stemflow

Bulk precipitation chemistry reflects nutrient input to the
treatment plots. On the other hand, throughfall and stem-
flow chemistry reflects nutrient input to the reference plots,
although the contribution of water amount in the stemflow
ranged from 0.05 to 0.2% of bulk precipitation.

The concentrations of Org-N in the bulk precipitation,
throughfall and stemflow were usually lower than that in
the soil water, although high concentrations were occa-
sionally found in the bulk precipitation and stemflow
(Figs. 2, 5). The NO3™ concentration in the bulk precipi-
tation was higher than in the soil water, and those in the
throughfall and stemflow were usually similar to those in
the soil water. The NH," concentrations in bulk precipi-
tation were similar to those in the soil water, and those in
throughfall and stemflow were in the lower range of those
in the soil water. The concentrations of Ca** and CI~ in
three precipitations were lower than those in the soil water.
The K concentrations in bulk precipitation and through-
fall were usually lower than those in the soil water, while
the K* concentration in stemflow had a wider range than
those in the soil water (Fig. 5).

Effect of field soil incubation

The concentration of Org-N in the soil water in HT was
significantly increased by incubation (Post, Fig. 6) and that
in LT did not significantly increase during the incubation,
although it increased without incubation (No Inc.). The
NO;~ concentrations showed no significant change in
either plot. The NH4* concentrations in both plots signif-
icantly increased in September regardless of the incubation.
The DOC concentration in both plots was significantly
increased by incubation.

Values of pH in the soil showed no significant change,
although the mean value decreased without incubation in
both plots. ORP and ORP7 in LT significantly increased in

Table 2 Results of one-way repeated measures ANOVA (sampling day as a repeated factor) for mean concentrations of solutes in the soil water

LR LT HR HT
F p F p F p F p
NH,* 1.44 0.240 1.38 0.263 0.75 0.615 0.94 0.484
NO;~ 2.63 0.042 29.28 <0.001 9.51 <0.001 14.03 <0.001
Org-N 9.25 <0.001 19.83 <0.001 10.76 <0.001 4.35 0.004
Ca*t 4.96 0.002 8.93 <0.001 3.43 0.014 7.19 <0.001
ssCa”*+ 2.66 0.040 4.94 0.002 2.63 0.042 0.37 0.891
nssCa®* 11.99 <0.001 7.03 <0.001 451 0.003 6.35 <0.001
K" 492 0.002 11.61 <0.001 20.55 <0.001 16.30 <0.001

df of a factor ‘sampling day’ is 6, and df of the error is 24
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Fig. 4 Concentrations of sea source and non-sea source Ca”* in the
soil water. Closed squares denote the Ca*" concentration of sea
source (ssCa2+) and open squares Ca** of non-sea source (nssCaH).
Characters denote the results of RM-ANOVA followed by Bonfer-
roni’s multiple comparison (p < 0.05). Small character denotes the
difference for the non-sea source and large character for the sea
source. Values with the same character are not significantly different
at the 5% level
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Fig. 5 The range of solute concentration in bulk precipitation,
throughfall and stemflow was the 10th, 25th, 50th, 75th and 90th
percentile of the concentration distributed. Closed circles denote the
mean concentrations. Bidirectional arrows denote the concentration
range of respective solutes in the soil water in all the plots during the
study period (see Fig. 2). For NH,™, the concentration range in the
soil water (0-104 pmolc/l) covered entirely the concentration range
of three precipitations. For C1~ and Ca®", the concentration range in
the soil water (720-6088 and 68-469 pmolc/l, respectively) was over
the concentration range of three precipitations

September without incubation. However, these ORP values
were maintained at the initial lower value (Pre) after the
incubation. Those in HT showed no significant change,

although the mean value was lower after the incubation.
ORP and ORP7 under the initial condition (Pre) were lower
in LT than in HT.

The CI™ concentration in HT showed no significant
change, while that in LT significantly decreased during
incubation. Before incubation and without incubation, C1~
concentrations were higher in LT than in HT, although no
difference between the two plots was found after the
incubation. At the end of the field soil incubation, i.e.,
September 2004, soil water had been subject to more
rainfall than at other sampling days (Table 1).

Discussion

Effects of the tree-cutting on nitrogen concentrations
in the wetland soil water

In this study, the inorganic nitrogen concentrations in the
soil water in the treatment plot were not significantly
higher than in the reference plot in either stand. In general,
soil disturbance accompanied with tree-cutting stimulates
the soil microbial activity, leading to enhancement of
mineralization, nitrification and mobilization of NO3~ and
base cations (Bormann and Likens 1979; van Miegroet and
Cole 1984). This is because the soil temperature and
moisture are increased, and soil disturbance supplies oxy-
gen to the soil microbes (Bormann and Likens 1979).
However, the tree-cutting in the present study was con-
ducted on frozen soil and on snowpack of 20-40 cm. In
this study, therefore, the soil was likely little disturbed by
the tree-cutting treatment, suggesting little relation of soil
disturbance to the change of the inorganic nitrogen con-
centration in the soil water.

The increases in the NH, " concentrations in summer in
all plots were probably caused by the enhanced ammoni-
fication owing to high temperature (Fig. 3). Very low
concentrations of NO;~ in the soil water (<10 pmol/l)
would be due to low nitrification and the following deni-
trification under water-saturated conditions (Hedin et al.
1998; Hefting et al. 2004), microbial immobilization
(Westbrook and Devito 2004) and uptake by the plant root.
The soil incubation experiment suggested that the uptake
by the plant root was not a major process mitigating the
enhancement of inorganic nitrogen in the soil water,
because the inorganic nitrogen that was not taken up should
have remained in the soil water within the incubation frame
(Fig. 6). The incubation experiment in the present study
not only inhibited nutrient uptake by the plant root, but also
likely enhanced the soil temperature by using the black
material. In warmed soil, microbial activity was likely
stimulated. Thus, ammonification and nitrification (in the
surface soil above the groundwater table) might also be
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Fig. 6 Soil water chemistry before and after the soil incubation and
under no incubation. “Pre” means initial condition before incubation
(in July). “No Inc.” means without incubation (in September). “Post”
means after field incubation (in September). Left slash bar and right
mesh bar denote the value in HT and LT, respectively. Solute
concentrations are in the soil water, while pH and ORPs are measured
in the soil into which the electrodes were inserted. Letters denote the
results of analysis of variance followed by Scheffé’s test (p < 0.05).
Lowercase letter denotes the difference in the HT and uppercase
letter in the LT. Values with the same character are not significantly
different at the 5% level. The upper right asterisk in the X-axis
denotes a significant difference between HT and LT (¢ test, p < 0.05)

stimulated in the present incubation experiment. However,
an increase of DOC after the incubation would enhance the
microbial immobilization of NH, and NO;~ (Hart et al.
1994). In addition to this DOC increase, the decrease of
ORP stimulates denitrification (Korom 1992; Schlesinger
1997). At the soil ORP shown in Fig. 6, nitrification does
not occur in the soil (Schlesinger 1997). Soil warming
would stimulate the decomposition of organic matter above
the water table, i.e., oxygen consumption by soil respira-
tion, and the soil below the water table would be reduced
severely. Below the water table, therefore, the aerobic
decomposition of organic matter would be inhibited and
dissolved organic substances would be released, resulting
in the DOC increase. Therefore, microbial immobilization
of inorganic nitrogen and heterotrophic denitrification
would occur sufficiently to inhibit the substantial change in
inorganic nitrogen concentrations in the soil water.

At the end of the incubation experiment in the present
study (September 2004), the wetland soil received ante-
cedent precipitation (Table 1). The present wetland soil,
especially in the L stand, was subject to the influence of sea
salts from deep groundwater (Fig. 2b), probably because of
the leakage of salt wedge. Cl™ concentration without
incubation (No Inc.) in September 2004 in LT was similar
to that before incubation (Fig. 6), because the soil water
diluted with rainwater was rapidly diffused, and the CI™
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concentration was enhanced by the deep groundwater. On
the other hand, the soil water within the incubation frame
was diffused insufficiently, and the C1™ concentration after
incubation in LT remained low. Similarly, rainwater hav-
ing higher NO;~ (Fig. 5) was supplied to the soil water and
mostly would remain within the frame. However, the NO; ™~
supplied from the atmosphere would be almost completely
consumed by soil microbes through immobilization and/or
denitrification.

Under the condition influenced by both the nitrogen-
fixing species and frequent oxidizing events, such as large
fluctuations of the water table and water mixing in a
riparian wetland, nitrogen concentrations in the soil water
might have changed substantially (Hurd and Raynal 2004).
Owing to the soil characteristics such as a high and stable
groundwater table, however, the cutting of alder probably
had only a slight influence on the nitrogen concentrations
in the soil water in this wetland ecosystem. Thus, the
hollow soil in the present wetland had high potential to
mitigate the change of nitrogen concentrations in the soil
water, even if ammonification and nitrification were
enhanced in the thin surface layer above the water table
owing to the warmed condition after the removal of the
alder.

Mobilization of base cations in the wetland soil water
in relation to NOs;™~ concentrations

In the present study, we found significant and temporal
fluctuations of NO3;~ concentrations in the soil water,
although the fluctuation ranges of NO;3;™ concentrations
were small. In general, mobilization of NO;™ is accom-
panied by base cation mobilization in the soil after the tree-
cutting (Bormann and Likens 1979; van Miegroet and Cole
1984).

The gradual increases of NO3;~ (Fig. 3) and nssCa®*
(Fig. 4) in the soil water in HT after the tree-cutting
probably resulted from two processes. The first process was
probably the rhizosphere oxidation of herbaceous species,
reed and sedge (Schlesinger 1997), flourishing after the
alder removal, and the consequential nitrification (Hosomi
2000). The next process was probably the ion exchange
between Ca®" and H" caused by nitrification (Bormann
and Likens 1979; Van Miegroet and Cole 1984), although
the electric equivalence of NO3;~ was lower than that of
Ca”" in the soil water. Imbalance of the electric equiva-
lence between Ca®" and NO;~ was probably caused by the
NO;3;~ consumption processes as below. The rhizosphere
oxidation occurs not only for herbaceous species, but also
for Japanese alders (Grosse et al. 1993). In the present site,
however, most of the alder grew on the hummock, where
the soil water was not sampled. After the removal of alder,
the roots of herbaceous species consequentially would
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increase at hollows, resulting in an increased probability of
the sampling the soil water having a high NO;™~. However,
the oxidized rhizosphere is very thin, and the NO3™ dif-
fused out of the oxidized rhizosphere is immediately den-
itrified (Hosomi 2000). Moreover, part of the NO;~ would
be immobilized by soil microbes and taken up by plant
roots. Therefore, the soil water sampled with a ceramic cup
did not contain a large amount of NO5 ™, and there was only
a slight increase in NO3;~ concentration; the NO5;~ con-
centration in HT did not significantly increase more than in
HR. The lack of gradual increase in the NO5;~ concentra-
tion in the LT soil water was probably caused by the weak
effect of rhizosphere oxidation on the soil water in LT and
partly because the soil water in LT was probably influenced
by reductive deep groundwater more than that in HT.

The increases in the NO3;~ concentrations in all plots in
November 2005 (Fig. 3) were irrelevant to the tree-cutting,
and were the phenomena common to all the plots, such as a
climatic event; they are perhaps due to the nitrification
enhancement by a freeze-thaw cycle in the surface soil
(a few centimeters) (Groffman et al. 2001; Fitzhugh et al.
2001, 2003). The low cumulative coldness at that time
(Table 1) suggests the surface soil freezing at night and
thawing in daytime. Soil surface temperature in the present
site dropped under 0°C before the sampling day in
November 2005, while it did not drop under 0°C before the
sampling day in November 2004 (K. Okada and H. Yamada,
unpublished data). Moreover, denitrification activity might
decrease at a low temperature, especially near or below
0°C at night (Knowles 1982). The simultaneous increases
in K* concentration in the soil water (Fig. 3) also would be
caused by the nitrification followed by the ion exchange
with H*, although the electric equivalence of NO;~ was
lower than that of K" in the soil water. Fitzhugh et al.
(2003) suggested that the simultaneous releases of NO3™
and K* from a forested watershed in New Hampshire were
due to the disruption of interactions among root, microbe
and soil by the soil-freezing events. In November 2005 in
the present study, the plant root probably took up few
nutrients, and decomposition of the plant fine root hardly
would proceed because of a cool condition. However, soil
freezing might cause quick nitrification and simultaneous
mobilization of K" in the surface wetland soil in the
present site.

Conclusion

In the present study, the cutting of alder had only a slight
influence on the nitrogen concentrations in the soil water in
this wetland ecosystem, although some changes caused by
the tree-cutting were found. Moreover, the subtle change of
the soil water chemistry was caused not by the direct

influence of soil disturbance and alder removal, but prob-
ably by an indirect influence through the rhizosphere oxi-
dation of the herbaceous vegetation flourishing after the
tree-cutting. The soil water chemistry in the present wet-
land ecosystem will be relatively stable in the future
because the present wetland soil probably had a high
potential to mitigate the change of nitrogen concentrations
in the soil water.

Soil freezing might obscure the subtle change of the soil
water chemistry in late autumn. However, tree-cutting on
the frozen soil probably contributed to minimizing the soil
disturbance in the tree-cutting and the change in soil water
chemistry. The influence of physical disturbance of wet-
land soil on soil water chemistry is an important problem in
itself. In the removal of plant species from a wetland
ecosystem, the manipulation minimizing the disturbance of
the soil environment may be important to minimize the
influence on the chemical environment of the wetland soil.
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