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Abstract Winter climate change is an important
environmental driver that alters the biogeochemical
processes of forest soils. The decrease in snowpack
amplifies soil freeze—thaw cycles and decreases the
snowmelt water supply to soil. This study examined
how snow decrease affects nitrogen (N) mineralization
and nitrification in forest soil in northern Japan by
conducting an in situ experimental snowpack manip-
ulation experiment and a laboratory incubation of soil
with different moisture, temperature and freeze—thaw
magnitudes. For the incubation studies, surface min-
eral soil (0-10 cm) was collected from a cool-
temperate natural mixed forest and incubated using
the resin core method during the winter. In the field,
there were two treatments: 50 and 100 % snow
removal and control plots. The increase in the soil
freeze—thaw cycle increased net N mineralization and
marginally decreased the net nitrification in soil. The
dissolved organic carbon (DOC) and DOC/DON ratio
in soil increased with the decrease in snowpack
especially during the snow melt period. These results
suggested that the change in substrate quality by the
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increase in freeze—thaw cycles caused the significant
enhancement of microbial ammonium production in
soil. The lower soil moisture and higher gross
immobilization of inorganic N by soil microbes may
be maintaining the slow net nitrification and low
nitrate leaching in freeze—-thaw cycles with less
snowpack. The results indicate that winter climate
change would strongly impact N biogeochemistry
through the increase in ammonium availability in soil
for plants and microbes, whereas it would be unlikely
that nitrate loss from surface soil would be enhanced.
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Introduction

Nitrogen (N) is an essential nutrient for all biota and is
often the limiting nutrient in most temperate forest
ecosystems (Vitousek et al. 1997). At the same time,
anthropogenic excess N often causes serious environ-
mental problems such as air pollution, acidification of
soil and water, biodiversity loss, water degradation
and eutrophication of aquatic ecosystems (Galloway
et al. 2008; Porter et al. 2012). Understanding N
biogeochemistry in forest ecosystems is important for
assessing ecosystem conditions and to predict future
forest ecosystem qualities, functions and services
(Vitousek et al. 1997; Compton et al. 2011). The N
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cycle in forest ecosystems are fluctuated by biotic (e.g.
vegetation, microbe and animals) and abiotic (e.g.
temperature, moisture and atmospheric deposition)
factors and their interactions (Gundersen et al. 2006).
Climate is a fundamental driver for biogeochemical
processes in forest ecosystems. Seasonal and spatial
patterns in water and heat regimes influence dynamic
N pools and flows between vegetation, microbes, soil,
air and water.

The winter climate in cool-temperate and boreal
zones of the northern hemisphere is cold and snowy,
providing dormant periods for vegetation and
microbes, which are the key biotic players in the N
cycle. Recent studies have suggested that the winter
climate is not a negligible driver of N biogeochemistry
in temperate and boreal forest ecosystems (Kielland
et al. 2006; Stottlemyer and Toczydlowski 2006).
Although nutrient uptake and evapotranspiration by
trees almost stops in winter, it has been recognized that
certain soil microbes can survive and maintain
microbial N transformation (mineralization, nitrifica-
tion and denitrification) even in severe cold environ-
ments (Groffman et al. 2011). Inorganic N produced
by soil microbes in winter would be a potential source
of N leaching to streams during snow melt season and
might be an important source of N for growth of
vegetation and microbes in the early growing season.

Recent modeling studies of global climate change
imply that winter climate could be affected by an
increase of greenhouse gasses derived from anthropo-
genic activities (Hosaka et al. 2005). Changes in
winter climate will cause alterations in the heat and
water regimes of forest ecosystems through a lower
snowpack depth that reduces the insulation function of
the snowpack on the soil (Hardy et al. 2001; Iwata
et al. 2008). This reduction in the heat insulation
function enhances soil freeze—thaw cycles that are
influenced by rapid fluctuations in surface air temper-
ature, especially in early winter and in the late melting
season as these periods have a lesser snowpack but a
cold air temperature (Christopher et al. 2008).

An increase in frequency and magnitude of soil
freeze—thaw cycles often stimulates soil microbial N
transformation in winter (Matzner and Borken 2008;
Groffman et al. 2001a; Schimel and Mikan 2005;
Gilliam et al. 2010; Groffman et al. 2011) through the
increase in N mineralization and nitrification (DeLuca
et al. 1992; Groffman et al. 2001b; Christopher et al.
2008; Shibata et al. 2011), nitrate leaching (Mitchell
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et al. 1996; Fitzhugh et al. 2001; Callesen et al. 2007),
labile carbon availability (Hentschel et al. 2008; Haei
et al. 2010) and emission of nitrous oxide (Bochove
et al. 2000; Teepe et al. 2001). It has been suggested
that increased freeze—thaw cycles will stimulate
microbial activity, change the microbial composition,
and alter the substrate quality and quantity for soil
microbes (Morley et al. 1983; Skogland et al. 1988;
Allen-Morley and Coleman 1989; Henry 2007; Tem-
pler 2012). Brooks et al. (2011) recently summarized
the current understanding of carbon and N cycling in
snow-covered environments, focusing on soil temper-
ature and water availability under the freeze—thaw
cycle (Hobbie and Chapin 1996; Oquist et al. 2009;
Harrysson-Drotz et al. 2009), microbial responses in
cold environments (Lipson et al. 2002; Schadt et al.
2003), gaseous emission (carbon dioxide, methane and
nitrous oxide) (Monson et al. 2006; Brooks et al. 1997)
and solute exports (nitrate and dissolved organic
carbon) in winter from the watershed (Brooks and
Williams1999; Callesen et al. 2007). However, previ-
ous studies have indicated that patterns and responses
of soil microbial N transformation in winter varied
greatly both temporally and spatially and between
regions (Matzner and Borken 2008; Brooks et al.
2011; Groffman et al. 2011).

Christopher et al. (2008) examined the impacts of
soil freezing on net ammonium and nitrate produc-
tion in forest surface soil by transplant incubation
during the winter climate in northern Hokkaido,
Japan. They found that net ammonium production
increased with a decreased snowpack, while there
were no significant differences in net nitrate pro-
duction. Shibata et al. (2011) found that transplant
incubation from warm to cold climate during the
dormant season enhanced the net ammonium pro-
duction of surface soils in Japanese forests.
Although these studies revealed the distinct response
to cold climate, the drivers and mechanisms behind
these alterations due to winter climate changes are
still unclear. Detailed understanding of the patterns,
processes and mechanisms of the impacts of winter
climate changes on soil N dynamics would enable
better quantification of N leaching and soil nutrient
fertility in early growing seasons and further under-
standing of the resilience and vulnerability of forest
ecosystem to winter climate changes.

The objectives of this study were to address the
following research questions:
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(i) How does an increase of frequency and magni-
tude (i.e. amplitude of temperature range) in soil
freeze—thaw cycles, caused by a decrease in
snowpack, affect soil N mineralization and
nitrification in winter?

(ii) What are the environmental factors and mech-
anisms that alter the microbial N transformation
with the increase in winter soil freeze—thaw
cycles?

The working hypotheses are (i) Increase of frequen-
cies and magnitudes of soil freeze—thaw cycles by
snowpack decrease would enhance microbial N trans-
formation, and (ii) The altered substrate quality and
energy availability for soil microbes by the increase in
freeze—thaw cycle are important factors driving the
changes in soil microbial activity. To test these hypoth-
eses, experimental manipulation of snowpack in situ and
laboratory incubations of forest surface soils in north-
ernmost Hokkaido, northern Japan, were conducted.

Materials and methods
Study site

Forest surface soil was collected from a natural cool-
temperate mixed forest (N44° 21’ 217, E142° 15’ 29”)
in the Uryu Experimental Forest of Hokkaido Univer-
sity located in northern Hokkaido, Japan. The dom-
inant vegetation was Quercus crispula, Abies
sachalinensis, Betula ermanii, Acer mono and Picea
glehnii with a dense understory vegetation of Sasa
senenensis. The basal area at breast height of the
overstory vegetation was 19.6 m~2 ha~' (Christopher
et al. 2008). The soil was brown forest soil, Cambisols
(IUSS Working group 2006) on tertiary andesite. The
depth of the A horizon ranged from 6 to 13 cm and soil
pH (H,O) in the A horizon ranged from 4.4 to 5.0
(Shibata et al. 2011). The annual precipitation was
~ 1,390 mm with almost half of the precipitation
supplied as snowfall from December to April. The
annual mean temperature was 3.1 °C.

The in situ incubation studies were conducted in
experimental fields of the Northern Forestry and
Development Office, Forest Research Station, Field
Science Center for Northern Biosphere of Hokkaido
University, northern Hokkaido, Japan (N44° 19’ 497,
E142° 27’ 11”). The distance between sampling and
incubation site was ~16 km. We used different

sampling and in situ incubation locations because of
the difficulties of snow manipulation in the remote
forested area due to inaccessibility during winter.

Soil sampling

Surface mineral soil (0—10 cm) was collected in 10
places randomly distributed in 1 ha of the studied
forest stands in late October 2009. The collected soil
was sieved to S mm to remove coarse gravel and roots
and well mixed to prepare the one pooled sieved
sample for the in situ and laboratory incubations. The
total weight of the prepared soil sample was about
30 kg fresh weight. The soil was kept at 4 °C prior to
chemical analysis and incubation studies. Soil mois-
ture was measured by drying soil at 110 °C for 48 h.

Snow manipulation

Three experimental plots (control, 50 and 100 %
removal of snowpack) were established for the in situ
soil incubation during winter in flat, open fields at the
Northern Forestry and Development Office. The area of
each plot was 48 m? (4 x 12 m) with a 1 m buffering-
strip. Snow was removed to keep the snowpack within
50-60 cm and 0-10 cm in the 50 and 100 % removal
plots, respectively. Snowpack was removed once a
week by manual shoveling and at additional times in the
case of heavy snowfall. Snow was removed from mid-
December 2009 to mid-April 2010.

In situ incubation

The in situ soil incubation used the resin core method
(Binkley et al. 1986; Shibata et al. 2011) from late
October 2009 to late April 2010. A resin core was
constructed from a polyvinyl chloride (PVC) cylinder.
The core consisted of a column for the soil (150 cm?
volume and 67 mm inner diameter) and two columns
for the ion exchange resin (Amberlite MB-1; Organo,
Japan) arranged above and below the soil column. The
upper resin column retained the external inputs of N
into the soil column. The lower resin column retained
the leached N (ammonium and nitrate) from the soil
column. Thus, using this resin core, the net production
of inorganic N as the whole and the components (N
accumulation in soil and N leaching from soil), can be
quantified. The details of the resin core method are
available in Shibata et al. (2011). A 100 g sample of
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the prepared soil and 40 g of ion exchange resin were
packed into the soil and two resin columns, respec-
tively. Twenty cores were incubated in each plot for
four sampling times with five replications. The
surface soil in the studied forest was carried and
packed around each core in each plot to keep the
change in heat environments around the soil core the
same as the original sites. The resin cores were
incubated at 4 cm, with the midpoint of the soil
column. The in situ incubation began on 28th
October 2009 and the resin cores were collected on
14th December 2009 and 9th February, 30th March
and 20th April 2010.

Snowpack depth was measured manually once a
week at the time of snow shoveling. The frost tube
method (Hardy et al. 2001) with methylene blue dye
was used to measure the soil freezing depth. The dye
filled PVC tube was installed within PVC casing in the
soil and the length of the frozen dye was measured
after removal from the casing. Frost depth was
measured at the same interval as the snowpack
measurements.

Soil temperature at 2 cm was measured using a
temperature probe with a data logger (20 min interval,
UA-001-64, Onset Co. Ltd., Tokyo) throughout the
field incubation period.

Laboratory incubation

Laboratory incubation was conducted with different
soil moisture levels at the same temperature. A 100 g
sample was packed in the resin core column as in the
in situ incubation. The cores were incubated at 5 °C
under different soil moisture treatments (control,
5 mm and 10 mm addition) each with five replica-
tions. The deionized water was added once a week
throughout the incubations. The soil was analyzed
before and 1 week, 2 weeks and 3 weeks after incu-
bation initiation.

Laboratory incubation with different freeze—thaw
cycles was conducted separately. Incubation temper-
ature was controlled automatically at constant (0 °C),
medium changes (0 £ 5 °C) and large changes
(0 £ 10 °C) where the temperature was changed
every 12 h. A 50 g soil sample was incubated in a
glass bottle without moisture control with five repli-
cations. The soil with each treatment was incubated
for 1 week and the soil inorganic N content before and
after the incubation was analyzed.
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Chemical analysis

100 mL of potassium chloride (KCI) solution
2mol L™!) was used to extract of inorganic N
(ammonium [NH,"] and nitrate [NO5~]) from 10 g
soil for both the in situ and laboratory incubations. In
the ion exchange resin it was extracted using 100 mL
of 1 mol L' KCI twice for 4 g resin (Shibata et al.
2011). After 1 h of extraction and paper filtering
(Advantec 5B, Advantec Co Ltd., Tokyo), the con-
centrations of NH, ™ and NO5 ™ in the extract solutions
were analyzed using a continuous flow injection
analyzer (AACS-4, BL-Tech Co. Ltd., Osaka).

Water extractable dissolved organic carbon and N
(DOC and DON, respectively) in soil were analyzed
using a TOC analyzer (TOC-5000A, Shimadzu Co
Ltd., Kyoto) for DOC and a continuous flow injection
analyzer (AACS-4, BL-Tech Co Ltd., Osaka) for
dissolved total N after the extraction of soil using
100 mL of ultrapure water for 10 g soil and paper
filtering (Advantec 5B, Advantec Co Ltd., Tokyo).
DON was calculated from the dissolved total N minus
the sum of the water extractable inorganic N (ammo-
nium and nitrate).

Data analysis and statistics

Net production rates of NH," and NO;~ using the
resin core methods were obtained as the sum of net
changes in the soil pool (difference before and after the
incubation) and the leaching from soil (net increase in
resin below the soil column) for both ions during the
incubation. Thus, the obtained rates of net NH," and
NO3™ using the resin core was evaluated by each
component i.e. the net change of N in soil column and
the leaching of N from the soil column. The net
production of ammonium and nitrate was quantified in
different periods; early (Oct-Dec 2009), mid (Dec
2009-Feb 2010), late (Feb—Apr 2010) and whole (Oct
2009-Apr 2010) winter.

Similarly, the net production rates in the laboratory
incubation with different temperature changes and
freeze—thaw cycles was obtained as the difference of
NH,4* and NO;~ contents in soil and resin before and
after the incubation. Significant differences in net
production rates of NH;* and NO;~ and DOC and
DON contents in soil as well as soil moisture contents
between treatments and observed times were tested
using two way ANOVAs (treatment, time and the
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interaction) and Tukey HSD with significance at
P < 0.05. Significant differences in net accumulation,
leaching and production during the whole winter
between treatments was tested using a one way ANOVA
and Tukey HSD with significance at P < 0.05. The R
software (R version 2.15.2; The R foundation for
statistical computing http://www.r-project.org/) was
used to perform the statistical analysis.

Results
Snowpack and soil frost

Snowpack accumulation began in early December
2009 and reached maximum (~ 120 cm) in the control
plot in mid-February (Fig. 1). Experimental manipu-
lation of snowpack worked well in the 50 and 100 %
removal plots with snowpack depth kept at ~ 60 and
10 cm, respectively. Snow pack decreased in all plots
in early April, and diminished in the control, 50 and
100 % removal plots in late, mid and early April 2010,
respectively (Fig. 1).

The first soil frost was observed in early December
20009 in all plots, while the soil in the control plot was
not frozen until after late December (Fig. 1). In the
100 % removal plot, the maximum soil frost depth
reached ~ 19 cm in late February to March 2010. The
soil frost in the 50 % removal plot increased slightly
from mid-February and reached 2 cm in late February.

Soil temperature and moisture

There were no remarkable differences in soil temper-
ature at 2 cm between the control and 50 % removal
plots throughout the experiments (Fig. 2). The tem-
perature was almost constant above 0 °C in the control
plot from December 2009 to April 2010. In the 50 %
removal plot, soil temperature was ~0 °C from
December 2009 to mid-April 2010. Soil temperature
in the 100 % removal plot fluctuated largely with
repeated freeze—thaw cycles from late January and
especially from mid-February to early March 2010
(Fig. 2) with a minimum soil temperature of about
—5 °C in early March.

Initial soil water content (w/w) was 41.6 %. Soil
water contents increased with time gradually during
the incubation (Table 1). There were significant
differences in soil moisture among treatments and
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Table 1 Soil moisture at each date in the control, 50 and 100 % removal plots with the P value of the two-way ANOVA (period,

treatment and the interaction)

Date Treatment
Control 50 % Removal 100 % Removal Two-way ANOVA P value
Mean SD Mean  SD Mean SD
Soil moisture (%)
14-Dec-09  45.18  0.431 aB 4573  0.616 aB 46.55  0.651 aAB  Period (P) <0.001
9-Feb-10 47.09 1.029 aAB 4649 0.677 abAB 4478 0964 bCB  Treatment (T) <0.001
30-Mar-10 4799  0.700 aA 4743 0949 aAB 46.78 0953 aA Interaction T x P <0.001
20-Apr-10 48.76 1433  aA 47.68 0.748 aA 43.42 1.067 bC

Different lower-case letters indicate significant differences among treatment at each period (Tukey HSD, P < 0.05). Different capital
letters indicate significant differences among period in each treatment (Tukey HSD, P < 0.05). The initial soil moisture at Oct 29,

2009 was 41.59 % (£ 0.416 SD) for all plots

time with a significant interaction (Table 1). Soil
moisture in the 100 % removal plot tended to decrease
from mid to late winter and was significantly lower
than those in the control and 50 % removal plots at late
winter (April 20, 2010).

In situ net production of ammonium and nitrate
during winter

There was a significant difference in net ammonium
production among the treatments and periods with a
significantinteraction (Table 2). The net production rate
of ammonium in soil was significantly higher in the
100 % removal plot than in the control and 50 %
removal plots in late winter, while there was no
significant difference between the control and 50 %
removal plots (Table 2). Although there was no signif-
icant difference in net nitrate production rates among
treatments by two-way ANOVA, the net production rate
of nitrate in the 100 % removal in late winter showed a
significantly lower value (P < 0.05; Tukey HSD)
compared with the 50 % removal plot. The net N
mineralization rate (sum of net ammonium and nitrate
production) was not significantly changed by either
treatment throughout the experiments (Table 2).

The net increase in ammonium accumulation in soil
in late winter was significantly higher in the 100 %
removal plot than in the control and 50 % removal
plots, while there were no significant differences in
ammonium leaching among treatments during any
period (Table 3). The net change of nitrate accumu-
lation in soil was quite small in all plots for any period
compared with those for ammonium but a large
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amount of nitrate was leached from soil in all plots.
The leaching of nitrate from soil in the 100 % removal
plot in late winter was significantly lower than that in
the 50 % removal site but had no difference with the
control plots (Table 3).

Seasonal changes in dissolved carbon and nitrogen
contents in soil during winter

The DOC contents significantly decreased from
October 2009 to April 2010 (Table 4). There was also
a significant difference in the DOC contents among
treatments with a significant interaction with time
(Table 4). The DOC content in the 100 % removal
plots in March 2010 was significantly higher than in
the control plot. There were no significant differences
in DON contents among treatments and time
(Table 4). The DOC/DON ratio of soil fluctuated
greatly with time, and was marginally but insignifi-
cantly higher in the 100 % removal plot in March and
April than those in the control plot.

Total production of ammonium and nitrate
during winter

The net ammonium accumulation and the production
(accumulation + leaching) in the 100 % removal plot
during the whole winter was significantly the highest
among plots (Table 5) and was 141 and 156 % of that
in the control and 50 % removal plots, respectively.
On the other hand, net nitrate production in the 100 %
removal plot was the lowest among plots (although the
difference was insignificant) and was 55 and 41 % of
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Table 2 Net production rates of ammonium (NH,1) and
nitrate (NO3 ") in early (28th Oct—14th Dec 2009), mid (14th
Dec 2009-9th Feb 2010) and late winter (9th Feb-20th Apr

2010) in the control, 50 and 100 % removal plots with the
P values of the two-way ANOVA (period, treatment and the
interaction) for each production rate

Period Treatment
Control 50 % Removal 100 % Removal Two-way ANOVA P value
Mean SD Mean SD Mean SD
Net NH, " production rate (mg N kg soil ™! day_l)
Early winter  0.236 0.0199 aA 0.228 0.0433 0.282 0.107 aA  Period (P) <0.001
Mid winter 0.110 0.0822 aA 0.066 0.0447 0.072 0.0481 aB  Treatment (T) 0.00872
Late winter ~ 0.116 0.0434  bA 0.121 0.0465 bAB  0.269 0.0665 aA Interaction T x P 0.0178
Net NO; ™~ production rate (mg N kg soil ™' day™")
Early winter  0.0756  0.0142 aA 0.110 0.0408 0.155 0.0522 aA  Period (P) <0.001
Mid winter 0.123 0.0643 aA 0.0773  0.0420 0.0403 0.0823 aA  Treatment (T) ns
Late winter 0.321 0.193 abA  0.506 0.372 0.107 0.104 bA  Interaction T x P 0.0194
Net NH,* 4+ NO;~ production rate (mg N kg soil ! day’l)
Early winter  0.312 0.0341 aA 0.338 0.0841 aAB 0.437 0.159 aA  Period (P) <0.001
Mid winter 0.233 0.147 aA 0.143 0.0867 0.112 0.130 aA  Treatment (T) ns

Late winter 0.437 0.236 aA 0.627 0.418

0.377 0.170 aA  Interaction T x P ns

Different lower-case letters indicate significant differences among treatment at each period (Tukey HSD, P < 0.05). Different capital
letters indicate significant differences among period in each treatment (Tukey HSD, P < 0.05)

Ns Not significant (P > 0.05)

that in the control and 50 % removal plots, respec-
tively (Table 5). There was no significant difference in
net N mineralization (ammonium + nitrate) during
the whole winter among the treatments (Table 5).

Moisture impact on ammonium and nitrate
production in the laboratory incubation

There were significant differences in net ammonium
production in the laboratory incubation among water
addition treatments and the incubation period with a
significant interaction between treatments and periods
(Table 6). After 3 weeks incubation, net ammonium
production in the 10 mm addition was significantly
higher than that in the control (Table 6). There were also
significant differences in net nitrate production among
treatments and periods with a significant interaction
between treatments and periods (Table 6). The net
nitrate production in the control and the 5 mm addition
after 3 weeks incubation was significantly lower than
thatin the 10 mm addition. After 2 weeks incubation, all
treatments indicated a net decrease of nitrate compared
with the initial nitrate pool (negative values for net nitrate
production). There were also significant differences in
the ratio of the ammonium and dissolved inorganic N

(DIN = ammonium + nitrate) among treatments and
periods with a significant interaction between treatments
and periods (Table 6). The ratio of the ammonium and
DIN in the control after 3 weeks was significantly higher
than that in the 10 mm addition treatment. There were
also significant differences in soil moisture among
treatments and periods with a significant interaction
between treatments and periods (Table 6). The soil
moisture (~44—48 %) in both the 5 and 10 mm
addition treatments (Table 3) ranged within the soil
moisture values in the soil column for in situ incubation
from December 2009 to April 2010 (Table 1) although
the soil moisture at the 100 % removal plot from mid to
late winter was lower than other plots.

Effect of freeze—thaw magnitude on nitrogen
mineralization and nitrification in the laboratory
incubation

Temperature fluctuations (0 & 5 and 0 £ 10 °C) sig-
nificantly increased the net ammonium production in the
laboratory incubation experiment (Table 7). Nitrate
production was generally smaller than the net produc-
tion of ammonium in all treatments. The medium
changes (0 & 5 °C) significantly decreased the net

@ Springer



76

Biogeochemistry (2013) 116:69-82

Table 3 Net accumulation in, and leaching from, soil of
ammonium (NH4 1) and nitrate (NO3 ™) in early (28th Oct—14th
Dec 2009), mid (14th Dec 2009-9th Feb 2010) and late

winter (9th Feb-20th Apr 2010) in the control, 50 and 100 %
removal plots with the P values of the two-way ANOVA
(period, treatment and the interaction) for each rate

Period Treatment
Control 50 %Removal 100 %Removal Two-way P value
ANOVA
Mean SD Mean SD Mean SD
Net NH,* accumulation rate (mg N kg dry soil ™! day_l)
Early winter  0.137 0.00983 aA  0.121 0.0256 aA  0.125 0.0460 aA  Period (P) <0.001
Middle 0.0469 0.0152 aB 0.0433 0.0143 aB 0.0850 0.0130 aA  Treatment (T) <0.001
winter
Late winter ~ 0.00563 0.0733  bB -0.0159  0.0245 bB 0.132 0.0381 aA  InteractionT x P <0.001
Net NO;3~ accumulation rate (mg N kg dry soil ™! day’l)
Early winter  0.0222 0.0083 aA  0.0262 0.0257 aA  0.0220 0.0086 aA  Period (P) <0.001
Middle 0.0464 0.0171 aA  0.0212 0.0228 aA -0.0194  0.0122 bB Treatment (T) ns
winter
Late winter ~ -0.0453  0.0276  aB -0.0199  0.0274 aB -0.0032  0.0094 aAB InteractionT x P < 0.001
Net NH, " leaching rate (mg N kg dry soil ™! day_l)
Early winter  0.0992 0.0219 aA  0.107 0.0202 aA  0.157 0.0785 aA  Period (P) <0.001
Middle 0.064 0.0677 aA  0.022 0.0418 aA  -0.0130 0.0415 aB Treatment (T) ns
winter
Late winter ~ 0.110 0.0726  aA 0.137 0.0414 aA 0.137 0.0728 aA  Interaction T x P ns
Net NO;3 ™~ leaching rate (mg N kg dry soil ™! day’l)
Early winter  0.0534 0.0090 aB 0.0837 0.0359 aB 0.133 0.0536 aA  Period (P) <0.001
Middle 0.0761 0.0689  aAB 0.0560 0.0314 aAB 0.0597 0.0822 aA  Treatment (T) ns
winter
Late winter ~ 0.367 0.176 abA  0.526 0370 aA  0.110 0.0965 bA  Interaction T x P 0.00835

Different lower-case letters indicate significant differences among treatment at each period (Tukey HSD, P < 0.05). Different capital
letters indicate significant differences among period in each treatment (Tukey HSD, P < 0.05)

Ns Not significant (P > 0.05)

nitrate production compared with constant temperature,
while there were no significant differences in net nitrate
production in the large change (0 &= 10 °C) compared to
constant and medium changes (Table 7). Net DOC
production was significantly higher in the larger tem-
perature changes (0 = 10 °C) than those in the constant
temperature and the medium temperature changes
(0 £ 5 °C) (Table 7).

Discussion

Impacts of soil freeze—thaw cycle on microbial
ammonium and nitrate production

The results of the in situ soil incubation with experi-
mental snowpack manipulation clearly indicated
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increased freeze—thaw cycles with 100 % removal
(Figs. 1 and 2) which significantly enhanced net
ammonium production in soil during late winter from
February to April (Table 2). Freeze-thaw frequencies
and magnitude were largest after mid-February (Fig. 2)
which coincided with the increase in net ammonium
production. The increased ammonium accumulated
possibly by absorption to the soil exchangeable sites
(Table 3), suggesting that the produced ammonium was
retained to be utilized by vegetation and microbes in the
following season. The laboratory incubation with
temperature fluctuations (Table 7) also supported the
hypothesis that net ammonium production was
enhanced with an increase in soil freeze-thaw cycles.
Significant increases of net ammonium production by
soil freezing in cold environments were also reported by
Christopher et al. (2008) and Shibata et al. (2011).
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Table 4 Dissolved organic carbon (DOC), dissolved organic nitrogen (DON) and DOC/DON ratio at each date in the control, 50 %
removal and 100 % removal plots with the two-way ANOVA (date, treatment and the interaction) for each parameter

Date Treatment
Control 50 %Removal 100 %Removal Two-way ANOVA P value
Mean SD Mean SD Mean SD

DOC (mgC kg soil™ ")
14-Dec-09  225.4 8.51 aA  222.0 4.34 aA 2222 9.97 aA Date (D) <0.001
9-Feb-10 206.0 12.9 aA  189.6 6.35 aB 180.7 9.58 aB Treatment (T) <0.001
30-Mar-10  142.3 21.2 cB 1751 11.9 bBC  209.2 12.2 aAB Interaction D x P <0.001
20-Apr-10  149.2 25.3 bB  159.1 8.49 abC 184.0 15.5 aB - -
DON (mgN kg soil ™"
14-Dec-09 35.1 14.6 aA 39.9 10.2 aA 28.9 8.13 aA Date (D) ns
9-Feb-10 34.6 19.0 aA 42.0 12.1 aA 33.6 3.95 aA Treatment (T) ns
30-Mar-10 37.3 7.17 aA 30.3 5.88 aA 31.8 9.10 aA Interaction D x P ns
20-Apr-10 35.6 10.3 aA 37.8 6.53 aA 25.5 2.49 aA - -
DOC/DON ratio

14-Dec-09 7.28 2.74 aA 5.88 1.61 aA 8.21 2.38 aA Date (D) ns
9-Feb-10 8.99 7.57 aA 4.82 1.36 aA 5.43 0.586 aA Treatment (T) ns
30-Mar-10 3.88 0.673 aA 5.89 0.692 aA 7.00 1.88 aA Interaction D x P ns
20-Apr-10 4.48 1.55 aA 431 0.764  aA 7.26 0.682 aA - -

Different lower-case letters indicate significant differences among treatment at each period (Tukey HSD, P < 0.05). Different capital
letters indicate significant differences among period in each treatment (Tukey HSD, P < 0.05). The initial DOC, DON and DON/
DON ratio at Oct. 29, 2009 was 233.7 (& 4.80 SD) mgC kg soil ', 49.2 (& 7.07 SD) mg N kg soil " and 4.84 (£ 0.761 SD),
respectively for all plots

Table 5 Net accumulation, leaching and production (accmulation + leaching) of ammonium (NH, ") and nitrate (NO; ™) during the
whole winter in the control, 50 % removal and 100 % removal plots with the P value of the one-way ANOVA for each parameter

Parameter Treatment
Control 50 %Removal 100 %Removal P value
Mean SD Mean SD Mean SD
Net NH,* accumulation 10.6 5.13 b 8.03 1.72 b 21.0 2.67 a <0.001
Net NH, " leaching 16.8 5.08 a 16.7 2.90 a 17.5 5.10 a ns
Net NH,* production 27.4 3.04 b 24.7 3.26 b 38.5 4.66 a <0.001
Net NO3;~ accumulation 0.692 1.93 a 1.26 1.92 a -0.123 0.659 a ns
Net NO;3 ™ leaching 329 12.3 a 44.6 259 a 18.4 6.75 a ns
Net NO5~ production 33.6 13.5 a 45.9 26.0 a 18.3 7.26 a ns
Net NH,* 4+ NO;~ 61.0 11.8 a 70.6 28.4 a 56.8 8.14 a ns
production

Data (mg N kg soil ') were obtained as the sum of the net differences of ammonium and nitrate pools in the incubated soil column
and ion exchange resin beneath the soil column between the initial (28th October 2009) and final (20th April 2010) sampling times

Different lower-case letters indicate significant differences among treatment for each parameter (Tukey HSD, P < 0.05)

There were no significant differences in net nitrate freezing temperature observed in early winter
production among treatment while the 100 % removal (Fig. 2) might slightly enhance the activity of nitrifiers
plot marginally increased compared to the control plot in early winter. However, the stronger freeze—thaw
in early winter (Table 2). The occasional below cycles in the 100 % removal from mid to late winter
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Table 6 Net production of ammonium (NH41) and nitrate
(NO;3"), the ratio of NH," and dissolved inorganic nitrogen
(DIN = NH,* + NO;™), and soil moisture in laboratory

incubations at 5 °C with control, 5 and 10 mm water addition
with the P values of the two-way ANOVA (period, treatment
and the interaction) for each parameter

Time Treatment
Control 5 mm Addition 10 mm Addition Two-way ANOVA P value
Mean SD Mean SD Mean SD
Net NH,* production (mgN kg soil ")
1 week 9.60 0.780 aA 103 1.18 aB 9.77 1.15 aB Period (P) <0.001
2 week 9.93 1.15 aA 14.0 1.94 aAB 14.2 2.50 aB Treatment (T) <0.001
3 week 163 4.66 bA  19.8 3.75 bA 31.2 6.69 aA Interaction T x P <0.001
Net NO;~ production (mgN kg soil ™)
1 week 1.79 0.190 aA 3.45 1.43 aA 241 1.43 aB Period (P) <0.001
2 week -1.61 0.686 aA -4.25 0.975 aB -1.77 0.656 aB Treatment (T) <0.001
3 week 1.98 2.54 bA 6.37 4.27 bA 13.4 3.55 aA Interaction T x P <0.001
NH,*/DIN ratio
1 week 0.843 0.00922 aB 0.756  0.0681 abB 0.808 0.114 aB Period (P) <0.001
2 week 1.22 0.147 bA 1.45 0.124 aA 1.15 0.0523  bA Treatment (T) 0.0048
3 week 0919  0.0951 aB 0.788  0.146 abB 0.701  0.0427 bB Interaction T x P <0.001
Soil Moisture (%)
1 week  40.6 0.214 bA 4338 0.564 aC 43.8 0.243 aB Period (P) <0.001
2 week 409 0.638 bA 459 0.241 aB 45.4 0.779 aAB  Treatment (T) <0.001
3 week  39.5 0.768 bA  47.7 1.45 aA 46.4 1.10 aA Interaction T x P <0.001

The net production amounts were obtained from differences of NH,* and NO;~ contents initially and after 1, 2 and 3 weeks

incubation

Different lower-case letters indicate significant differences among treatment at each period (Tukey HSD, P < 0.05). Different capital
letters indicate significant differences among period in each treatment (Tukey HSD, P < 0.05)

Table 7 Net production of ammonium (NH,") and nitrate (NO5 ™) in laboratory incubations (1 week and no moisture control) with
different temperature changes (constant at 0 °C, —5 & 5 °C and —10 £ 10 °C with P values of the one-way ANOVA for each rate

Treatment

0°C +5 °C +10 °C P value
Mean SD Mean SD Mean SD

Net NH,* production rate (mgN kg soil ! dayfl)

0.203 0.156 c 3.65 0.114 b 491 0.375 a <0.001
Net NO; ™~ production rate (mgN kg soil ™' day™")

0.0585 0.0176 a -0.0272 0.0267 b 0.0129 0.0341 ab 0.0011

Net DOC production rate (mgC kg soil ™! day™")

—-0.373 1.65 c 6.92 1.41 b 10.68 2.17 a <0.001

Different lower-case letters indicate significant differences among treatments at each period (Tukey HSD, P < 0.05)

did not increase net nitrate production, but signifi-
cantly decreased it in late winter (Table 2).
The decrease in net nitrification with soil freeze—thaw
was also found in the laboratory incubation studies
with medium temperature fluctuations (0 + 5 °C)
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(Table 7), suggesting that nitrifiers are more sensitive
to freeze—thaw environments than the soil microbes
which contribute to ammonium N production under
similar environments. These results also suggested
that an increase of nitrate leaching by amplified soil



Biogeochemistry (2013) 116:69-82

79

freeze—thaw cycles from mid to late winter was
unlikely in this region. These are different patterns
from the previous studies in northeastern US which
indicated the increase of nitrate leaching due to the soil
freezing (Mitchell et al. 1996; Fitzhugh et al. 2001).

Although the ammonium and nitrate dynamics
were affected by freeze—thaw cycles (Table 2 and 3),
total net N mineralization (ammonium —+ nitrate) did
not change even in the 100 % removal plots (Table 5),
indicating that freeze—thaw cycles affect soil N
dynamics qualitatively, but not quantitatively as a
whole. The qualitative alteration towards an ammo-
nium dominated system in soil provides a longer
residence time of inorganic nitrogen as ammonium
could be easily absorbed in the soil and microbes,
while nitrate could be easily leached to groundwater
and surface water.

The results also indicated that soil freeze—thaw
cycles and microbial N transformations are not linear
changes with snowpack removal. The response of
most measured parameters in the 50 % removal plots
was not half the level of the 100 % removal plot,
suggesting a threshold level (<50 cm) exists for abrupt
changes in soil heat-water regimes and the related
changes of microbial N transformation.

Mechanisms of the alteration in microbial nitrogen
dynamics during winter

Dissolved organic matter is an important energy
source for microbes, and DON is a substrate for N
mineralization and the subsequent nitrification (Groff-
man et al. 2011). A significant increase in DOC and
marginal increase in the DOC/DON ratio in the 100 %
removal plot in late winter (Table 4) suggested that
more fresh organic matter was dissolved by the
increase in soil freeze—thaw cycles. The physical
pressures by freezing (<0 °C) and the subsequent
thawing with warmer temperatures (>0 °C) would
mechanically breakdown the structure of the fresh
organic matter (freshly fallen litter, fine roots and
microbial detritus), resulting in changes in their
solubility. The warmer temperature after the soil
freezing might also enhance soil microbial activity
(Matzner and Borken 2008). The laboratory incuba-
tion with temperature fluctuations (Table 7) also
suggested an increase in DOC by the amplification
of soil freeze—thaw cycles. These suggested that the
increased availability of energy sources and substrate

by the amplified soil freeze—thaw cycle are important
factors enhancing net ammonium production by soil
microbes in late winter and during the whole winter
(Tables 2 and 5).

The decrease of snowpack not only enhanced the
soil freeze—thaw cycle (Figs. 1 and 2), but also
decreased the soil water contents in the 100 %
removal plot through a decrease of melt water supply
at the snowpack bottom (Table 1). The laboratory
incubation with different soil moisture controls indi-
cated that dryer soil tended to decrease the net
production of ammonium and nitrate (Table 6). Since
soil microbial activities are driven by soil moisture
generally, these results suggested that the marginal
decrease in net nitrification in late winter (Table 2)
might be influenced by the decrease in water contents
by soil freezing (Table 1). Below 0 °C, soil water is a
mixture of liquid, solid, and vapor with the majority of
water at 0 °C being in liquid form due both to matric
and osmotic effects on the orientation of water
molecules (Stdhli and Stadler 1997; Teepe et al.
2001). Although the liquid, solid and vapor in soil
water in each treatment was not quantified, it was
implied that the 100 % removal treatment had higher
vapor losses (as evidenced by loss in gravimetric soil
moisture over the winter in Table 1), further reducing
the volume of water potentially moving through soil
and resins. Because the leaching rates of produced N
in soil in a function of concentration on solution
(ammonium and nitrate) multiplied by the volume of
solution moved, any reduction in transport of water
(due to frost or drying) might be expected to reduce
leaching N losses from soil even without any micro-
bial processing.

The production of ammonium and nitrate in soil is
calculated as their net changes; the balances of gross
production and immobilization by soil microbes.
Kuroiwa et al. (2011) found that gross immobiliza-
tions of ammonium and nitrate are quite high and
comparable to their gross production rates in this soil.
Thus, it was suggested that the lower values of net
nitrate production and the decrease of net nitrification
in the 100 % removal plot in late winter (Table 2)
might be related to the high rates of gross ammonium
(as substrate of nitrification) and nitrate immobiliza-
tion by soil microbes in winter. The decrease of the net
nitrate changes in the laboratory medium temperature
changes (0 £ 5 °C) compared to the constant temper-
ature also imply that the net immobilization by soil
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microbes occurred during the incubation period
(Table 7). Groffman et al. (2011) found a positive
relationship between DOC and nitrate concentration in
soil during winter in northeastern US, suggesting that
soil freeze—thaw cycles mobilized available C which
may stimulate microbial N immobilization. The
increase of DOC (Table 4) in this study might
stimulate not only net production of ammonium, but
also net nitrate immobilization during the winter
although further study is required.

Limitation and future research needs

A limitation of the resin core method is that the
incubated condition is a closed system without vege-
tation uptake of water and nutrients. The closed system
enables quantification of microbial processes, but
simultaneously creates different conditions from the
natural environment. It is well known that vegetation
competes with soil microbes for N under N limiting
conditions. In early spring, vegetation starts to uptake
water and nutrients, suggesting possible influences on
the soil microbial processes during these periods.
Further studies using lysimeter studies and other
techniques are necessary for an in depth understanding
of these processes (Fitzhugh et al. 2001). Soil distur-
bance during column setting is also a fundamental
problem of column incubation. The removal of fine
roots is necessary to quantify the microbial processes
separately from natural soil microbial N transforma-
tion and artificial root decay by the soil disturbances.
However, the soil disturbance during fine root removal
would cause changes in moisture and oxygen contents
in the soil matrix, and possibly influencing the soil N
transformation (Raison et al. 1987; Abril et al. 2001).
In addition, both soil frost tubes and mineralization
tubes might interrupt ground heat and latent heat fluxes
in soil, promote soil frost and possibly overestimate the
extent of freezing. This especially might happen when
the snowpack is shallow and tubes are a conduit for
heat loss from soil. The frost tubes thus may provide an
index of soil frost when used consistently at a location,
but further study is required to confirm their ability to
compare soil frost between treatments. Getting the
fraction of soil water that is frozen correct is critical
because it disrupts cellular membranes, increasing
labile solutes in soil for microbial metabolism, and also
because liquid water is the most reliable predictor of
microbial activity (Hentschel et al. 2008; Haei et al.

@ Springer

2010; McMahon et al. 2009). The unfrozen water
content of mineral soils (excluding clay soils) is
primarily determined by the osmotic potential of the
soil solution (Brooks et al. 201 1; Harrysson-Drotz et al.
2009), while matric potential is also an important
factor in highly organic soils (Harrysson-Drotz et al.
2009). As ice is formed with an increase in the solute
concentration of the remaining liquid water in soil, its
osmotic potential and freezing point might be lowered
(Brooks et al. 2011), implying that freezing depth and
duration in the actual unsaturated soil even at soil
temperatures below 0 °C (Fig. 2) might be different
from those observed in the water within the frost tube
(Fig. 1). Therefore, further study is required to under-
stand the fractional changes of liquid, solid and vapor
by the freeze-thaw cycle and their effect on N
mineralization and nitrification under the frozen, water
limited environment.

The net changes of ammonium and nitrate as soil
microbial activities were analyzed but the microbial
composition which contributed to these N transfor-
mations was not. A recent study has reported that soil
archaea play important roles in nitrification, especially
in acidic soil (Isobe et al. 2011) such as this study soil.
The responses of archaea activity to environmental
stress might be different from other nitrifiers. Molec-
ular biological studies such as denaturing gradient gel
electrophoresis (DGGE), 16S-rRNA and Gene marker
methods on soil microbes (Isobe et al. 2011) with
functional analysis would be necessary for further
understanding. In addition with the analysis of
changes in microbial biomass and species composition
(e.g. Templer 2012), the study of trace gas emission
(i.e. nitrogen oxide) would be helpful to understand
the changes in processes and underlying mechanism of
the altered N cycle in soil under the freeze—thaw cycle
(Bochove et al. 2000; Goldberg et al. 2010).

Conclusions

Based on in situ soil incubation studies with manip-
ulation of snowpack and laboratory incubations with
different soil moisture and temperature changes, the
findings are as follows;

1. Net ammonium production was significantly
increased by the increase in soil freeze—thaw
frequencies and magnitude from the snowpack
decrease in late winter.
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2. The increased availability of energy sources and
substrate for soil microbes (high DOC and DOC/
DON ratio) was a possible reason for the
enhanced microbial ammonium production in
winter.

3. The net nitrate production increased slightly in
early winter, but marginally decreased in late
winter. The decrease of soil moisture due to soil
freezing and higher gross N immobilization of soil
microbe might decrease nitrifier activity.

4. The decrease of snowpack and the subsequent
increased soil freeze—thaw cycles enhanced the
ammonium accumulation in soil that would be a
possible nutrient source for vegetation and
microbes in the following early growing season,
but it was unlikely that it enhanced the nitrate loss
from soil during the snowmelt season.
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