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Abstract Freeze-thaw event often occurs in regions at

mid-high latitude and high altitude. This event can affect
soil physical and biological properties, such as soil water

status, aggregate stability, and microbial biomass and

community structure. Under its effects, the bio-indicators

of soil microbes including the kinds and quantities of

some specific amino sugars may vary, and the process

and intensity of soil nitrogen transformation may change,

which can result in an increase in nitrous oxide (N2O)

production and emission, making the soil as the major
source of N2O emission. This paper summarizes the

research progress on the aspects mentioned above, and

suggests further research directions on the theoretical pro-

blems of soil N2O production and emission under the

effects of freeze-thaw event.
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1 Introduction

Nitrous oxide (N2O) is a greenhouse gas with important

impacts on our environment. Its 100-year global warming

potential is about 300 and 23 times as strong as that of

CO2 and CH4, respectively. Because of N2O reaction with
stratospheric ozone, ozone concentration decreases. This

may result in UV-radiation increase. N2O from soils is the

main source of greenhouse gases in agriculture which con-

tributes about 60% of total anthropogenic emissions of

N2O (Intergovernmental Panel on Climate Change,

2001). N2O is produced through the processes of nitrifica-

tion, denitrification, dissimilatory nitrate reduction to

ammonium (DNRA), and chemo-denitrification (Granli

and Bøckman, 1994).

Freeze-thaw event often occurs in regions at mid-high

latitude and high altitude, decreasing the stability of ag-

gregate (Oztas and Fayetorbay, 2003), changing the struc-

ture and function of microbial communities (Sharma et

al., 2006), and releasing more available nutrients to

improve microbial activities. All these impacts can

increase N2O emissions. Soils in the freezing-thawing

stressed regions become the major emission sources

(Intergovernmental Panel on Climate Change, 2001;

Röver et al., 1998; Sameshima-Saito et al., 2004). N2O

emission during freezing–thawing period in the field stud-

ies is approximately 65% of the total annual emission

(Wagner-Riddle et al., 1997). At present, most researchers

focus their studies on the N2O emission in growing sea-

sons; emissions in fallow season are often neglected, how-

ever. In the methodology to assess the annual direct

biogenic emissions of greenhouse gases (GHG) released

from European agriculture, Freibauer (2003) has sug-

gested that the N2O emission factors for mineral soils that

are exposed to severe frost should be larger than those for

soils in warmer regions. In China, seasonal gelisol (more

than 50-cm frozen layer) accounts for 46.3% of the coun-

try’s total area, showing a very strong freeze-thaw event

(Zhao et al., 1993). More and more attention is now paid

to the emission of greenhouse gases because of global

warming. The Chinese government issued the document

of the National Project Reply to Climate Change in China

on June 4, 2007, and initiated a special Sci-Tech

Campaign to Cope with Climate Changes on the same

day. China will develop key technologies to control green-

house gases emission and to minimize global climate

change. Currently, few findings on the soil N2O emissions

during freezing-thawing period have been reported in

China. The present review summarizes the changes of soil

physical and biological properties, e.g., water status, ag-

gregate stability, and microbial biomass and community

structure. These changes can influence N2O production
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and emission. Further research fields concerning the

theoretical problems of soil N2O production and emission

under effects of freeze-thaw event are suggested. There is a

very big significance in reducing soil N2O emission,

enhancing efficacy of nitrogen fertilizer, and developing

sustainable agriculture between high crop yield and envir-

onmental harmony (Tilman et al., 2002).

2 Relationship of soil physical properties
with N2O emission affected by freeze-thaw
event

Freeze-thaw stress can influence soil water flow and heat

transport (Hansson et al., 2004), soil solute movement

(Radke and Berry, 1998) and soil water infiltration

(Zheng et al., 2001). Freezing and thawing can signifi-

cantly reduce the bulk density of plough pan and

increased its porosity and hydraulic conductivity (Deng

et al., 1998). Water moves upward to the freezing zone,

carrying some solutes along (Radke and Berry, 1998). Soil

moisture can be obviously increased due to freezing

because of water migration caused by water potential of

frozen soil fringe. However, the increased amount

depends on the moisture distribution in the soil profile

before freezing (Gong et al., 1997). During the steady

freezing stage, cumulative infiltration and final infiltra-

tion rates may decrease as soil frost depth increases.

During the thawing stage, cumulative infiltration and

final infiltration rates may increase with the increase of

thawing depth (Zheng et al., 2001). Freezing-thawing

alternation can change the phase of water and spatiotem-

poral temperature in soils (Bond-Lamberty et al., 2005).

Freezing-thawing stress may change soil partial envir-

onment resulting in soil water status difference. During

the thawing period, water may infiltrate soil particles to

cause different soil water characteristics. The ability of

N2O production and further reduction to N2 is very dif-

ferent in soil microcosm (Wang et al., 2004).

Denitrification is the main process of N2O production in

freezing-thawing soils (Ludwig et al., 2004; Sharma et al.,

2006). N2O is produced by microorganisms during con-

tinuous soil freezing in an unfrozen water film on the soil

matrix. This thin liquid water film is covered by a layer of

frozen water. The frozen water in the form of an ice layer

represents a diffusion barrier which can reduce oxygen

supply to the microorganisms and partly prevent the

release of the N2O (Teepe et al., 2001). The anaerobic

micro-environment is helpful for N2O production

through denitrification. Thawing event may account for

a large proportion of N2O emission. Burton and

Beauchamp (1994) suggested that N2O produced in the

unfrozen subsoil was unable to diffuse through the frozen

soil surface. The subsurface region beneath the ice layer

allowed N2O accumulation. Thawing of the frozen layer

resulted in the release of N2O from the subsurface region

(Burton and Beauchamp, 1994). However, this explana-

tion is in doubt, because any trapped in this way would

probably be further reduced to N2 instead of remaining as

N2O, provided the temperature was too low for denitri-

fiers to act. Peak N2O emission could be explained by the
production in surface soil and the physical release of

trapped N2O in subsurface soil (Röver et al., 1998;

Teepe et al., 2001). The period of seasonal snow-cover

significantly affects the soil nitrogen cycle. Though the

time of snow-cover had little difference, N2O could be

emitted significantly (Brooks et al., 1998).

The freezing-thawing cycle can also affect soil aggregate

stability. Lehrsch et al. (1991) indicated that the effect of
freezing-thawing stress on soil aggregate stability depend

on the frozen status. They emphasized the non-uniformity

of structural changes induced by frost: by freezing a soil

sample, some parts of the sample always became wetter

and the other got drier. In the wetter part, frost may dis-

rupt aggregates because expansion of ice crystals in pores

may break the particle-to-particle bonds. In contrast, dry-

ing is believed to cause a shrinkage of soil mass and pre-
cipitation of bonding agents at particle-to-particle

contacts. These contrasting processes may act in different

parts of the soil sample, resulting in the decreased and

increased aggregate stabilities respectively. Therefore,

the accurate aggregate stability measurements should be

based only on the average of these opposing changes.

Lehrsch (1998) suggested that freezing–thawing cycle

could increase the soil aggregate stability near the surface
layer. Most studies indicate that freezing–thawing cycle

can decrease aggregate stability and destroy aggregate

(Oztas and Fayetorbay, 2003; van Bochove et al., 2000).

Freezing may destroy the aggregate stability at higher

degree in macroaggregates (.0.25 mm) than in microag-

gregates (van Bochove et al., 2000). The destruction

degree of macroaggregates stability is more remarkable

when moisture content is higher at freezing (Oztas and
Fayetorbay, 2003; van Bochove et al., 2000).

Macroaggregates can accumulate and protect lots of

active organic carbon generated recently (Puget et al.,

1995). With the destruction of macroaggregates, so much

of active organic carbon is released to improve denitrifica-

tion and more N2O is produced. Freezing may increase

the rates of C mineralization and denitrification activity

by 95% and N2O production by 220% after thawing. The
increase in microaggregates is higher (57%) than that in

macroaggregates (van Bochove et al., 2000). A study

reported that soil could produce an up-to-1000-fold

increase in N2O emission rates during thawing (Priemé

and Christensen, 2001). Wang et al. (2005) reported that

bioavailability of organic carbon significantly affected the

microbial production of N2O, N2O production through

denitrification was still strong at lower soil water content
if enough active organic carbon was supplied to soil

microorganisms.
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3 Relationship of soil microbial properties
with N2O emission affected by freeze-thaw
event

Soil microbial properties are important for the cycling of

carbon and nitrogen in soils during the freezing-thawing

period. Some microbes may die under frozen stress. Dead

microbes may release lots of carbon and nitrogen nutri-

ents (Klemdtsson et al., 1988). Microbes surviving the

freezing-thawing cycles will have a high potential for

sequestering soil carbon and nitrogen nutrients and

enhance the soil carbon and nitrogen mineralization,

and N2O emission may also increase during thawing

(Oztas and Fayetorbay, 2003; Sharma et al., 2006).

The structure and function of soil microbial communit-

ies can be affected by freezing temperature, freezing time,

freeze-thaw frequency and soil water content prior to

freezing. Moderate freeze-thaw fluctuations may have

minimal influence on microbial biomass pools; neverthe-

less, severe freeze-thaw fluctuations may have strong con-

trasting effects on the amount, form, and time of nitrogen

and organic carbon supply in soil solution (Grogan et al.,

2004). Freezing can increase the rates of carbon and nitro-

gen cycling in forest soils, but the effects may vary with

different freeze intensity. Forest soils in severe freeze treat-

ment (213uC) have more significant effect of stimulating

soil respiration, N2O flux, and mineralization, (Neilsen et

al., 2001) than those in mild (23uC) freeze treatment after

being cultured at laboratory temperature. Duration of

freezing can influence the N2O emission during the thaw-

ing period. The longer the duration of freezing persists,

the greater the N2O loss during thawing. Surviving

microbes rapidly use the nutrients released from dead

microbes to produce large amounts of N2O (Papen and

Butterbach-Bahl, 1999). N2O emission and soil microbial

biomass carbon can be increased with the increase of

freezing-thawing frequency (Larsen et al., 2002; Priemé

and Christensen, 2001). High water content prior to freez-

ing can produce more anaerobic microcosms in which

denitrifiers are in favor of producing more N2O during

the thawing period. Röver et al. (1998) measured the max-

imum emissions of N2O at 80%WFPS after freezing in an

agricultural soil. van Bochove et al. (2000) reported that

emission of N2O from a clay soil was significantly larger at

a volumetric water content of 39% than at 28%. Teepe et

al. (2004) studied the effects of four water contents prior

to freezing on N2O emission during thawing period. The

microbial communities and processes in freezing-thawing

fallow season may differ from growing season (Brooks et

al., 1997). Freezing-thawing stress may change the struc-

ture and function of microbial communities (Sharma et

al., 2006). During the winter fallow season, the soil micro-

bial community is dominated by fungi (Schadt et al.,

2003), while bacteria appear to dominate during the grow-

ing season (Lipson et al., 2002).

Because of the complex composition, quantitative vari-

ety, and determination instability of the microbial com-

munity, uncertainty is presented by microorganisms

themselves as bio-indicators of soil ecological process.

Some stable substrates, e.g. amino sugars originated from

microorganisms, are used to indicate the changes of the

structure and function of microbial communities. Amino

sugars are used to indicate the relative contribution of

fungi and bacteria to soil ecological impacts (Wang et

al., 2003). Different amino sugars originate from different

microbial communities in soils (Parsons, 1981; Zhang and

Amelung, 1996). In general, four amino sugars exist

widely in soils. Glucosamine and galactosamine mainly

originate from fungi and bacteria, respectively (Parsons,

1981; Sowden and Ivarson, 1974). Mannosamine may be

originated from some bacteria, and muramic acid only

originates from bacteria (Kenne and Lindburg, 1983).

Zhang and Amelung (1996) first established gas chro-

matographic simultaneous determination of muramic

acid, glucosamine, mannosamine, and galactosamine in

soils. Therefore, amino sugars can be used to indicate

the structure and function of microbial communities.

The composition and content of amino sugars in soils

before and after a freezing-thawing event may indicate

the structure and function of microbial communities,

combiningMPN and PCR-DGGE determination techno-

logy to confirm them (Sharma et al., 2006).

4 N2O production process and its
determination affect by freeze-thaw event

Biological nitrification and denitrification are the main

processes of N2O production, while abiotic process con-

tributes negligibly (Granli and Bøckman, 1994;

Klemdtsson et al., 1988). N2O production process is sim-

ilar in soils under freezing-thawing cycles (Ludwig et al.,

2004; Müller et al., 2003; Müller et al., 2002).

Nitrification is either autotrophic or heterotrophic in

aerobic soils and autotrophic nitrification is recognized

to be more important for N2O production in most soils

(Wood, 1990; Tortoso and Hutchinson, 1990).

Autotrophic nitrifiers obtain energy from the oxidation

of NH4
+. NH4

+ or NH3 stepwise oxidation to NO3
2 via

NO2
2 is catalyzed by ammonia monooxygenase, hydro-

xylamine oxidoreductase and nitrite oxidoreductase.

N2O, as an intermediate, is formed during NH3 oxidation

(Wrage et al., 2001). C2H2 inhibits NH3 oxidation at con-

centrations between 0.1 and 10 Pa (Berg et al., 1982).

Therefore, autotrophic nitrification can be inhibited.

Much more attention is paid to autotrophic nitrification

than heterotrophic nitrification. Heterotrophic nitrifica-

tion has not been studied extensively, and cannot be inhib-

ited by the low concentration of C2H2 (Richardson et al.,

1998). Heterotrophic nitrifiers use organic substances as
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both a carbon and an energy source (Robertson and

Kuenen, 1990). Heterotrophic nitrification is considered

to be more common among fungi than bacteria, and fungi

play important roles in heterotrophic nitrification in soils

with a low pH (Odu and Adeoye, 1970). For instance,

heterotrophic nitrification is presented in grassland soils

as affected by freezing-thawing stress (Müller et al., 2002).

Denitrification is stepwise reduction of NO3
2 to N2.

The reactions are carried out by denitrifiers.

Heterotrophic denitrifiers are facultative anaerobes that

are able to use NO3
2 in place of oxygen as an electron

acceptor in respiration to cope with low-oxygen or anaer-

obic conditions. Enzymes catalyzing the reactions are

nitrate reductase, nitrite reductase, nitric oxide reductase

and nitrous oxide reductase. The former three enzymes

are involved in N2O production, but the last enzyme is

related to N2O consumption. N2O is reduced to N2 by

nitrous oxide reductase catalysis. 10 kPa C2H2 is enough

to inhibit the reduction of N2O, which may lead to the

accumulation of N2O as the only end product of denit-

rification (Klemdtsson et al., 1988; Wrage et al., 2001).

Soil water status can affect denitrifying enzyme activity

(Wang and Cai, 2005).

Several methods, such as nitrification inhibitor (e.g.

dicyandiamide, DCD), 15N isotope and acetylene inhibi-

tion, are used to study the processes of N2O production.

Each method has its advantages and disadvantages

(Granli and Bøckman, 1994). There are lots of studies

on N2O flux from soils as affected by freezing-thawing

stress in northern America and northern Europe

(Table 1), but few studies are focused on the processes

of N2O production in soils affected by freezing-thawing

stress. Priemé and Christensen (2001) reported that the

contribution of nitrification and denitrification to N2O

production from farmed organic soils as affected by freez-

ing-thawing stress was quantitatively researched using

acetylene inhibitory method. Denitrification was respons-

ible for the majority of N2O emission from German

ploughed soil, Swedish ploughed and grassland soils.

Also, the shortcomings of acetylene inhibitory method

were put forward (Priemé and Christensen, 2001).

Müller et al. (2002; 2003) reported that denitrification

was the major process of N2O production from German

grassland soils as affected by freezing-thawing stress using

both acetylene inhibitory method and 15N-labelled

method. Müller et al. (2002) analyzed N2O production

process in freezing, thawing and post-thawing stages.

N2O reductase activity could increase with the increase

of soil temperature (Müller et al., 2003). At present, a

few studies report the investigation of N2O production

process in freezing-thawing events using 15N in experi-

ments (Ludwig et al., 2004; Müller et al., 2002). The

underlying processes that occur during freezing-thawing

are poorly understood. Immediately after the beginning of

the thawing, denitrification may have 83% contribution to

N2O production (Ludwig et al., 2004). Some accurate,

convenient and rapid technologies are established to

determine 15N2O production processes. These methods

include isotope ration mass spectrometry (Stevens et al.,

1993), gas chromatography with a thermal conductivity

detector (Sameshima-Saito et al., 2004) and 15N–18O dual-

isotope labeling method (Wrage et al., 2005).

Quantification of N2O production is helpful to regulate

N2O production and emission.

5 Conclusions

N2O is an intermediate product of nitrogen cycling. Under

stable environment, nitrogen species are relatively stable,

and N2O emission decreases step by step. The changes of

environmental factors may lead to nitrogen species

changes so as to enhance the N2O production and the

emission. The amount of N2O emission depends not only

on the environmental factors but also on the intensity and

frequency of environmental factors. Currently, most stud-

ies on N2O emission are investigated under stable envir-

onmental conditions, not after the changes of the

environmental situation. Freezing-thawing stress can

change water flow, heat conductivity, soil structure and

microbial community. These changes can influence the

activity of nitrifiers and denitrifiers. The strength of nitri-

fication, denitrification and enzyme activity changes may

lead to an increase in N2O emission. On one hand, freez-

ing-thawing stress may cause water phase changes and

destruction of aggregate may result in the release of

Table 1 Field determination of nitrous oxide emission amount in freeze-thaw stressed soils

location vegetation freeze-thaw period N2O amount (N)

/kg?hm22

freeze-thaw flux per

annual flux/%
reference

Guelph, Canada barley, soybean Mar. 1994–Apr. 1994 1.50–4.30 65.0 Wagner-Riddle et al. (1997)

New Hampshire, USA beech, maple, birch Dec. 1997–Mar. 1998 0.67 8.68 Groffman et al. (2006)

Dec. 1998–Mar. 1999 0.88 24.6

Dec. 1999–Mar. 2000 0.63 17.7

Jokioinen, Finland barley Oct. 1999–Apr. 2000 3.30 53.2 Regina et al. (2004)

Oct. 2000–Apr. 2001 8.00 53.7

Oct. 2001–Apr. 2002 18.9 78.6

Rovaniemi, Finland barley Oct. 2000–Apr. 2001 5.80 80.5 Regina et al. (2004)

Oct. 2001–Apr. 2002 14.5 77.1
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trapped N2O and nutrients. On the other hand, lots of

active nutrients from dead microbes can be used by sur-

viving microbes to carry on nitrification and denitrifica-

tion for N2O production. These changes are found to

affect the N2O production and emission.

Freezing-thawing stress can significantly change the soil

physical and microbial properties which affect N2O pro-

duction and emission. Further researches should be con-

centrated on the following aspects: (1) How does freezing-

thawing stress affect soil aggregate structure, soil organic

carbon activity and available nitrogen? The relationship

of aggregates and nutrients to N2O emission should be

considered. The intensity of N2O emission from different

soil aggregates in size should be taken into account. (2)

How to use modern molecular bio-techniques to study the

relationship of the microbial community to the N2O pro-

duction process and its impact factors? The relationship of

nitrifying enzyme, denitrifying enzyme and nitrous oxide

reductase activity to N2O production and emission should

be paid attention to. What mode of substrate do micro-

organisms utilize after freezing? Do microorganisms use

the same substrate in freezing season as in growing season

or others? and (3) How to use microbial bio-indicators (e.

g. amino sugars) to assess bacteria and fungi activity,

microbial living condition?
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