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ABSTRACT

Recent studies indicated a second layer of organic matter often accumulates in the lower 

active layer and upper permafrost in arctic tundra soils due to cryoturbation. The 

objective of this study is to characterize cryoturbated organic matter by the combination 

of physical size-fractionation approaches with modern analytical techniques. The results 

of elemental composition (C, N), stable isotope (ljC, l5N), radiocarbon age (14C), and 

molecular fingerprints (Py-GC/MS) analysis indicated cryoturbated organic matters are 

little humified and highly bioavailable. SOM (soil organic matter) associated with fine 

sand size particles was considered to be the organic carbon pool most sensitive to the 

changing climate. Clay minerals stabilize less humifed organic matter than those in 

temperate and tropical soils. The bioavailable soluble organics extracted from 

cryoturbated organic matter were found to have significant long-term accumulated effects 

on carbon cycling. The similar molecular compositions between cryoturbated and surface 

organic matter suggest vegetation covers haven’t changed since the early Holocene. 

Furthermore, the quality of SOM in moist acidic tundra is higher than that of wet 

nonacidic tundra. With the deepening active layer followed by thawing permafrost, 

cryotrubated organic matter could reenter the biogeochemical cycles in the Arctic, 

resulting in a positive feedback to climate change.
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Chapter 1. Introduction

1.1. Significance of this research

The importance of the arctic tundra and boreal regions in the global carbon cycle has long 

been recognized because of the large soil carbon stores in these regions (Post et al., 1982; 

Oechel and Billings, 1992; Hobbie et a l, 2000). With the presence of permafrost, 

decomposition of soil organic matter (SOM) is inhibited. Historically, northern 

ecosystems have served as a sink of atmospheric carbon. The amounts of SOC (soil 

organic carbon) in arctic and boreal areas were estimated to be around 250 to 455 Pg of C 

in the seasonal thawed soil layers and permafrost (Miller et al., 1983; Post, 1982; Oechel 

and Billings, 1992). This is equivalent to 20 to 60% of the world SOC pool. Globally the 

total SOC is roughly three times more organic carbon than that stored in the biosphere, 

and two times that stored in the atmosphere (Post et al., 1990; Hobbie et al., 2000). The 

arctic tundra ecosystem alone contains about 192 Pg of soil C, which represents 

approximately 13% of the global soil C pool (Post et al., 1982).

Michaelson et al. (1996) found that the soil carbon stores in Arctic ecosystems could be 

significantly underestimated when the cryoturbated C stores in the lower active layer and 

upper permafrost were ignored. More recent detailed examinations of tundra soils have 

also recognized that carbon stock estimates for many arctic soils are doubled when 

considering the whole pedon including the upper permafrost (Michaelson et al., 1996; 

Bockheim et al., 1998a). If these organic carbon stores are considered, the arctic tundra 

ecosystems alone could contain nearly 30% of the global soil C pool. As for the soil 

morphological features, a second layer of SOM often accumulates in the lower active 

layer (Bg) and upper permafrost (Cf) at a depth of 60-120 cm (Ping et al., 1998). This 

second concentration of organic matter was caused by cryoturbation, mainly through frost 

churning from a series of thawing and freezing cycles. Due to cryoturbation, soil carbon 

stores were redistributed, and soil horizons were wrapped, broken or discontinuous (Ping
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et al., 1998). The dominant patterned ground of the soils affected by cryoturbation are 

frost boils in Arctic Alaska (Walker et al., 2004). Frost boils, also called mudboils, are a 

kind of nonsorted circle, common to arctic tundra and alpine regions (Walker et al., 2004) 

and are considered the dominant process leading to cryoturbated soil profiles and SOM 

redistribution (Ping et al., 2002).

In the past 30 years, the arctic climate has warmed appreciably with warming rates 

approximately 1°C per decade (Oechel et al., 1993). Mounting evidence suggests a 

significant polar amplification of the global warming signal for the Circum-Arctic region. 

Models have also predicted that the greatest impact on ambient temperatures with 

warming will be in the polar region (Chapman and Walsh, 1993). With warming climate 

conditions, this zone of frozen soil will most certainly be affected, leading to the gradual 

loss of circumpolar permafrost (Hinzman and Kane, 1992). On the other hand, northern 

soils are estimated to contain great amounts of the world's soil carbon, much of which is 

preserved in permafrost as poorly decomposed plant remains. Hence, less humified 

organic matters currently sequestrated in permafrost-affected tundra soils are likely to be 

exposed to physicochemical and biological degradation in a warming climate (White et 

al., 2004). Increased carbon dioxide (CO2) or methane (CH4) released from the 

sequestrated SOM to the atmosphere would likely result in a positive feedback to climate 

warming (Billings et al., 1982).

In the context of global climate change, the second accumulation of SOM at depth in 

arctic tundra has a significant impact on the global carbon balance. First, the existence of 

this buried carbon was ignored in the past, and its inclusion could significantly improve 

the estimates of global terrestrial carbon pools and climate model simulation. Second, this 

carbon is not totally sequestered and passive under the extreme environment. Field 

measurement and observation suggest biological activities occurred in the lower active 

layers and the upper permafrost in spite of the nearly freezing to subzero soil temperature 

(Oechel et al., 1997). Unexpectedly, because of the relatively favorable conditions
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including high quality of substrates and available unfrozen water during the long cold 

wintertime, soil respiration at the cryoturbated organic layers could account for up to 

60% of the yearly net flux of CO2 (Fahnestock et al., 1998; 1999; Oechel et al., 2000 

Welker et al., 2000). Laboratory study involving incubation of tundra soil samples from 

the active layer and upper permafrost layers at low temperatures (-7 to 4°C) showed that 

obvious microbial respiration occurred by CO2 measurement (Michaelson and Ping,

2003). Even at the present climate conditions, these deep carbon stores would contribute 

to the global warming gas flux. With the increasing soil temperature in the Arctic, this 

deep carbon stores will be released through increased microbial respiration, mass 

movement such as solifluction, DOC (dissolved organic carbon) export and stream bank, 

coastal erosion. Thus it is critical to understand the characteristics of this deep carbon 

store and its fate once it enters the terrestrial and aquatic system. However, the 

biogeochemical characteristics of cryoturbated organic matters in arctic tundra soils have 

received less attention than SOM in the temperate and tropical regions.

In this study, the quality and quantity of cryoturbated SOM in arctic tundra were 

characterized by using stable isotope (13C, l5N) analysis and pyrolysis-GC/MS, coupled 

with particle size-fractionation. In addition to the traditional size-fractionation of soil 

particles, ultra-filtration techniques was used to separate soluble soil organics into HMW 

(high molecular weight) and LMW (low molecular weight) DOC. Size-fractionated SOM 

was further analyzed for total organic carbon and nitrogen, nutrient stocks and species, 

molecular compositions (Py-GC/MS), and isotopic signatures ( l3C, 15N). This study is 

among the first to combine both molecular-level separation approaches and modern 

analytical techniques to understand the composition, characteristics and dynamics of 

SOM in arctic tundra soils.



4

1.2. Hypotheses and objectives

1.2.1 Hypotheses

• Organic matters in each soil size-fractionated soils have significantly different 

quality and quantity. Dissolved carbon species (HMW and LMW DOC) have 

different chemical characteristics from particulate organics, which are 

hypothesized to be most bioactive organic carbon pool.

• The differences in land cover type (acidic and nonacidic tundra) and degree of 

cryoturbation could strongly affect the distributions and characteristics of soil 

organic matter in bulk and size-fractionated soils.

1.2.2. Objectives

• To carry out size fractionation using sieving, filtration and ultrafiltration 

techniques to examine the distribution and partitioning of SOC.

• To characterize elemental (C, N), molecular (by Py-GC/MS) and isotopic (l3C, 

15N) compositions of bulk and size fractionated SOM in arctic tundra.

• To explore the pathways and mechanisms that control the partitioning, transport, 

transformation and bioavailability of SOM species.

1.3. Justification of the research

This thesis research is among the first to study SOC in the arctic tundra by innovative 

physical fractionation approaches and modern analytical techniques. Results from this 

study will advance our understanding of characteristics and bioavailability of SOC in the
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arctic region, which represents a major global SOC pool and is known to be sensitive to 

climate change. This study will establish a baseline dataset for understanding 

biogeochemical consequences of environmental and climate change in the arctic region 

and aid in model development and consequently improve prediction of the global carbon 

budget and balance.
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Chapter 2. Literature review

2.1. Characteristics of soil organic matter in high-latitude regions

High-latitude soils have long been recognized as potentially important players in the 

global carbon cycling because of the large stocks of soil carbon. Post et al. (1982) 

estimated the global soil carbon was at 1395 Pg (1015 g), including 181 Pg (13%) in the 

boreal forest or taiga and 192 Pg (14%) in the tundra. Among the previous estimates, 

from 90 to 290 Pg of carbon is in upland boreal forest soils, 120 to 460 Pg of carbon in 

peatland soils, and 60-190 Pg of carbon in arctic tundra soils (Post et al., 1982; Oechel 

and Billings, 1992). In total, it is equivalent to 20 to 60% of the world soil C pool. 

Globally, the total SOC is roughly three times more carbon than that stored in the 

biosphere and two times that stored in the atmosphere (Post et al., 1990; Hobbie et al., 

2000). The large carbon storage of arctic and boreal regions could significantly affect the 

balance in the global carbon cycle. However, previous carbon store estimates didn’t 

include the carbon sequestrated in permafrost, which could lead to significantly 

underestimating the carbon stores in high-latitude areas (Michaelson et al., 1996). More 

recent studies have recognized that carbon store estimates for many arctic soils are 

doubled when considering the whole pedon including the upper permafrost (Michaelson 

et al., 1996; and Bockheim et al., 1998). When these stores are considered, the Arctic 

terrestrial ecosystems alone could contain nearly 30% of the global soil C pool.

Typical climate conditions in high-latitudes significantly affect the accumulation, 

distribution, and quality of SOM. Temperature and moisture, as two major aspects of 

climate, control the vegetation coverage, organisms’ activities, and soil development 

(Jenny 1941). Vegetation coverage is directly related to quality and quantity of the 

organic matter inputs to the SOM pool. Environmental stresses, such as extremely cold 

temperatures, limited available nutrients and poor drainage, reduce the efficiency of 

plants photosynthesis with altered pathways of carbon fixation (Chapin et al., 2002). On
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the other hand, cold soil temperature, poor drainage and short growing seasons inhibit 

decomposition of SOM and nutrient mineralization. Hence, the availability of nutrients 

for plant uptake is generally restricted relative to meeting the growth requirements of 

arctic plants. In order to survive where the availability of nutrients is extremely low, 

tundra and boreal plants reduce the nutrient loss by storage and internal recirculation of 

nutrients. Nearly 40-90% of the peak leaf nutrient content could be retransloctaed to 

storage organs before leaf senescence in arctic tundra (Berendse and Jonasson, 1992). In 

the boreal forest the quality of SOM under coniferous stands is relatively poor than that 

under deciduous species dominant stands, for evergreen species tend to have both higher 

lignin and lower nutrient concentrations than do deciduous species (Coley et al., 1985; 

Cote et al., 2000). Moss species, one of the most common vegetation types in arctic 

tundra, were found to be decomposed at a relatively slow rate because of recalcitrant 

carbon compounds in their tissues (Hobbie, 1996). The input of plant litter to soil with 

low nutrient concentrations further slow the decomposition of SOM, a factor in 

facilitating the accumulation of organic matter at high-latitude regions. As for soil 

microorganisms, the tundra species mostly appear similar to those found in other regions 

and have a growth optimum temperature at close to 25 0 C (Flanagan and Scarborough, 

1974). At low temperature, bacteria are the dominant microorganisms which degrade 

labile substrates, such as simple sugars and organic acids etc., and leave relative resistant 

organic compounds such as cellulose, hemicellulose, lignin and fungi cell wall materials 

behind. These recalcitrant compounds are prone to be decomposed in temperate and 

tropical regions (Dai, 2001). Eventually, the decomposition of SOM at low temperature 

in high latitudes leads to the accumulation of large carbon stocks.

In addition to the low quality of plant input and slow decomposition of SOM, the 

presence of permafrost and cryogenic soil processes (i.e. cryoturbation) in high-latitude 

regions also significantly affect the accumulation, distribution and chemical 

characteristics of SOM. Soils formed in the zone of continuous permafrost commonly 

display cryogenic features (Hofle et al., 1998; Ping et al., 2004). Generally, the effects of
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permafrost on accumulation of SOM are mainly in two aspects. Firstly, permafrost keeps 

the soils at low temperature throughout the year, which retards the decomposition 

processes. Secondly, the soils develop a grayish color resulting from reducing conditions 

caused by the perched water table above the permafrost. The soils are poorly to very 

poorly drained with water near or at the surface during most of the growing season (Ping 

et al., 1993; Hofle et al., 1998). Because of the wet and reducing soil environment, most 

decomposing activities are inhibited, leading to accumulation of organic matters (Ping et 

al., 1998).

Cryoturbation processes commonly affect the soil forming process under extremely cold 

climates (Shur and Ping, 1994). Cryoturbation causes mixing of soil materials due to frost 

heave from repeated freezing and thawing cycles, resulting in broken and irregular 

horizons. Furthermore, surface organic matter is often cryoturbated into the underlying 

mineral soil horizons, particularly in the lower active layer and upper permafrost. With 

time and changing environmental conditions, the cryoturbated organic matters could 

become encased in permafrost, and even sequestrated permanently (Ping et al., 1997b). 

Obviously, cryoturbation plays a key role in the distribution of soil carbon stores 

(Michaelson et al., 1996). At the landscape level, cryoturbation plays a controlling role in 

soil formation in high latitudes, which is evidenced by the occurrence of patterned 

ground, such like ice wedge polygons, sorted and nonsorted circles and earth hummocks 

(Washburn, 1980). Therefore, cryoturbated organic matters contribute significantly to the 

arctic soil carbon stocks and affect the carbon dynamics, which has been recently 

recognized in studies of carbon cycling in Arctic ecosystems (Michaelson et al., 1996; 

Oechel et al., 1997; Bockheim et al., 1998a; Hobbie et al., 2000; Hofle et al., 1998; Ping 

et al., 1998).

In addition to increasing the estimates of C stocks, cryoturbated organic matters at depth 

observed in the field are not totally sequestrated. Oechel et al. (1997) found that a high 

rate of CO2 efflux occurred immediately after a hole was drilled through the snow-
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permafrost system. The efflux was measured to be around 82g C m' 2 d"1 which is nearly

4.5 times more than the entire cold season C 0 2 efflux in coastal wet sedge ecosystems. 

As the surface horizon began to freeze in October, this trapped C 0 2 was probably created 

by microbial activity in unfrozen subsurface horizons. On the other hand, studies of soil 

thermal regimes show that warmer temperatures persist in the soil profile and unfrozen 

water exists for extended periods of time in subsurface mineral horizons or the upper 

permafrost, during the long and cold winter (Romanovsky and Osterkamp, 2000). 

Presumably, the decomposition of cryoturbated organic matters in the unfrozen soil 

horizons could play an important role in producing the C 0 2 efflux in the winter. 

However, among the most important results from the studies of C 0 2 fluxes in northern 

ecosystems is that the flux of C 0 2 during the winter period has been recognized to be a 

major component of the annual C budget (Fahnestock et al., 1998; 1999; Oechel et al., 

2000; Welker et al., 2000). Soil respiration during this period could account for up to 

60% of the yearly net flux of C 0 2-C, which significantly affects the carbon balance in 

arctic and boreal regions (Zimov et al., 1996; Oechel et al., 1997; 2000; Hobbie et al., 

2000). Because of the relative favorable conditions including high quality of substrates 

and available unfrozen water during the winter, the decomposition of cryoturbated 

organic matter could significantly contribute to the yearly C 0 2 and other greenhouse gas 

efflux.

Furthermore, research on low temperature respiration of tundra soils in Alaska showed 

that the subsurface organic enriched mineral horizons averaged higher respiration rates at 

-2 °C compared to surface organic horizons (Michaelson and Ping, 2003). The higher 

rates of respiration at subsurface horizons are apparently related to the presence of 

unfrozen water and the high quality of cryoturbated organic carbon. For example, the 

North Slope sites averaged -2 °C respiration rates of 0.33 pg C 0 2 cm"3 h' 1 for the 

subsurface organic enriched mineral; however, Seward Peninsula sites contain less 

cryoturbated carbon overall resulting in 0.22 pg C 0 2 cm° h"1 for the subsurface organic 

enriched mineral layers (Michaelson and Ping, 2003). Moreover, the radiocarbon ( 14C)
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measurements of the soil CO2 indicated that the CO2 produced in winter was not simply 

the return to the atmosphere of the carbon fixed during the previous growing season, but 

the decomposition of old organic carbon stored at depth in the soil profile (Winston et al.,

1997).

Because microbial activities must occur in a liquid (unfrozen) water medium at subzero 

temperatures, soil water-soluble organic substrates should be preferentially utilized by the 

soil microbes. In previous studies, WSOC (water-soluble organic carbon) is known to be 

a very active component of SOM in arctic soils (Michaelson et al., 1998; Dai et al.,

2000). Hence, WSOC at deep horizons exerts significant control over winter respiration 

rates at subzero soil temperature (Clein and Schimel, 1995). Presumably, cryoturbated 

organic matter in arctic soils contributes significantly to the stocks of WSOC and affects 

the quality. Michaelson and Ping (2003) compared the stocks and quality of subsurface 

WSOC in arctic tundra soils. Relationships were found between quantity and quality of 

WSOC with the preservation of organic matter in the gelisols among selected sites. Soils 

in the Seward Peninsula group lacked permafrost at many sites, leading to low stocks and 

quality of WSOC. As for mineral horizons, the processes of cryoturbation apparently lead 

to an increase in both stocks and quality of WSOC. Mineral horizons (i.e. the lower 

active layer) have elevated respiration rates when cryoturbated organic matter is present 

in significant amounts (Michaelson and Ping, 2003). Obviously, organic enriched 

cryoturbated soils have great potential to contribute significant amounts of WSOC to the 

microbial substrates, thereby affecting the respired CO2 efflux during the winter.

Recent studies indicated cryoturbated SOM could significantly affect the carbon cycling 

in arctic regions (Michaelson et al., 1996, Bockheim et al., 1998a; Ping et al., 1998; 

Hobbie et al., 2000; Michaleson and Ping, 2003). Even under the present climate 

conditions, these deep cryoturbated organic matters contributed a significant amount of 

CO2-C efflux to the global warming gas flux. With the anticipated soil temperature rise in 

high-latitude regions, this deep carbon stores will be further released through increased
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microbial respiration, DOC export and stream bank, coastal erosion. Thus it is critical to 

understand the characteristics of this deep cryoturbated carbon and its fate once it enters 

the terrestrial and aquatic system.

However, there is little known about the chemical characteristics of cryoturbated organic 

matter, including size-fractionated particulate and soluble organics in arctic tundra. 

Particularly, the partitioning, mechanisms and characteristics of cryoturbated organic 

matter from size-fractionated particles to the WSOC pools have not been clarified. 

Although WSOC in arctic permafrost affected soils was studied in previous research 

(Michaelson et al., 1998; Dai et al., 2000), the approaches to extraction and further size- 

fractionation of WSOC extracted from arctic soils have not been systematically explored 

and evaluated. The mechanisms and biogeochemical characteristics of WSOC formation 

need to be clarified.

2.2. Arctic tundra soils, Alaska

Arctic tundra in Alaska consists of two major physiographic subdivisions: the Arctic 

Coastal Plain and the Arctic Foothills (Wahrhaftig, 1965). These regions are in the 

continuous zone of permafrost (Pewe, 1975). The Arctic Coastal Plain is characterized by 

large low and high centered polygons. In polygon centers, the surface organic layer is 

generally 15-30 cm thick with minimal cryoturbation and the active layer is about 35 cm 

thick. Along the polygon rim the soils are cryoturbated due to the expanding ice wedges 

in the polygon trough, which is inundated during most of the growing season and is 

dominantly organic (Ping et al., 2004). The low soil temperature and poor drainage favor 

organic matter accumulation but at the same time retard mineral weathering due to 

reducing conditions caused by saturation above the permafrost. Frost boil formation 

(nonsorted circles) commonly occurs in the polygon center which results in 

cryoturbation. As a result of cryoturbation, there is an obvious second layer of SOM 

existing at the lower active layer and upper permafrost. In summary, there are three major
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factor affecting soil forming processes in Arctic Coastal Plain: reducing conditions, 

organic matter accumulation and cryoturbation.

Generally, vegetation types in the Arctic Coastal Plain include two major types: WAT 

(wet acidic tundra) and WNT (wet nonacidic tundra), resulting in soils ranging from 

acidic to calcareous. WAT formed in the Colville Delta with recently deposited alluvium 

on terraces (Jorgenson et al., 1996). WNT is common on the broad alluvial fans at high 

elevations. Furthermore, soils on flood plains of major rivers throughout the coastal 

plains formed in carbonate rich alluvial parent materials. Carbonate deposits are found on 

the soil surface, as heavy coatings on vegetative parts below the water table and on rock 

fragments, and often as a marl deposit (Ping et al., 1998).

Soils on the Arctic Foothills are covered by two major tundra types: MAT (moist acidic 

tundra) and MNT (moist nonacidic tundra). Their main species of vegetation coverage 

are significantly different. MNT soils are predominantly covered by mixed dwarf shrub- 

sedge ( Dryasintegrifolia, Salix reticulata, Carex and Tomentypnum

however, MAT soils are covered by mixed cottongrass-shrub (Eriophorum vaginatum, 

Betula nana, Salixpulchra, and Hylocomium splendens) (Swanson et al., 1985; Walker, 

1999). Generally, soils formed in MNT occur in the northern part of Arctic Foothills 

whereas those formed in MAT occur in the southern parts. In places, MAT could also 

occur adjacent to MNT (Walker et al., 1998). Discontinuous surface organic horizons are 

common in the Arctic Foothills mainly due to frost boil formation. Surface organic 

matters are commonly frost-churned into the underlying mineral soil horizons and 

concentrated in the upper permafrost (Michaelson et al., 1996; Ping et al., 1998). In 

subsurface horizons, cryogenic structures of both MAT and MNT are similar, including 

ice lenses, reticular and blocky structures in the lower portions of the active layer, and 

ataxitic fabric (very ice-rich, and soil aggregates appear suspended in ice) in the upper 

permafrost. Soils in the southern foothills have similar cryogenic structures as soils in the
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northern foothills, but the layers with ataxitic fabric are generally thinner than those in 

northern foothills.

In addition to alluvium, the parent material of Arctic Coastal Plain also consists of glacial 

moraine, loess, or lacustrine sediment. These soils are saturated throughout during most 

of the growing season. The mineral horizons are usually gleyed with grayish color. As for 

the soils in the Arctic Foothills, both MAT and MNT soils formed in a loess deposit over 

glacial moraine that contains rock fragments. Generally, in MNT, there is a more 

calcareous loess deposit with a silt loam texture, because it is closer to the loess source, 

the Sagavanirktok River (Walker and Everett, 1991). In MAT, the active loess belt and 

glacial drift become the dominant parent material, and soil texture varies from silty clay 

loam in the Happy Valley area to sandy loam in the southern foothills, with abundant 

coarse fragments ranging from gravel to boulders (Ping et al., 1998). Generally, the rock 

fragments are greater in MAT soils in the southern parts of the foothills, with a thin loess 

cap over young coarse-textured glacial drift. With increased precipitation and warmer 

temperatures, large portions of the bases were leached out; thus, these soils have lower 

base saturation and more acidic reactions (Ping et al., 2005). The differences in pH of 

MAT and MNT soils are mainly related to the base status. Higher base saturation and 

greater extractable base cations (Ca and Mg) occurred in the MNT soils than in MAT 

soils. Consistently, MAT soils are found to be higher in extractable acidity and 

exchangeable Al (Bockheim et al., 1998a, Ping et al., 1998). The different quality of 

substrate is caused by the different types of vegetation coverage, which directly affect the 

bioavailabiliity of SOM. For example, Sphagnum spp. is abundant in MAT but not MNT; 

Sphagnum has low bioavailability and has unique properties to strongly promote acidic 

soil condition (Walker et al., 1998).

The different vegetation coverage also leads to different thickness of the surface organic 

layer in MAT and MNT. However, a thicker surface organic matter will place constraints 

on heat flux, leading to a shallower active layer and inhibiting ice lens formation (Walker
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et al., 1998). Generally MAT soils have a thicker surface organic matter than MNT soils. 

The relatively thick surface organic matter in MAT soils prevents the soils being 

cryoturbated and thermal flux exchange. At the landscape level, the MNT has 30% 

mudboils (nonsorted circles) on the surface, while there are only occasional mudboils in 

the MAT (Ping et al., 1998). On the other hand, the high thermal flux of MNT soils 

results in a deep thaw active layer, despite the fact that MNT soils dominate in the 

northern and colder portions of the Arctic Foothills. The A horizon is usually well 

developed in MNT soils due to more herbaceous and grassy vegetation, humus stabilized 

by bases, better soil drainage and warm soil temperature. Results from recent studies 

showed that MAT soils have greater carbon accumulation and faster accumulation rate in 

both active layers and permafrost than MNT soils (Hobbie et al., 2002). The lower C: N 

ratio, greater microbial activity and more decomposed organic carbon were found in MNT 

soils, consistent with the high thermal efflux and thick thaw active layer (Walker et al., 

1998).

Landform as a soil-forming factor has great impact on the hydrological conditions and the 

parent material composition in arctic tundra of Alaska. In the Arctic Coastal Plain, there 

are two different landscapes associated with low-center and high-center polygons. The 

center of the low-center polygon is flat and poorly to very poorly drained, with water near 

or at the surface. On the high-center polygon, the center is well drained. Additionally, 

patterned ground is another manifestation of the effects of extreme cold climate on 

landform through cryoturbation processes. Patterned ground forms as a result of frost 

heaving and creates microenvironments, which directly affect the distribution of 

vegetation species and percent cover. In arctic tundra, differences between the microhigh 

and microlow sites have produced different types of soil within short distances, usually 

within 1 m (Ping et al., 1998). In the Arctic Foothills, MNT soils occur in more exposed 

landscape positions with less snow pack, where the soils are more subject to 

cryoturbation, as evidenced by the frequent occurrence of frost boils. Less calcareous 

loess deposited on MAT soils in the southern part of the foothills, partially due to the
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higher elevation and greater distance the loess sources. At the landscape level, the thicker 

snow pack on MAT soils serves as another factor in preventing cryoturbation under 

extremely low air temperatures, compared to MNT soils. Furthermore, formation of 

organic soils is also largely affected by landscape position. Depressions with restricted 

drainage have thickest organic horizons, while thinner organic horizons are found in 

upland positions (Flofle et al., 1998).

Time dominates all other soil-forming factors. MAT soils usually occur on the older 

landscape, but MNT soils commonly dominate on the younger surface. For example, in 

the Toolik Lake region, MAT occurs on the older landscapes of the Sagavanirktok and 

Itkillik I glacial advances, whereas MNT occurs on slope of the younger Itkllik II glacial 

advance (Walker et al., 1994). The age differences in the parent materials from MNT and 

MAT soils reflected in their chemical properties. The soils in the MNT formed in fresher 

loess, and thus they are high in carbonates, while the soils in the MAT formed in older 

loess and have lost most carbonates due to leaching and have become more acidic. Along 

the north-south gradient in the Arctic Foothills, the base saturation decreases and 

exchangeable aluminum increases. These trends indicate an increased degree of 

weathering continues from MNT to MAT. Although soils of the Arctic Foothills are on 

moraines that are from middle to late Wisconsin glacial in age (Hamilton, 1987; Ping et 

al., 1998), due to the extremely cold and wet soil conditions, soils in the arctic tundra of 

Alaska are still young.

In this study, MAT and WNT soils were selected because they represent the two major 

types of arctic tundra soils in previous studies (Michaelson et al., 1996; Walker et al., 

1998, Ping et al., 1998). The ecosystem functions of northern Alaska can be roughly 

divided into two major areas, with soils having different substrate reactions: acidic (pH< 

5.5) ecosystems predominately in the southern part of Arctic Foothills, and nonacidic 

(pH>5.5) ecosystems predominately in the northern parts (Fig 1). In the Kuparuk River 

Basin, Alaska, an area that is the focus of recent ecosystem studies, MAT and MNT
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occupy 54 and 41 percent of the total area, respectively (Walker and Everett, 1991; 

Michaelson et al., 1996; Bockheim et al., 1998b). Different soil pH could result from 

loess deposition, cryoturbation, vegetation cover and parent material age. In turn, the 

difference in substrate reactions has been recognized to affect many aspects of ecosystem 

function, such as vegetation distribution, soil properties, cryoturbation processes, carbon 

dynamics and ecosystem energy and gas flux (Walker et al., 1998, Ping et al., 1998). For 

example, C-stocks were found to be highest in the WAT (wet acidic tundra) followed by 

MAT dominated by shrub and moss, nonacidic tundra with large polygons, nonacidic 

tundra with nonsorted circles or frost boils (Michaelson et al., 1996; Bockheim et al., 

1998a). Recent research results were in agreement that MNT is less of a carbon sink 

compared to MAT soils (Walker et al., 1998; Hobbie et al., 2002). However, the quality 

and characteristics of SOM in MAT and MNT soils are still in debate. Because of more 

favorable pH for microbial activity and higher-quality organic matter inputs in MNT 

soils, generally the MNT soils are hypothesized to have faster rates of soil C and N 

cycling than MAT (Hobbie et al., 2000; Walker et al., 2000). Evidence contrary to this 

hypothesis includes the fact that higher quality SOM appears to be preserved in acidic 

tundra soils than nonacidic tundra soils in recent studies (Hobbie et al., 2000, White et al.

2004). Therefore, it’s still necessary to characterize the SOM quality in both acidic and 

nonacidic soils.

Obviously, the differences of vegetation type and soil environment of these two major 

tundra types could significantly affect the quantity and quality of SOM. Hence, in this 

study, size-fractionation and analytical techniques were used to characterize the organic 

matter quality preserved in both acidic and nonacidic soils. In previous studies bulk soil 

samples were used to evaluate the SOM quality, however, which could bias research 

results. For example, 14C measurement of a bulk SOM sample does not yield useful 

information about the rate of SOM cycling, because different fractions of SOM have 

distinctly different ages (Gaudinski et al., 2000). Six et al. (1998; 2002) also found SOM 

sequestrated in different sized aggregates with significantly different quality and quantity
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of organic matter. Hence, by the novel combination of analytical approaches, SOM 

characteristics from acidic and nonacidic tundra soils could be further elucidated, through 

characterizing size-fractionated soil particulate and soluble organics based on the “three- 

dimensional” concept of SOM (Christensen, 1992).

2.3. Size-fractionation and characteristics of soil organic matter

2. 3. 1. Size-fractionation and characteristics of organic matter in soil particles

A. Soil organic matter

Soil organic matter is defined as “the sum of all natural and thermally altered biologically 

derived organic materials found in the soil or on the soil surface irrespective of its source, 

whether it is living or dead, or stage of decomposition, but excluding the aboveground 

portion of living plants” (Baldock and Nelson, 2000). Due to the complexity of organic 

matter found in soil, and with the development of SOM research, different SOM concepts 

have prevailed in different historical periods. Soil organic matter is a critical component 

of soils, affecting soil biological, physical, and chemical properties, and serving as 

reservoir of metabolic energy. Generally, SOM comprises three major pools of organic 

compounds: 1) the active pool, consisting of microbial biomass and relatively easily 

decomposed compounds, such as polysaccharides etc.; 2 ) the passive pool, the 

predominate pool, containing very stable materials with very slow decomposition rate, 

such as humic acids and humin; 3) the slow fraction, intermediate in stability and 

resistance to decomposition, providing food for steady metabolism of the authochthonous 

soil organisms (Brady and Weil, 1999). The turnover of the different SOM components 

varies significantly, reflecting the complex compositions and interactions of biological, 

physical, chemical processes in soils.
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On the global scale, SOM plays a critical role in the global carbon balance due to the 

large amounts of carbon stored in soils, at least twice the carbon that is in the atmosphere 

(Chapin et al., 2002). The mechanisms of SOM stabilization in a soil profile are 

controlled by: 1) biological recalcitrance, due to the recalcitrant substrate, e.g. lignin 

derivatives; 2 ) chemical stabilization, chemical or physiochemical association between 

organic matter and mineral, e.g. cation bridge capacity; 3) physical protection, since soil 

structure plays a dominant role in the physical protection of SOM by controlling 

microbial accessibility to substrate (Jastrow and Miller, 1997). Throughout the previous 

studies of SOM dynamics, it has been recognized that the interaction of SOM with 

mineral particles is crucial to biogeochemical characteristics of SOM (Huang and 

Schnitzer, 1986). Plant inputs and decomposition products as major binding agents lead 

to development of a hierarchical aggregates structure. The stability of this structure in a 

given soil profile depends on the relative amount and strength of various types of organo- 

mineral associations. Organo-mineral complexes function as binding and stabilizing 

agents of organic matter, at each hierarchical level of organization. The nature of organo- 

mineral associations and their spatial location within the hierarchy determine the degree 

to which SOC is physically protected from decomposition, resulting in different organic 

matter pools with different turnover rates. In addition to the quality of the substrate, the 

location of SOM within the soil matrix determines the accessibility to microorganisms, 

thereby affecting the SOM dynamics (Elliott and Cambardella, 1991). The stabilization, 

distribution and degradation of SOM is significantly affected by soil structure, 

aggregation processes and physical protection in the soil.

B. Physical fractionation of soil organic matter associated with mineral particles

1) General introduction

Physical fractionation of soils has been extensively adopted in agricultural and 

environmental research, including the characterization of SOM composition, delineation
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of SOM dynamics and turnover rate, evaluation of deforestation and agricultural 

management impacts, and assessment of soil fixation of heavy metals and herbicides 

(Anderson et al., 1981; Tissen and Stewart, 1983; Christensen, 1992; Elliott and 

Camardella, 1993; Benoit et al., 2000; Six et al., 2002; Latrille et al., 2003). Before 1960, 

relatively few studies had addressed the interaction between SOM and soil minerals. 

Instead by the various methods were used to extract of SOM from soils, or soil minerals 

were studied after careful removal of SOM (Christensen, 1992). Evidently, SOM 

dynamics are significantly affected by soil structure, aggregation and physical protection 

within the soil matrix (Jastrow and Miller, 1997; Christensen, 2001). For example, soil 

microorganisms, as major decomposers in soils, play important roles in the turnover of 

SOM. However, usage of SOM by microorganisms obviously depends on accessibility of 

the available substrate, as well as the quality of substrate. The great advantage of physical 

fractionation is that information of the isolated soil fractions obtained by fractionation 

can be related to structural or functional components in soil and biological degradation 

potentials (Cambardella and Elliott, 1993).

Baldock and Nelson (2000) suggested that the use of alkaline extraction be avoided in the 

separation of SOM from bulk soils. The main criticisms for chemical fractionation using 

alkaline solvent include: 1) questionable ability of extractable organic matter to represent 

the composition of the nonextractable organic matter and whole soil SOM; 2) the 

apparent lack of a relationship between the biological function of organic C in soil and 

the extractability in alkaline reagents; 3) differences in the chemical characteristics 

displayed by the extracted organic materials when compared to the same materials in soil 

at an adsorbed state; 4) creation of artifacts during the extraction procedures (Baldock 

and Nelson, 2000). Therefore, proper approaches for separation of SOM associated with 

mineral particles need to be explored and improved.

Physical fractionation of soil has been used extensively and provides a powerful tool in 

the study of SOM distribution and dynamics. The roles of various soil minerals in
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stabilization of SOM are significantly different, which is the major concept behind 

physical fractionation of soil. The interactions of SOM with minerals, especially with 

clay minerals, have been recognized to significantly relate with SOM turnover (Anderson 

et al., 1981; Tissen and Stewart, 1983; Christensen, 1992). For example, Anderson et al.

(1981) found that the clay fraction of soils contained the majority of soil S and labile 

organic components such as carbohydrate, because of its physical protection function. In 

earlier studies, the clay fraction was postulated to be enriched in more stable organic 

compounds than those found in the sand and silt fractions. Clay organo-mineral 

associations have been generally recognized to play an important role in stabilization of 

SOM (Lynch et al., 1956; Solomon, et al., 2002). Because of the complex composition 

and structure of the organic matter, and the diverse mechanisms binding organic matter to 

soil minerals, it is difficult to separate particulate SOM fractions that are quantitatively 

and qualitatively related to the in situ conditions. The main purpose of physical 

fractionation is to separate fractions that can be related to structural or functional organic 

components, without significantly changing their natural status. This can be 

accomplished by utilizing two popular methods: 1) density fractionation, in which soil 

organo-mineral particles are fractionated by means of liquids with different densities, 

because organo-mineral particles differ in density from the original organics and mineral 

components; 2) particle size fractionation, since SOM associated with particles of 

different sizes differs in structure and function, and so, plays different roles in SOM 

dynamics (Shaymukhametov et al., 1984; Christensen, 1992).

2) Density fractionation

Density fractionation generally assumes that SOM can be divided into two pools: the 

light and heavy fractions, which differ in composition and function in SOM dynamics. 

The so-called light fractions are mainly considered to be: 1) free particulate organic 

carbon without significant association with mineral particles; 2 ) occluded particulate 

organic carbon associated with mineral particles or buried within soil aggregates
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(Baldock and Nelson, 2000). Organic particles in soil generally have a density of <1.0 

Mg m'3, while that of mineral particles is > 2.0 Mg m'3, and that of organo-mineral 

complexes is intermediate in this density range. Light fractions consist of plant and 

animal residues with relatively high C: N ratios, a rapid turnover rate and bioavailable 

substrate for microorganisms. The chemical characteristics of occluded light fractions are 

significantly distinct from the free particulate organics in soils. Recent studies indicated 

that occluded light fractions consist of more highly decomposed organic matter fractions 

(Golchin et al., 1994; Sohi et al., 2001). The heavy fraction did not resemble plant residue 

fragments, but rather consisted of organo-mineral complex SOM and humified organic 

materials absorbed on mineral surfaces. This fraction is found to have a low C: N ratio, a 

slow turnover rate, and a high specific density. Experimentally, the light and heavy 

fractions are obtained by using a series of mixtures of different density liquids (from 1 .6  

to 2.6 g/cm ) prepared form the initial heavy liquid and diluent (Shaymukhametov et al, 

1984; Christensen, 1992). In addition to the traditional two fractions (i.e. light and 

heavy), soil samples are also fractionated by subsequent exposure to liquids with 

increasing density, resulting in obtaining various density fractions (e.g. a medium density 

fraction). Golchin et al. (1995) separated the SOM into different density fractions and 

classified them as free particulate organic matter (<1.6 Mg m free), occluded particulate 

organic matter (<1.6  occluded, 1.6-1.8  and 1.8-2.0 Mg m'3) and clay associated organic 

matter (>2.0 Mg m"3), based on the spatial distribution of organic materials within the soil 

mineral matrix.

Density fractionation has been proven to be a useful tool in isolating SOM fractions that 

play different roles in SOM dynamics. Coupled study with specific indicators of 

decomposition (C: N ratios, l3C, 15N) suggests the degree of SOM decomposition 

increases with increasing density across the soil fractions. Soil organic matter turnover 

rates derived from 14C measurement indicate that the light fractions contain young, 

bioactive SOC which turns over much more quickly than SOM in the mineral associated 

fractions (Golchin et al., 1995; Baisden et al., 2002). The results of the studies of
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agricultural management impact on SOM dynamics indicated that the replacement of 

native-derived C by pasture-derived C occurred mainly in low-density organic matter 

fractions, which are replaced much faster than the heavy fractions (Romkens et al., 1998; 

Roscoe et al., 2001). The native-derived carbon had the highest stability in the heavy 

fractions, probably due to strong interaction with active aluminium or iron and 

aluminium oxides associated with clay surfaces (Golchin et al., 1995). Although density 

fractionation has been frequently used in SOM studies, the fundamental conceptual and 

experimental problems remain unsettled. For example, the disruption of aggregates and 

floccules, and excess dispersion during fractionation, destroy the soil structure and 

original distribution of SOM within the soil matrix. Furthermore, the rationale of 

separating SOM into a range of density fractions needs to be clarified and consistent. 

Especially, a conceptual framework should be developed and tested in different soil 

types. In contrast to the particle size fractionation, the potential of density fractionation in 

the study of SOM dynamics is less clear, while the outcome of particle size fractionation 

could also relate with standard texture analysis (Christensen, 1992). Thus, in this study, 

particle size fractionation was preferred over density fractionation.

3) Particle size fractionation

Particle size fractionation has been proved to be particularly useful in identifying specific 

SOM pools with different biogeochemical functions, and describing dynamics of organic 

matter in soils (Anderson et al., 1981; Tissen and Stewart, 1983; Elliott and Cambardella, 

1991; Christensen, 1992; Six et al., 1998). The use of stable isotope ( ljC, 15N ) and 

radiocarbon dating (l4C) coupled with particle size fractionation further advance SOM 

turnover studies, since these methods are well suited to study SOM dynamics from short 

to long time scales. The novel combination of analytical approaches effectively evaluated 

the consequences of natural and anthropogenic soil replacement (e.g. vegetation change 

from C 3  to C 4  plants) and environment changes ( Puget et al., 1995; Agren et al., 1996; 

Stemmer et al., 1999; Gerzabek et al., 2001a; Magid et al., 2002; Six et al., 2002;
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Solomon, et al., 2003). In previous studies, it was shown that particle size fractionation 

methods efficiently yield SOM pools of different composition and function. Compared to 

chemical fractionation, particle size fractionation techniques cause less destruction of 

structure and function of SOM compared with the form situ (Christensen, 1992).

Particle size fractionation is based on the principle that organic matter associated with 

particles of different sizes differs in chemical composition and bioavailability, thereby 

playing different roles in SOM dynamics (Tisdall and Oades, 1982; Christensen 1992). It 

is an advantage that the outcome of particle size fractionation is related to standard 

texture analysis. Generally, the particle size limits basically follow the USDA or the ISSS 

classification schemes (Fig. 1). Between the USDA and ISSS classification systems, there 

is a minor modification of size limits and the subdivision of clay and silt fractions. Clay 

is generally taken to be particles < 2  pm in both systems, while silt is 2  to 2 0  pm in the 

ISSS, and 2 to 50 pm in the USDA system. Tisdall and Oades (1982) found that the 

organic binding agents among different particle size aggregates were significantly 

different, suggesting aggregates of decreasing size have increasing strength and 

stabilization. The organic binding agents have been classified into 3 main groups: 1) 

transient, (e.g polysaccharides), 2) temporal (e.g. root and fugal hyphae); 3) persistent 

(e.g. resistent aromatic components associated with polyvalent metal cations), through 

the SOM age and degradation potential. Moreover, Oades (1984) defined soil structure as 

the arrangement of soil mineral particles (sand, silt, and clay) and organic compounds, 

including two categories of aggregates macro- (>250 pm) and micro- (<250 pm). 

Macroaggregates (>250 pm) would be formed by the binding of microaggregates with 

transient or temporary organic matter, while microaggregates would be stabilized by 

relatively persistent organic matter. Obviously, the nature and properties of organic 

matter associated with soil particles of different sizes are significantly distinctive.

Wet and dry sieving has been applied frequently to separate fractions > 50 or 60 pm, 

while silt and clay fractions (< 50 pm) are hard to isolate by sieving (Chepil, 1961;
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Fig. 1. Classification of soil particles according to their size (from Brady and Weil 1999).

Christensen, 1992). Wet sieving is based on the assumption that wetting of the soil in 

water occurs in the field, leading to the break up of the field aggregates into individual 

water stable aggregates. The techniques of sieving in water have been used extensively as 

a method for physical fractionation (Elliott and Cambardella, 1991; Cambardella and 

Elliot, 1992; Puget et al., 1995; Six et al., 1998; 2002). Because dry aggregates in the 

field are not stable, and the relative difficulty of breaking down the dry aggregates, dry 

sieving shows less potential to separate the aggregates from the bulk soils than wet 

sieving. Due to entrapped air and unequal swelling, macroaggregates are effectively 

broken down during the wetting processes, termed “slaking” in wet sieving (Oades,

1984). As for the factions smaller than <60 pm, generally, clay and silt (<50 pm) 

fractions are isolated by gravity sedimentation or centrifugation (Christensen, 1992). 

Based on the application of Stokes law, gravity sedimentation is conducted by successive 

sedimentation-decanting (or siphoning) cycles, each of which may last more than 8 hours. 

Typically, 5 to 15 cycles are needed. Since it takes long time to finish one sample, there 

is the possibility of microbial degradation during sedimentation processes. However, 

centrifugation greatly speeds up fractionation processing time and reduces the possible 

effects of microbial activities in the soil suspensions (Christensen, 1985).



25

Disruption, separation and analysis are the major processes in physical fractionation. The 

effectiveness of soil dispersion is crucial for density and particle size fractionation. The 

major objective of soil dispersion techniques is to isolate the size and density separates 

without destroying the natural properties of SOM. Sonication and shaking are the two 

most popular methods of dispersing the soil (Elliot and Cambardella, 1991). Sonication 

has been used extensively for disrupting the soil before further fractionation into different 

particle-size classes, and it’s recognized to minimize chemical transformation of SOM 

which may occur during the chemical extraction (Ladd et al., 1977; Anderson et al.,

1981; Ahmed and Oades, 1984; Tissen and Stewart, 1983; Amelung et al., 1998;

Stemmer et al., 1999; Roscoe et al., 2001; Gerzabek et al., 2001a; Chefetz et al., 2002; 

Solomon et al., 2002). Although sonication is more efficient than chemical dispersion, 

potential problems associated with the use of sonication occurred during the physical 

fractionation of soils into size/density fractions (Elliot and Cambardella, 1991; 

Christensen, 1992; Stemmer et al., 1999; Gerzabek et al., 2001a). Excess intensity of 

sonication can result in releasing stable organic matter that is physically protected within 

micro- or macro aggregates to finer fractions. Eventually, more organic materials could 

be separated out into finer soil fractions than that would ordinarily be found, affecting the 

SOM distribution among particles of different sizes (Cambardella and Elliot, 1992; 

Christensen, 1992). Therefore, in most recent studies, shaking was preferentially used 

and considered to be a more gentle method than sonication for disrupting soils (Elliot, 

1986; Cambardella and Elliot, 1992; 1993; Puget et al., 1995; Magid et al., 1996; 2002; 

Six et al., 1998; 2002). Furthermore, the greatest advantage of shaking is the ease of 

operation, widely adjustable disrupting energy range and minimal destruction of initial 

organic aggregates.

C. Characteristics of SOM in size fractions

Results from previous studies of physical fractionation showed that significant 

accumulation of SOM occurred in silt and clay size fractions, tending to an increasing



26

carbon and nitrogen content with diminishing particle size (Anderson et al., 1981; 

Ahemed and Oades, 1984; Tissen and Stewart, 1983; Christensen, 1992; Barriuso and 

Koskinen, 1996; Amelung et al., 1998; Solomon et al., 2002). In most cases, the highest 

organic carbon and total nitrogen amounts in soils were found in the clay size fraction. 

The distribution of SOM between particle size fractions was significantly affected by the 

degree of soil disaggregation. After complete or excess ultrasonic dispersion of soil 

suspensions, clay size fractions tend to contain higher organic carbon than that after 

limited dispersion. Except for the side effects of different dispersion treatments, the 

distribution of SOM could reflect the inherent characteristics of various soil types used. 

Hence, the highest contents of C and N were also investigated in the silt size fraction 

(Stemmer et al., 1999; Gerzabek et al., 2001a). Furthermore, Christensen (1992) found 

that SOM enrichment of clay and silt particles was inversely related to the proportion of 

these size fractions in bulk soil, while SOM enrichment of sand does not relate to sand 

yields. For soils with < 20% clay, the proportion of total SOM distributed in the clay size 

fraction tends to increase with increasing clay content while that in silt size fraction 

decreases. On the other hand, the result that more organic matter was observed in the 

finer fractions (i.e. clay size fraction), could have been caused by adding the dissolved 

SOM pools during the particle size fractionation procedures. Dissolved organic pools 

could account for 1 tol 1% of whole SOM with varying amounts from all the fractions 

(Christensen 1992). Therefore, the mechanisms causing the distributions of SOM among 

the particle size fractions are complex and remain largely unknown.

1) C: N ratio

The C: N ratio of SOM in size fractionated organic matter declines with decreasing 

particle size, reflecting the increasing degree of mineralization and humification of SOM 

(Cameron and Posner, 1979; Tissen and Stewart, 1983; Christensen 1992; Solomon et al., 

2002). The high C: N ratio of the organic matter in the coarse fractions (i.e. sand size 

fractions) indicated those organic mattes were mainly derived from plant debris (Tissen 

and Stewart, 1983). Since SOM in coarse fractions is physically poorly protected against
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microbial attack, microbial alterations of bioavailable organic matter stored in coarse 

fractions occurred, resulting in release of lower quality, accessible organic matter and 

microbial products of low C: N ratio to the fine particle size fractions. Therefore, both silt 

and clay fractions contain major amounts of microbially derived organic materials, 

representing the largest pool of most humified SOM. C: N ratios are significantly 

correlated with nitrogen mineralization of SOM, based on the concept of releasing 

relatively more mineral nitrogen from organic matter with lower C: N ratios. Generally, 

the proportions of mineralized nitrogen from various size-fractionated organic matter 

increase with decreasing particle size. Mineralizability of nitrogen was higher in clay size 

fractions than that in silt and sand size fractions (Cameron and Posner, 1979; Christensen, 

1992).

However, due to the heterogeneous sources and properties of SOM among the size 

fractions, C: N ratio alone is considered to be a less informative indicator of SOM 

quality. With the development of modern analytical techniques, coupled with size 

fractionation of soil particles, stable isotope ( l3C, l5N), l3C-NMR, radiocarbon dating 

(14C) and Pyrolysis-GC/MS, etc., have been successfully applied in describing SOM 

dynamics (Balesdent, 1987; 1996; Oades, et al., 1987; 1988; Baldock et al., 1992; 1997; 

Schulten, 1993; Puget et al., 1995; 2000; Agren et al., 1996; Trumbore and Zheng, 1996; 

Zech et al, 1997; Boutton et al., 1998; Six et al., 1998; Gaudinski et al., 2000; Dai et al., 

2002; Solomon et al., 2002; White et al., 2002, 2004).

2) Stable isotopes (13C, 1SN)

With the development of high-resolution mass spectrometers, stable isotope (13C, 15N) 

has become increasingly popular and been proven to be a good natural tracer in the study 

of SOM dynamics (Balesdent et al., 1987; Puget et al., 1995; 2000; Agren et al., 1996; 

Balesdent, 1996; Six et al., 1998; Solomon et al., 2002). The concept behind the
1 'Xapplication of natural C abundance is that there is a regular change in the isotopic
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composition of organic matter as it is decomposing. During the decomposition processes, 

12C is preferentially used by microorganisms, leading to a 13C enrichment in the 

remaining organic matter (Agren et al., 1996). On the other hand, C3 and C4 plants use

different pathways to fix carbon dioxide into organic matter during photosynthetic
11 13processes. Fixing atmospheric CO2 ( C composition is near -7%o), C3 plants have 5 C

values ranging from —23%o to 40%o. while C4 plants have S13C from -9%o to -19%o. The

13C concentration of SOM derived from C3 plants is around -27 %o, while that derived

from C4 plants is about-13%o(Balesdent et al., 1987; Chapin et al., 2002). Obviously, the

isotopic composition of SOM closely resembles that of the inputs of plant residues from

the vegetation coverage. Although mineralization and humification processes affect the

§,3C value of SOM, only slight changes occurred in the 1 abundance of SOM derived

from the plant inputs. In contrast to the difference between C3 and C4 plants, the C
13isotope discrimination during decomposition is comparatively small. Therefore, the 5 C 

value of SOM in cold and boreal forest ranges from -24 to -29%o, reflecting the natural 

13C abundance of C3 plants dominating in those regions (Balesdent et al., 1987). A 

replacement of the vegetation with another having a different S13C value will gradually 

change the isotopic composition of the naturally labeled SOM, and thereby allow a 

quantification of the turnover of the original SOM (Balesdent et al., 1987; Christensen, 

1992; Boutton et al., 1998).

The results from the studies of the natural 13C abundance in particle size fractions showed 

that in most cases, the 8 13C value of SOM increased with decreasing size, the highest 

values being observed in SOM in the clay size fraction (Stemmer et al., 1999; Shang and 

Tissen, 2000; Gerzabek et al., 2001a; Solomon et al., 2002). Solomon et al. (2002) found 

that the 8 13C values of SOM associated with the clay size fraction of Wushwush and 

Munesa forest soils were 7.1 and 3.3 %o higher than those of the corresponding forest 

vegetation (-30.1 %o at Wushwush and -26.5%o at Munesa); while SOM bound to sand 

fraction of soils had the lowest 8 13C values, being only 4.0 and 1.3%o higher than the
1 a 13

mean 5 C values of the original forest vegetation at the two sites, respectively. The 8 C
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values of SOM in silt size fractions was intermediate between those of the sand and clay
13size fractions. The mechanisms involved in the observed distribution of natural C

abundance of SOM among particle size fractions are not fully clear (Gerzabek et al.,
122001a). The explanations may include: 1) the preferential loss of C during 

decomposition of organic matter; 2) the decreasing contents of 13C depleted organic 

substrates (e.g. lignin) in the finer particle size fractions, which were examined in this 

study; 3) the increasing contents of 13C enriched organic components in the smaller 

particle size fraction, such as less bioavailable microbial tissues (Benner et al., 1987; 

Gerzabek et al., 2001a; Solomon et al., 2002). These results also suggested that organic 

carbon in sand sized fractions may be a carbon pool that is sensitive to land management 

practices. The organic carbon contribution from new vegetation (e.g. C4 plants) was 

clearly reflected in organic carbon pools in the sand size fractions, followed by those in 

silt size fractions. Soil organic matter associated with clay particles was more stable than 

that found in sand and silt size fractions. Generally, silt and clay size fractions appeared 

to form organo-mineral associations in the stabilization of SOM (Tissen and Karamanos, 

1984). Due to the different soil types used and fertilizer management, especially usage of 

mineral and organic fertilizer, the 513C values of SOM in particles of different sizes does 

not reflect the continuous enrichment of 13C with the decreasing particle size discussed 

above (Roscoe et al., 2001; Gerzabek et al., 2001a). Moreover, the presence of conserved 

carbon (i.e. charcoal), different parts of plant tissues and other biologically inert 

structures with different abundances of l3C also affect the isotope discrimination 

processes. Thus attention has to be paid to these factors in the study of SOM dynamics 

(Christensen, 1992). However, measurement of natural isotopic abundance of 13C in 

pristine soil samples (i.e. arctic tundra soils) with lower anthropogenic impacts would 

provide a powerful tool in evaluating the SOM dynamics.

In contrast to significant variation in 13C abundance of SOM derived from different plant 

species, the isotopic composition (15N) of total N in SOM does not appear to alter 

significantly with changes in land use (Shearer et al., 1978). Land use is not a factor in
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determining the stable isotope l5N abundance of SOM at soil surface horizons. Tissen and 

Karamanos (1984) evaluated the changes in 15N abundance of various organo-mineral 

particles of different sizes from both native and cultivated soils. In native soils, the 

patterns of 15N discrimination were increasing 15N enrichments with decreasing particle 

size. 15N associated with the coarsest sand size fractions showed a low enrichment. Silt 

and coarse clay size fractions had intermediate 15 N enrichments, while fine clay fractions 

had the highest 15N abundance. The observed highest l5N enrichment in clay fractions 

reflected the characteristics of organic matter derived from microbially-mediated 

nitrogen. During the use of nitrogen-containing materials by microorganisms, the 

catabolic processes favor an elimination of 14N with microbial discrimination against 15N. 

Thus, successive microbial decomposition of SOM with nitrogen-containing materials 

will cause a progressive 15N enrichment of the remaining organic matters. Moreover, 

microbial biomass and residues tend to be enriched in 15N abundance (Christensen,

1992). Cultivation could lead to incorporation of a large pulse of low l5N enrichment 

plant materials into the sand and coarse silt fraction, as well as the fine clay fractions, 

while fine silt and coarse clay size fractions show little change in 15N abundance. Even 

with prolonged cultivation, little variation of the isotopic composition of SOM associated 

with fine silt and coarse clay was observed, evidence for delineating the potential of silt 

and clay fractions in the stabilization of SOM (Tissen and Karamanos, 1984). Definitely, 

the measurement of the natural N isotope composition of SOM associated with particle 

size fractions could advance the understanding of SOM dynamics.

3) Radiocarbon (14C) dating

Radiocarbon (14C) dating has been used to study the long-term turnover of SOM and has 

proven to be a useful tool in determining the degree of decomposition of physically 

fractionated SOM (Anderson and Paul, 1984; Christensen, 1992; Buyanonovsky et al., 

1994; Hassink and Dalenberg, 1996; Trumbore and Zheng, 1996; Romkens et al., 1998; 

Gaudinski et al., 2000; Quideau et al., 2001; Gonzalez and Laird, 2003; Wattel-Koekkoek
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and Buurman, 2004). The theory behind the usage of radiocarbon dating is that during 

photosynthetic processes, plants fix carbon that consists of three isotopes (the abundances 

of 12C = 98.89%, 13C = 1.11% and 14C = 0.00000000010%.). Live plants are in isotopic 

equilibrium with the ,4C concentration of the atmosphere, because the numbers of 14C 

atoms and non-radioactive carbon atoms stay approximately the same over time. At the 

time of death, plants cease the metabolic function of carbon uptake; therefore, there is no 

replenishment of radioactive carbon, and only decay. By measurements of the remaining 

amounts of radiocarbon 14C, the age of the samples can be calculated by known half time 

of 14C decay. Furthermore, l4C produced by nuclear bomb testing has been used as a 

useful natural isotopic tracer for C cycling on decadal time-scales. Since 1963, the 

atmospheric 14CC>2 has been recorded annually. Comparing with 14C contents of the 

atmosphere through time, the turnover rate of SOM can be predicted by means of 

measuring 14C contents of soil carbon reservoirs, especially from undisturbed ecosystems 

(Gaudinski et al., 2000; Higham, http://www.cl 4 dating.com/int.html, Aug. 2005). 

Therefore, radiocarbon measurement of SOM is a powerful tool to describe the dynamics 

of SOC over a timescale range from annual to thousands of years.

Soil organic matter is a heterogeneous carbon reservoir, consisting of carbon fractions 

with ages from days to millennia. Due to the complex composition of SOM, ,4C 

measurement of bulk SOM without pretreatment to remove potential contaminants, or 

separation into distinct pools with different turnover times, will not yield useful 

information on SOM dynamics (Gaudinski et al., 2000). Although no single fractionation 

method will effectively separate SOM into components with carbon cycling on annual, 

decadal and millennial time scales, the physical fractionation method has been proven to 

provide a better insight into carbon dynamics (Trumbore and Zheng, 1996; Romkens et 

al., 1998). Results from recent studies showed that various soil particle size fractions 

significantly differed in residence time of associated carbon, with a gradual increase in 

mean residence time progressing from the coarse size fraction to clay size fractions, or 

with ages increasing from the light fraction to the heavy fractions separated by density

http://www.cl
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fractionation (Romkens et al., 1998; Quideau et al., 2001). The most labile fraction of 

SOM was plant fragments with turnover times ranging from 1 to 3 yr, while coarse clay 

and fine silt size fractions contain the oldest SOM (Anderson and Paul, 1984; 

Buyanonovsky et al., 1994). Inversely, SOM associated with the fine clay size (< 0.2 pm) 

was observed to be of much younger age (Anderson and Paul, 1984). A faster turnover 

rate in fine clay size fractions than that of SOM in coarse clay and fine silt fractions was 

presumably caused by the soluble SOM pool. Dissolved organics could originate from all 

the size fractions and tend to be very young (Christensen, 1992). Magid et al. (2002) 

confirmed that redistribution of added DOC (dissolved organic carbon) to finer and 

heavier fractions occurred during the water shaking and dispersion of soil particles. They 

suggested these added materials should be avoided by removing the free light fractions 

beforehand. In this study, I separated and characterized DOC (<0.45 pm) as an 

independent pool, in order to avoid the impacts of DOC on the finest fraction (i.e. clay 

size fraction).

4) ,3C nuclear magnetic resonance (NMR) spectroscopy

The application of 13C NMR spectroscopy to SOM studies effectively advances our 

understanding of the functions of different SOM fractions, the chemical changes 

associated with decomposition, even the interactions of SOM with mineral particles and 

the impacts of changing land use on SOM dynamics. 13C nuclear magnetic resonance 

(NMR) spectroscopy techniques successfully delineated the different functional C groups 

of SOM and examined its chemical structures. In previous studies, chemically extracted 

fractions such as humic and fulvic acid, and physically fractionated SOM associated with 

soil particles of different sizes have been extensively studied by liquid-state and solid- 

state 13C NMR, respectively (Baldock et al., 1992; 1997; Guggenberger et al., 1995; 

Golchin et al., 1996; Preston, 1996; Kogel-Knabner, 1997; Zech et al, 1997; Dai et al., 

2001; Chefetz et al., 2002; Chen and Chiu, 2003; Kolbl and Kogel-Knabner, 2004). The 

principle of the application of 13C NMR is that organic C found in different chemical
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environments can be differentiated on the basis of a chemical shift that is expressed in 

units of ppm of the applied magnetic field. In general, the l3C NMR spectra of natural 

organic matter are divided into different regions corresponding to specific chemical 

shifts: unsubstituted alkyl C (alkanes, fatty acids) 0-35 ppm , N-alkyl C, quaternary C 35- 

50 ppm, methoxyl C (amino acids, peptides, protein C) 50-60 ppm, aliphatic C-0 

(notably carbohydrates) 60-108 ppm, aromatic / unsaturated C (unsubstituted and alkyl 

substituted) 108-145 ppm, phenolics 145-160 ppm, carboxyl / carbonyl C (including the 

carboxylate ion, COO', esters, ketones, aldehydes) 160-220 ppm (Aiken et al., 1985; Dai 

et al., 2001; Baldock and Nelson, 2000).

Coupled with physical fractionation of soils, the greatest advantage of the application of 

l3C NMR is its ability to characterize the chemical structure of SOC with the least 

destruction (Kogel-Knabner, 1997; Baldock and Nelson, 2000). Oades et al. (1987; 1988) 

detected the chemical composition of organic materials by 13C NMR in various particle 

size fractions through sieving and sedimentation. The chemical compositions of the 

largest macroorganic particle size fractions (250-2000 pm, 53-2000 pm) resemble that of 

plant debris. The reduction of macroorganic particles to the 20-53 pm size fraction, 

induced via an increase in the extent of decomposition, was associated with a loss of O- 

alkyl and accumulation of alkyl-C and aromatic C. In the finer fractions (i.e. clay size 

fractions), the dominant organic C was derived from microbial products and humified 

materials, and thereby, aromatic C decreased and alkyl-C increased significantly. These 

results were consistent with the trends that alkyl-C (mainly polymethylene) increased 

from coarse sand (>250 pm) to clay (<2 pm) particle size, suggesting an accumulation of 

recalcitrant material in fine particle-size fractions (Chen and Chiu, 2003). Baldock et al. 

(1992) found that the content of O-alkyl, aromatic and alkyl carbon was greatest in the 

coarse, intermediate and fine fractions, respectively, with further accumulation of alkyl 

carbon in the clay fractions. During the decomposition processes of SOM, the content of 

alkyl C generally increases, while the content of O-alkyl C decreases. The concomitant 

increase and decrease in alkyl and O-alkyl C contents suggest that the ratio of alkyl to O-
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alkyl carbon (A/O-A ratio) could be an effective index of the extent of decomposition 

(Baldock et al., 1997). The narrowing C: N ratios of SOM associated with the decreasing 

particle size fractions supported the proposal that the extent of humification of SOM 

increased with decreasing size fractions, as evidenced by the application of 1jC NMR 

(Baldock et al., 1992, Chen and Chiu, 2003). Clay-bound SOM was rich in microbially- 

derived materials, whereas the SOM of the sand-sized separates contained large amounts 

of plant-derived organics, and silt-associated SOM had intermediate concentrations of 

both (Guggenberger et al., 1995). Therefore, the finer size fractions tend to contain 

microbial metabolic materials and humified materials, where significant amounts of alkyl 

carbon were absorbed. These observations obviously indicate that 13C NMR is a valuable 

tool for characterizing SOM and evaluating humification processes in soils.

Recently, liquid and solid state 13C NMR were applied to characterize the SOM in arctic 

Alaska (Dai et al., 2001). The alkali extracted SOM from tundra soils were chemically 

separated into six fractions: humic acids (HA), fulvic acids (FA), low-molecular-weight 

acids (LMA), low-molecular-weight neutrals (LMN), hydrophobic neutrals (HON) and 

hydrophilic neutrals (HIN). Liquid-state and solid-state 13C NMR were applied to 

characterize the extracted and the non-extracted SOM as well as the whole soils. The 

results showed that O-alkyl carbon was concentrated in the low-molecular-weight 

fractions such as LMN and LMA, while the aromatic / unsaturated carbon was 

predominantly in the HA and FA, indicating the low-molecular-weight fractions were 

more bioreactive than the FLA and FA fractions. The humin (non-extractable fraction) had 

much higher alkyl C and lower aromatic as well as carboxyl-carbonyl C content, 

significantly differing from that of FA, HA and whole soils. Furthermore, because of the 

similar spectra of SOM at deep frozen horizons and the surface, the chemical 

characteristics of organic matter stored in permafrost detected by 13C NMR supported the 

previous proposal that the organic matter at depth originated from the surface organic 

horizon and was translocated by cryoturbation (Michaelson et al., 1996; Ping et al.,

1998).
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5) Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS)

Pyrolysis-GC/MS is a technique well suited for evaluating molecular compositions of 

SOM in an attempt to estimate SOM quality (Schulten, 1993). In recent research on SOM 

dynamics, Py-GC/MS has been effectively applied to detect changes in the organic matter 

composition during decomposition, and evaluate the potential of specific compounds for 

biodegradation (Stuczynski et al., 1997; White et al., 2002). Pyrolysis techniques are 

based on the principle of increasing the amount of heat energy in the systems thus leading 

to thermal cracking of bonds of non-volatile organic compounds and releasing volatile 

compounds. Then the molecular weight and formula of molecules in the pyrolysis 

products are identified by mass spectrometry. The incorporation of a gas chromatograph 

between the pyrolysis chamber and the mass spectrometry can further aid in the 

separation of similar pyrolysis fragments prior to detection and analysis by mass 

spectrometry, which enhances the analytical performance. The relative percentage of 

each selected compound was calculated according to peak area above baseline. The 

percentage of each compound reported is the relative percentage of that compound 

among the compounds identified, not the percentage of that compound in the total SOM. 

Only relative abundance analysis was used to compare selected classes of compounds in 

each sample, leading to the quantitative limitations of Py-GC/MS techniques (Dai et al., 

2002). Although the results are not intended to represent the SOM composition in its 

entirety, Py-GC/MS fingerprints still provide useful information on compositions, origins 

and functions of specific SOM fractions (Leinweber et al., 1999).

Py-GC/MS has been used to characterize SOM in both Arctic and Antarctic soils (Beyer 

et al., 2001; Dai et al., 2002; White et al., 2002; 2004). An index of 30 compounds was 

selected from the chromatogram, identified and grouped into six biochemical classes: 

primary polysaccharide, secondary polysaccharide, protein, amino sugars, lignin, and 

lipids. Different classes of pyrolysis compounds were found to be correlated, some
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positively and some negatively, to both cumulative respiration and respiration rate for a 

given set of incubation conditions (White et al., 2002). For example, the magnitude of 

CO2 production was positively correlated to the relative percentage of primary 

polysaccharides and proteins, and negatively correlated to the relative percentage of 

lignin and lipids. Based on the hypothesis that the relative abundance of a suite of 

compounds in SOM could be used to characterize SOM quality, a single variable, linear 

model was built to use the primary polysaccharide index class as the explanatory 

variable. The results of incubation testing experiments of 19 circumpolar soil samples 

showed that this model was successful at predicting CO2 flux (White et al., 2 0 0 2 ; 2004). 

The relative abundance of a suite of compounds detected by Py-GC/MS suggests that Py- 

GC/MS is a powerful tool in delineating the SOM biodegradation potential and 

dynamics.

Recent studies indicated a second layer of organic matter often accumulates in the lower 

active layer and upper permafrost in arctic tundra, caused by cryoturbation (Michaelson 

et al., 1996; Ping et al., 1998). Under the extreme cold and wet conditions, large amounts 

of SOM at arctic regions were preserved and even found to contain more than 12,000 

year old carbon stores. Obviously not all SOM compositions were equally biodegradable 

(Ping et al., 1997c). Current biogeochemical models that use litter quality indices 

appropriate for temperate and tropical regions could significantly cause errors in 

estimates of CO2 sinks or sources in high-latitude soils, which have significantly different 

organic substrates (Hobbie et al., 2000). The characteristics of organic substrates in soil 

significantly affected the microbial respiration, and thereby the greenhouse gas 

contributions. With the warming soil temperature in the arctic and boreal regions, the 

thawing and release of carbon stored in permafrost could significantly affect carbon 

cycling. Presumably, the deep carbon stores will result in a large positive feedback to the 

rising greenhouse gases flux. However, little is known about the biogeochemical 

characteristics of these recently recognized stores of deep carbon. Whether these deep 

carbon pools could be a significant CO2 source to the atmosphere also depends on the
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quantity and quality of this sequestrated organic matter. In order to improve the accuracy 

of estimating the carbon fluxes from the arctic and boreal ecosystems, it is necessary to 

evaluate the bioavailability and biogeochemical characteristics of the cryoturbated 

organic matters. Due to the “three-dimensional” structure of SOM (Christensen, 1992), 

the SOC dynamics within the soil profile depend not only on the quality of SOM, but also 

on their spatial locations in the soil matrix. Therefore, in this thesis, py-GC/MS 

techniques were coupled with effective physical fractionation of soils to explore and 

clarify SOM dynamics in arctic tundra, Alaska.

2.3.2. Size-fractionation and characteristics of soil dissolved organic carbon

Dissolved organic carbon comprises only a small part of SOM; however, it affects many 

pedogenic and biogeochemical processes in soils, and relates with environmental issues 

like soil pollution and global warming (Chantigny, 2003; Kalbitz and Kaiser, 2003).

Since all microbial uptake mechanisms require a water environment, DOC is also 

considered to be the most bioavailable fraction of SOM (Marschner and Kalbitz, 2003). 

Combined with its dynamic nature, DOC could serve as a sensitive and powerful index of 

SOM, which was affected by vegetation cover changes, land use disturbance, and 

agricultural practices. Bolan et al. (2004) suggested that DOC could be envisioned as a 

link and bottleneck among various biogeochemical functions within the soil profile. As a 

link, DOM plays an important role in mobilizing and transporting carbon fractions and 

nutrients from surface to deep horizons, or from terrestrial to aquatic ecosystems; while 

as a bottleneck, DOM inhibits the bioavailability of these soluble organics and nutrients 

to biota through the formation of organo-mineral complexes. Therefore, as one of the 

most mobile and reactive organic matter fractions, it is necessary to learn the dynamics of 

DOC in relation to its adsorption/desorption behaviors and kinetics of degradation, as 

well as the intrinsic characteristics of DOC (Bolan et al., 2004).

i
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Only recently has the significance of DOC in soil environments been appreciated, 

compared to concentrated studies of DOC dynamics in aquatic environments (McDowell,

2003). The collection and extraction methods for soil DOC measurements have not been 

standardized, which is crucial to reduce the uncertainty when comparing results from 

different studies. So far, in addition to DOC, the terms, water soluble organic carbon 

(WSOC), water extractable organic matter (WEOM) and soil leachate were used 

extensively and further complicate the studies of soil DOC (Chantigny, 2003; Bolan et 

al., 2004). Generally, DOC is operationally defined, as the fraction in solution that passes 

a 0.45 pm filter. WSOC or WEOM represents the fractions of SOM extracted with water 

or dilute salt solution that pass a 0.45 pm filter. The soil leachates serve as a vehicle for 

DOC movement within the soil matrix (Cleveland et al., 2004). However, 0.45 pm 

filtration only removes the particulates from soil solution, but can’t separate the different 

molecular weight materials, such as HMW and LMW DOC. Since different molecular 

weight soluble organics have distinct concentrations, compositions and species, HMW 

and LMW DOC have significantly distinct bioavailability, transport and fate (Buffle et 

al., 1978; Guo et al., 1996; 2000; Dai et al., 2002; Gustafsson et al., 2000; Shand et al., 

2000; van Hees et al., 2003; 2005). Species of dissolved organics are mainly determined 

and separated by size exclusion chromatography, ultrafiltration (e.g. stir cell, and cross 

flow filtration (CFF), etc.), and chemical fractionation (XAD-8  and XAD-4 resins). All 

the techniques have advantages and disadvantages. For example, in addition to artifacts 

due to the chemical reaction and adsorption with the column packing, chromatographic 

analysis usually requires concentration by evaporation or freeze-drying of samples, which 

may alter the size distribution of DOC (Logan and Qing, 1990). The disadvantages of 

stirred cell ultrafiltration are membrane clogging and hardly sampling organic matters 

adsorbed on the membrane. However, recent studies of marine colloids showed that CFF 

was one of the most powerful techniques to separate colloids from bulk natural water 

samples (Buesseler et al., 1996; Guo et al., 1996; 2000). Cross-flow filtration is a 

membrane separation process configured by cross-flow, and driven by a pressure 

gradient. Unlike conventional dead-point filtration, the cross flow of fluid effectively
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reduces the membrane clogging during CFF processes. Benefiting from the advantageous 

permeation and retention model of cross-flow ultrafiltration, biogeochemical 

characteristics of both HMW and LWM fractions could be measured. Over the last 

decade, CFF has been optimized for size fractionation of DOC in both marine and fresh 

waters, with regard to the protocol design, sample mass balance and blank controls, and 

membrane cutoff calibration (Buffle et al., 1978; Guo et al., 1996; 2000). However, 

cross-flow filtration was rarely applied in separation of soil molecular weight DOC from 

bulk soil solution (Wang et al., 2003). In this study, cross-flow ultrafiltration techniques 

were used to separate the soil WSOC into colloids (HMW) and “truly” dissolved 

fractions (LMW).

Results of studies of soil soluble organics suggested that low and high molecular weight 

DOC significantly differ in compositions, functional groups, bioavailability, and 

biodegradation, van Hees et al. (2005) found that LMW comprised only small part of the 

whole soil solution pools, while LMW organics have the fastest turnover rate, with mean 

residence times of 1-10 hr. As for the compositions, LMW compounds are considered to 

include peptides, amino acids, mono- and disaccharides, amino sugars and phenolics, 

etc., which are easily decomposed by microbes. HMW DOC includes complex 

substances, such as HMW fulvic and humic acids (Homann and Grigal, 1992). Due to the 

differences in the inherent properties, HMW and LMW DOC have distinct 

biogeochemical functions within the soil matrix. For example, HMW humic acids are 

easily coagulated, leading them to be less effective in solubilizing and transporting metal 

irons (Stevenson, 1982). Furthermore, vegetation cover types and soil disturbances affect 

the chemical characteristics of molecular weight DOC (Homann and Grigal, 1992). In the 

whole soil profile, the mean residence time of the same size molecular weight range of 

DOC increases with depth, with around 5000 years difference between the organic 

carbon fractions separated from surface and 1-m deep BC horizons (Certini et al., 2004). 

The use of ultrafiltration techniques in studying SOM dynamics in arctic tundra is a 

creative approach, which promotes related studies to a molecular level of
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characterization. Due to the unique inherent properties of soluble organic species (i.e. 

HMW and LWM) in this study, molecular level OC species were examined to reveal the 

pathways and mechanisms that control the partitioning, bioavailability and fate of DOC 

pools in deep cryoturbated organic matter stores.
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Chapter 3. Materials and Methods

3.1. Study sites description

The study area is in northern Alaska, including Arctic Foothills (Sagwon MAT) and the 

Coastal Plain (Franklin Bluffs) (Fig. 2). The selected sites herein are associated with 

study plots of the National Science Foundation funded Biocomplexity and SNACS 

projects (Biogeochemical cycles in arctic frost-boil ecosystems, and Carbon flux and 

transformation across the eroding coastline of Alaska). The physical environments of the 

study sites are presented in Table 1. The sample sites represent the major land cover 

types, MAT (moist acidic tundra) and WNT (wet nonacidic tundra), which were defined 

by pH values of substrate reactions and moisture content (Walker et al., 1998). The 

dominant vegetation in MAT includes Salix spp., Betula nana, Ledum 

Eriophorum vaginatum, Vaccinium vitis idaea, Vaccinium uliginosum, Arctostaphylos 

rubra, Cassiope tetragona and lichens and mosses, while WNT includes Carex aquatilis, 

Salix arctica, S.reticulata, Eriophorum vaginatum, Dry as integrifolia M. Vahl, 

Arctostaphylos rubra, and mosses. Both of these two soil sites are poorly drained.

Pits of approximately 1 m2 were excavated to 1 m depth at each site using a shovel in the 

active layers and a gasoline-powered chisel for the frozen layers. The excavations were 

made so that the vertical face exposed a complete cycle of the surface microrelief patterns 

(<2 m). Soil profiles were described according to the Soil Survey Manual (Soil Survey 

Division Staff, 1993), and details of morphological characteristics of selected sites are 

reported in Ping et al. (1998). Soil horizons in the upper permafrost and cryoturbated 

layers are designated by lowercase/ and jj, respectively. Samples were collected from 

undisturbed genetic horizons by using a serrated-edged knife in August 2003, and kept 

frozen until analysis was performed.
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Table 1. Physical environment of soil sites selected in arctic tundra, Alaska.

Site
Lat. N. 

Long. W
Elevation

(m) Landform M icrorelief
Parent

Material Drainage
69°23.708’ N Rolling hills (Arctic

MAT 148°44.165’ W 261 Foothills) Frost boils Loess/Moraine Somewhat poor
69°59.046’ N Flood plain (Arctic Low-center

WNT 148°41.619’ W 37 Coastal Plain) polygon Alluvium poor

Fig. 2. Study area and sampling sites.
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3.2. Size-fractionation of soils procedures

3.2.1. Particle size fractionation

A. Dry sieving

Soil samples were freeze dried, gently homogenized by hand, and visible roots were 

removed. Then, they were passed through a 2 mm sieve to separate particles < 2 mm 

from dry soils, remove rock fragments and collect free organic matter particles on the 

sieve. After sieving, 100 g soil subsamples (< 2mm) were weighed for further size- 

fractionation. The soil samples were freeze dried rather than air dried because of the high 

ice content in Arctic tundra soils. Due to the limited quantity of sample, only 50 g of the 

03-78 subsample (Bgl, Sagwon MAT3 Site) was weighed for particle size fractionation. 

Bulk soils in this study are defined as soil particles with sizes less than 2mm.

B. Wet sieving

lOOg of soil subsamples were passed through a series of 3 sieves (1000, 250, and 53 pm) 

to obtain 4  particle size fractions ( 1 0 0 0 - 2 0 0 0  pm coarse sands size fraction; 250-1000 

pm macroaggregates; 250-53 pm fine sand size fraction; <53 pm silt+clay). The flow 

chart is shown in Fig. 3.

1) lOOg subsamples (< 2 mm) were submersed in nearly 4L deionized water on top of a 

1 0 0 0  pm sieve for 5 min for slaking and breaking of unstable aggregates.

2) The sieves were manually shaken up and down in a 3 cm range, 50 times in 2 min.

3) Residual soil particles on 1000, 250, 53 pm sieves were back-washed into an 

aluminum pan, then removed to plastic bag, and freeze dried.
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4) The fine fraction (<53 pm, silt + clay fractions) was centrifuged for 5 min at 900 g, 

22°C (Stemmer et al., 1998). The pellets were backwashed to an aluminum pan, then 

freeze dried. The supernatants from soil suspensions were ready for further separation of 

clay and DOC molecular weight fractions, and stored at 4 °C.

Freeze dried arctic tundra soi l samples

>2000 pm , plant residuum

M acroaggregates 
(250-1000 pm )

2000 pm  sieve 
manual dry sieving

1000 pm  sieve 
manual wet sieving

Coarse sand size fractions 
( 1000-2000 p ml

<1000 pm , soil subsamples

250 pm  sieve 
manual wet sieving

Z

53 pm  sieve

Fine sand size fractions 
(53-250 pm )

Clay + Silt size fractions 
(<53 pm )

Centrifugation, 3 times 
900g, 22Z : for 5.0 min

Pellets: 2 -5 3  pm , Silt Supernatants: <2 pm

Freeze dry, further analysis of TOC, TN, L'C and lrvN. etc. For ultrafiltration

Fig. 3. Schematic of particle size fractionation and characterization.
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3.2.2. Ultrafiltration of soil solution

Filtration and ultra-filtration were used to size-fractionate SOM into a clay fraction (0.45- 

2 pm); HMW DOC (1 kDa < HMW< 0.45 pm); and LMW DOC (< 1 kDa). The flow 

chart is shown in Fig. 4.

<2 pm supernatants from soil suspensions

0.45 pm Nuclepore cartridge

I
<0,45 j.irn Filtrate

r
1 kDa

Ultrafiltration cartridge

Clay size fraction 
(0.45-2 pm)

HMW DOC 
(0.45 pm-1 kDa)

LMW DOC
(< 1 kDa)

Measurement of TOC, TN, nutrients, optical properties (absorbance 
and fluorescence), and l3C and lsN, etc.

Fig. 4. Ultrafiltration of soil solution and subsequent characterization.

Procedures:

1) Before, cross-flow ultrafiltration; the ultra-filtration cartridge was checked for integrity 

and calibrated, using standard macromolecules with known molecular weights (e.g. 

Vitamin Bn) and thoroughly cleaned using Micro-detergent, NaOH and Milli-Q water 

(with DOC concentration of ~ 2 pM); Before ultra-filtration, 2 1 pre-filtrated water was
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used to condition the ultra-filtration cartridge. Mass balance was checked for organic 

carbon recovered from both retentate and permeate fractions. Due to the retention of 

LMW in the HWM fraction, we choose to filter all the soil solution with an unlimited 

concentration factor as suggested by Guo et al. (2000).

2) The <2 pm fine clay supernatant was pumped peristaltically and filtered through a pre

rinsed 0.45 pm Nuclepore cartridge to separate organic matter into particulate (>0.45 pm) 

and dissolved phases (<0.45 pm).

3) The 0.45 pm filtrate was then further size fractionated into HMW organic matter (1 

kDa to 0.45 pm) by cross-flow ultra-filtration. An Amicon lkDa (S10Y1) ultra-filtration 

cartridge was used to isolate the HMW DOC from the pre-filtrated soil solution (<0.45 

pm).

4) The isolated HMW and LMW organic fractions were freeze dried to yield a powder
13 15sample for further analysis of total C, N and stable isotopes ( C, N).

3.3. Analysis of bulk and size-fractionated soil organic matter

3.3.1. DOC, TDN measurement

Concentrations of water-soluble organic carbon were determined by the high temperature 

combustion method with a Shimadzu TOC-V analyzer, using procedures described in 

Guo et al. (1995). Immediately after sample collection, all DOC samples, including bulk 

soil solution (<0.45 pm), HMW (1 kDa-0.45 pm) and LMW (>1 kDa) ultrafiltrates, were 

acidified with concentrated HC1 to bring the pH down to < 2 (2 drops added into a 20 ml 

vial). The TOC blank, including Milli-Q water (total OC -8 -1 0  ppb, Millipore Gradient 

A10 system) and instrument blank, was on the order of 2-6 pM. The water blank was 

subtracted to correct the sample DOC concentrations. Guaranteed reagent grade 

potassium biphthalate (KHC8H4O4, Kanto Chemical) was used as the TOC standard.
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Analytical precision, in terms of the coefficient of variation, was within 1 -4% depending 

on sample concentrations. TDN was measured by a TNM-1 total nitrogen unit interfaced 

with a Shimadzu TOC analyzer. Potassium nitrate was used as a standard reagent.

3.3.2. Total organic C, N and stable isotope composition (513C and 6 ~N)

Bulk and size-fractionated soil particles were pretreated with IN HC1 before TOC, TN 

and isotopic (8 13C and 515N) measurement. Stable isotopes 1 ’C and l3N and TOC and TN 

contents were measured by a continuous flow isotopic ratio mass spectrometer (Schell et 

al., 1998). Stable carbon and nitrogen isotope ratios were calculated in terms of 8 15N and 

513C, by the formula (Rsampie/Rstandard-1) x 1000, where R is the ratio of 13C/I2C or 15N/14N 

in soil samples or standard materials (PDB for carbon and atmospheric N2 for nitrogen). 

Peptone was used as a standard material for both 8 15N and 513C analysis (with 44.3% of 

C and 15.8%  of N; 513C= -15.8%o and 515N= 7.0 %o). The precision and accuracy of S13C 

and 515N analysis were ±0.1 %o and ± 0.2 %o, respectively, as determined by replicate 

analyses of standards and samples.

3.3.3. Pyrolysis-GC/MS analysis of size-fractionated soil organic matter

Bulk and size-fractionated SOM samples, including freeze-dried DOC samples, were 

ground to a fine powder in a Wig-L-Bug ball mill and quantified by using a Mettler 

microbalance. The dried samples containing approximately 150 pg carbon were 

pyrolyzed in a quartz sample tube and fingerprinted by GC/MS techniques (White et al., 

2002; 2004). Py-GC/MS was conduced with a CDS Analytical Pyroprobe 2000/AS 2500 

connecting with an HP 6890 gas chromatograph (GC) in tandem with an HP 5973 mass 

selective detector (MSD) operating in electron impact (El) mode. Pyrolysis products were 

separated in the GC using a Restek Rtx35-MS column (30 m * 0.32 mm x 0.25 pm). The 

samples were held in the interface chamber at 280 °C for 15s. Then the samples were 

heated in the pyrolysis chamber from 280 0 C to 700 0 C at 10 °C ms’1 and held at 700 0 C
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for 10 seconds. The 700 °C set point empirically provides the optimal pyrolysis yield for 

soil organic samples. The GC was run for 1 min with pulsed splitless injection at 25 psi. 

The GC temperature program was 40 °C for 30 min, ramped at 1 °C min' 1 to 120 °C, 

ramped at 2 °C min' 1 to 280 °C and held forlO min to clean the column for the next run. 

Helium was used as the carrier gas at constant 2 ml min' 1 flow rate. The MS scanned 

mass units from 45 to 650. Mass spectra were identified by the Wiley 275 mass spectral 

library.

An index of 30 compounds was selected from each chromatogram, identified, and 

grouped into 8 classes (Table 2), which are widely reported in soil pyrolysis literature 

(White et al., 2002; 2004) and known to be derived from specific fractions of SOM. The 

details of each biochemical class listed here are published in White et al. (2002. 2004). 

The dominant peak areas of 30 compounds were identified and summed to find the total 

index area for that chromatogram. For each sample, the relative percentage of each 

selected biochemical class was calculated by summing the areas of all compounds in this 

class and dividing by the total index area. Therefore, the results are not intended to 

represent the SOM composition in its entirety, but rather the relative percentage among 

compounds identified herein.

3.4. Statistical analysis

The data were analyzed using one-way ANOVA tests and a Student’s-t test. One-way 

ANOVA tested the null hypothesis, to compare multiple samples with a single variable. 

Differences between means were tested with the Student’s-t test. All of the measurements 

of soil samples are duplicated (n=2). Statistical significance was assessed at the 0.05 

level.
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Table 2. Index compounds and their index classification used in GC/MS pyrolysis (White 
_______ et al., 2002; 2004).___________________________________________________ _
Index classification Index compounds

Primary Polysaccharide
Furfural, hydroxyfuran, methyl hydantoin, 
l,4:3,6-dianhydro-alpha-gluco

Secondary Polysaccharide Methylfurfural, 2-proply furan

Polypeptide & Protein Inodole, pyridine

Lignin
2-methoxyphenol, 4-ethyl-2-methoxy 
phenol, 4 -vinyl-2 -methoxy phenol,

Phenols

dimethoxy propenyl phenol

Phenol, 2-methyl phenol, 4-methyl phenol, 
dimethyl phenol

Lipids
1 -tridecene, 1 -pentadecene, 1 -hexadecene, 1 - 
heptadecene, 1 -octdecene

Alkanes
Decane, undecane, dodecane, tridecane, 
pentadecane, hexadecane, naphthalane

Cyclopentenones
Methylcyclopentenone,
dimethylcyclophentenone
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Chapter 4. Results and Discussion 

4.1. Characteristics of size-fractionated particulate and dissolved organics

4.1.1. Carbon and nitrogen distribution in bulk and size-fractionated soils in a MAT 

soil

The SOC contents in the bulk soils differed among horizons ranging from 39.5 to 407.8 g 

kg' 1 (Table 3). Larger variations of SOC in size-fractionated soils, from 33.2 to 347.5 g 

kg' 1 (Table 3), occurred, suggesting that particle size fractionation is a powerful tool for 

identifying different SOM pools (Christensen, 1992). The mean recovery rates of SOC in 

both bulk and size-fractionated soils were about 90% to 98%, except in the Bgl horizon, 

the recovery was more than 100% (data not shown here). The total nitrogen 

concentrations range from 2.1 to 20.3 g kg' 1 in the bulk soils of different horizons, and 

from 1.0 to 11.4 g kg"1 in the size fractions (Table 3). The C: N ratios of SOM associated 

with particles of different sizes range from 4 to 27 (Table 3). Due to the combination of 

size-fractionation approaches, this work could be among the first physical fractionation 

studies to characterize SOM from various particulate size organics and molecular weight 

DOC. Obviously, the SOM associated with particles of different sizes shows distinct 

chemical characteristics in both carbon contents and nitrogen concentrations.

In contrast to the carbon distribution patterns in temperate and tropical soils, the higher 

carbon content was found in the deep horizons (56-116.3 g kg'1) than the subsurface 

horizons (39.5-41.3 g kg'1) in arctic tundra soils. The carbon content range was in 

agreement with the earlier reported data (Michaelson et al., 1996). In the carbon store to 1 

m depth, cryoturbated horizons (the lower active layer and upper permafrost) account for 

57% of the total OC store (The calculations of C store were according to Michaelson et 

al., 1996, Table 4). The average OC store of the lower active layer (i.e. Bg/Oaf, Oa/Bgf) 

and the upper permafrost (Oajj/Cf) were 23 and 4 kg C m'2, respectively (Table 4). These 

results confirmed that cryoturbation played a key role in the redistribution of soil carbon
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stocks through churning the surface organic matter down into deeper horizons 

(Michaelson et al., 1996; Ping et al., 1998). The Cf (the upper permafrost) and 

combination Bg/Oa (the lower active layers) horizons contribute the highest carbon 

density materials to the whole pedon. Compared to the low-bulk density surface organic 

horizons, the relatively large thickness and high bulk density of these deeper horizons 

increase their importance in storing carbon. These second accumulation layers of SOM 

(accounting for 57% of total OC storage) measured here confirm again that cryoturbated 

organic matter doubled the carbon store estimates in tundra soils.

Table 3. SOC, total N, and C/N ratio of SOM in the bulk and particle size-fractionated soils
from MAT.

H o r iz o n s D e p th

B u lk

D e n s it y

B u l k  s o i l 1000-2 0 0 0 p m 2 5 0 - 1 0 0 0 g m

S O C N C / N S O C N C / N S O C N C / N

c m M g  m 3 g  k g  -

O i 0 -9 0 .1 4 4 0 8 2 0 .3 23 n/a n/a

B g l 9 -3 6 1 .1 6 4 0 2.1 21 n/a 40 1 .9 2 5

B g 2 8 -4 2 1 .1 6 4 1 2.1 23 33 1.0 3 8 4 5 2.2 2 4

B g / O a f l 3 2 - 5 5 0 .7 1 5 6 3 .1 21 n/a 7 8 4 .0 23

O a / B g f 3 6 - 5 0 0 .5 3 88 4 .9 21 10 9 5 .4 2 3 14 0 6 .7 2 4

B g / O a f 5 0 -9 0 0 .4 4 1 1 6 6.8 20 3 6 2 12 3 5 16 4 8 .7 22
O a j j/ C f 9 0 - 1 1 0 0 .5 3 7 9 5 .4 1 7 14 0 6.1 2 7 15 3 8 .5 21

Table 3 (cont.)

Horizons
53-250gm 

SOC N C/N
2-53|im 
SOC N C/N

0.45-2jim 
SOC N C/N

lkDa-0.45fim
SOC N C/N

<lkDa 
SOC N C/N

--g kg’1-
Oi n/a n/a n/a n/a n/a

Bgl 77 4.1 22 47 2.1 25 80 3.4 27 288 15.1 22 n/a 17

Bg2 35 1.6 26 47 2.2 25 69 3.1 26 338 21.2 19 n/a 11

Bg/Oafl 48 2.1 26 53 3.0 21 81 3.9 24 325 20.4 19 238 11.4 16

Oa/Bgf 87 4.7 22 60 3.5 20 106 5.7 22 348 31.3 13 n/a 4

Bg/Oaf 67 3.3 24 75 4.0 22 121 6.8 21 332 30.4 13 n/a 4

Oajj/Cf 68 3.5 23 55 3.7 17 76 4.9 18 309 28.1 13 n/a 4
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Table 4. Organic carbon store to 1 m depth of the MAT soil pedon.

Horizons
Bulk 

Thickness Density
OC
content

OC
storage

Pecentage 
of OC 
stocks

cm gem ' 3 % kg C m' 2 %

Surface organic layer (Oi) 9 0.14 40.78 5.155 10.7

Mineral subhorizons (Bgl, Bg2) 33 1.161 4.04 15.47 32.2

Lower acitve layers (Bg/Oafl, 2, Oa/Bgf) 48 0.557 8.7 23.26 48.4

Upper permafrost (Oaj j/Cf) 10 0.528 7.86 4.15 8 .6

Among the mineral soil fractions (i.e. 0.45-2 pm, 2-53 pm, and 53-250 pm), the SOC 

contents and total nitrogen concentrations increase with decreasing particle size (Table 3, 

Fig. 5). The distribution of SOC and N in particle size fractions is similar to the patterns 

observed in many temperate and tropical soils (Anderson et al., 1981; Amelung et al., 

1998; Solomon et al., 2002). With the use of ultrafiltration of soil solutions, the SOC 

characteristics of the DOC molecular weight fractions further clarify the carbon 

distribution and characteristics in the dissolved phases. In the freeze-dried samples of 

DOC molecular weight fractions, the highest SOC contents were found in the HMM (1 

kDa-0.45 pm) and LMW DOC (<1 kDa) fractions, with an average from 238 to 337 g 

kg'1. Compared to the clay fraction, the SOC and nitrogen concentrations of different 

molecular weights of DOC in the solution phase were significantly (p<0.05) higher, 

indicating the different chemical characteristics of SOM associated with clay and soluble 

organics (Table 3). In the whole soil profile, the SOC content of HMW fractions didn’t 

decrease with increasing depth, which is contrary to the pattern in forest soils without the 

presence of permafrost (Certini, et al., 2004). The reason was that, in permafrost affected 

soils, the relatively fresh organic matters stored in deep horizons contributed significant 

amounts of soluble organics, distinct from the mechanisms of soil leaching from surface 

organic layers in temperate soils. With the projected climate warming in the Arctic, these 

deep organic matters will play an important role in carbon cycling (Hobbie et al., 2002). 

When permafrost degrades following the warming, the deep organic matters sequestered 

in permafrost will be released and could contribute significant amounts of bioavailable



53

organic carbon to arctic food webs. In previous studies, the arctic tundra soils are found 

to have high potentials for DOC export, thereby serving as an important factor in the 

carbon cycle (Judd and Kling, 2002). Hence, it is necessary to further separate DOC from 

clay fraction during the physical fractionation, in order to avoid the bias in evaluating the 

biogeochemical role of the clay fraction in SOM dynamics and elucidate the SOC 

partitioning and characteristics.

To compare the concentration of SOM in particle size fractions, the carbon and nitrogen 

enrichment ratios ( Esocand £jv) was calculated for each separate by dividing the SOC 

content of size-fractionated soil by that of the bulk soil, which excludes the effects of 

different SOM levels in whole soils (Christensen, 1992). The Esoc and En decrease in the 

order of HMW (1 kDa-0.45 pm) > clay (0.45-2 pm)>silt (2-53 pm) >fine sand (53-250 

pm) in lower active layer (Bg/Oafl). Esoc in size fractions at the upper permafrost 

(Oajj/Cf), follow the order of HMW (1 kDa-0.45 pm) > Clay (0.45-2 pm)> fine sand (53- 

250 pm) > Silt (2-53 pm), while En follows the same trend as the lower active layers 

(Table 5). Similar trends of carbon enrichment were observed in previous studies on 

arable soils (Amelung et al., 1998). The highest enrichment factors were found in HMW 

and clay fractions, about 5.77 and 1.43 times higher than in bulk soil, respectively. The 

degrees of enrichment differ in each of the particle size fractions, indicating that particle 

size fractionation yields different characteristic pools for C and N accumulation in soils. 

The silt and fine sand fractions show the low enrichment factor, probably caused by the 

high mineral contents and different organic compositions. The low mineral contents in 

soluble organics lead to the high enrichment factors of HMW fractions. However, in 

arable soils, clay size fractions tend to be more enriched in nitrogen than in carbon, 

without separating soluble organics from clay fractions (Amelung et al., 1998). Hence, 

clay size fractions have lower C: N ratio than bulk soils and the other size fractions 

(Christensen, 1992). Since the variation of En factors were close to those of .Esoc in arctic 

tundra soils, the clay-associated SOM has a higher C: N ratio than that in other regional 

soils (Table 3).
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Table 5. Enrichment factor, E. (C, N % of SOM in size-fractionated soils ratioed to those 
in bulk soil) in size-fractionated MAT soils.

Particle size Diameter (pm) Esoc £ n
Lower active layer
Coarse sand 250-1000 pm 1.38 1.30
Fine sand 53-250 pm 0 .8 6 0.69
Silt 2-53 pm 0.93 0.97
Clay 0.45-2 pm 1.43 1.28
HMW DOM lkDa-0.45 pm 5.77 6.62
LMW DOM <1 kDa 4.22 3.68
Upper permafrost
Plant residuum 1 0 0 0 - 2 0 0 0  pm 1.77 1.13
Coarse sand 250-1000 pm 1.94 1.58
Fine sand 53-250 pm 0.87 0.65
Silt 2-53 pm 0.70 0.69
Clay 0.45-2 pm 0.96 0.91
HMW DOM lkDa-0.45 pm 3.93 5.20

The C: N ratios of bulk soils from the lower active layer and upper permafrost ranged 

from 17 to 21. The value reflects the low degree of decomposition of the organic matter, 

in agreement with the earlier studies (Ping et al., 1997c; 1998). The C: N ratios of the 

size-fractionated soils usually decrease with deceasing particle size, suggesting that 

humification or microbial alteration of SOM was higher in the finer fractions than that in 

the coarser fractions (Christensen, 1992; Solomon et al., 2002). Generally, the C: N ratio 

of clay is lower than that of bulk soils, or sand and silt fractions. However, the C: N ratios 

of clay fractions from arctic tundra soils were higher than those of bulk soils (Table 3). 

The reason for the higher C: N ratio in the clay fraction could be the extreme soil 

environments (cold and wet) in the Arctic, which retards the decomposition of SOM 

(Ping et al., 1997c). On the other hand, SOM associated with clay was more stable than 

that in sand and silt size fractions, through forming organo-mineral associations. Organo- 

mineral complexes are effective in stabilization of SOM and physically protect SOM 

against microbial attack (Tissen and Karamanos et al., 1984; Cambardella and Elliott, 

1993). Furthermore, a high C: N ratio of the organic matter associated with the coarse 

fractions (i.e. sand size fractions) is observed here, indicating those organic matters were
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mainly derived from plant debris and less decomposed litter (Tissen and Stewart, 1983). 

A special observation in arctic tundra soils was that, in the upper permafrost horizon 

(Oajj/Cf), the C: N ratio of coarse fractions 1000-2000 pm, 250-1000 pm, and 53-250 

pm were 27, 21 and 23, respectively, which are close to or even higher than that of the Oi 

horizon (C: N ratio: 23). These C: N ratios suggested organic materials stored in deep 

horizons were significantly little humified, consistent with earlier observations (Ping et 

al., 1997c; 1998). With the warming soil temperature, this deep SOM should be 

considered in the studies evaluating the carbon sink or source to the atmosphere of arctic 

tundra.

In the DOC molecular weight fractions, the C: N ratios of HMW fractions were from 13 

to 22, while in LMW fractions C: N ratios were from 4 to 17. Obviously, the C: N ratio in 

DOC molecular weight fractions is much lower than that in bulk soils and the clay size 

fraction (Table 3, Fig. 6 ). The C: N ratio in LMW fractions was measured in the solution 

phase without freeze drying due to the limited carbon content, while all of the HMW 

fractions were analyzed as the freeze dried powder samples. The C: N ratio in LMW 

fractions is the lowest among all the size fractions (Table 3), indicating the LMW 

fractions contain different organic compounds. LMW compounds detected in previous 

studies suggested that it comprised amino acids, aromatic organic acids, peptides and 

disaccharides, etc. (van Hees et al., 2005). These compounds are quickly assimilated by 

the soil microbes, thereby leading to the lowest C: N ratio among all the size fractions 

measured herein. Furthermore, van Hees et al. (2005) found that LMW DOC had the 

fastest turnover rate, with a mean residence time of 1-10 hr in temperate region soils. The 

narrow C: N ratio in LMW fractions from the lower active layer (Bg/Oafl: 16, Oa/Bgf: 4 

and Bg/Oaf: 4) and the upper permafrost (Oajj/Cf: 4), indicated microbial activities 

occurred in these horizons, even under freezing conditions. Also it could be evidence to 

support the hypothesis that the winter microbial respiration efflux from the deep horizons 

occurred and significantly affected the annual carbon balance in arctic tundra soils 

(Oechel et al., 1997; Fahnestock et al., 1999; Michaelson and Ping, 2003). Because of the
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presence of unfrozen water in the lower active layer and upper permafrost even at 

temperatures far below the freezing point during the winter (Romanovsky and 

Osterkamp, 2000), the microbes can use the soluble bioavailable substrate (i.e. HMW and 

LMW DOC). Thus, the cryoturbated organic matters are obviously not totally 

sequestrated in permafrost under the current environment. The laboratory measurement 

of CO2 production of these tundra soil samples under subfreezing temperatures 

(Michaelson and Ping, 2003), the field measurement of CO2 efflux from the tundra 

surface in the winter and the positive test for reducing conditions in the upper permafrost 

using a, a-dipyridyl all confirmed the hypothesis in this study. Although the soluble 

organics only account for a very small fraction of the sequestered carbon (about 1%), the 

long term accumulated effects would be significant.

4.1.2. Carbon partitioning in the whole pedon

The bulk soils from different horizons were fractionated into 1000- 2000 pm (coarse 

sands size fraction); 250-1000 pm (macroaggregates); 53-250 pm (fine sand or 

microaggregates); 2-53 pm (silt); 0.45-2 pm (clay size fraction); 1 kDa < HMW< 0.45 

pm; and < lkDa LMW. The size fractions were separated by wet sieving, centrifuging, 

filtration and ultrafiltration, using methods modified from previous studies (Cambardella 

and Elliott, 1992; 1993; Six et al., 1998; Guo et al., 1996; 2000). The OC stores of each 

of the size fractions and different horizons in the studied MAT soil are shown in Table 6 

and Fig. 7. The distributions of DOC fractions in the total OC stocks are also shown in 

Fig. 7.

Carbon distributions vary among different size fractions but had similar patterns in 

different horizons of this MAT soil (Fig. 6 ). The dominant size fraction in most soil 

horizons is the fine sand fraction (53-250 pm), followed by silt (2-53 pm), coarse sand 

size fraction (1000- 2000 pm) or macroaggregates (250-1000 pm), clay (0.45-2 pm);
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Fig. 5. Carbon content of bulk and size-fractionated soils in a MAT soil pedon.
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Fig. 6 . C: N ratio of bulk soils and size fractions in a MAT soil (lower active layer and 
upper permafrost).

Table 6 . Carbon partitioni ng in a MAT soil, northern Alaska.

Horizon
1000-
2000|im

"to  ̂ ‘ ‘ ~—  5 * —* — * *---------

250-lOOÔ im 53-250|iim 2-53jam 0.45-2(im lkDa-0.45|im <lkDa

Bgl
n/a 6.35± 1.80 73.33±3.01

----------%--------

16.96±0.27 3.10±0.07 0.21±0.02 0.04±0.02

Bg2
n/a

8.66± 1.55 54.54±4.23 32.55±0.42 3.65±0.08 0.52±0.11 0.08±0.06

Bg/Oafl
n/a

6.02±0.85 67.24± 11.84 24.83± 1.82 1.45±0.01 0.39±0.08 0.07±0.04

Oa/Bgf 16.52±0.69 9.37±0.28 53.30± 12.69 19.12± 1.77 1.15±0.00 0.43±0.10 0.10±0.12

Bg/Oaf2 33.68±3.38 10.94±0.78 28.37± 12.88 25.37±9.19 1.33±0.02 0.26±0.06 0.05±0.04

Oajj/Cf 7.94± 1.99 10.70± 1.75 43.46±4.72 35.10± 1.14 1.07±0.00 1.57±0.21 0.16=b0.13
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HMW (1 kDa-0.45 urn) and LMW (< lkDa). The dominant fraction in the Bg/Oaf2 

horizon, however, is the coarse sand size fraction, followed by fine sand, silt, 

macroaggregates, and clay, then HMW and LMW (Fig. 7). The carbon distributions of 

particle size fractions in tundra soils are significantly different from those in arable soils, 

in which clay or silt size fractions account for more than 50% of the whole soil OC store 

(Anderson et al., 1981; Tissen and Stewart, 1983; Christensen, 1992; Amelung et al., 

1998). The clay fractions in arctic tundra soils only account for 1.07% to 3.1% of total 

OC stores. With the exception of the Bg/Oaf2 and Oajj/Cf horizons, the fine sand fraction 

(53-250um) had more than 50% of the total OC stores. Preferential stabilization of SOM 

in the fine sand fraction in tundra soils was presumably caused by: (i) inherent soil-type 

characteristics, such as input from parent material; (ii) the inclusions of macro-OM, 

causing a high SOM content in the sand fraction (Christensen, 1992); (iii) the low 

decomposition rates of organic matter in tundra soils, retarding the preferential loss of 

SOM associated with fine sand fractions, which occurred in temperate and tropical 

regions (Amelung et al., 1998); (iv) the different energy input used to disperse soil 

particles during size fractionation procedures, for example, using ultrasonic energy for 

soil dispersion resulting in increased OC content in the finer size fractions (Christensen, 

1992).

After being separated from the finest particle fractions (i.e. clay size), the DOC fractions 

were further fractionated into HMW and LMW fractions by cross-flow ultrafiltration 

(Guo et al., 2000; 2003). The results of partitioning of different DOC molecular weight 

fractions from total organic carbon stores was listed in Table 6  and Fig. 7. In the DOC 

pools, the HMW fraction comprises a larger proportion of total OC stores than the LMW 

fraction, with ranges from 0.21-1.57% and 0.05-0.16%, respectively (Table 5). The OC 

partitioning results of the tundra soil solution are in agreement with the previous 

observations (van Hees et al., 2005), that LMW compounds in various soil solutions are 

consistently present at low concentration. Furthermore, the contributions from the DOC 

fractions (i.e. HMW and LWM) could account for 0.25-1.73% of total OC stores (Table
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6 ). Since the clay fractions account for 1.07-3.65% of the total OC store (Table 6 ), 

adding the dissolved organics to the clay size pools could significantly (p<0.05) bias the 

characterization of SOM associated with clay particles. The partitioning results of tundra 

soils suggest that the soluble SOM could affect the content, composition and chemical 

characteristics of the finest particle size fraction (i.e. clay) (Christensen, 1992). However, 

separating DOC from the particle size fractions has received less attention in previous 

studies. Based on the findings herein, it is necessary to separate the DOC from clay 

suspension during the size fractionation. Filtration and ultrafiltration approaches used in 

this thesis could improve the evaluation of the OC partitioning and the description of 

SOM dynamics in tundra areas.
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Fig. 7. OC stores distribution between size fractions of the whole pedon (MAT).

In the soil profile, the relative amount of the total OC store in HMW and LMW DOC 

fractions tends to increase with depth, which is opposite to the tendency in temperate
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soils (Certini et al., 2004). Again, the DOC molecular weight distributions in tundra soils 

point to cryoturbation as a key factor in the storage of large amounts of high quality SOC. 

As the controlling process in arctic soils, cryoturbation redistributes soil materials by 

frost churning from repeated freeze- thaw cycles, resulting in deep SOC pools with 

unique biogeochemical characteristics in arctic tundra. Since all microbial uptake 

mechanisms require a water environment, the DOC molecular weight fractions was 

considered to be highly bioavailable and had high potential for biodegradation 

(Marschner and Kalbitz, 2003; van Hees et al., 2005). Therefore, under the wet soil 

environments in arctic tundra, the SOC stores in the lower active layer (i.e.Bg/Oafl, 

Oa/Oaf2, Oa/Bgf) and upper permafrost (Oajj/Cf) have great potential to be degraded by 

soil microorganisms or released through DOC export.
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Fig. 8 . Distributions of DOC molecular weight fractions released from bulk soils in a 
MAT soil.
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4.1.3. Carbon partitioning in the lower active layer and upper permafrost

The particle size fractions of the OC store at the lower active layer (Bg/Oafl) and the 

upper permafrost (Oajj/Cf) of a MAT soil are shown in Fig. 9. The lower active layers 

(i.e. Bg/Oaf) and upper permafrost (i.e. Cf) horizons are two major horizons contributing 

significant OC stores in the whole pedon, due to cryoturbation (Michaelson et al., 1996). 

Obviously, the fine sand (53-250 pm) fraction accounts for the highest proportion of 

SOM in both the lower active layer and upper permafrost. In contrast to arable soils, the 

relatively high proportion of the total OC store was associated with medium and coarse 

sand fractions (i.e. 250-1000 pm, 1000-2000 pm), ranging from 7.9% to 11%, 

respectively. In upper permafrost, these two fractions contributed 33% and 11% of the 

total OC store (Fig. 9, Table 6 ). Generally, the SOM associated with the coarse particles 

are considered to be less humified plant residues (Christensen, 1992; White et al., 2004). 

Most of the SOM in these deep horizons is preserved in the low soil temperature 

environment, therefore retarding the humification process. Ping et al. (1997c) found that 

the arctic tundra soils had high proportions of hemicellulose, indicating the relatively low 

degree of decomposition through chemical fractionation approaches (XAD-4, XAD-8  

resins). Hence, the results from physical size fractionation herein are in agreement with 

previous findings using chemical fractionation of tundra soils. Again, cryoturbation 

serves as the major factor in redistributing the SOM in arctic tundra soils.

The average radiocarbon age of the humus in cryoturbated horizons is 7000 yr B.P., 

while in the upper permafrost horizons, SOM can be more than 12, 000 years in the 

Sagwon Hills, Alaska (Ping et al., 1997a; 1997b; 1998). Since SOM quality significantly 

relates with its turnover time (White et al., 2004), these cryoturbated organic matters are 

reasonably postulated to be highly biodegraded and less bioavailable after a long time of 

decomposition, or much recalcitrant inhibiting soil microorganism uptake. However, the 

findings of a high potential for producing HMW and LMW DOC fractions in arctic 

tundra soils indicated that the cryoturbated organic matters were little humified and more 

bioavailable. Similarly, the observations of permafrost sequestrating high quality organic
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matter were reported in previous tundra soil studies using solid-state ljC NMR (Dai et al., 

2001). Similarity of spectra of SOM at the upper permafrost horizons to those of the 

surface organic horizons indicates the cryoturbated organic matters have similar 

compositions of the bioactive surface organic matters. Because of the wet, cold climate 

and acid soil microenvironments, the quality of deep organic matter didn’t change 

significantly even when sequestrated for long time (Ping et al., 1997c). Hence, these 

unique factors lead to the production of a high percentage of DOC from the deep OC 

layer in arctic tundra soils.

A.

1 kDa-0.45 |dm <1 kDa
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Fig. 9. OC distribution of size-fractionated soil in the (A) lower active layer (Bg/Oafl); 
(B) upper permafrost (Oajj/Cf).

4.2. Stable isotope 13C, 1SN characteristics of size-fractionated parcticulate and 

dissolved organics

4.2.1. Stable isotope 13C characteristics in bulk and size-fractionated soils

The 513C value of S O M  in arctic tundra bulk soils ranged from -26 .0  to -27.4%o (Table 7). 

These values are in agreement with the previous studies on the 8 1 JC value of peat
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collected along the North Slope, Alaska, with a range from -30 to -25 %o (Barnett, 1994).

Barnett (1994) also measured the 513C value of dominant vegetation types in arctic

tundra. The S 13C values ranged from -3 1 .5  to -27.5% o for Betula and Vaccinium

vitis idaea and from - 2 8  to -25.5% o for Salix spp. The 5 13C values of lichen ranged from

-25 to -2 1 .3%o, which were generally heavier in 13C than most vascular plants. Under the

condition of atmospheric C O 2 (with a 5 13C value near -7%o), the 8 1 values of C 3 plants

ranged from -23% o to -40% o. The 8 13C values of SOM derived from C3 plants are around

- 2 7  %o and those derived from C 4 plants are about -13% o (Balesdent et al., 1987). Hence,

SOM in the arctic tundra are derived from the C3 vegetation. But the SOM in bulk soils

exhibited relatively higher 8 13C values than the original plant material (i.e. Betula nana,

Salix spp. etc.) in arctic tundra. This phenomenon was probably caused by isotope
• 12discrimination during humification processes. Generally, the preferential loss of C 

during microbial respiration and catabolic processes leads to the enrichment of 13C in the 

residual organic carbon (Gerzabek et al., 2001a; Solomon et al., 2002).

In this MAT soil, there are small variations of 513C values of SOM (< l% o in Table 7) in
13bulk soil samples between horizons. Deeper horizons tend to be slightly enriched in C 

than topsoil (i.e. Oi horizon). In parcticular, SOM cryoturbated horizons (e.g. Oa/Bgf, 

Bg/Oaf) had higher 8  ,3C values than that in mineral horizons (i.e Bgl, Bg2) (Table 6 ). 

The l3C enrichment with depth in arctic tundra soil is similar to earlier results from the 

temperate soils (Balesdent et al., 1987). Such a trend can be explained by the fact that 

deep horizons are saturated during most of the growing season in the arctic tundra of 

northern Alaska. Under the anaerobic environment, more CH4 or other microbial products 

were produced by decomposition of bioavailable SOM stored in these deep horizons, 

resulting in the enrichment of 13C (Ping et al., 1997a). Furthermore, some other factors 

(e.g. root activities, cryoturbation processes, etc.) also appear to be important in 

determining the carbon isotope ratios at depth (Barnett, 1994; Ping et al., 1997). 

Interestingly, the average 8 13C values of SOM in bulk soil from cryoturbated horizons 

(i.e. Oa/Bgf, Bg/Oaf and Oajj/Cf) are similar to those of the surface organic matter, with
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averages of -2 6 .5 %o and -26.4%o, respectively (Table 7). The 5 l3C in deep horizons 

confirmed again that the deep organic matters were cryoturbated from the surface organic
13matter and were clearly little decomposed. On the other hand, slight enrichment in C 

occurring in the upper permafrost (-26.0% o) could provide the evidences to support the 

hypothesis that cryoturbated organic matters weren’t totally sequestrated under current 

climate conditions, and play an important role in carbon cycling in arctic tundra through 

releasing methane or carbon dioxide.

Table 7. 813C and 815N values (%o) of SOM associated bulk and size-fractionated soils.
S o i l B u lk  s o il 1000-2 0 0 0 g m 2 5 0 -1 0 0 0  |nm 5 3 - 2 5 0  jum

h o r iz o n S l5C 8l5N 5 C 815N 813C 815N S C 5 N
0/

O i -26.4±0.2 1.2±0.1

—--—700-- ---------

n/a

B g l -27.4±0.04 1.7±0.1 n/a -27.1±0.2 0.8±0.1 -27.6±0.1 1.4±0.3

B g 2 -27.3±0.05 2.1±0.2 -29.0±1.1 -1.8±0.8 -27.4±0.1 0.7±0.6 -27.4±0.0 0.0±0.3

B g / O a f l -26.8±0.03 2.4±0.1 n/a -27.0±0.04 2.0±0.1 -27.1±0.1 0.5±0.7

O a / B g f -26.8±0.03 1.8±0.2 -26.9±0.1 0.8±0.1 -27.2±0.1 1.1±0.4 -27.1±0.3 1.1±0.4

B g / O a f2 -26.5±0.2 2.1±0.1 -27.7±1.1 0.7±0.5 -27.2±0.04 1.1±0.2 -27.1±0.1 0.7±0.4

O a j j/ C f -26.0±0.01 1.0±0.1 -26.3±0.1 -1.2±0.5 -26.1±0.3 0.0±0.3 -26.3±0.04 -0.7±0.4

Table 7. (cont.)
S o i l 2 -5 3  u m 0 .4 5 -2 g m lk D a - 0 .4 5  g m < 1  k D a

h o r iz o n 8l5C 815N 5 l3C 815N 813C 815N 5 13C  8 15N

0/qq_______

O i n/a

B g l -27.5±0.1 1.1±0.3 -27.8±0.1 0.7±0.8 -25.2±0.2 3.3±0.2 n/a
B g 2 -27.8±0.1 0.2±0.4 -27.8±0.0 0.8±0.1 -25.7±0.02 4.3±0.03 n/a

B g / O a f l -27.7±0.1 1.1±0.6 -27.5±0.05 1.1±0.2 -25.1±0.2 4.6±0.03 -22.2±0.2 -0.5±1.9
O a / B g f -27.3±0.1 0.1±0.5 -27.4±0.02 0.4±0.2 -23.9±0.2 5.0±0.3 n/a

B g / O a f 2 -27.4±0.02 -0.5±0.3 -27.3±0.03 -0.6±0.2 -24.0±0.1 6.2±0.3 n/a
O a j j/ C f -26.7±0.04 -0.2±0.2 -26.5±0.02 -0.8±0.2 -23.8±0.1 3.9±0.1 n/a

Particle size fractions show larger variations of 813C values than those in bulk soils 

(Table 7). There were variations in 8I3C values of up to 6 .8%o among the particle size 

fractions. In the parcticulate soil size fractionation, the 813C values didn’t show 

significant variations, while from parcticulate to soluble organic fraction there is a
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significant shift of 813C values. The cold, wet and acid conditions retard the 

decomposition of SOM, thereby leading to the nonsignificant variation of 513C value 

among size-fractionated soils. The relatively large standard deviations occurred in the 

coarse fractions (i.e. 1000-2000 pm, 250-1000 pm), due to the significant heterogeneity of 

SOM in those fractions. Generally, the 813C values of SOM increase with decreasing 

particle size (Balesdent et al., 1987; Christensen, 1992; Boutton et al., 1998). The
• 13mechanisms involved for the observed variation of natural C abundance of SOM among 

particles size are not fully clear yet. The reasons may include: 1) the preferential loss of 

12C during decomposition of organic matter, 2) the decreasing contents of 13C depleted 

organic substrates (e.g. lignin, lipid) in the finer particle size fractions; 3) the increasing 

contents of 13C enriched organic components in the smaller particle size fractions, such as 

less bioavailable microbial tissues (Benner et al., 1987; Gerzabek et al., 2001a; Solomon 

et al., 2002). However, in arctic tundra soil, the SljC values of SOM in the particle size 

fraction didn’t show significant variations, while from parcticulate to soluble organic 

there is a significant shift of 813C values, which was cased by the low decomposition rate 

of SOM. As for the 13C enrichment in the DOC pool, the reason could be extensive 

microbial transformation of SOM in these soluble fractions (Christensen, 1992).

In arctic tundra soils, the smallest size fraction, LMW (<1 kDa) is found to have the most 

positive 813C values (-22.2% o, Table 7). In combination with the lowest C/N ratio (16 , 

Table 3), SOM in LMW fraction was considered to be highly microbially transformed, 

and presumably from microbial origins. The results from the LMW fractions in arctic 

tundra soils are in agreement with the findings in temperate soils (van Hees et al., 2005). 

In Table 7, the 813C values of HMW (lkDa-0.45pm) fractions also were more enriched in 

l3C than all the parcticulate size fractions of soils, with an average of -24.6% o. The 

results of HMW DOC in tundra soils are similar to those in previous studies (Certini et 

al., 2004). In Table 3, the HMW fractions have low C: N ratios, ranging from 13 to 22, 

indicating that these fractions comprised highly decomposed organic matter. For the l3C 

enrichment in LMW and HMW DOC fractions observed herein, the low content of l3C
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depleted organic substrates in these fractions could explain the 13C characteristics. For 

example, lipid components are always depleted in l3C, up to 10%o relative to the mean 

values of plant materials (Balesdent et al., 1987). However, lipid components didn’t exist 

in the water extractable soil solution due to their insolubility, thereby being a factor in the 

higher 513C values of soluble organics. Therefore, the distinct chemical compositions of

SOM associated with soil particles of different size provide the most plausible
1 1explanation for the variations of C content.

Contrary to the results in arable soils (Stemmer et al., 1999; Shang and Tiessen, 2000; 

Gerzabek et al., 2001a; Solomon et al., 2002), the S13C values of SOM associated with 

clay particles in arctic tundra weren’t more positive than those of bulk soils. On the 

contrary, they were more depleted in l3C (Table 7). In Table 3, the C: N ratios of SOM in
13clay size fractions were higher than those in bulk soils. Combing the findings of C 

compositions, the SOM associated with clay size particles in arctic tundra were clearly 

little humified. The lower decomposition of SOM associated with clay size particles 

probably was caused by the fact that clay minerals effectively stabilize SOM by physical 

protection. SOM bound to the clay particles is more stable than those in sand and silt 

fractions, through forming organo-mineral associations (Tissen et al., 1984; Christensen, 

1992; Solomon et al., 2002). In high mean annual temperature regions, preferential 

stabilization of SOM in the clay fraction corresponds with preferential loss of SOM in the 

coarse fraction (e.g. fine sand fraction). Clay fractions gained organic matter from the 

degraded unprotected SOM associated with coarse particles and the degradation products 

during decomposition (Amelung et al., 1998). Hence, in temperate soils, clay particles 

tend to stabilize highly humified SOM, while in arctic tundra soils, clay minerals 

physically protect relatively fresh and partially decomposed SOM. Hence, the mechanism 

of stabilization of SOM by clay minerals in arctic tundra soils was significantly different 

from that in soils of other regions. Hence, the mechanisms of stabilization of SOM in 

arctic soils among different particle size fractions are unique, probably affected by the 

extreme cold climate and specific soil forming processes. On the other hand, the large
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variations of 513C values between clay size (0 .45 -2  pm) and soluble fractions (i.e. HMW 

and LMW, < 0.45 pm) with average variations from 2.1 to 5.3%o, suggested that the 

compositions of SOM in these fractions are significantly distinct. In this study, SOM 

bound to clay particles was further analyzed by pyrolysis-GC/MS in order to clarify the 

difference in chemical compositions of SOM associated with clay and soluble organics.

4.2.2. Stable isotope 15N characteristics in bulk and size-fractionated soils

The natural abundance of 15N of bulk soils in the visible horizons ranged from 1.0 to 

2.4%o (Table 7). Within the MAT soil profile, the 15N abundance increases with depth, 

except for the upper permafrost horizon (Oajj/Cf), which is similar to patterns in the 

grasslands (Kerley and Jarvis, 1997). The lowest 515N values were measured in the 

surface organic layer (Oi) and the upper permafrost (Oajj/Cf), with averages of 1.2 %o 

and 1.0 %o, respectively. The similar 5I:>N values of SOM between Oi and Oajj/Cf again 

indicated that the organic matters sequestrated in permafrost were cryoturbated from 

surface organic layers, and tended to be less decomposed. In the particle size fractions, 

there only small variations of 815N values observed in tundra soils, except that HMW (1 

kDa-0.45 pm) fractions were highly enriched in ,5N abundance. The 815N values of the 

HMW fraction ranged from 3.3 to 4.95%o (Table 7).

During the decomposition of soil organic compounds, the bonds formed with a light 

isotope are more easily broken down than those formed with heavy isotopes. Also, 

microorganisms preferentially use the lighter isotope during catabolic processes. In other 

words, degradation of SOM containing nitrogen results in the enrichment of heavy 

isotopes (i.e. 15N) in the residues. Moreover, microbial biomass and residues tend to be 

enriched in 15N abundance (Christensen, 1992). Hence, the highest §15N values are 

expected in the most humified SOM (Mariotti et al., 1980). In temperate and tropical 

soils, the natural l5N abundance of SOM associated with particles of different size 

generally increases with decreasing particle size (Tissen et al., 1984; Gerzabek et al.,
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200 1 b ). The 515N values of coarse fractions (1 0 0 0 -2 0 0 0  pm) range from -1 .8% o to 0.84%o 

(Table 7), which are close to those of living plants (e.g. Salix was - 3 .6  to -1 .5% o; 

Barnett, 1994). Clearly, SOM in coarse size fractions comprised relatively fresh plant 

materials with only slight transformations. As for the intermediate particle size fractions 

(i.e. 2 5 0 -1 0 0 0  pm; 2 50-53  pm; 2-53 pm, 0 .45 -2  pm), the 815N values of SOM in these 

fractions didn’t show a clear increasing tendency, in contrast to the earlier studies (Tissen 

et al. 1984). The wet, cold soil environment and the different soil types in arctic tundra 

could explain the different variation of 8I5N values. For instance, extreme cold climate 

and saturated conditions significantly retard the decomposition of SOM, leading to slow 

enrichment of I5N abundance of SOM in different soil particle fractions. However, the 

S15N values of HMW soluble organics (3.3 to 4.95%o, Table 7) in tundra soils were much 

higher than those in plant residues. Combined with the low C: N ratio in the HMW DOC 

(Table 3), the 15N enrichment in the HMW fraction was presumably caused by the intense 

microbial activities. It indicates that in arctic tundra soils, the composition of SOM in 

different particle size fractions ranges from materials dominated by plant debris to those 

consisting of microbial biomass and products.

Generally, the C: N ratio and 15N natural abundance of SOM decrease and increase with 

decreasing particle size, respectively. This could lead to a negative relationship between 

C: N ratio and 15N natural abundance (Nacro et al., 2004). The negative relationships 

between C: N ratios and 815N values of SOM in particle size fractions, including all of the 

visible horizons, are shown in Fig. 10. In agreement with previous studies, the C: N ratios 

decrease with decreasing particle sizes, while 15N abundance increases. The results herein 

confirm that SOM associated with fine particles tends to be highly humified.

Furthermore, these results also suggest that physical fractionation is useful to characterize 

SOM pools of different humification stages. In addition to the quality and quantity of 

SOM, the spatial distribution of SOM within the soil matrix significantly affected the 

SOM dynamics. Since microbial degradation requires a water environment, intense 

microbial activities preferentially occurred in the soil solution, leading to the enrichment
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of 1SN  abundance in soluble organic fractions (i.e. HMW). However, the 8 15N  value of 

LMW soluble organics (-0.5±1.9% o) didn’t follow the pattern described above. This 

probably is caused by the enrichment of inorganic nitrogen in the LMW fractions. Due to 

the small sample size for LMW fractions, it is relatively difficult to collect a sufficient 

amount of powder to measure LMW organics, thereby resulting in the largest standard 

deviation (± 1 .9%o). Compared to the SOM in whole soil, the large differences of C: N  

ratios and 15N  abundance in the HMW fractions indicate these soluble organics have 

undergone many microbial transformations. Therefore, the microbial degradation of 

SOM is not only affected by the quality of substrate, but also by the spatial distribution 

within the soil matrix.

4.3. Molecular compositions of SOM in bulk and size-fractionated soils

Pyrolysis-Gas Chromatography/Mass Spectrometry (py-GC/MS) fingerprinting has been 

proven to be a powerful tool to detect molecular composition of SOM and successfully 

applied for estimating SOM quality (Bracewell et al., 1989; Schulten, 1993). In this 

study, py-GC/MS was used to characterize SOM from both bulk and size-fractionated 

soils to complement the isotopic and chemical characterizations (Chapter 4.1 , 4 .2). The 

relative percentage of each class (e.g. primary polysaccharide) was calculated by 

summing the area of all compounds in each class (Table 2), and then divided that sum by 

the sum of areas of all selected compounds. The relative abundance analysis was used to 

compare selected classes of compounds among different samples, although the 

quantitative limitations of py-GC/MS techniques occurred (Dai et al., 2002). The py- 

GC/MS analysis was not intended to represent the SOM composition in its entirety, but 

rather provide useful information to show key differences of molecular compositions 

between SOM samples (White et al., 2002 ; 2 004 ; Guo et al., 20 0 3 ). The results of 

molecular indexes of SOM associated with bulk and size fractionated soils were listed in
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Fig. 10. The relationships between C: N ratio and 815N values of SOM associated with 
bulk and size-fractionated soils.



73

Table 8. In Fig. 11 and 12, the relative percentages of each index class are plotted to 

show the variations in both bulk and size fractionated soils.

4.3.1. Molecular characteristics of SOM associated with bulk and size fractionated 

soils

Primary polysaccharides are the most abundant biopolymers in nature, existing in 

cellulose, hemicelluloses and other structural components of the cell wall of plants and 

microorganisms (Bracewell et al., 1989). In Table 8, the relative percentage of primary 

polysaccharide of bulk SOM samples ranged from 34.5% to 54.7% in MAT and 14.8% to 

30.1% in WNT. Obviously, primary polysaccharide dominates the measured organic 

composition in arctic tundra soils. The results herein were in agreement with previous 

studies of temperate soils (Bracewell et al., 1989). As for the SOM in particle size 

fractions, the relative percentage of primary polysaccharide decreased with the 

decreasing particle size, except the HMW fractions had a relatively higher percentage 

than clay fractions. The reasons for the decreasing relative percentage of primary 

polysaccharide among particle size fractions were mainly that primary polysaccharide 

was preferentially degraded during the humification process of SOM, due to its high 

potential for biodegradation (Bracewell et al., 1989; Dai et al., 2002; White et al., 2002;

2004).

The relative percentage of primary polysaccharide of SOM in HMW fractions was higher 

than that in clay size fractions (Table 8, Fig. 11, 12), with averages of 26.3% and 18%, 

respectively. The higher percentage of primary polysaccharide was presumably caused by 

the microbial input, not simply dissolved from the plant residues. Based on the results of 

isotope ratios of pyrolysates, Kracht and Gleixner (2000) observed that DOC was formed 

by a mixing of microbial products and dissolved plant materials, and tended to be 

principally derived from microbial products. Hence, coupled with chemical 

characterization (i.e. C: N) and stable isotope analysis (i.e. ljC, 15N), the molecular



Table 8. Molecular composition indexes of SOM associated with bulk and size fractionated artic tundra soils, Alaska.__________
P r im a r y  S e c o n d a r y  P o ly p e p t id e

S a m p le  P o ly s a c c h a r id e  P o ly s a c c h a r id e  &  P r o te in  L ig n in  P h e n o ls  L ip id s  A lk a n e s  C y c lo p e n t e n o n e s

 %------------------------------------------------

M o is t  A c i d i c  T u n d r a  ( S a g w o n  H ill  s ite )

O i  0 -9  c m  1 0 5 ± 3 5 y  B .P .*

B u lk  s o il  40.8 10.0 4.8 10.9 30 .7  0.2 1.2 1.5

B g / O a f  3 2 -5 5  c m

B u lk  s o il  5 4 .7  16.1 5.3 4.1 15 .3  0.8 1.2 2 .6

2 5 0 - 10 0 0 p m  44 .5  11 . 5 5.0 9.6 24.1 0.6 1.6 3.1

5 3 - 2 5 0 p m  44.0  13.9 5 .7  6.5 24 .1 0.9 2 .4  2.5

2 - 5 3 p m  30.3 10.4 7 .7  4.8 36.0 2.6 4.8 3 .5

0 .4 5 -2 p m  19 .9  11 . 1  10 .9  6.1 39.3 3.2 5.5  4.0

lk D a - 0 .4 5 p m  28 .4  26.9  5 .4  0.0 2 2 .7  0.0 10 .7  6.0

O a / B g f  3 6 -5 5  c m  3 2 6 0 ± 4 0 y  B .P

1 0 0 0 -2 0 0 0 p m  34 .5  8.0 3.4  16.1 3 2 .7  0.5 2.3 2.6

5 3 - 2 5 0 p m  4 1 .4  12 .9  5 .7  5 .6  2 7 .7  0 .7 2.5  3.5

2 - 5 3 p m  39 .5  14.3 6.9  4.8 2 7 .4  1.0 2.5  3.6

O a j j/ C f  9 0 - 1 1 0 c m  7 2 2 0 ± 5 5 y  B .P

B u lk  s o i l  3 7 .7  12 .7  6.1 9.0 30.1 0.3 1.5  2.5

10 0 0 -2 0 0 0 p m  38.8 7.0 2 .9 2 1 .9  2 7 .6  0.1 0.5 1.2

2 5 0 -1 0 0 0 p m  3 7 .5  8.6 4 .6  16 .6  29.1 0.2 1.4  2.0

5 3 - 2 5 0 p m  40.1 11 . 4  6.2 10.6 28 .5  0.3 1.1 1.8

2 - 5 3 p m  3 0 .7  10.4 8.1 4.9 3 8 .7  1.0 2 .7  3.6

0 .4 5 -2 p m  16.1 8.6 13 .2  6.1 4 3 .5  1.8 3 .7  7.0

lk D a - 0 .4 5 p m  2 4 .2  28.8 4.8  0.0 19 .3  0.0 15. 1 7.8

M o is t  N o n a c id ic  T u n d r a  (F r a n k lin  B lu f f s  s ite )

O e - 2  to  18  c m

B u lk  s o il  30.1 9.5 7 .3  10.3 35 .9  0.1 1.3  5.5

C f/ O e jj-6 0  to  70  c m

B u lk  s o il  _________1A 8 _____________ 4A____________ 6,6_________ 16,9__________5 0 4 _________ 0 4 ___________L 7 _____________ 4 J ________

* Radiocarbon age measured by accelerator mass spectrometry (AMS); y B.P. is years before the present.
- j
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fingerprints of py-GC/MS in arctic tundra soils confirm that the sources of SOM in 

dissolved fractions are distinct from those of SOM associated with clay minerals. The 

heavy isotope abundance and low C: N ratio (Table 3 and 7) clearly indicated that 

dissolved organic matters are mainly derived from microorganisms. Not separating 

soluble organics from clay size fractions during size fractionation could result in serious 

bias in evaluating the quality of SOM in clay fractions. Even with the presence of 

permafrost, microbial activities still consumed the dissolved organic matters in deep 

horizons.

White et al. (2002) observed there was a significant relationship between the relative 

abundance of primary polysaccharide and the efflux of CO2 due to respiration in arctic 

soils. Hence, a linear model was built to use the primary polysaccharide class as the 

explanatory variable to predict regional-scale CO2 flux (White et al., 2002). In terms of 

the bioavailable properties of primary polysaccharide, the relative abundance of primary 

polysaccharide could serve as an index to evaluate the quality of SOM associated with 

bulk and size-fractionated soils. In Fig. 11 and 12, the SOM in clay size fractions (0.45-2 

pm) have the lowest percentage of primary polysaccharide in both the lower active layer 

and upper permafrost. The SOM associated with silt size fractions (0.45-2 pm) also 

showed the low relative percentage of primary polysaccharide, compared to coarse 

particle size and soluble fractions. Hence, the SOM in the clay and silt fractions has 

relatively low potential for microbial degradation. The low bioavailability of SOM 

associated with clay and silt size fractions is consistent in the studies of temperate and 

tropical soils by l3C NMR (Oades et al., 1987; 1988; Baldock et al., 1997). From the 

results of 13C NMR spectra of SOM in different particle size fractions, the finer size 

fractions (i.e clay and silt) tend to have high alkyl C and low O-alkyl C contents, 

indicating the low quality of SOM in these fractions.

The highest relative percentage of primary polysaccharide occurred in the SOM 

associated with the coarse and fine sand particles, with averages of 44.3% and 38.2% in
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Fig. 11. Molecular composition indexes in SOM associated with bulk and size- 
fractionated soils in the lower active layer (Bg/Oaf) of a MAT soil.
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the lower active layer and upper permafrost, respectively (Table 8). The high contents of 

cellulose and hemicellulose stored in these coarse fractions lead to the high abundance of 

primary polysaccharide calculated from the pyrolysis products (Ping et al., 1997c). 

Combining the chemical characterization and stable isotope results (Table 3, 7), the SOM 

in coarse particle sizefractions clearly resemble those of plant debris. The results herein 

are consistent with previous observations that the SOM in the sand-sized separates 

contained large amounts of plant-derived organics, and clay-bound SOM was rich in 

microbially-derived materials, whereas silt-associated SOM had intermediate 

concentrations of both (Guggenberger et al., 1995).

Secondary polysaccharides are not major compounds in common polysaccharide 

pyrolysates and termed for the precursors of unknown polysaccharide (Bracewell et al., 

1989). The secondary polysaccharide could be a degraded polysaccharide structure in 

which some sugar residues have been partially transformed by microorganisms (Cheshire 

et al., 1992). In the particle size fractions, the relative percentages of secondary 

polysaccharide do not show significant variations (Fig. 10 and 11). However, the SOM in 

HMW fractions has the highest relative percentages of secondary polysaccharide. 

Presumably, the HMW soluble organics consist of organic matter mainly derived from 

the microorganisms, indicating the higher degree of decomposition compared to other 

size fractions.

Lignin comprises phenolic-containing macromolecules and is an important component of 

the cell wall of vascular plants, ferns and club mosses (Bracewell et al., 1989; Kogel- 

Knabner, 2002). Because microorganisms do not contain lignin, all the lignin was 

assumed to be derived from plant residues. In Table 8, the coarse fractions (i.e. 250-1000 

pm, 53-250 pm) have higher percentages of lignin than finer fractions (i.e. 2-53 pm, 

0.45-2 pm). The highest lignin content is in coarse sand fractions, with an average of 

15.8% in both the lower active layer and upper permafrost, which confirmed that SOM in 

coarse fractions was mainly derived from plant materials. The results herein indicated
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that the organic matters in deep horizons are poorly humified, with large stores of 

partially decomposed plant materials. Furthermore, lignin components do not exist in 

HMW DOC fractions (Table 8).The fact that lignin is comparatively resistant to 

microbial decomposition could be the reason (Kogel-Knabner, 2002). The lack of lignin 

in soluble organics suggested that lignin contents in the deep horizons were not 

translocated by soil leaching, but rather by mechanical movement, i.e., frost churning of 

organic matter from the surface to deep horizons.

Phenols are pyrolysis products derived from diverse sources including lignin, protein and 

microbial products (Kracht and Gleixner, 2000). In soil humic substances, phenols are 

ubiquitous in the pyrolysis products (Bracewell et al., 1989). In this study, phenol class in 

arctic tundra soils comprises 4 major compounds: phenol, 2-methyl phenol, 4-methyl 

phenol, dimethyl phenol. Methoxyphenols are grouped in the lignin class in this study, 

since pyrolysis of lignin could produce this group of compounds (Guo et al., 2003). In the 

bulk soils, the relative percentage of phenols increases from the lower active layer 

(15.3%) to the upper permafrost (30.1%). Also the phenol content in SOM of the upper 

permafrost is similar to that of the surface organic horizon (30.7%) (Table 8). Since 

highly humified SOM tends to have high abundance of alkylphenols (Bracewell et al., 

1989), the observations of high phenol content in arctic tundra soils suggest that the SOM 

preserved in the lower active layer is more bioavailable than that in upper permafrost. 

This is further supported by the fact that a relatively higher abundance of primary 

polysaccharide was measured in lower active layer (54.7%) than that in upper permafrost 

(37.3%) (Table 8).

Among the particulate size fractions, the relative percentage of phenols increased with 

decreasing particle size (Fig. 12, 13). Clay size fractions comprise the highest relative 

percentage of phenols, with an average of 41.4% in SOM from the lower active layer and 

upper permafrost. However, in the HMW fractions, the relative percentages of phenol are 

22.7% and 19.3% in the lower active layer and upper permafrost, respectively.
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Furthermore, methoxyphenol compounds were found in all particle size fractions except 

the HMW fractions (data not shown here). Obviously, the sources of phenols in SOM of 

different size fractions were heterogeneous, which is in consistent with previous studies 

(Guo et al., 2003).

Polypeptides and proteins are pyrolysis products corresponding to the constituents of 

amino acids (Bracewell et al., 1989). Generally, the amino acids in soil are assumed to be 

microbially derived. During the humification processes of SOM, the relative abundance 

of polypeptide increase while primary polysaccharide decreases. The SOM associated 

with clay size particles are assumed to be highly humified materials (Christensen, 1992). 

Hence, by using the py-GC/MS techniques, the highest relative percentage of 

polypeptides and proteins was observed in clay size fraction, with values of 10.9% and 

13.2% in clay size SOM from the lower active layer and upper permafrost, respectively. 

However, other particle size fractions and HMW fractions all have lower abundance than 

clay size fractions (Fig. 11, 12). The results herein confirm that SOM associated with 

clay size particles is relatively highly humified. Furthermore, SOM in HMW fractions 

comprises relatively low relative percentage of polypeptides and proteins with an average 

of 5.9%, which seems in contrast to the hypothesis that the highest decomposition in 

soluble organics. Yet, the soluble organics are most biodegradable. Since Kracht and 

Gleixner (2000) found that microbial organisms consume the DOC derived from both 

plant and microbial biomass, the low abundance of polypeptides and proteins in the soil 

solution was presumably due to microbial consumption of bioavailable amino acids.

Lipids in soils belong to a heterogeneous group of substances derived from plants and 

microorganism (Kogel-Knabner, 2002). In arctic soils lipids comprise a minor 

proportion, ranging from 0.1% to 3.2% in both bulk and size-fractionated soils (Table 8). 

The relative percentage of lipid in bulk soils was higher in the lower active layer and 

upper permafrost than in the surface organic layer (Table 8). In the particle size fractions, 

the relative abundance of lipid increases with decreasing particle size, with the highest 

value in clay fractions. However, no lipids were found in HMW soluble fractions because
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lipids are insoluble in water (Kogel-Knabner, 2002). The patterns of the relative 

abundance of lipid increasing with decreasing particle size correspond to the decreasing 

relative abundance of primary polysaccharide (Fig. 11, 12). In other words, the loss of 

primary polysaccharide increases the relative percentage of lipids, since the sum of the 

areas of all selected compounds total 100 percent. Therefore, the relative abundance of 

lipids could also be used as an index of the degree of decomposition.

Alkanes are the mostly stable compounds in chemical structure among all the compounds 

measured here. In previous studies, a high abundance of alkanes occurred in the humin 

fraction, the most stable fraction of SOM (Schulten and Schnitzer, 1992; Almendros et 

al., 1996). Hence, the relative percentage of alkanes correlates to the degree of 

humification of SOM. In Fig. 11 and 12, the alkane contents increase with decreasing 

particle size, including the soluble HMW fractions. Coupled with the isotope analysis and 

chemical characterization (Tables 3 and 7), the pattern of variation confirms that the 

degree of humification increase with the decreasing particle size. In HMW fractions, the 

highest abundance of alkanes is the result of intense microbial activities, corresponding to
13 15the findings of the lowest C: N ratio and heavier isotope concentration ( C and N) 

(Table 3 and 7). Furthermore, the bulk soils have a relatively low abundance of alkanes, 

ranging from 1.2% to 2.3%, suggesting SOM was much “fresher” in the arctic tundra 

soils than is soils of other regions.

Cyclopentenones are pyrolysis products of polycarboxylic acids, which can be regarded 

as important components of soil fulvic acids (Bracewell et al., 1989; Stuczynski et al., 

1997). The relative percentage of cyclopentenones in bulk soil samples is a minor 

proportion, with averages of 2.2% and 5.2% in MAT and WNT soils, respectively. In 

different size fractions, the abundance of cyclopentenones increases with decreasing 

particle size (Fig. 12 and 13). The soluble organics contain the highest relative abundance 

(6.9%) of cyclopentenones, whereas coarse size fractions (i.e. 250-1000 pm) only contain 

an average of 2.6%. The patterns of variation in the relative abundance of
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cyclopentenones again confirm that degree of humification increases with decreasing 

particle size.

4.3.2. Implications from the results of Py-GC/MS analysis

A. Re-evaluation of SOM associated with clay size particles

The C: N ratios of SOM in clay size fractions were higher than those of bulk soils, with 

an average of 20.5 and 23 in the lower active layer and upper permafrost, respectively 

(Table 3). The 813C values of SOM associated with clay size particles are no more 

positive than those of bulk soils; rather, the SOM is more depleted in ,3C (Table 7). 

Combing isotope and chemical composition data, the SOM associated with clay size 

particles appears to be less humified than that in bulk arctic tundra soils. The information 

from py-GC/MS analysis of SOM associated with clay complements the observations 

from chemical characterization (i.e. high C: N ratio) and stable isotope compositions (i.e. 

depleted 13C content). For instance, the l3C values of phenol from SOM sampled from a
13Sphagnum peat profile (Kracht and Gleixner, 2000) showed much more depleted C 

values (-30%o) than other pyrolysates of SOM. The high abundance of phenol (about 

40%, in Table 8) in SOM associated with clay size particles reasonably leads to the 

depletion of 13C observed in arctic tundra soils. Furthermore, Benner et al. (1987) found 

that the relative enrichment in lignin-derived carbon was accompanied by a marked 

depletion of 13C in the remaining detritus. Generally, lignin was depleted in ljC by 2-6 %o 

relative to the whole plant and by 4-7%o relative to cellulose (the major precursor of 

polysaccharide). In Table 8, SOM associated with clay contains 6.1% of lignin in the 

lower active layer and the lowest proportion of primary polysaccharide among the size 

fractions of soil, which further explains the depleted isotope values.

The lowest relative percentage of primary polysaccharide, and highest percentage of 

secondary polysaccharide, polypeptide and protein and lipid, was observed in SOM



83

associated with clay size particles. The results clearly indicated that among all the 

particle size fractions, SOM associated with clay size particles was relatively highly 

humified. In regions with high mean annual temperatures, clay fractions preferentially 

stabilize highly humified SOM, corresponding to the loss of degraded SOM in coarse 

particle size fractions to finer size fractions (Tissen et al., 1984; Christensen, 1992; 

Amelung et al., 1998; Solomon et al., 2002). Hence, the molecular compositions of 

highly humified SOM in clay size fraction tend to be comprised mainly of chemically 

stable compounds (i.e. alkanes) (Schulten and Schnitzer, 1992). However, in arctic tundra 

soils, SOM in the clay size fraction is mainly comprised of phenolic compounds, with an 

average of 41.4%, while alkanes average only 5.5%. Moreover, the presence of lignin 

indicated that SOM associated with clay size particles was less microbially transformed, 

since lignin only originates from plants. Primary polysaccharide, the most bioavailable 

compound in soils, constitutes 25.3% of total measured organic compounds, which is 

much higher than the percentage in highly humified soils (Table 8). Therefore, clay 

particles in arctic tundra soils clearly stabilize SOM that is less humified than SOM in 

temperate and tropical soils.

B. The size-fractionated soil fraction with the highest potential to be affected by 

changing climate in arctic tundra soils

In Table 6, SOM in the fine sand fraction contains the largest percentage of the OC store, 

with averages from 28% to 73%. Except for the Bg/Oaf2 and Oajj/Cf horizons, all of the 

visible horizons partitioned more than 50% of their OC store in the fine sand (53-250 

pm) fractions. White et al. (2002) found that primary polysaccharide could serve as an 

important index to evaluate the quality and bioavailability of SOM. Hence, having both 

the largest organic carbon stores and a high abundance of primary polysaccharide makes 

fine sand fractions the most sensitive organic carbon pool in arctic tundra soils with 

respect to changing climate. Furthermore, compared to the finer particles (i.e. clay and 

silt), fine sands have less potential for physical protection of SOM against microbial
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attack (Cambardella and Elliott, 1992). Therefore, OC stores in the fine sand fraction 

have the greatest potential to be released with the warming climate. Even under current 

climate conditions, the organic matter associated with fine sands could be released 

through microbial respiration or DOC export.

C. 14C and chemical characteristics of cryoturbated organic matter

The radiocarbon ( l4C) age of surface organic matter (Oi) was 105±35y B.P., while it was 

3260±40 and 7220±55y B.P. in Oa/Bgf (36-55 cm) and Oajj/Cf (90-110cm), respectively 

(Table 8). Obviously, the age of SOM in upper permafrost horizons (Oajj/Cf) was much 

older than that in surface organic matter (Oi). However, a high correlation coefficient (r = 

0.99) was found for the relative percentage of selected molecular composition indexes 

between surface and upper permafrost organic matter in MAT soil (Fig. 13). The results 

of linear regression analysis showed that under the significance level of 0.05, the p-value 

was 0.1287; thereby, H0(y=bl*x + b2; H0:bl = l, b2=0; x, y: relative percentage of 

selected compound indexes in both surface and upper permafrost layer) can not be 

rejected. It means that the molecular compositions of the surface organic matter are 

significantly related to those in upper permafrost. In other words, there is similiar 

distribution of measured compounds in surface and upper permafrost organic matter. In 

WNT, the correlation coefficient (r = 0.85) and p-value (0.1185) also indicate similar 

patterns of molecular compositions. The observations herein suggest that the cryoturbated 

organic matter in upper permafrost was significantly little humified and had high quality. 

Even though these organic matters have been sequestrated for thousands of years, the 

similar chemical compositions between surface and cryoturbated organic matters 

indicated that vegetation cover types on the acidic and nonacidic tundra soils have not 

changed since early Holocene. It means that these organic matters were not buried but 

cryoturbated, which is consistent with that cryoturbation was more pronounced during the 

warm early Holocene in the North Slope of Alaska (Zoltai et al., 1978; Ping et al., 1998).
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Since SOM quality is supposed to be significantly related to its turnover time (White et 

al., 2004), these old cryoturbated organic matters are reasonably postulated to be highly 

biodegraded and little bioavailable after being sequestered for a long time. However, the 

molecular compositions indicated that cryoturbated organic matters (Oajj/Cf) were little 

humified and highly bioavailable even though they were sequestered more than 7000 

years ago. Especially in the lower active layer, the relative percentage of primary 

polysaccharide was even higher than that in surface organic matter (Table 8), even 

though these cryoturbated organic matters have been preserved for more than 3000 years. 

Permafrost sequestrating high quality organic matters was reported in previous tundra 

soil studies using the solid-state 13C NMR technique (Dai et al., 2001). Similar spectra of 

SOM in the upper permafrost and the surface organic horizons indicated that the 

cryoturbated organic matters originated from the bioactive surface organic matter. In 

combination with stable isotopic data and chemical characterization of cryoturbated 

organic matters, the molecular fingerprints obtained by py-GC/MS techniques supported 

the hypothesis of the presence of high quality of cryoturbated organic matter in arctic 

tundra soils. The saturated and reducing conditions, cold climate, and acidic soil 

microenvironments (i.e. in MAT) could be the explanations for the less humified and 

high quality SOM that has been sequestrated for thousands of years (Ping et al., 1997c).

D. The comparison of bioavailability of SOM in MAT and WNT soils

The relative percentages of selected compounds from both MAT and WNT SOM are 

compared in Fig. 14. In the surface organic horizon, MAT soils contain higher relative 

percentages of primary and secondary polysaccharide, lignin and lipid than WNT soils. In 

the upper permafrost, however, MAT soils have a higher relative percentage of primary 

polysaccharide, and a lower relative percentage of phenols. The relative abundance of 

primary polysaccharide was found to be an index of bioavailability of SOM and was 

successfully applied to estimate the quality of SOM in arctic tundra (White et al., 2002). 

Due to the higher abundance of primary
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S u r f a c e  o r g a n i c  m a t t e r

S u r f a c e  o r g a n i c  m a t t e r

Fig. 13. Correlations between molecular composition indexes of cryoturbated organic 
matter (the upper permafrost, Oajj/Cf) and surface organic matter (Oi or Oe) in 
MAT(A.) and WNT (B.).
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polysaccharide in SOM in MAT, the quality of SOM in MAT is presumably higher than 

that in WNT soils. The findings are consistent with the earlier studies (White et al.,

2004).

MAT and WNT soils were selected because they represent the major types of arctic 

tundra soils (Michaelson et al., 1996; Ping et al., 1998; Walker et al., 1998). Differences 

in soil pH between acidic and nonacidic tundra soils affect soil biogeochemical processes 

including carbon dynamics (Ping et al., 2005; Michaelson et al., 1996) and the vegetation 

community (Walker et al., 1998). Acidic tundra soils generally have thick, poorly 

humified organic horizons and a shallow active layer with relatively high quality and 

quantity of SOC; while nonacidic tundra soils typically have thinner, more humifed 

organic horizons and a deeper active layer with relatively low quality and quantity of 

SOC. Because of a favorable pH for microbial activity, high thermal conductivity and 

dominance of herbaceous vegetation with a low C: N ratio (Walker et al., 1998), the 

nonacidic tundra soils are hypothesized to have faster rates of soil C and N cycling than 

acidic tundra soils (White et al., 2002). In Fig. 14, WNT soils are shown to contain higher 

relative percentages of polypeptides and protein, and cyclopentenones and alkanes that 

originate mainly from microorganisms, thereby supporting the hypothesis described 

above. In other words, the degree of SOM decomposition was higher in noncidic tundra 

than in acidic tundra. These results also mean higher quality of SOM appeared to be 

preserved in the acidic tundra.

Although the cryoturbated organic matters have similar molecular compositions to the 

surface organic matter, it does not mean the quality of cryoturbated organic matters was 

equal to that of the surface organic matter (White et al., 2002). In Table 8, the relative 

percentage of primary polysaccharide in surface organic matter was significantly higher 

than that in upper permafrost. This was especially true in WNT, in which surface organic 

matter had 30.1% of primary polysaccharide, while the upper permafrost had only 14.8%. 

In MAT, SOM in upper permafrost contained 34.5%, also lower than the percentage in
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the surface organic layer (40.8%). However, White et al. (2004) found the SOM quality 

of cryoturbated horizons was significantly higher than that of other mineral horizons 

(i.e.Bg) within the soil organic layer (40.8%). However, White et al. (2004) found the 

SOM quality of cryoturbated horizons was significantly higher than that of other mineral 

horizons (i.e.Bg) within the soil profile. With the deepening active layer followed by the 

thawing permafrost in Arctic Alaska (Romanovsky and Osterkamp, 1997), releases of 

cryoturbated organic matters could result in significant biogeochemical consequences in 

the arctic region. This is important to future studies of SOM dynamics and carbon 

cycling.
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Chapter 5. Conclusions and recommendations

As indicated in previous studies (Michaelson et al., 1996; Ping et al., 1998), there is a 

second layer of organic matter in the lower active layer and upper permafrost, which 

doubles the estimate of the OC store in arctic tundra soils. Under an extremely cold 

climate, cryoturbation plays a controlling role in mixing, translocation and redistribution 

of SOM within the arctic tundra soil profile (Ping et al., 2005). The innovative 

combination of size fractionation approaches, using dry and wet sieving and filtration and 

ultrafiltration techniques, has been proven to be a powerful tool in separating OC pools 

with different chemical and bioavailability characteristics. In this study, the bulk soils 

from different genetic horizons of MAT and WNT sites were fractionated into: 1000- 

2000 pm (coarse sand size fraction); 250-1000 pm (macroaggregates); 53-250 pm (fine 

sand size fraction); 2-53 pm (silt); 0.45-2 pm (clay fraction); 1 kDa-0.45 pm (HMW 

DOC); and < lkDa (LMW DOC). The physical fractionation approaches herein could be 

among the first physical fractionation studies of characterization SOM from both 

parcticulate and molecular weight DOC fractions.

The results of elemental analysis of SOM in different particle size fractions show distinct 

in carbon and nitrogen contents and C: N ratios. The carbon content of SOM in the deep 

horizons was found higher than that of the subsurface horizons. The cryoturbated 

horizons (lower active layer and upper permafrost) account for 57% of the total OC 

stores. Among the mineral soil fractions (i.e. 0.45-2 pm, 2-53 pm, and 53-250 pm), the 

total C and N contents increase with decreasing particle sizes. Averages of 31.1% OC 

and 2.3% N were found in the HMW (1 kDa-0.45 pm) and LMW (<1 kDa) DOC. 

Furthermore, the high C: N ratios of bulk and size-fractionated SOM suggest 

cryoturbated organic materials are significantly poorly humified. However, the low C: N 

ratio in soluble fractions indicates microbial activities occurred in these horizons, even 

under freezing conditions, as found in previous studies (Michaelson and Ping, 2003; 

Schimel et al., 2005). But the C: N ratios of clay fractions are higher than those of bulk
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soils. Due to the distinct chemical characteristics of SOM in the clay fraction and soluble 

organics, it is recommended that dissolved organic matters be separated from the clay 

fraction during physical fractionation processes. Filtration and ultrafiltration approaches 

used in this thesis have been proven to be effective in separating clay and soluble organic 

fractions, thereby improving the understanding of SOC partitioning and characteristics.

Preferential stabilization of SOM in the fine sand size fraction was observed, in contrast 

to stabilization in the clay or silt fractions in temperate and tropical soils (Christensen,

1992). A plausible explanation of this could be that the low decomposition rate of organic 

matter retards preferential loss of SOM associated with the coarse size fractions in tundra 

soils. Furthermore, the relative proportion of HMW and LMW DOC fractions in total OC 

stores tends to increase with depth, pointing to cryoturbated organic matter as a key 

factor in producing soluble organics in deep horizons. Although the soluble organics only 

account for a very small fraction of the sequestered carbon (about 1%), it’s highly 

bioavailable and has a high potential for biodegradation (Marschner and Kalbitz, 2003; 

van Hees et al., 2005). Coupled with the presence of unfrozen water in the lower active 

layer and upper permafrost, even at temperatures far below the freezing point during the 

winter (Romanovsky and Osterkamp, 2000), the long term accumulated effects of DOC 

on SOM dynamics would be significant.

Based on stable isotope ( 13C) analysis, SOM in the arctic tundra are derived from the C3 

vegetation type. Within the soil profile, the similar 8 |3N and 8  13C values of SOM 

between Oi and Oajj/Cf horizons indicated again that the deep organic matters were 

cryotrubated from surface organic layers. Slight 13C enrichment with depth was also 

observed. Under the anaerobic environment and with the presence of bioavailable 

cryoturbated SOM in deep horizons, more CH4 or other microbial products was produced, 

resulting in the enrichment of 13C of the remaining materials at depth (Ping et al., 1997a). 

On the other hand, slight enrichment in 13C occurring in upper permafrost could provide 

evidence to confirm the hypothesis described above that cryoturbated organic matters



92

weren’t totally sequestrated under current climate conditions. Size-fractionated SOM 

shows larger variations of 8 l3C and 5 15N values than bulk soils. SOM in LMW and 

HMW fractions were found to have the highest 8  ljC and 8  15N values, and thereby were 

considered to be highly microbially transformed. However, SOM in clay size fractions 

have even more depleted SI3C values than those in bulk soils. Coupled with the high C: N 

ratios, it clearly indicated that the less humified SOM were stabilized by clay minerals in 

arctic tundra soils.

The molecular fingerprints from py-GC/MS techniques proved to be useful in evaluating 

the quality of SOM. Coupled with the high C: N ratios and depleted isotope (13C and 15N) 

compositions, the molecular fingerprints of SOM associated with clay particles indicated 

that less humified SOM was stabilized by clay minerals. Since clay minerals generally 

tend to be associated with highly humified organic matter in soils of temperate and 

tropical regions, fresh and partially decomposed SOM in clay size fractions were 

presumably caused by low microbial activity, physical protection by clay minerals and 

other factors (i.e. cryoturbation) in arctic tundra. Hence, the mechanisms of stabilization 

of SOM in arctic soils among particle size fractions are unique, corresponding to the 

cryogenic soil forming processes. The molecular compositions of the soluble fractions 

(i.e. HMW and LMW fractions) were significantly distinct from those of the clay size 

fractions. The SOM in soluble fractions was principally derived from microbial biomass, 

while clay size fractions included a significant proportion of plant materials (e.g. lignin). 

High abundance of primary polysaccharide was observed in the fine sand size (53-250 

pm) fractions. Since fine sand fractions account for more than 50% of OC stores in most 

visible horizons, the fine sand fraction can be considered to be the most sensitive OC 

pool to climate changes, due to the high quality SOM content and low degree of physical 

protection.

A high correlation coefficient (r = 0.99 and 0.85 in MAT and MNT, respectively) for the 

relative percentage of selected chemical compound indexes in surface and upper



93

permafrost organic matter was observed. It signifies similar distributions of measured 

compounds in surface and cryoturbated organic matter. As upper permafrost organic 

matter has been sequestrated for thousands of years (Table 8), the similar distribution 

pattern of molecular compositions indicates that vegetation covers on the acidic and 

nonacidic tundra have not changed since the early Holocene. The correlation also 

supports the field observations that these organic matters were not buried but 

cryoturbated, consistent with the fact that cryoturbation was more pronounced during the 

warmer early Holocene in the North Slope, Alaska. Furthermore, due to the higher 

abundance of primary polysaccharides, the quality of SOM in MAT is considered to be 

higher than that of WNT soils. However, the degree of decomposition of SOM was 

higher in nonacidic tundra than in acidic tundra, while a higher quality of cryoturbated 

SOM appeared to be preserved in acidic tundra.

Coupled with physical fractionation, the study of chemical characteristics, stable isotope 

analysis and molecular fingerprints of SOM in Arctic tundra suggest that, with global 

warming, these cryoturbated soils may have a greater potential contribution to 

greenhouse gas emissions than soils from other regions. The decomposition processes of 

deep organic matter in arctic tundra soils would respond to a temperature increase more 

than those in other regions, due to the high quality and quantity of SOM sequestrated in 

deep cryoturbated horizons. With the deepening active layer followed by thawing 

permafrost, cryoturbated organic matters could be further released through increased 

microbial respiration, mass movement (e.g. DOC export and solifluction) and stream 

bank and coastal erosion. This study established a baseline dataset for understanding 

biogeochemical consequences of releasing these deep cryoturbated organic matters in the 

arctic region, which could aid in model development and consequently improve 

prediction of the global carbon budget and balance.

The combination of physical fractionation techniques with stable isotope analysis and py- 

GC/MS techniques has been proving to be a useful tool in studying SOC partitioning and
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chemical characteristics. However, these methods are far from perfect for elucidating the 

mechanisms of transformation and transport of OC species within the soil profile. The 

application of 13C NMR spectroscopy to size-fractionated SOM or soluble organics could 

effectively advance our understanding of the functions of different OC species, the 

chemical changes associated with decomposition, and the interactions of SOM with 

mineral particles (Kogel-Knabner, 1997; Baldock and Nelson, 2000). The combinations 

of stable isotope data and molecular fingerprints by Py-GC/MS-IRMS techniques 

(pyrolysis-gas chromatography-mass spectrometry-isotope ratio mass spectrometry) are 

also recommended to distinguish different biogeochemical processes of SOM dynamics 

(e.g. biological degradation and chemical transformation of SOM) (Kracht and Gleixner, 

2000). Furthermore, the size-fractionated SOM and soluble organics need to be studied 

by in a laboratory degradation experiment, in order to evaluate the biogeochemical 

consequences of releasing these organic matters through microbial respiration. Together 

with the innovative combination of analytical techniques above, biodegradation 

experiments could further advance the elucidation of the pathways and mechanisms that 

control the transformation, transport and turnover of these cryoturbated OC stores in 

arctic tundra carbon cycling.
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Appendix. Soil profile descriptions

Profile description for SOM study Sites, North Slope, Alaska

UAF-SNRAS-AFES Arctic Soil Program

Pedon Decription

DATE Sampled: 08/20/2003

Soil Series:

Site Reference: MAT3, S. of Sagwon Hill

USDA-NSSC Site Identification: 03AK-185-002 

Laboratory Information 

Lab Pedon #: 04N0274

Location Information 

Soil Survey Area #: 185 Arctic Foothill 

Latitude: 69 degrees 23.708 minutes N 

Longitude: 148 degrees 44.165 minutes W

Slope Characteristic Information 

Slope: 10 percent 

Aspect: 335°

Horizontal Shape: convex 

Vertical Shape: convex

Elevation: 261 m asl (GPS)

Physiography: Arctic Foothills
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Local: rolling hills

Geomorphic Position: upper back slope 

Microtopography: tussocks on old frost boils

Parent Material and or/Bedrock Information 

Parent material: loess/moraine

Vegetative Information:

Landcover type: moist acidic tundra

Plant Names: Salix spp., Betula nana, Ledium decumbens, Eriophorum vaginatum, 

Vaccinium vitis ideae, Vaccinium uligenosium, Arctostaphylos rubra, Cassiope 

tetragonae, lichens and mosses

Drainage: somewhat poor 

Runoff: negligible

MAP: 300mm, est. MAAT: -5°C est. MAST: - 7 °C est.

Type of Erosion: none 

Degree of Erosion: none

Classification: Coarse-silty, mixed, superactive, pergelic, Ruptic-Histic, Aquiturbel

Described and sampled by: C.L. Ping, John Kimble, Gary Michaelson, Patrick Borden, 

Lynn Everett, E.C. Packee, Carolyn Rosner, C.A. Seybold (all colors are for moist unless 

specified)
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Oi -  0-9 cm; peat; abrupt irregular boundary (0-16) (AK03077)

Bgl -  9 to 36 cm; silt loam; strong medium granular structure (0.5 cm thick on surface); 

distinct medium mottles, 45% Fe concentrations (10YR 4/3, 4/4), 55% Fe depletions 

(5Y4/1) around root channels and pore linings; many fine and medium tubular pores; 

abrupt irregular boundary (0-40) (AK03078)

Bg2 -  8 to 42 cm; silt loam; strong medium lenticular structure; friable, slightly plastic 

and slightly sticky; abrupt irregular boundary (0-22) (AK03079)

Bg/Oafjj 1 -  32 to 55 cm; Bg: dark grayish brown (2.5Y 4/2) silt loam; Oaf: black (10 YR 

2/1) muck; strong medium lenticular structure; slightly plastic and sticky; 50% ice; reacts 

strongly to a ’ a ’-dipyridyl; clear irregular boundary (0-25 cm) (AK03080)

Oajj/Bgf-  36 to 50 cm; Oaf: very dark gray (2.5 Y 3/1) muck, Bg: very dark grayish 

brown (2.5 Y 3/2) silt loam; strong medium lenticular structure; ice lens 1-3 mm thick, 

60% ice; reacts strong to a ’ a ’-dipyridyl; abrupt irregular boundary (0-30 cm) 

(AK03081)

Bg/Oaijj2 -  50 to 90 cm; Oaf: black (10 YR 2/1) muck; Bg dark grayish brown (2.5 Y 

4/2) silt loam; moderate medium reticulate structure; extremely firm (frozen), slightly 

plastic and sticky; reacts strongly to a ’ a ’-dipyridyl; clear smooth boundary (0-30 cm) 

(AK03082)

Oajj/Cf -  90-110 cm; Cf: gray (2.5Y 5/1) silt loam; Oa: (10 YR 3/2) muck; moderate 

medium reticulate structure; extremely firm (frozen), slightly sticky and plastic; 65% ice; 

reacts strongly to a ’ a ’-dipyridyl (AK03083)

Cf 110 to 140 cm; silt loam; massive; extremely firm (frozen) (AK03084)
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UAF-SNRAS-AFES Arctic Soil Program

Pedon Decription

DATE Sampled: 08/22/2003

Soil Series:

Site Reference: Pipeline MP20

USDA-NSSC Site Identification: 03AK-185-004 

Laboratory Information 

Lab Pedon #: 04N0276

Location Information

Soil Survey Area #: 185 Arctic Coastal Plain 

Latitude: 69 degrees 59.046 minutes N 

Longitude: 148 degrees 41.619 minutes W 

W0432662 UTM 7187078 Zone 6

Slope Characteristic Information 

Slope: 0 percent 

Aspect: 0

Horizontal Shape: plane 

Vertical Shape: plane

Elevation: 37 m asl (GPS)

Physiography: Arctic Coastal Plain 

Local: flood plain
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Geomorphic Position: River terrace 

Microtopography: low-centered polygon, 9-15 m dia.

Parent Material and or/Bedrock Information 

Parent material: alluvium

Vegetative Information:

Landcover type: wet nonacidic tundra

Plant Names: Carex aquatis, Salix arctica, S.reticulata, Eriophorum vaginatum, Dryas 

integrifolia M. Vahl, Arctostaphylos rubra, and mosses

Drainage: poor 

Runoff: negligible

Climate: MAP: 250mm, est. MAAT:-2°C est. MAST: - 0.5°C est.

Type of Erosion: none 

Degree of Erosion: none

Classification: Coarse-loamy, mixed, active, pergelic Typic Histoturbel 

Land use: wildlife habitat

Described and sampled by: C.L. Ping, John Kimble, Gary Michaelson, Patrick Borden, 

Lynn Everett, E.C. Packee, Carolyn Rosner, C.A. Seybold (all colors are for moist unless 

specified)
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Oi — 0 to 2 cm; peat; abrupt smooth boundary

Oe — 2 to 18 cm; very dark grayish brown (10YR3/2) mucky peat; weak, medium platy 

structure; very friable, nonplastic and nonsticky; many fine roots; abrupt smooth 

boundary (AK03094)

Bgl -- 18 to 30 cm; dark gray (2.5Y4/1) mucky fine sandy loam; saturated; weak coarse 

platy structure; very friable, slightly stick and slightly plastic; many fine roots; abrupt 

smooth boundary (AK03095)

Oe’ -- 30 to 40 cm; very dark gray (10YR3/1) muck peat; massive (wet); very friable, 

nonsticky and nonplastic; many fine roots; 0.5 cm sand lens at the bottom; abrupt wavy 

boundary (AK03096)

Bg2 -  40 to 45 cm; dark gray (2.5Y4/1) fine sandy loam; massive, saturated; slightly 

firm, slightly stick and slightly plastic; abrupt smooth boundary (AK03097)

B g f- 45 to 60 cm; dark gray (5Y4/1) sandy loam; massive; extremely firm (frozen), 

nonsticky and nonplastic; vertical ice veins 2 mm thick and 4-5 cm apart; abrupt irregular 

boundary (AK03098)

Cf/Oejj — 60 to 70 cm; 60% dark gray (5Y4/1) loamy sand and 40% very dark gray 

(10YR3/1) muck; common, medium (3-4 mm in dia.) distinct ((7.5YR3/1) Fe 

concentrations around root channels and root remains; strong fine reticulate structure 

with vein ice of 2-3 mm thick in Cf and thin ice lens (1mm) in massive Oejj, extremely 

firm (frozen), nonsticky and nonplastic; abrupt wavy boundary (AK03099)
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O ab f- 70 to 95 cm; very dark gray (7.5YR3/1) muck with 1 cm light gray (10YR7/1) 

band of shell; massive; extremely firm (frozen), nonsticky and nonplastic; abrupt smooth 

boundary (AK030100)

Cf/Wfm -  95 to 110 cm; dark gray (5Y4/1) sandy loam; massive; moderate medium 

reticular structure; extremely firm (frozen), nonsticky and nonplastic; 3% pebbles; 45% 

vein ice as ice net (AK030101)


