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Abstract After vegetation fires considerable

amounts of severely or partly charred necromass

(referred to here as char) are incorporated into

the soil, with long-term consequences for soil C

and N dynamics and thus N availability for

primary production and C and N transport within

the soil column. Considering results reported in

the pyrolysis literature in combination with those

obtained from controlled charring of plant mate-

rial and soil organic matter (SOM), it has become

clear that common models claiming char as a

graphite-like material composed mainly of highly

condensed polyaromatic clusters may be oversim-

plified. Instead, I suggest a concept in which char

is a heterogeneous mixture of heat-altered bio-

polymers with domains of relatively small polya-

romatic clusters, but considerable substitution

with N, O and S functional groups. Such a

concept allows fast oxidation facilitating both

microbial attack and dissolution. Although, char

is commonly believed to degrade more slowly

than litter, over the long term and under oxic

conditions, char may degrade to an extent that it

becomes indistinguishable from naturally formed

SOM. Oxygen depletion or environments with

low microbial activity may be necessary for char

to survive without major chemical alteration and

in considerable amounts for millennia or longer.

Keywords Pyrolysis � Charcoal � Black carbon �
Black nitrogen � Aromatic � Alkyl

Introduction

Soil organic matter (SOM) is highly heteroge-

neous. For modeling purpose, it can be divided

into a young or active fraction that responds to

recent environmental changes (i.e. management

practices or reforestation), an intermediate pool

with turnover times of years and decades, and a

recalcitrant or passive pool with at least several

100–1,000 years of residence time (Smith et al.

1997). Both quality and quantity of these pools

are affected by vegetation fires. Burning of

biomass releases from 2 · 1015 g to 6 · 1015 g

carbon per year as CO2 (Crutzen and Andreae

1990; Wittenberg et al. 1998), a part of which

returns to the biosphere via rain and photosyn-

thesis (Johnson and Curtis 2001). Further,

between 50 · 1012 g and 270 · 1012 g of so-called

‘‘Black Carbon’’ (BC) are annually produced by

partial combustion of biomass (Kuhlbusch and

Crutzen 1995). Because of its high chemical

resistance and its survival potential in sediments

and some soils (Hopkins et al. 1990; Masiello and

Druffel 1998), char is often assumed to reside in
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the passive SOM pool (Kuhlbusch 1995;

Kuhlbusch and Crutzen 1995; Schmidt and Noack

2000) and, thus, to represent an important global

sink for C (Kuhlbusch 1998). Fire has complex

effects on size and quality of many ecosystem C

pools. These effects range from reduction or

elimination of aboveground and topsoil biomass,

with a subsequent shift in plant and microbial

populations, to alterations of physical and chem-

ical properties of the soil. These changes can have

long-term effects on microbiologically and bio-

chemically mediated processes and therefore can

alter the humification processes. Here, humifica-

tion describes the formation of SOM with high

recalcitrance and involves degradation and mod-

ification of organic precursors but also the mech-

anisms that are responsible for the stabilization of

the respective products.

Soil organic matter transformation and stabil-

ization by fire continue to receive attention

(Neary et al. 1999; González-Pérez et al. 2004;

Certini 2005), but reports on SOM alteration due

to fire often lead to divergent conclusions, which

makes it difficult to postulate a generalized model

about the lasting effects of fires on SOM. Thus,

the intention of the present review is to synthesize

present literature and to extract a possible com-

mon pattern describing the impact of fire on SOM

composition and stabilization.

Ecological importance of vegetation fires past

and present

Over geological times natural vegetation fires

have shaped regional ecology (Jones and Chal-

oner 1991; Bird 1995; Schmidt and Noack 2000).

Even the global soot layer at the boundary

between the Cretaceous and Tertiary periods has

been attributed to global wildfire caused by a

meteorite impact (Wolbach et al. 1988; Venkate-

san and Dahl 1989), which was estimated to have

burned about 25% of the worldwide above-

ground biomass (Ivany and Salawitch 1993). With

the development and the spread of hominids using

fire to gain land suitable for hunting and agricul-

ture, the importance of anthropogenic fires for

changing environments increased continuously

(Caldararo 2002; Carcaillet et al. 2002). Although

grasslands, savannahs and fire-adapted vegetation

existed long before the Pleistocene, humans pro-

moted the expansion of savannahs by burning the

forest margin and by depleting the populations of

large herbivores that had previously helped

reduce fuel loads. The increasing human influence

during the Neolithic age supported the expansion

of evergreen sclerophyllous trees in the Mediter-

ranean basin (Willcox 1999) and of conifers in cold

temperate forests (Björkman and Bradshaw

1996). Currently, approximately 10–15 · 106 ha

of boreal and temperate forest, 20–40 · 106 ha of

tropical forests, and up to 500 · 106 ha of tropical

and subtropical savannahs, woodlands and open

forests are burnt every year (Goldammer 1993),
mostly due to human activity (90–97% in USA,

Siberia and Mexico) (Zhukov 1976; Caldararo

2002).

Fire severity spectrum and temperature regime

The impact of fire on SOM depends largely on the

chemical and physical properties of the soil,

the nature of the biological communities of the

respective ecosystem, and the severity of the fire.

Prescribed fires are controlled and commonly

initiated at moderate soil moisture levels. Gener-

ally they show low severity. Wildfires, on the

other hand, occur uncontrolled in the presence of

an abundant and dry fuel load and can be very

severe. However, due to high variation in local

factors, their severity is highly variable (Kutiel

et al. 1995).

Fire intensity, an integral part of fire severity,

refers to the rate at which a fire produces thermal

energy. Resulting temperatures can range from

50�C to 1,500�C and heat release can vary

between 2.1 · 103J kg–1 and 2.1 · 106 J kg–1 of

fuel (Neary et al. 1999). Rates of fire spread can

vary from 0.5 m week–1 in smoldering peat fires

to as much as 7 km h–1. Fast moving fires on grass

may be intense in terms of energy release per unit

area, but do not transfer the same amounts of

heat to mineral soil or soil organisms as do slow-

moving fires in moderate to heavy fuels (Rollins

et al. 1993).
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Threat of wildfire is exacerbated by long warm

and dry seasons. The danger is more pronounced

if the previous season was highly productive,

resulting in a high fuel load. At dry and sandy

soils, low water supply fosters flammability. Such

sites are dominated by surface fires, consuming

mostly only the litter layer and the above ground

vegetation. Here, the heat radiation commonly

affects only the upper 30–40 mm of the topsoil.

Depending on the thickness of their bark,

increasing fire intensity results in the death of

trees. To develop a crown fire, fuel load must be

large enough for the flames to reach the canopy.

Draining peat bogs and swamps can increase

fire frequency as dried peat is easily ignited and

provides a large fuel load. In contrast to surface

fires in which the rooting mats are usually not

attacked, peat fires can burn down several meters

below the surface and can smolder indefinitely.

They are even capable of surviving several

centimeters of rainfall and can destroy the rooting

systems of most plant species. The loss of organic

material due to peat burning can be so dramatic

that the peat surface sinks noticeably with respect

to its surroundings (Haslam et al. 1998; Rollins

et al. 1993).

In fire-prone scrublands temperatures between

700�C und 1,000�C were observed (Rundel 1983).

During forest fires, maximum ground tempera-

tures are typically in the range of 200–300�C. On

the other hand, under heavy fuels like slash,

instantaneous temperatures can exceed 1,500�C,

but the measured soil-surface temperatures at

such sites peak at only 500–700�C (Neary et al.

1999 and references therein). Those temperatures

are in agreement with temperatures found in

organic layers during experimental burns (Savage

1974; Raison 1979; Campbell et al. 1995). Fires in

grassland with fuel loadings of <1 Mg ha–1 usually

have ground-level temperatures of <25�C

although higher instantaneous temperatures have

been measured (Raison 1979). With low-severity

soil heating, mineral soil temperatures typically

do not exceed 100�C at the surface and 50�C at

5-cm depth (Campbell et al. 1995). For example,

during a grass fire in Papua and New Guinea

(Scotter 1970) a rapid increase of the surface

temperature to 300�C was observed, but temper-

atures above 100�C lasted only 80 s. At 2-cm

depth the temperature did not exceed 35�C and at

4 cm no change in temperature was observed.

Similar results are reported by Raison (1979). The

degree of heating at any soil depth depends on

factors such as intensity and duration of heat

transfer, heat conductivity of the mineral phase,

soil porosity, and soil moisture. In general, in dry

soils below-ground temperatures will rise very

slowly because they are very good insulators

(DeBano et al. 1998). Heat is transported faster

and penetrates deeper in moist soils than in dry

soils. However, because of evaporation, temper-

atures do not exceed 95�C until the water content

drops below 0.02 m3 m–3 (Campbell et al. 1995).

Due to a higher content of air-filled coarse pores,

sandy soils are better insulated against heat

transfer than loams.

Temperatures between 40�C and 70�C are high

enough to start biological tissue disintegration.

Between 48�C and 54�C, roots can be desiccated

or killed. Between 70�C and 90�C seed mortality

begins, and mortality of microbes occurs between

50�C and 121�C (Hernández et al. 1997; Neary

et al. 1999). Although considerable C can be lost

at lower temperatures, organic matter is com-

monly volatilized at temperatures between 200�C

and 315�C (Lide 2004). Between 130�C and 190�C,

lignin and hemicellulose begin to degrade (Chan-

dler et al. 1983). Above 200�C the carbonization

processes starts (Freitas et al. 1999). Under oxic

conditions at around 460�C almost all unprotected

SOM is combusted. At 200�C nitrogen (N) starts

to volatilize and above 500�C half of the N in

organic matter is lost to the atmosphere. Temper-

atures of more than 760�C are needed to vaporize

potassium (K) and phosphorus (P). Sulfur (S) and

sodium (Na) volatilize above 800�C and 860�C,

whereas magnesium (Mg) and calcium (Ca) are

lost only at temperatures above 1107�C and

1240�C, respectively (Lide 2004).

Impact of fire on soil properties

Liming effect

The physical and chemical properties and pro-

cesses of soils have direct effects on biomass

productivity and SOM dynamics. Thus, their
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alteration during fire can substantially affect

SOM quality and quantity both in the short and

the long term.

After combustion of vegetation and organic

horizons during a fire, nutrient-rich ash remains,

the fertilizing effect of which has been known

since the beginning of agriculture (Pyne 2001).

The increase in pH, the so-called liming effect,

has a positive impact on the biological recovery of

soils after fire (Baath and Arnebrant 1994;

Chambers and Attiwill 1994). However, signifi-

cant pH increases occur only at high temperatures

(>450�C). In acid top soils, increases of up to

three pH units were observed immediately after

burning (Ulery 1993). This rise can be attributed

to the accumulation of K- and Na-hydroxides,

Mg- and Ca-carbonates, but also to destruction of

acid groups in the organic matter (Giovannini

et al. 1990; Kutiel and Inbar 1993; Dumontet

et al. 1996). The latter effect was shown to persist

even 3 years after burning and to maintain a

moderately alkaline soil pH. The other mineral

elements are eventually solubilized and leached

during the wet season resulting in concentrations

that can be less than levels observed for unburned

control soils. Carbonates resist temperatures up

to 1,000�C, thus fire-induced increase in pH is

negligible in carbonate-rich soils.

The release of inorganic ions from combusted

organic matter leads to a considerable increase in

electrical conductivity of the soil solution (Kutiel

and Inbar 1993; Hernández et al. 1997), but soil

ion exchange capacity was found to decrease due

to loss of adsorption sites with destruction of

SOM (Badı̀a and Martı́ 2003).

Nutrient availability

The effect of burning on soil N presents a paradox

that has been debated for years (Neary et al.

1999). Beside N losses to the atmosphere, biolog-

ical and non-biological processes after and during

low-intensity burning transform organic N forms

into more available ammonium and nitrate N and

dissolved organic matter (DOM) (Prieto-Fernán-

dez et al. 2004). Whereas ammonium is a direct

product during biomass burning, nitrate requires

nitrification. In undisturbed soils vegetation com-

petes strongly with nitrifiers for NH4
+. Destruction

of the vegetation and combustion of allelopathic

compounds, such as terpenes and phenolics,

increases nitrifier abundance and thus the trans-

formation of NH4
+ to NO3

– (Andersson et al.

2004). However, without any plant uptake, nitrate

will be lost from the ecosystem either by denitri-

fication or leaching. Without prompt vegetation

regrowth, this N loss can affect plant succession

and productivity and thus litter production. The

latter will have a direct impact on size and quality

of the active SOM pool.

The main P pool is in the soil mineral matter

(94–98%), but organic P from litter is more

readily available to plants, and cycling is primarily

through the organic P pool. Burning converts the

organic P pool to orthophosphate (Cade-Menun

et al. 2000), the only form that is available to

plants. On the other hand, removal of the

vegetation by combustion depletes the above-

ground P pool faster than it can be replaced by

mineral weathering.

Recovery of soil nutrient levels can be very

slow; even 35 years after a wildfire, N and P

concentrations h ad not recovered to levels found

in a control stand not subjected to burning for the

last 300 years (Klopatek 1987).

Accumulation of hydrophobic compounds

After fire, a discrete layer with enhanced water

repellency is typically found on the soil surface or

a few centimeters below and parallel to the

mineral soil surface (DeBano 2000). This layer

is enriched in hydrophobic organic compounds.

Although such compounds occur in fire-unaf-

fected soils, their abundance is increased by fire

(Almendros et al. 1992; Fernandez et al. 2004;

Knicker et al. 2005a) due to greater stability of

lipids and lignin derivatives but also due to the

neoformation of aromatic polymers (Almendros

et al. 2003). Additionally, burning of the litter

layer on the soil surfaces vaporizes organic

substances, which move downwards along steep

temperature gradients. Reaching cooler areas

they condense (Savage 1974). In laboratory heat-

ing experiments, the water-repellent layer moved

down 10 mm after low-intensity fire and as much

as 50 mm after high-intensity fire (Robichaud and

Hungerford 2000). This downward movement
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may continue even after a fire has moved past an

area, because the continuing heat transfer

through the profile re-volatilizes some hydropho-

bic substances (DeBano 2000). Water repellency

can also be intensified by heating the organic

particles to an extent that they coat and become

chemically bonded to mineral soil particles

(Giovannini et al. 1983).

Little change in water repellency occurs when

soils are heated less than 175�C (DeBano 2000)

and the hydrophobic layer is destroyed at tem-

peratures between 280�C and 400�C (Savage

1974; DeBano et al. 1977). However, depending

on fire behavior and severity, and on temperature

gradients in the soil, the depth and thickness of

the water repellent layer produced during fire can

vary widely. Also soil properties such as SOM

content (Doerr et al. 1998), soil texture (Giovan-

nini et al. 1990; Huffman et al. 2001), soil water

content (Robichaud and Hungerford 2000; Mac-

Donald and Huffman 2004) and the general soil–

plant environment affect their formation. Their

presence beneath a thin wettable soil layer affects

infiltration of water much as would a coarse-

textured layer.

Concerning the persistence of water-repellent

soil layers, Huffman et al. (2001) observed a

weakening 3 months after a fire. In other studies,

2 years after clear-cut and slash burning there was

no evidence of fire-induced water repellency

(Henderson and Golding 1983). In ponderosa

pine forests, water repellency progressively weak-

ened and was statistically undetectable 1 year

after burning (MacDonald and Huffman 2004).

Impact on soil biology and enzyme activity

Size and activity of microbial biomass in soils are

other parameters affecting the SOM turnover

rate. Since soil microbial biomass is concentrated

in the surface 2.5 cm and declines rapidly with

depth, the region of highest biological activity

experiences the highest temperature during fire.

The immediate effect of fire on soil microorgan-

isms is a reduction of their biomass, with fungi

being more affected than bacteria (Pietikäinen

and Fritze 1995; Dumontet et al. 1996). In

extreme cases, the topsoil undergoes complete

sterilization of metabolically active organisms,

although inactive forms may survive. Thus, for-

mation of spores and microbial adaptation in

response to prior drought stress increase micro-

bial survival after fire. Heating soil to tempera-

tures to 600�C reduced the microbial C and N to

amounts undetectable with the fumigation–

extraction method regardless of the duration of

the fire (Diaz-Raviña et al. 1992). Grasso et al.

(1996) found no significant difference in microbial

population before and immediately after heating

a soil at 450�C for 3 min and related this to the

relatively low temperature reached in the sample.

Moisture intensified the heat-induced microbial

mortality, possibly due to faster heat transfer.

Also a history of repeated fire can diminish

biomass C relative to soils that have been only

heated once (Choromanska and DeLuca 2002).

Toxic compounds, such as polychlorinated

dibenzo-p-dioxins, dibenzofurans and polyaro-

matic hydrocarbons (PAH) are redistributed

within soil after a fire (Kim et al. 2003). Such

compounds can also cause mortality of soil

organisms, whose survival and recolonization

may then be further altered through reduction

and modification of SOM as well as changed

physical and chemical soil properties.

In agreement with other studies, abundance of

heterotrophic bacteria, including spore formers,

increased after fire (Raison 1979; Vázquez et al.

1993). The magnitude of the response appeared

to be related to the amount of litter remaining

after the fire. Ten days after moderate burning,

Grasso et al. (1996) found that the aerobic

microbial population had increased by a factor

of 2.7 with respect to a control soil and explained

this by the deposition of ash and the resulting

nutrient flush to the soil. A nutrient flush was also

noticed by Almendros et al. (1990) and Fernán-

dez et al. (1997), which can explain the increased

respiration rates directly after burning. However,

by 30 days after the fire, bacterial numbers had

decreased considerably (Grasso et al. 1996), pos-

sibly because of leaching of the ash to lower

horizons.

Soil temperatures above 120�C increase levels

of soluble sugars, which has been attributed to the

destruction of microbial biomass (Choromanska

and DeLuca 2002). Diaz-Raviña et al. (1992)
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showed that 70% of the C mineralized during

heating originated from microbial tissues. How-

ever, some of the released compounds derive

from destroyed non-microbial constituents (Fern-

ández et al. 1997) such as cellulose, since heat

increases SOM and litter decomposability. Four

weeks after an intense fire, there was no signif-

icant difference in biomass C in a surface soil

(0–5 cm) relative to a control soil. However, after

1 or 11 years of recovery, biomass C and N had

decreased (Dumontet et al. 1996), possibly due to

consumption of released nutrients. Similarly, soil

heated at 160�C showed considerable recovery of

the microbial biomass after 1 month, whereas

during the following 6 months a steady decline of

the microbial biomass was noted. In some soils,

such alterations in the mineralization indices

persisted at least 2 years after wildfire (Fernández

et al. 1999). In other studies, it took microbial and

fungal biomass at least 10 years after fire to

recover to values reported for unburned soils in

the literature (Fritze et al. 1993). To hasten

reestablishment of microbial populations and soil

quality after fire, organic amendments in the form

of poultry manure combined with planting of a

cover crop have been suggested (Villar et al.

2004).

Fire often results in effects on SOM and the

microbial community that can be detected by

quantifying enzyme activity. For example, acid

phosphatase activity decreased after fire, a

decrease still detectable 2 years later (Hernández

et al. 1997; Boerner et al. 2000; 2005). It was

concluded that the effect of fire on this enzyme

was, to some extent, caused by a change in

substrate availability. Intense fires and multiple

fires also decreased b-glucosidase activity and

enhanced phenol oxidase activity (Hernández

et al. 1997; Boerner and Brinkman 2003). The

activity of urease and N-a-benzoyl-L-arginina-

mide hydrolysing protease, both of which are

involved in the breakdown of C–N bonds in urea

and polypeptides, was reduced by wildfire (Her-

nández et al. 1997). These changes in enzyme

activity, in particular the decreases, can partly be

explained by thermal enzyme denaturation or to

inactivation of enzymes associated with soil col-

loids, but they may also result from changes in the

composition of soil microflora and SOM.

Mycorrhizae play an important role in ecosys-

tem function. Studies have shown that this

symbiosis decreases with increasing levels of

stress. However, fire has produced variable effects

(Neary et al. 1999). Klopatek et al. (1988) found

that levels of vesicular-arbuscular mycorrhizae

propagules (VAM) were reduced moderately at

soil temperatures <50�C, significantly at 50–60�C,

and severely when temperatures reached

80–90�C. At 94�C there was a total loss of

VAM. However, other studies show a temporary

increase in mycorrhizal activity in a tall grass

prairie ecosystem after burning (Bentivenga and

Hetrick 1991). It was suggested that the response

of mycorrhizal activity to fire can be attributed to

changes in the host plant rather than to a direct

effect of fire (Neary et al. 1999), because the fire

temperatures are usually not high enough to kill

all the plants, thereby leaving a large residual

mycorrhizal pool in the soil and in the plant roots.

Input of char after burning can stimulate the

establishment and activity of ectomycorrhizae

(Harvey et al. 1976), and char strongly sorbs

phenols, which can inhibit mycorrhizal germina-

tion and growth. Other studies show lower

microbial populations and lower activity in soils

under tropical deciduous forest vegetation after

fire and in unburned soils amended with ash

(Garcı́a-Oliva et al. 1999).

Impact of fire on SOM content

The effect of fire on SOM depends on fire

intensity, vegetation type, and fuel load as well

as soil texture and even slope. Intense fire can

lead to complete destruction of the organic layer

and SOM in the topsoil (Fernández et al. 1997;

Haslam et al. 1998). After moderate and pre-

scribed wildfire, effects are minor and organic C

and N sometimes even increase due to input of

partly charred material or litter from decaying

trees (Almendros et al. 1988; 1990; Knicker et al.

2005a)

Burning grasslands to remove dead and dying

vegetation often results in grass growth earlier in

the growing season, which increases dry-matter

production (Ojima et al. 1994). On the other

hand, in some grassland landscapes that burn
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frequently, a decline of SOM content with time

was reported in particular for the upper few

centimeter (Bird et al. 2000; Parker et al. 2001;

Fynn et al. 2003). Comparing nineteen sites

across South Africa, the SOM contents in the

upper cm of unburned soils were two to three

times those in frequently burned plots (Mill and

Fey 2004). Taking composite 0–10-cm samples,

differences were less dramatic. Composite sam-

pling can dilute the properties, of the fire-affected

layer and thereby confound and obscure effects of

fire on soils.

The decline in SOM as a result of frequent

burning is attributable to several processes oper-

ating simultaneously. Intense fires combust the

SOM in the upper few cm of the soil, but such

fires also combust aboveground biomass and leaf

litter reducing organic matter inputs to the soil.

The removal of plant cover increases the temper-

ature of the soil surface and the number of

wetting and drying cycles, which may enhance

microbial activity and thus rates of mineralization

of the remaining SOM (Mill and Fey 2004). The

increased alkalinity due to ash further solubilizes

C, which can be removed by microbial degrada-

tion or by leaching. Plant root death, a further

possible factor affecting SOM loss in burned

plots, could either decrease mineralization if

exudates inhibit microbial activity or increase

mineralization if such compounds promote it.

Lastly, loss of SOM with frequent burning was

suggested to be a key factor promoting soil

crusting in savannahs (Mill and Fey 2004), with

important consequences for the water infiltration

and erosion.

In another study fire was excluded from trop-

ical savannahs for from 15 years to 20 years.

Here, annual grasses were largely replaced by

woody shrubs. Relative to shrubs and trees,

grasses tend to have a shallow rooting system,

which can contribute detritus to the upper soil

after fire. Replacing grass by woody shrubs will

reduce this input (Chen et al. 2005) and decrease

SOM content, whereas the fire cycle causes

vigorous grass re-growth and thus an increase in

SOM (Ansley et al. 2002). However, such

increases may only be observed in the upper soil

horizons, because reduced tree cover tends to

decrease recalcitrant soil C pools in the deeper

horizons (Boutton et al. 1999). Accordingly,

increased dead-root deposition in response to

regular grassland burning can increase soil

organic C (Ojima et al. 1994) although no

increase was found at a depth of 10–20 cm (Dai

et al. 2005).

The timing of burning can also greatly influ-

ence effects on SOM content. Whereas annual

and biennial spring burnings seem not to affect

organic C in the top 2-cm, fall and winter burning

on an annual and biennial basis caused a decrease

(Fynn et al. 2003). With spring burning, litter

could be decomposed and incorporated into the

soil in the previous winter by soil fauna. After fall

and winter burning, on the other hand, the soil

surface is left partly exposed over the dry winter

period and some loss of surface soil and litter

through wind erosion can occur.

Runoff and consequent sediment loss after fire

varies considerably, both in space and time

(Kutiel et al. 1995). Andreu et al. (2001) ob-

served the highest soil losses over the first

4 months after a forest fire in Valencia, Spain.

The extent of the erosion, however, depends on

the time needed for recovery of the plant cover

(Cerda et al. 1995) and the formation of new soil

aggregates, both of which are related to microbial

activity. In Mediterranean ecosystems microbial

activity is greatest during winter and spring. Wild

fires, on the other hand occur mostly during the

dry and hot summer during which microbial

activity is lowest. This leaves the post-fire soil

almost unprotected during the following fall and

winter during which most of the precipitation

occurs (Andreu et al. 2001). Soil losses due to

erosion, in particular of the topsoil, will decrease

not only the remaining SOM content but also

nutrient levels. Recovery of new vegetation and

production of new litter will be delayed and

consequently formation of new SOM will be

inhibited. Both consequences have a positive

feedback on soil erodability. In particular on

steep slopes, such as in alpine regions, such

processes can result in complete loss of mineral

soil down to the bedrock.
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Impact of fire on SOM quality

To elucidate the full impact of char input on SOM

structure and properties, a good knowledge of its

chemistry is crucial. Although several models

describing char on a molecular level are reported

in the literature (Schmidt and Noack 2000), a real

understanding of the chemistry of char produc-

tion during vegetation fires is still missing. In the

following, an overview of the modes of produc-

tion of common char constituents is given.

Cellulose and pectin

Much plant char derives from cellulose, which is

built up of glucose units (Fig. 1a) and comprises

20–50% of plant dry mass. No major structural

changes were detected after heating microcrys-

talline cellulose experimentally to 200�C although

a weight loss of 10% was observed (Boon et al.

1994). However, little glucose was hydrolysable

from the resulting char, due probably to produc-

tion of complex glucans at such temperatures.

Important compositional changes were observed

above 270�C. New molecular structures, detected

by solid-state 13C nuclear magnetic resonance

(NMR) spectroscopy, were aliphatic C, phenol

and/or furan C, aromatic C, and carbonyl C.

Crystalline sugars were still detected but less

ordered glucans also started to appear. Fourier-

transformation infrared (FTIR) spectroscopy

data confirmed this general finding. Pyrolysis

mass spectrometry (PYMS) revealed a change

from carbohydrate dominated char at 250�C to

one with mainly phenols, furans and aromatic

hydrocarbons at 310�C (Fig. 1b). Furan-like com-

pounds are major products of cellulose pyrolysis

at temperatures >300�C (Ralph and Hatfield

1991; Bassilakis et al. 2001). Boon et al. (1994)

found evidence that with increasing temperature

nonvolatile anyhdroglucose cores with glycolal-

dehyde side chains act as aldol-condensation sites

for volatile enolic furans, glycolaldehydes, and

other small compounds released inside the char.

These small dissociation products act as the

molecular glue for the larger nonvolatile residues,

which form a frame polymer that grows by

trapping small reactive pyrolysis products. They

suggested that the polyaromatic structure formed

at temperatures >250�C by reactions with radicals

is composed of furanoids, hydroxyaromatics,

unsaturated hydrocarbon side chains, and many

carbonyl and carboxyl groups. With more severe

heating, a disproportionation of the furan poly-

mer occurs by loss of CO and CO2 leading to a

purely aromatic polymer. As with cellulose,

furans, pyranones, anhydrosugars and 5-hydrox-

ymethylfurfural were also the main components

of chars produced by low-temperature pyrolysis

(25–300�C) of D-glucose and sucrose (McGrath

et al. 2003). No polycyclic aromatic hydrocarbons

(PAHs) (Fig. 2) were detected in this tempera-

ture range, but they were formed upon more

severe heating (300–600�C. Various two- to four-

ring PAHs were subsequently released from the

char into the gas phase. Addition of oxygen

reduced PAH yields. PAH formation in the

400–600�C range was thought to occur via a

Diels-Alder type reactions with subsequent trans-

formation and rearrangement reactions leading to

a more condensed PAH structure (McGrath et al.

2003).

Pectin (Fig. 1c), a water-soluble galacturono-

glycan, constitutes approximately 10–15% of

plant dry weight. Below 350�C the char yields

from both oxidative and non-oxidative pyrolysis

of pectin were the same and decreased with

increasing temperature. Above 350�C, the yield

leveled off to approximately 20% of the initial

substrate in non-oxidative runs. Supplying oxy-

gen, pectin was oxidized totally at 550�C (Sharma

et al. 2001). The analysis of the volatile products

showed that their composition changed with

pyrolysis temperature from mainly furans, pyra-

nones, anhydrosugars and 5-hydroxymethyl

furfural (Fig. 1a, b) at low temperatures to

phenol, catechol, and substituted phenols at high

temperatures.

Analyzing pectin char by solid-state NMR,

Sharma et al. (2001) showed that chemically,

oxidized and non-oxidized chars were virtually

identical. Weak resonances of non-pectin-C,

attributed to aliphatic, O-aryl, aryl and carbonyl

groups were observed at 200�C. Further heating

resulted in depolymerization, which occurred at a

lower temperature than for pure cellulose. At

350�C signals from galacturonic ring carbons

nearly disappeared, whereas the contribution of
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aromatic C continuously increased. Concomi-

tantly, O-aryl C showed a decrease. Only very

small amounts of ketones and aliphatic moieties

persisted at 550�C.

Lignin and chlorogenic acid

Lignin comprises between 20–40% of wood and

4% of grass material. The common monomeric

units of this polymer are phenylpropanol

(Fig. 1d), which are randomly linked together,

mainly via ether bonds but also C–C bonds

(Lüdemann and Nimz 1973). Heating lignin yields

char and volatile products that are mainly substi-

tuted methoxyphenols. The highest yield is

achieved at pyrolysis temperatures between

500�C and 600�C. Pyrolyzing pure lignin under

anoxic conditions caused approximately 40% and

a

b

c

d

e

Fig. 1 (a) Chemical
structure of cellulose and
its alteration during
charring (adapted from
Elias et al. 2001). (b)
Examples of products
resulting from charring of
cellulose. (c) Chemical
structure of pectin. (d) I.
Basic structure of a lignin
monomer, II. p-
Cumarylalcohol III.
Confierylalcohol IV.
Sinapylalcohol (e)
Chlorogenic acid
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60% to be volatilized at 450�C and at 750�C

(Sharma et al. 2004a). It was assumed that any

condensation reactions among the volatile prod-

ucts, leading to the formation of coke were absent

under such anoxic pyrolysis conditions. Repeating

the experiment under oxic conditions led to

similar char yields at temperatures up to 350�C,

but at 550�C only 20% remained as char. Com-

paring the oxic and anoxic chars by infrared (IR)

and solid-state 13C NMR spectroscopy revealed

similar qualitative alterations during pyrolysis.

Elevating the temperature from 250�C to 400�C

diminished phenolic C and alcoholic C yields.

Concomitantly, the methoxyl C vanished upon

heating the sample to 400�C. The O/C ratios

declined and IR stretching, indicating aromatic

hydrogen, increased. Both point towards removal

of aromatic substitutions. Fused-ring systems

seemed to be formed at about 400–500�C. New

aromatic rings were produced neither during

anoxic nor oxic degradation.

Summarizing the chemical alteration of lignin

during heating, Sharma et al. (2004a) suggested

that at low temperatures (<350�C) the predomi-

nant reaction is dehydration. Some decarboxyl-

ation occurs at higher temperatures but the

aromatic rings still remain essentially intact. Their

results indicate further that the extent of direct

dehydrogenation or demethanation is small. Na

and K enhanced the de-volatilization of lignin and

the PAH formation but decreased char yield.

Preliminary work with chlorogenic acid

(Fig. 1e) indicated that two- and three-ring PAHs

were formed by secondary condensation reactions

among the gas-phase pyrolysis products. Yields

from such reactions exceeded those from lignin

(Sharma and Hajaligol 2003), which is in agree-

ment with a lower reactivity of lignin pyrolysis

products. Also, the PAH yields were higher for

chlorogenic acid than for lignin.

Proteins and amino acids

Proteins thermally decompose via systematic and

random depolymerization reactions. One product

class is cyclic dipeptides, which are known as

diketopiperazines (Reeves and Francis 1998)

(Fig. 3). Pyrolysis of polymerized amino acids at

285�C and subsequent analysis with matrix-

assisted laser-desorption ionization-time-of-flight

mass spectrometry (MALDI-TOF MS) of the

char (Meetani et al. 2003) showed a mass loss of

18 Dalton (D) for polyphenylalanine and poly-

leucine that was not observed for polyproline.

The loss of 18 D was attributed to dehydration,

which can lead to the formation of cyclic

Fig. 2 Examples of polycyclic aromatic hydrocarbons
(PAHs)
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oligomers. These can be produced by nucleophilic

attack by the N-terminal amino group on the

C-terminal carbonyl in the chain followed by the

loss of water. Alternatively, the N-terminal group

can also attach to any carbonyl carbon in the

chain followed by the loss of the amino acid

residue to that carbonyl group. The loss of water

could also occur from amino-acid side chains of

otherwise straight-chain oligomers that contain

serine or threonine. Using a methionine enkeph-

aline-argenine-phenylalanine oligopeptide, Mee-

tani et al. (2003) demonstrated that in addition to

diketopiperazines other cyclic species are formed

by dehydration and head-to-tail cyclization.

During pyrolysis, polypeptides (Fig. 3) can also

undergo decarboxylation, deamination, and dehy-

dration to dipeptides, followed by a second

dehydration to yield a 2,5-diketopiperazine. Fur-

ther reactions are homolysis of the aliphatic side

chains and loss of water or ammonium to give

cyclic products (Chiavari and Galletti 1992). The

extent of these reactions depends on peptide

structure and on conditions and duration of the

pyrolysis. Low-molecular-weight heterocyclic

compounds form at temperatures of 200–300�C,

whereas above 500�C, polynuclear aromatic struc-

tures containing nitrogen (N-PACs) are also

produced (Sharma et al. 2003) (Fig. 4). Pyrolysis

of asparagine, aspartic acid, glutamine and

glutamic acid at 300�C resulted in substantial

char (64%, 66%, 30% and 27% of the starting

mass, respectively) (Sharma et al. 2003, 2004b).

Pyrolyzing char from asparagine and aspartic acid

at yet higher temperatures (625�C) produced

compounds related to maleimide and succini-

mide. Pyrolysis of glutamine at 300�C yielded

glutarimide as the major product (Sharma et al.

2004b). The occurrence of these reduction prod-

ucts was attributed to the formation of polypep-

tides in the pyrolysis melt and a subsequent

disportionation-type reaction leading to degrada-

tion to lower-molecular-weight products. This

reaction sequence can also explain the formation

of 2,6-dihydroxypyridine from poly(glutarimide).

The products from pyrolysis of proteins at

840�C consisted of aromatic hydrocarbons, their

N-containing analogs (nitriles and anilines), and

phenols (Higman et al. 1970). Unlike carbohy-

drates subjected to high temperatures, proteins

yield only small amounts of benzo[a]pyrene,

although higher molecular weight N-PACs, such

as benzocarbazoles and acridines (Fig. 4) were

observed. It is likely that N-PACs are formed in

multistep reactions, involving both pyrolysis and

pyrosynthesis from compounds that already con-

tain N. Pyrolysis of poly (L) proline at 700�C

yielded pyrrole (17%) and pyridine (1%) as the

major products (Johnson et al. 1972). N-PACs,

however, were either not found (700�C) or found

in very small amounts (800�C). Indole, isoquino-

line, quinoline and picoline have also been

reported as pyrolysis products of proline (Higman

et al. 1970). In another study, proline was com-

pletely converted into volatile products at 300�C,

resulting in no char. In the tar, defined as the

volatiles, which exit the oven and were trapped,

the major product identified was 2,5-diketopiper-

azine. A similar finding was reported for pyrolysis

at 600�C by Britt et al. (2004). Decarboxylation of

2,5-diketopiperazine yields pyrrolidine and a

sequence of dehydrogenation steps then leads to

pyrroline and pyrrole (Chiavari and Galletti

Fig. 3 Pyrolysis reactions
of amino acids (Britt et al.
2004; Chiavari and
Galletti 1992)
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1992). Sharma et al. (2003) heated (>870�C) the

char remaining after 300�C pyrolysis of aspargine

and identified significant amounts of two- to four-

ring N-PACs such as naphthalenecarbonitrile,

pyrrolcarbazole, benzoquinoline and azapyrene.

A wide variety of PAHs were also found although

yields were much lower.

The thermal stability of nine amino acids was

measured in an oxygen-free atmosphere to gauge

the temperatures under which amino acids can

survive atmospheric entry of organic-bearing

space bodies. It was found that glutamic acid

and ß-alanine were the least stable, pyrolyzing

completely at 400�C (Douda and Basiuk 2000).

At the other extreme alanine was still detectable

at 800�C (0.4% recovery). Proline was still

detectable after heating to 500�C, glycine to

600�C, and valine and leucine to 700�C.

Maillard reaction

A reaction previously assumed to be responsible

for the long-term stabilization of organic N in

soils is the Maillard reaction (Ikan et al. 1996).

During this process, ammonia or free amino

groups of amino acids and amino sugars react

with carbonyl groups of sugars to form Schiff

bases, which subsequently undergo rearrange-

ments via Amadori intermediates (Fig. 5) to

produce dark-colored melanoidins. Doubts about

the importance of this reaction in soils stem from

the low reactivity of Schiff bases at room tem-

perature. The formation of melanoidins in such

environments, therefore, may be in strong

competition with microbial use of released N

compounds to build up new biomass. However,

under fire conditions formation of such com-

pounds can be expected.

Pyrolysis of Amadori compounds that had

been formed by reacting glucose with asparagine,

valine, leucine and threonine yielded ketones,

aldehydes, pyridines, pyrazines, pyrroles and car-

boxylic acids (Coleman and Chung 2002). Pyro-

lysis of the Amadori product of proline with

glucose produced two to eight fold more N-PACs

and PAHs at 700�C and at 800�C than did

pyrolysis of pure proline (Britt et al. 2004). This

yield difference was attributable to the participa-

tion of glucose since pyrolysis of a 1:1 mixture of

proline and glucose produced products similar to

that produced by the Maillard reaction alone. It

was further shown that glucose enhanced the gas-

phase formation of N-PACs and PAHs during

low-temperature pyrolysis of proline. Thus, glu-

cose seems to provide a low-temperature pathway

for the decomposition of proline and possibly

other amino acids, which subsequently leads to

formation of N-PACs and PAHs.

Charring of plant residues and SOM

Subjecting peat to controlled laboratory heating

at 350�C produced a weight loss of 50% after

180 s heating time. The loss of C, H, O, N

followed non-linear kinetics (Almendros et al.

2003). O and H were lost faster than C but slower

than N. These results coincide with those for soil

humic and fulvic fractions, and for sapwood and

wood from Eucalyptus saligna and E. grandis

during laboratory heating (Almendros et al. 1990;

Baldock and Smernik 2002; Trompowsky et al.

2005). In fact, when the changes were plotted in a

van Krevelen diagram, the progressive decrease

Fig. 4 Examples of heteroaromatic-N and N-containing
PAHs (N-PACs)
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of the H/C and O/C atomic ratios indicate

dehydration reactions in samples subjected to

moderate heating, whereas decarboxylation and

demethylation dominate in the more severely

heated samples (Almendros et al. 2003). Solid-

state 13C NMR spectroscopy confirms that, under

relatively mild heating, the main processes are

dehydration, dehydrogenation and degradation of

O-alkyl C (Freitas et al. 1999; Baldock and

Smernik 2002; Almendros et al. 2003) yielding

aryl C and furans. Losses were smaller for

methoxyl C and N-alkyl C. For peat heated at

350�C, the carbohydrate signal vanished after

only 50 s (Almendros et al. 2003). For a mineral

soil, at the same temperature a heating time of

10 min was necessary to reach this stage (Fig. 6)

(Dettweiler 2003). This is in agreement with

efficient protection of SOM due to low heat

conductivity of the mineral phase or interaction

of the mineral phase with SOM. Considering that

aboveground fires move quickly, SOM in the

mineral horizon is unlikely to be severely affected

by burning. Thus, the charred residues found in

an A horizon should derive mainly from charred

vegetation or from the partly combusted litter

that first accumulated on the floor but later was

transported into the mineral soil.

With heating of the peat at 350�C for more

than 90 s, more stable alkyl C and also carboxyl C

are removed and only a portion of recalcitrant,

cyclic or branched paraffinic structures remain in

a condensed unsaturated matrix (Almendros

et al. 2003). Concomitantly the aryl-C content

increases. Based on this observation the aromatic

C/alkyl C ratio has been suggested as an index of

the degree of charring of plant material and SOM

(Knicker et al. 2005b).

Pyrolysis-GC/MS showed that even after

severe heating of grass residues substantial

amounts remained of some resistant plant com-

ponents (González-Vila et al. 2001). Whereas the

tetrapyrrole moiety of chlorophylls was rapidly

destroyed, the phytol portion turned out to be

more resistant, leading to phytadiens as an

intermediate, and subsequently to phytenes and

pristenes. The alkyl products showed characteris-

tic yields in terms of heating time. The major

decreases for the phydatdienes and fatty acids

were observed after 75 s heating and for

n-alkanes after 80 s. Paraffinics and sterols were

more stable. The lignin backbone confirmed its

relatively high resistance against heat as was

already reported for pure lignin during pyrolysis

(Sharma et al. 2004a). An increase of the relative

concentration of aromatic pyrolysis products with

a decreasing methoxyphenol/phenol ratio sup-

ports the idea of progressive demethoxylation and

the synthesis of new aromatic structures.

The atomic C/O ratio for plant material and

SOM heated at 350�C for various times averages

about 3 (Baldock and Smernik 2002; Almendros

et al. 2003; Trompowsky et al. 2005). This rela-

tively high O concentration is inconsistent

with the large and highly condensed aromatic

Fig. 5 Scheme of the
formation of melanoidins
from amino acids and
carbohydrates
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structures commonly proposed for soot and

charred organic materials (Schmidt and Noack

2000; Smernik et al. 2000), but confirms that

anhydrosugars, furans or furan-like structures

from cellulose and other carbohydrates are

important constituents of the molecular structure

of char (McGrath et al. 2003). Moderate heating

leads to little change in C/N ratios, which can be

as wide as 440–630 (atom/atom) for woody

material (Trompowsky et al. 2005) or as narrow

7–8.1 for young grass material (Knicker et al.

1996). Charred peat and humic acids had C/N

ratios between 40 and 35 and 16 to 14 (Almendros

et al. 1990, 2003). For burnt straw and other plant

material, C/N ratios of 29 and 47 are reported

(Fernandes et al. 2003), whereas heated A-hori-

zon SOM yielded a C/N between 13 and 32

(Dettweiler 2003). The fact that there are almost

no changes of the C/N ratios during charring

shows that N tends to be incorporated into

compounds that are fairly resistant to heating.

As demonstrated by solid-state 15N NMR spec-

troscopy (Fig. 7) such compounds are mostly of

pyrrole/indole type with minor contributions of

pyridine. Using Curie-point pyrolysis-GC/MS,

increasing yields of imidazoles (Fig. 4) were

observed with progressive isothermal heating of

grass residues (González-Vila et al. 2001).

Charred sapwood showed an atomic H/C ratio

of 0.54 (Baldock and Smernik 2002). Using solid-

state 13C NMR spectroscopy to measure this ratio

for the aromatic moiety of peat samples charred

under anoxic condition at 400�C (Freitas et al.

1999) and under oxic conditions at 350�C (Knicker

et al. 2005b), ratios of 0.71 and 0.52 were reported.

A plant derived char particle found in a fire

affected Cambisol A horizon (Knicker et al.

2005a) had a H/C ratio of 0.63 (unpublished result)

and char from wood from Eucalyptus saligna and

E. grandis produced at 550�C revealed atomic H/C

ratios of 0.36 and 0.37 (Trompowsky et al. 2005).

Using those ratios, one can calculate that in such

chars on average almost every second aromatic C

is connected to a proton. Even commercially

obtained barbeque charcoal yielded an atomic H/

C of 0.48, indicating that on average every second

C is protonated (Knicker et al. 2005b). This

relatively high protonation degree is supported

by using dipolar dephasing solid-state 13C NMR

experiments and demonstrates that most of the

aromatic C in char must occur in relatively small

clusters of at most six aromatic rings, possibly

connected by approximately two bridging Cs or

Os. Alternatively, benzanthracene-like structures

Fig. 6 Solid-state 13C NMR spectra of soil material from
the A horizon of a Leptosol under oak from central Spain
subjected to heating at 350�C under oxic conditions. The
spectra were obtained with a Bruker DSX 200 using the
variable-amplitude cross-polarization magic-angle-spin-
ning technique (Knicker et al. 2005b) after treating the
sample with 10% hydrofluoric acid to remove paramag-
netics and thus increase OM content. The chemical shift
assignments are listed in Table 1. Asterisks indicate
spinning side bands
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with two to five bridging C are possible. Fourier-

transform ion-cyclotron resonance mass spectrom-

etry has confirmed the occurrence of such

relatively small clusters in humic acid fractions

derived from volcanic-ash soils (Kramer et al.

2004) with linear chains of four to seven fused

aromatics. Condensed aromatic structures linked

by bridgehead carbons were detected only in

minor amounts. By comparison, char lacking a

high proportion of bridgehead carbon or graphitic

structures was also reported for forest-floor sam-

ples collected after surface fires in Siberian Scots

pine forests (Czimczik et al. 2003).

Table 1 Tentative chemical shift assignments of various
peaks in a 13C NMR spectrum

ppm Assignment

0–45 Alkyl C
45–110 O and N alkyl C

45–60 Aliphatic C–N, methoxyl C
60–95 O alkyl (carbohydrates, alcohols)
95–110 Acetal and ketal C (carbohydrates)

110–160 sp2-hybridized C
110–140 H aryl and C aryl C, olefinic C
140–160 O aryl C and N aryl C

160–220 Carbonylic C/carboxylic C/amide C
160–185 Carboxyl and amide C
185–220 Aldehyde and ketone C

a)

b)

c)

d)

Fig. 7 Solid-state 13C and
15N NMR spectra of (a)
Residues of Lolium
perenne degraded for
6 years under oxic
conditions (60 % WHC)
(b) Unburned soil
material from the A
horizon of a Cambisol
from southern Spain after
HF treatment (10% HF)
(Knicker et al. 2005a) (c)
Residues of Lolium
perenne charred for 2 min
under oxic conditions at
350�C (d) Burned soil
from the A horizon of a
Cambisol from southern
Spain 5 years after fire.
Prior to NMR
spectroscopy it was
treated with 10% HF
(Knicker et al. 2005a).
Asterisks indicate
spinning side bands.
Chemical shift
assignments are listed in
Tables 1 and 2
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Char content in soils

Measurements of char in soils often produce

conflicting results. For example, determination of

char concentrations in a reference material

(National Institute of Standards and Technology

SRM 1649a) by various methods gave values

ranging from 7% to 50% (Currie et al. 2002). In

an earlier intercomparison, the range of values

was even more striking, varying by a factor of 500

(Schmidt et al. 2001). These discrepancies maybe

due in part to lack of a common definition of char,

also often termed ‘‘black carbon’’ (BC) (Masiello

2004) and to the fact that different methods

were used that only cover a certain range of

combustion products included in the term BC. In

general BC is a continuum, ranging from slightly

charred biomass, which may be still microbially

degradable, to soot. The latter is a refractory

secondary combustion product formed by con-

densation of volatiles, most probably via a radical

mechanism. It differs significantly from charcoal,

which retains enough features to identify its

biological origin. Methods for quantification and

characterization of BC include microscopy, opti-

cal techniques to determine the blackness of a

sample, thermal and chemical degradation tech-

niques, and spectroscopic methods focusing on

the identification of typical pyrogenic chemical

structures (Schmidt and Noack 2000; Massiello

2004). However, one has to bear in mind that

each technique is appropriate only for a specific

region within the combustion continuum.

Estimates of char content in soils range from

2% to 8% of the SOM in tropical savannah burn

sequences (Bird et al. 1999) to 30% in some US

agricultural soils (Skjemstad et al. 2002). Char

constituted up to 24% of SOM in a Fimic

Anthrosol from the Amazon region (Glaser et al.

1998) and 4–17% in native North American

prairies soils (Glaser and Amelung 2003). In

sloping land under tropical slash-and-burn agri-

culture in Northern Laos, char contributed 3–5%

to the total organic C content in the B horizon

and between 6% and 7% in the A horizon

(Rumpel et al. 2006). In a number of German

Chernozems, up to 45% of SOM was char, most

of which occurred in the light fraction (Schmidt

et al. 1999). In Japanese Andosols the percentage

contribution of charred plant fragments in the

light fractions ranged from 3.4% to 33% of the

dry weight (Shindo et al. 2004).

In three studies based on fractionation by size

fractionation rather than density, most of the char

comprising 30% of the SOM in some Australian

topsoils was recovered in the <53-lm fraction

(Skjemstad et al. 1996, 1999). Similarly, the clay-

and silt-size fractions also constituted the main

char pool in native grassland soils from North

America (Glaser and Amelung 2003). In terra

preta soils, char concentrations were generally

higher in the light fraction than in the heavier

fraction, indicating that a major part of it was not

stabilized by interaction with the mineral phase

(Glaser et al. 2000). The char in the heavier

fractions, on the other hand, was partly embedded

within plaques of Fe and Al oxides on mineral

surfaces. Enhanced complexation of SOM with

metals after burning was also observed by Fern-

ández et al. (1997). The association with Al was

Table 2 Tentative assignments for the various chemical shifts in a 15N NMR spectrum

ppm Assignment compounds in biomass Other assignments

25 to –25 Nitrates, nitrites, nitro groups
–25 to –90 Imines, phenazines, pyridines, Schiff-bases
–90 to –145 Purine (N-7) Nitrile groups
–145 to –220 Chlorophyll, purines/pyrimidines, indoles,

imidazoles, pyrroles
Maillard products

–220 to –285 Amides/peptides, N-acetyl derivatives of
aminosugars, tryptophanes, prolines

Lactame (pyrroles, carbazoles, indoles)

–285 to –325 NH in guanidines Aniline derivatives
–325 to –375 NH4

+, –NH3
+, –NH2, –NHR and –NR2 groups,

free amino groups in amino acids and amino
sugars

Anilinium salts
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favored compared to that with Fe. Interactions

with metal oxides were suggested to be an

important stabilization mechanism for char in an

acid Haplic Chernozem in Germany (Brodowski

et al. 2005).

Char enrichment at 30- to 40-cm soil depth has

been reported for several soils, such as terra preta

soils in Brazil, but also Oxisols and Ultisols of the

Upper Rio Negro region of Colombia and Ven-

ezuela, (Saldarriaga and West 1986; Glaser et al.

2000). The Rio Negro pattern was attributed to

washing out of light char particles from the

surface by erosion, whereas the char transport in

terra preta soils was explained by bioturbation by

earthworms and termites. Char enrichment in the

silt fraction at a depth of 38–48 cm was also

reported for a Brazilian agricultural Acrisol

(Dieckow et al. 2005) and may have been due

to grassland fires that occurred before the area

was converted to agriculture. In Spanish soils

sampled 1 year after a severe fire, char-derived

compounds were identified in the B horizon,

which may indicate that at least some pyrogenic

compounds can be quickly transported into

deeper soil horizons (Knicker et al. 2006). On

steep sites, however, horizontal transport may be

more important than vertical transport (Rumpel

et al. 2006).

Chemical alteration of SOM in fire-affected soils

Direct effects on bulk soil organic carbon

Based on the differing chemical composition of

biologically altered and heavily charred plant

residues (Fig. 7), char inputs to soil could be

expected to lead to a considerable increase in

aromatic C in SOM (Golchin et al. 1997). This

increase would contribute to a decrease in polar-

ity and enhancement of water repellency as is

often observed in post-fire soils. However, SOM

at depths below the upper few centimeters mostly

remains unaffected by the fire. Thus the extent to

which the chemical composition and properties of

native SOM persist post-fire depend on the

quality and quantity of the char input (Knicker

et al. 2006).

Attributable to a more complete volatilization

during severe heating, the SOM of top horizons of

some Spanish soils showed a lower char accumu-

lation after intense and very intense fires com-

pared to medium intense burnings. The stronger

fire intensities resulted in a wider aromatic C to

alkyl C ratio of the incorporated char, demon-

strating that depending on the heat intensity the

produced chars can vary considerably with

respect to their chemical structure. Irrespective

of the fire type, indications were found that

oxidation of char can occur very early after the

fire. Multiple burning does not necessarily in-

crease the aromaticity of SOM as was seen for a

double-burn forest site in Central Spain (Knicker

et al. 2006). This may be because the first fire

destroyed the ground vegetation together with

the litter layer and killed most of the trees.

During the second fire 2 years later, the new

shrub and herb cover together with the decaying

char provided a more accessible fuel, which

burned completely leaving little char. Using C

content and solid-state NMR spectroscopy, it was

shown that at this site during the 2 years after the

second fire, fresh litter, rather then char, was the

main source of new SOM.

In some soils, char addition seems to cause

increases in proportions of aromatic C and

darkening of the SOM. For example, relation-

ships between the L-value (lightness) and char

content were observed for a color sequence of

German Chernozems (Schmidt et al. 1999). Char

input has been assumed to be important in the

formation of some deep black soils in Russia,

Eurasia, Canada, and California (Schmidt and

Noack 2000) and of Australian grassland soils

that had been under aboriginal use presumably

for 1,000s of years (Skjemstad et al. 1990).

Solubility of SOM

Humic extracts from soil and soot, from charred

grass, and from barley straw treated with HNO3

and H2O2 all revealed high aromaticity with

considerable contributions of carboxyl C (Hatch-

er et al. 1981; Schnitzer and Calderoni 1985;

Arshad and Schnitzer 1988; Haumaier and Zech

1995). Commercial charcoal and cinder prepared

by quenching a wood fire yielded a humic-acid
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fraction only after pre-treatment with KClO3-

HNO3, indicating that depolymerization and car-

boxylation of the char was required before it

became base-extractable. Similarly, the humic-

acid fraction was only a minor constituent of char

from bulk soil collected 5 years after a fire in

southern Spain (Knicker et al. 2005a), indicating

that under natural conditions some time for

degradation is needed to form humic and fulvic

fractions.

Soil organic matter and humic fractions from

volcanic ash soils in Japan that had been burned

annually contained more aromatic and carbonyl

C than unburned soils and soils where burning

ceased up to 100 years ago (Golchin et al. 1997).

Based on the observed similarities between the

humic acid fractions from volcanic ash soils and

from charred plant residues, it was suggested that

charring processes may be one of the mechanisms

responsible for humic-fraction formation in these

soils (Shindo et al. 2004).

Highly carboxylated humic-acid fractions with

hydrogen-deficient condensed aromatic structures

were also extracted from volcanic-ash soils by

Kramer et al. (2004) and from 100-year-old char

particles in a forest soil (Hockaday et al. 2006).

Kramer et al. (2004) concluded that, if many of

these highly carboxylated char-like molecules are

water soluble, a mechanism would exist for char

mobilization and transport from soils to aquatic

systems. This idea is consistent with the detection

of significant concentrations of heterocyclic N in

type-A humic-acid extracts from both the subsoil

of paddy fields and the surface layer of Andosols

(Maie et al. 2006). The heterocyclic N was

assumed to derive from charring processes, but

since burning is highly unlikely in paddy subsoils,

they were assumed to have been transported by

leaching.

Heating of soils is also connected to drastic

changes in solubility properties of SOM (Fern-

ández et al. 2004). Temperatures above 250�C

have been shown to lower yields of humic-acid

fractions from volcanic ash soils (Shindo and

Urabe 1993). In an early stage of progressive

heating of a humic-acid fraction at 350�C, half of

the sample was rapidly transformed into alkali-

insoluble macromolecular compounds (Almend-

ros et al. 1990). The atomic O/C was observed

revealing important losses of O-containing

groups, which was discussed as the main process

responsible for the progressive transformation

into structures that are increasingly colloidal in

nature. A similar transformation was observed

for a fulvic acid that was first transformed into

an acid-insoluble material and then into an

alkali-insoluble substance.

Similar observations have been reported for

HNO3-reflux hydrolysate of wood from E. grandis

and E. saligna at various temperatures (Trom-

powsky et al. 2005). A humic-acid-like fraction

was obtained by extraction of the residue with

NaOH and precipitation after acidification of the

supernatant. This procedure resulted in a

decrease of fulvic extract with increasing pyrolysis

temperature. Humic extract yields, on the other

hand, increased, peaking around 450�C, after

which condensation into polycyclic compounds

was so intense that yields of the humic-acid

fraction began to decrease.

Alteration of the organic N fraction

Fire results in an enrichment of pyrrole-type N

(Fig. 7), which was not detected in most solid-

state 15N NMR spectra of the SOM obtained

from fire-unaffected areas (Knicker et al. 1993;

Knicker 2004). Five years after a fire in Spain,

most of the soil heteroaromatic N was identified

in the humin fraction, although minor amounts

were detected in the humic and fulvic fractions

(Knicker et al. 2005a). However, amide N still

dominated the solid-state 15N NMR spectra.

Possibly these amides derived from peptides of

fire-unaffected SOM or survived as especially

persistant peptide structures in the char. Alterna-

tively, the amides may have been protected within

Maillard products formed during charring. Inter-

estingly, HCl hydrolysis of UV-photo-oxidized

fine particle-size fractions of some Australian

soils containing char (Knicker and Skjemstad

2000) revealed that some amide N was associated

with peptides that were not destroyed by the

photo-oxidation. They may have been stabilized

by being isolated within the core of aggregates or

char particles.
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Impact of recovery time

For some soils from central Spain, 1–2 years of

recovery time after fire were insufficient for

development of a substantial amount of new

non-char SOM (Knicker et al. 2006). In contrast,

5 years recovery time allowed the accumulation

of considerable amounts of unburned fresh

organic matter in a Cambisol from southern

Spain (Knicker et al. 2005a). Such material can

originate from fire-unaffected or only partly

affected litter and roots from the decaying trees.

In addition, the liming effect of ash and increased

nutrient availability (Fernández et al. 1997; Pri-

eto-Fernández et al. 2004) may have promoted

the observed quick development of a new herba-

ceous layer. Enhanced litter production together

with an often observed decrease in microbial

activity after fire (Choromanska and DeLuca,

2002) could thus have increased the amount of

non-char SOM.

Stability of char

As one of the most resistant forms of SOM, char

is widely viewed as composing a major proportion

of the slow-cycling C in ocean sediments and soils.

This view is supported by the observation that

char is still detectable in recent and fossil

sediments as well as in buried fossil soils and at

archeological sites (Schmid et al. 2002; Canti

2003; Dickens et al. 2004; Cao et al. 2006).

Solid-state NMR analysis of some Neolithic soils

in Germany and paddy soils from China has

revealed high aromatic C contents typical for

SOM with significant char (Schmid et al. 2001;

Cao et al. 2006). In some of the buried ancient

paddy soils, almost all the organic C and N is

attributable to char (Fig. 8). On the other hand,

soils under grassland that had been invaded by

forest after annual burning had stopped demon-

strated a fast change in the nature of the soil C

(Golchin et al. 1997). The greatest changes

occurred during the first 20–30 years and were

manifested in a decrease in the ratio of aromatic

to alkyl C. It seems that with long recovery times

the char becomes masked by the input of fresh

litter. However, considering the high degradabil-

ity of most fresh litter, this requires either a high

biomass-production rate or implies that some

char is lost. Possible loss mechanisms would be

in situ degradation, losses due to surface erosion,

and translocation of char into deeper horizon.

Those observations confirm suggestions by

Masiello (2004) that char production and loss do

not balance. She speculates further that, if char

has been produced since the last glacial maximum

via biomass burning at the same rate as it is now

produced, char should account for 25–125% of the

total soil organic carbon pool. Although a few

measurements indicate char contents as large as

25%, even that lower bound is rarely realized char

loss due to physical transport processes such as

surface erosion and leaching may be facilitated if

the char occurs as colloids or DOM. Evidence for

the presence of char-derived compounds in DOM

and the possible formation of DOM during

oxidation of soot have recently been reported

(Decesari et al. 2003; Kim et al. 2004; Shindo

et al. 2004; Maie et al. 2006). Chemical character-

ization of char-derived soluble compounds indi-

Fig. 8 Solid-state 13C and
15N NMR spectra of a
HF-treated fossil paddy
soil (4276 BC) from the
Yangtze River Delta,
found at a depth of 130 to
150 cm
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cates a relatively high content of carboxyl C. This

polar group decreases hydrophobicity and thus

contributes to the solubility of such compounds.

Their transport into deeper horizons may thus

explain the increase of aromatic C in the B

horizon of a Spanish Cambisol 2 years after a

severe fire (Knicker et al. 2006). In this context,

note the clear signal at 168 ppm attributable to

carboxyl C in aromatic structures in the solid-state
13C NMR spectrum of the buried Neolithic paddy

soil in Fig. 8. High carboxyl-C contributions were

also found in fire-affected soils in Spain only

1 year after fire and for char in Australian soils

(Skjemstad et al. 1993), although in the latter case

it was speculated that the high carboxyl-C content

was due to the UV-photo-oxidation pre-treat-

ment. Near-edge X-ray-absorption fine-structure

spectroscopy showed highly oxidized regions at

the surface of char from soils near Manaus, Brazil

(Lehmann et al. 2005).

The presence of carboxyl C may also explain

the observation that char is less recalcitrant than

commonly assumed (Bird et al. 1999). In line with

this are studies showing unexpectedly high lability

of char in sediments: char persisted on timescales

of 1,000s of years, with more rapid turnover under

oxic conditions (Middelburg et al. 1999; Massiello

and Druffel 2003). More direct evidence for char

degradability comes from measurements of CO2

production as a result of microbial degradation of

char (Hamer et al. 2004). Addition of glucose

caused a priming effect and increased rates of

char mineralization. A positive response to add-

ing microbial inoculum to artificially produced

char confirmed microbial degradation (Baldock

and Smernik 2002).

Conclusions

Molecular structure of char and its impact

on char quantification in SOM

Char has been shown to consist of rearranged,

recalcitrant macromolecular substances, which

are highly aromatic (Almendros et al. 1988,

1992; Freitas et al. 1999; Baldock and Smernik

2002). Considering the results of charring exper-

iments and reports from the pyrolysis literature

reviewed in this paper, the aromatic skeleton of

char remaining after fire must contain remnants

of the lignin backbone as well as pyrolysis

products such as furans and anhydrosugars from

cellulose and heteroaromatic N from peptides.

Thus plant char models assuming a graphite-like

structure as described by Sergides et al. (1987)

(Schmidt and Noack 2000; Smernik et al. 2000)

may be oversimplified. Further, it has to be borne

in mind that features such as chemical composi-

tion and charring temperature vary widely but

strongly affect amounts of O-, N- and even

S-containing functional groups as well as size

and conformation of the polycyclic aromatic ring.

Although aromatization and condensation occur

even at temperatures below 350�C, formation of

significant amounts of graphite-like structures

requires higher temperatures (Freitas et al. 1999;

Sharma and Hajaligol 2003; Sharma et al. 2004a).

Under oxic conditions, most of the organic matter

volatilizes at temperatures above 350�C (Sharma

et al. 2001, 2004a; Sharma and Hajaligol 2003).

Open air space, such as in surface organic

horizons, promotes fast removal of the released

volatiles, minimizing formation of condensation

products (soot). Within the mineral soil pores,

however, condensation can occur, especially as

volatiles move downward into deeper and cooler

regions.

Based on these results and expectations, I

propose that char is a heterogeneous mixture of

thermally altered biomolecules, whose degree of

alteration depends on the severity of the fire and

the chemistry of the original plant tissues. N, O

and likely also S substitutions are common

features of the char products. In contrast to soot,

the aromatic skeleton of char has few graphitic

domains.

The highly heterogeneous structure proposed

here has implications for the stability of char in

soils and for its behavior during analytical proce-

dures. Being less graphite-like and thus less

recalcitrant than assumed, portions of the char-

coal may not survive some of the harsh chemical

and thermal degradation procedures used com-

monly for char identification in soils. This

can lead to underestimation of its contribution.

Others approaches, in particular biomarker

approaches, rely on the identification of degrada-
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tion products from polyaromatic clusters (Glaser

et al. 1998). However, in chars produced at lower

temperatures, such clusters may be only a minor

constituent.

A heterogeneous structure is further supported

by the observation that structure and chemical

composition of char vary with fire severity. Only

intensively charred material is entirely aromatic,

whereas alkyl-C contributes in chars produced at

moderate temperature (Knicker et al. 2005b).

Such compositional differences are likely to cause

variability in char recalcitrance and degradability.

Consequently, the long-term impact of char on the

chemical composition and stability of post-fire

SOM may also vary with type and intensity of the

fire. This implies that measures of amounts of char

in soils alone may not allow adequate consider-

ation of the role of char in ecosystem C budgets.

Importance of ‘‘black nitrogen’’

Immediately after fire, increases in inorganic N

are reported. Due to low microbial activity and

the destruction of the vegetation, leaching is

likely during the first rainfalls leading to sub-

stantial inorganic N loss from the system. The

remaining organic N, on the other hand, is mainly

immobilized in recalcitrant heteroaromatic N

structures, formed by heat-induced transforma-

tion of more or less easily degradable plant

proteins. Since such heteroaromatic compounds

were not observed in SOM modified solely by

microorganisms (Knicker et al. 1993, 1997; Knick-

er 2000) they have been proposed as indicators of

recent fire (Knicker et al. 2005a). However, these

char-derived heterocyclic N compounds are most

likely to be more refractory than organic N

compounds entering the soil in the absence of

fire. Thus, burning may increase the N content of

SOM while altering its chemical structure with

likely long-term consequences for N availability

and thus primary production (Knicker and

Skjemstad 2000).

C/N ratios are similar for samples subjected to

moderate heating and for untreated material and

can reach values as narrow as 7 (atom/atom) for

heated young grass material (Knicker et al.

1996). For SOM from char-rich soils under burnt

pine stands, C/N ratios of 12 and 16 have been

reported (Knicker et al. 2006). Those narrow C/

N ratios indicate that char input did not mark-

edly widen the C/N ratio and that this char

derived mainly from non-woody sources that are

N-rich. Based on this observation, one can

conclude that ‘‘black N’’ plays a more important

role than commonly assumed. This fraction

certainly needs to be more carefully considered

if a complete understanding of the role of char

as a C sink in soils is sought. This is particularly

true for savannahs, where N-rich litter is the

major fuel.

Charcoal structure and its short-term impact

on SOM properties

Pyrogenic SOM differs qualitatively in its molec-

ular structure from SOM formed via biodegrada-

tion and humification. Whereas biological

processes lead to carboxyl-rich macromolecules

that are relatively soluble (Knicker and Lüde-

mann 1995), thermal treatment removes external

O groups, yielding materials with reduced solu-

bility (Almendros et al. 1990, 1992). Thus burning

can increase soil hydrophobicity with important

effects on soil water flow. For example, over the

long term, char-rich soils may contain hydropho-

bic spots that prevent water movement and

thus cause patchy distribution of nutrients.

Additionally, decreases in polar groups may

change soil sorption properties and thus increase

leaching of nutrients and pollutants. It can also

affect interactions between SOM, silicate clays,

and metal oxides and thus the formation and

stability of aggregates.

Impact of char input on quality and quantity

of SOM

With respect to changes in SOM stores due to fire,

patterns are inconsistent. Effects range from

complete loss to substantial increases. In addition

to char input to the soil, increases in SOM can be

attributed to the incorporation of unburned

surface litter and roots originating from trees

and shrubs that were killed or weakened but not

combusted by the fire (Fig. 9). Moreover, release

of nutrients (including N) from ash and

an increase in pH after fire promotes quick
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development of a new herbaceous layer and thus

enhances litter production. SOM accumulation

rates can be even increased by the sterilization

effect of fire, which reduces microbial activity and

thus slows down the degradation of the newly

produced litter. Even if amounts of SOM increase

after fire due to char inputs, this increase may

have little effect on the size of the refractory

SOM pool because much of the char may not

have been altered enough to increase its recalci-

trance.

With respect to SOM quality a common

pattern is recognizable. It includes both a relative

and an absolute increase post-fire in aromatic C

and the conversion of peptide N into heteroaro-

matic structures (Knicker et al. 2005a). Low-

intensity fire seems to produce more char than

intense fires but the degree of charring, expressed

as its aromaticity, is lower (Knicker et al. 2006),

which may affect recalcitrance and degradability

of the char. Consequently, after its incorporation

into the soil, the long-term impact of the char on

the chemical composition and stability of SOM is

also expected to vary with respect to type and

intensity of the fire. However, with increasing

recovery time after fire, amounts of char appear

to decrease, perhaps due to inputs of fresh

litter input that mask the presence of char, but

perhaps due also to loss of char through time by

degradation, leaching or erosion.

Degradability and solubility of char residues

In the model suggested here, char is a heteroge-

neous mixture of aromatic structures with

domains of relatively small polyaromatic clusters

but considerable substitution by N, O and S

functional groups. This model seems more real-

istic than a more graphitic one because it provides

for sites that can be attacked both by biotic and

abiotic processes. Biotic oxidation could be per-

formed by lignin-degrading fungi, which have

been shown to also degrade coal (Fakoussa and

Hofrichter 1999). Phanerochaete chrysosporium,

for example was found to partially depolymerize

coal polymers prepared by treating sub-bitumi-

nous German coals with nitric acid (Wondrack

et al. 1989). Using 14C dating with reclaimed coal

mine soils, lignite C was traced into microbial

biomass (Rumpel and Kögel-Knabner 2004).

However, with both abiotic and biotic oxidation,

the resulting chemical alterations of the char are

likely to increase its susceptibility to further

microbial attack. It should be noted, however,

that because lignin degraders are participating,

oxygen is essential for an efficient decomposition

of char. Thus, supported by fresh litter input as a

co-metabolic substrate, char on and within the

upper soil horizons suffers degradation (Hamer

et al. 2004). In buried soils and sediments or at

archeological sites, oxygen depletion prevents
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Fig. 9 Conceptual model
of the impact of
vegetation fires on SOM
quality and quantity
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further char destruction, whereas remaining eas-

ily usable compounds such as carbohydrates,

acids and peptides are preferentially fermented.

Such a scenario could at least partly explain why

typical char levels decrease in some fire-affected

soils over time (Golchin et al. 1997), whereas in

sediments char can survive for millenia.

Amounts of topsoil char may also be decreased

by carboxylation, which increases water solubility

and thus leaching into deeper horizons (Fig. 9).

The resulting increase in polarity can also, how-

ever, promote adsorption to the mineral phase, in

particular to metal oxides, which would be a

stabilizing influence. Such a mechanism may help

to explain the occurrence of char in deep horizons

of Brazilian Acrisols and terra preta soils

(Dieckow et al. 2005). At the same time, sorption

to mineral phases could increase char loss via

erosion.
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