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Preface

Terrestrial ecosystemsareimportant sources and sinks of anumber of radiatively-active gases, such aswater
vapour, carbon dioxide, methane, nitrous oxide and nitric oxide, and as such play an important rolein the so-
called ‘ greenhouse effect’. The soil conditions and chemical, physical and biological processesthat control
the production/absorption and emission of ‘greenhouse gases' in terrestrial ecosystems are incompletely
understood and only poorly quantified. Asacontribution to increasing the understanding of these processes,
and their inter-linkages, the International Soil Reference and Information Centre (ISRIC) initiated a project
on ‘ Geographic Quantification of Soil Factorsand Processesthat Control Fluxesof Greenhouse Gases'. This
3-year project, which is currently referred to as*World Inventory of Soil Emission Potentials (WISE), isa
follow-up totheInternational Conferenceon * Soilsand the Greenhouse Effect’. It ispart of awider research
programme being carried out within the framework of the Netherlands National Research Programme on
Global Air Pollution and Climate Change (NOP-MLK; Project No. 851039).

The WISE project has been divided into two phases. The first phase, September 1991 to September 1992,
has been to assembletherelevant literature in abackground study of the currently known chemical, physical
and biological factors controlling the gaseous exchanges involved. This phase of the project culminated in
a workshop, attended by an international panel of scientists working in the field, whose expertise and
experience were drawn upon to refine the broad lines of the project outlined in the origina research
agreement. The executive summary and invited papers to the workshop have been issued as separate
publications by ISRIC (Batjes, 1992; Batjes and Bridges, 1992b). This Technical Paper has been derived
from the Background Document to the WISE workshop (Batjes and Bridges, 1992a).

The second phase of the WISE project which ends in September 1994, includes two main goals, the
successful completion of thefirst of thesewill enablethe second to be accomplished. A global soil database
with agrid size of 30' latitude by 30' longitudeisto be compiled fromthe‘cleaned’ digital version of the 1.5
M Soil Map of the World in close collaboration with staff of the Food and Agriculture Organisation's Land
and Water Division (FAO - AGLS). These‘area’ datawill be linked to asoil profile database. Oncethisis
done, the framework will be in place for assembling and handling the data required to make an assessment
of methane production from wetlands and/or irrigated rice soils to achieve a more accurate figure of global
soil emissions of methane. This will require development of a scheme to model the different aspects of
methane production and emission to the atmosphere.



Acknowledgements

Sponsorship by the Netherlands National Research Programme on Globa Air Pollution and Climate Change
(NOP-MLK, Project No. 851039) is gratefully acknowledged.

The authors particularly wish to thank Dr. H.R. Oliver (Institute of Hydrology, Wallingford, United
Kingdom) and Dr. L.P. van Reeuwijk (ISRIC) for their comments on Chapter 2, Dr. O.C. Bagckman (Norsk
Hydro, Porsgrunn, Norway) for hiscomments on Chapter 4, Ir. A.F. Bouwman (National Institute of Public
Health and Environmental Protection, Bilthoven, the Netherlands) for critically reading Chapters 3 and 4,
and Drs V.W.P. Van Engelen (ISRIC) for commenting on Chapter 6.



Table of Contents

P e aCE . .o i
ACKNOWIBAGEMENTS . . ..o ii
Tableof CONtENES . ... . e iii
LISt Of FIQUI S oo e e e e e Vi
LISt Of TablES . . .o Vi
List Of APPENAICES . ..ot Vii

Chapter 1 Introduction

N.H. Batjesand E.IM. Bridges . .. ..ottt e e 1
1.1 Thegreenhouse effect and climaticchange . . ... i e 1
1.2 Soil mappingand classification . . ...t 4
1.3 ROIEOf SOIIS . ..o 6
1.4 PUrPOSE Of SIUAY . .. oottt ettt e e e e e 6
Chapter 2 Soil heat and moisture balance
E M BridgES oot 9
2.1 INrOdUCLION . . oottt e e e e e e e e e e 9
211 Background ... ... 9
212  Structure of chapter . ... 10
2.2 Physical propertiesof SOilS ... ..o 10
221 Soil compositionand formation .. ...t 10
222 Thesolidphaseof SOilS .. ...t 13
223 Thegaseousandliquidphasesof soils ...........c i 16
224 DIaAINAOE . . .ottt 17
2.3 Factors controlling theenergy balanceof soils .. .......... . o i i i 18
231 INtrodUCHION ..o 18
232 Radiantenergy attheearth'ssurface ........... .. i, 19
233 AIBEAO .. 20
234 Soil temperaturechange . . ... 21
235 Sensibleandlatentheat ............c. i 24
2.3.6 Relationshipsof heat and evaporation . ...t 25
2.4 Factorscontrollingwater inthesoil system ... i 27
2401 INtrodUCioN . ..o 27
242  INfiration . ... e 28
243 Water movement withinsoils. . ... 29
244  SUDSOIl Water MOVEMENT . .. ...ttt e 31
2.5 Gaseous movement iNSOIIS . . .. ..ottt 31
251 INtrodUCHiON . ... 31
252 DIffusion . ... 32
253 Quantitativerelationships .. ..... ..o 33
2.6 CONCIUSIONS . . .\ttt et et e e e e e e e e e e e e e e e e 34



Chapter 3 Methane

NLH. Bl S .ottt 37
B INtrOdUCION ... 37
3 L1 Background ... ... 37
312 Structure of Chapter . .. .. 38
3.2 Methanogenesis and methane consumption . ........ ..ottt 39
321 GENEA .. 39
322 MENanOgENESIS . . oottt 39
323  Methane ConsUMPLioN . .. ..ottt e e e 40
3.3 Processes regulating the transfer of CH, totheatmosphere . ............. ... ... oo.t. 41
331 EBUItON . . 41
332 DIffusSion . ..o 43
333 Vastular transport . . ..o 43
334 OthEr PrOCESSES . . vttt ettt e e 45
3.4 Temporal and spatial variation in CH, emissions . ..., 45
34.1 Tempord variability ....... .. 45
342 Spatia variability ......... 47
3.5 Globa CH, emissions from various environmentS . .. .......coveii it 49
351 Ricepaddies .. ... 49
352 Natural wetlands . . ... 50
3.5.3 Methane consumption in terrestrial ecosystems . ... 50
3.6 Abiotic regulating factors of methane production and consumption . .................... 51
BB GENEA ... 51
3.6.2 Effectsof Temperature . ... ...t 51
3.6.3 Effectsof sOil pH ... ..o 53
3.6.4 Effectsof organicsubstrates . ...t 53
3.6.5 Effectsof nutrient status and mineral fertilizers . .......... ... ... o i 55
3.6.6 Effectsof redox conditions .. ... 56
3.6.7 Effectsof depthof watertable ........ ... . . i 57
3.6.8 Effectsof sulphatesandsalts ..........c i 58
3.6.9 Effectsof ‘topographic position’ ......... ...t 59
3.6.10 Effectsof SOl type .. .oooi i 60
3.7 Modelling CH, emissions from paddy soilsand natural wetlands .. ..................... 61
371 EmMpirica MOdelS. . ..o 61
372 Processhasedmodels . ... 63
373 Stochasticmodels . ... ... 64
3.74 Reguired global digital databases. ... ....... ... 64
3.8 CONCIUSIONS . ...ttt e e e e e 65

Chapter 4 Nitrousoxide

NLH. Bl S .t 67
A1 INtrodUCION ..ottt e e 67
411 Background .. ... 67
412  Structureof chapter . ... 69
4.2 Processes of N,O formationinsoils . ... e 69
421 INrodUCLION . . oottt e 69
422 Denitrification . ... 70
4.2.3 Autotrophic nitrification ....... ... ... 72
424  Heterotrophic nitrification . ... ... 73
425 Other biological PrOCESSES ... v vttt e e 74
426 ChemodenitrifiCation . .. ... ... it 75
4.3 Temporal and spatia variability INnN,O emissionS. . ...t 75
431 GENErAl .. 75
432 Tempora variability .......... . 76



433 Spatia Variability .. ... ..o 78

4.4 Environmental and agricultural controlsof N,O production . ........................... 80
441 INtrodUCHION ...t 80
442 Effects associated with the soil moisture/aerationstatus . . .................... .. 80
4.4.3 Effectsassociated with changesintemperature. ..., 83
444 Effectsassociated withsoil pH ... ... 85
445 Effectsassociated with chemical status ... ... 85
446 Effectsassociated with availablecarbon .......... ... .. ... .. o it 87
447  Other effects ... o 88

4.5 N,O evolution from various terrestrial eCosystems .. ... 89
451  Agricultural SyStemS . ... 89
452  NaUra EC0SYStomMS ..ottt 91

4.6 Modelling of gaseOUSN-10SSES . .. ..ottt 92
46.1  GENEral ... 92
4.6.2 Empirical MOdeEls .. ... 93
46.3 DeterministicSmulation . ........... 9%
464 Stochasticmodels ... ..o 95

A7 CONCIUSIONS . .. ittt ettt e e e e e e e e e et e e e e e 95

Chapter 5 Organic matter and carbon dioxide

NLH. Bl S . . oot 97
5.1 INrOAUCLION . . oo et e e e e 97
511 Background ... ... 97
512 Structure of chapter ... ..o e 101
5.2 Organic matter iNSOil ... ... o 102
B2 L PrOPEItIES . .ttt e 102
5.2.2 Definitionsof soil organic matter ......... ... 102
5.2.3 Modédling organic matter turnover insoil ............ ... . i i 106
5.3 Factors affecting the organic matter statusof soils .. ........ ..., 108
531 INtroduCtion . . ... 108
532 Effectsof climate . ... e 108
5.3.3 Effectsof soil mineralogy and fertility ............. ... .. i, 111
534 Effectsof soil structure ... e 112
535 Effectsof texture .. ... ..o 113
53.6 Effectsof organisms ... ...t e 115
537 Effectsof vegetation . ...... ... 116
5.3.8 Effectsof land use changesor SUCCESSION .. ... vttt 118
5.4 CO, emissions from selected terrestrial eCosystems .. ... 126
541 INtrodUCtioN . ... o 126
5.4.2 CO, evolution associated with ‘soil respiration” ............................. 127
54.3 CO, evolution associated with deforestation and afforestation .................. 132
5.4.4 Possible consequences of the CO,-fertilizationeffect . ........................ 135
5.5 Modelling changesin terrestrial carbon poolsandsinks. ............... ... ...t 136
551 INtroduCtion . .. ... e 136
552 Examplesof book-keepingmethods ......... ... .. ... . il 140
553 Examplesof dynamicmodels ........... 141
55.4 Uncertainty insoil carbondata .............c i 142
5.6 CONCIUSIONS . . o v v ettt ettt e e e e e e e e e e e e e e 145



Chapter 6 The WISE data base: general considerations on a possible structure

and attribute data

N H. Bt S .ot e 147

6.1 INtrodUCLION . ... ot 147
B.1.1  Background ... ...ttt 147

6.1.2 Structure of chapter ... .. 148

6.2 Implications of scale of mapping for the spatial and attributedata .. ................... 148
6.2.1 Spatid attributes . ... 148

6.2.2 Linking of spatial and attributedata .. ........... ... ... . i 150

6.2.3 Updating the Soil Map of theWorld .. .......... ... o i it 151

6.3 TheWISE datahase .. ... ... 151
B.3. 1  GENEraA ... 151

6.3.2 Proposed database structurefor WISE ....... ... .. i 152

6.3.3 Acquisitionof soil profiledata .. ...........cc i 152

B.4 DISCUSSION . oottt t ettt e ettt e et e e e e 153

6.5 CONCIUSION ..o 155
REf O ENCES . .. 157
APPENAICES . 187
GlOSSa Y .. 191

List of Figures

Figure 1.1.
Figure 1.2.
Figure2.1.
Figure2.2.
Figure 2.3.
Figure 2.4.
Figure 2.5.
Figure 2.6.
Figure2.7.

Figure3.1.
Figure 3.2.
Figure 3.3.
Figure 3.4.

Figure4.1.
Figure 4.2.

Figure5.1.
Figure5.2.
Figure5.3.

Increases in atmospheric concentrations of CO,, CH,, N,O and CFCs since the year 1750 (1)
Accumulated greenhouse forcings for the periods 1850-1957 and 1958-1989 (4)
Volumecomposition of atypical topsoil (11)

Representation of a soil as an open system (13)

Soil textural classes determined by percentages of sand, silt and clay present (14)

Typical forms of soil structure (15)

A hydrological sequence of soilsin a permeable parent material (17)

The mean energy exchange between earth and atmosphere (18)

(A) Annual variation of soil temperature with depth under short grass, Oxford (Payne and
Gregory, 1988); (B)The daily range of soil temperature at three depths under grass at Berner's
Heath, Thetford, 11 August, 1981 (Oliver et al, 1987) (23)

Schematic representation of methane production and its release in arice paddy (42)

Seasona variation in the methane fluxes from the alluvial Ryugasaki paddy field asinfluenced
by mineral and organic amendments and the drainage regime (46)

Schematic representation of the critical redox potential at which oxidized inorganic redox
systems begin to undergo reduction in flooded soils (57)

Average SO,Z/Cl" ratiosin the top 15 cm of marsh soils and methane emissions across the air-
soil interface (58)

Schematic representation of the components of the nitrogen cycle (70)

Relationship between water-filled pore space and relative amount of microbial nitrification,
denitrification, and respiration (O,-uptake) and CO,-production (81)

Estimates of main sources and sinks of the global carbon cycle (98)

Schematic representation of the ROTHAMSTED model (107)

A framework for relating the direct interactions of climatic factorswith the three processes that
determine the characteristics and dynamics of soils (109)

Vi



Figure5.4. Contours of soil carbon density (kg m?) plotted in Holdridge's scheme for world life zone
classification (110)

Figure6.1. Schematic representation of the proposed WISE data base (152)

Figure6.2 Visualization of theimportance of timeand spaceinthe’ scaling up’ of biogenic gasfluxes from
the site-level to the macro-level (154)

List of Tables

Table1.1. Atmospheric lifetime, pre-industrial and current concentrations, and yearly average increases
in atmospheric concentrations of CO,, CH,, N,O and CFCs, and reductions in anthropogenic
emissions necessary to stabilize these concentrations at their current levels (3)

Table2.1. Specific heat and heat capacity of soil materials (22)

Table3.1. Differencesin CH, emission from 3 Japanese paddy fields (60)

Table4.1. Estimated sources and sinks of nitrous oxide (68)

Table4.2. Key-factors affecting N,O emissions from soils (76)

Table4.3. Daily denitrification losses from previously air-dried soil (upper 30 cm) incubated with and
without acetylene at different temperatures and water contents (84)

Table4.4. Emission of nitrous oxide from flooded swamp forests amended with 10 g N m of ammonium
sulphate and KNO,, respectively (86)

Table4.5. Specific rates of denitrification and CO, production for soil particulate organic material and
inorganic soil material (88)

Table4.6. Percentage of fertilizer evolved N,O (90)

Table4.7. Estimates of annua emissions from fertilizer derived N,O or agricultural lands (90)

Table4.8. Ranges for global emissions of volatile N-compounds from selected undisturbed terrestrial
ecosystems of the world (92)

Table5.1. Indicative annual carbon fluxes (99)

Table5.2. Budgets for anthropogenic perturbation of carbon dioxide (99)

Table5.3. Mean rates of soil respiration with different types of vegetation (129)

Table5.4. Current estimates of plant biomass, litter input, soil organic matter and microbial biomass of
major global vegetation types (137)

Table5.5. Estimates of global organic carbon poolsin soils (138)

List of Appendices

Appendix |: Estimated sources and sinks of methane (187)
Appendix I1: Preliminary structure and list of attributes for the WISE soil data base (188)

Vii



viii



Chapter 1 Introduction
N.H. Batjes and E.M. Bridges

1.1 Thegreenhouse effect and climatic change

The gaseouscomposition of the atmosphere has changed markedly and rapidly during thelast decadesmainly
throughincreased industrial emissions, fossil fuel combustion, widespread deforestation and related burning
of biomass, as well as changes in land use and management practices. While most of these anthropogenic
activitieshaveresultedinincreased emissionsof naturally occurring radiatively-activetracegases(e.g., CO,,
CH,, N,0), popularly known as ‘ greenhouse gases’, severa industrial activities have produced new trace
gasesnot occurring naturally intheatmosphere (Figure 1.1). Theseincludethe synthetic chlorofluorocarbons
(CFCs) whichin the lower atmosphere trap heat. In the upper part of the troposphere CFCs cause chemical
reactions|eading to the degradation of the ozone layer, which protectsthe Earth's surface from harmful solar
radiation. While CO, is chemically inert in the atmosphere, thisis not the case for CH,, N,O and CFCs. The
role of thelatter gasesin the photochemistry of the atmosphere has recently been reviewed by Levine (1989)

and Bouwman (1990a).
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Biogenic trace gases contributeto the so-called * greenhouse effect’ or * global warming' inthat they arefairly
transparent to the incoming shortwave solar radiation, but absorb and reflect longwave infrared radiation
emitted from the warm surface of the Earth. Thereby part of the energy associated with the longwave
radiation, reflected by the Earth'ssurfaceand | ower atmosphere, istrapped within theatmosphere. Thiskeeps
the Earth's surface temperature at a higher average value than it would have been if the trace gas
concentrations were low. Arrhenius (1896) calculated that water vapour and carbon dioxide concentrations
in the atmosphere have caused the Earth's temperature to increase from an average of -18 °Cto +15°C, anet
change of +33 °C. If there were no trace gases, the long-wave radiation re-emitted from the Earth's surface
would largely be lost into space resulting in a cold, inhospitable globe. Alternatively, increasing
concentrations of radiatively-active trace gasesin the atmosphere currently lead to an appreciable, enhanced
warming of the globe (ORNL, 1990 p. 194). Additional warming will increase the concentration of water
vapour, the main greenhouse gas, and this will further enhance the process of global warming. In contrast
to CO,, CH, and N, O, the concentration of water vapour is determined internally within the climate system
so that, on aglobal scale, it is not affected by human sources and sinks (IPCC, 1990).

The ‘greenhouse effect’ is apparent to many climatol ogists through the concurrent rise in temperature and
atmospheric CO, levels (Idso, 1988). Between the 1760s and 1990s the atmospheric CO, concentration
increased by about 74 ppmv, whilein the same period mean global temperature increased by about 0.7-0.8
°C (Esser, 1990). Thiswould seem to suggest atmospheric CO, level and temperature are correlated, but as
Esser (1990) observes* correlations never establish causal relationships'. Similarly, 1dso (1988) pointed out
that the recent global warming is not necessarily caused by the increase of CO, or other greenhouse gases
in the atmosphere. |dso stated that if ‘the temperature trend is viewed in a broader historical context the
warming could be nothing but the natural expression of the Earth's recovery after the Little Ice Age (1550-
1850 A.D.)'. Alternatively, Hansen et al. (1990) studied the extent to which global warming might be
moderated by variations in solar radiation and atmospheric dust (aerosols). They conclude that solar
variability will not counteract global warming, and that despiteuncertaintiesinthe effectsof dust, greenhouse
gas emissions must be reduced if the climate and environment are to remain ‘bearable’ for biota. With
reference to analyses of 1400 year old tree-ring records of Scots pine (Pinus sylvestris L.), Briffer et al.
(1990) concluded that ‘it will not be possible to detect aregional greenhouse effect (with 95 % confidence)
until around 2020’. Similarly, the IPCC (1990) working group concluded that an ‘ unequivocal detection of
the enhanced greenhouse effect from observationsis not likely to occur for a decade or more'.

In spite of the various views on the subject, as portrayed in the above examples, most natural scientists agree
that global climatic changesrel ated to the greenhouse effect areliableto occur. Asthe possible consequences
thereof arelikely to have profound environmental and socio-economic repercussions, the controlling factors
and processes need to be elucidated further. The desire to meet this need is reflected in the large array of
studies that currently are devoted to understanding the possible influence of global climate warming on
processes, and their dynamics, in the oceans, searice caps, terrestrial ecosystems and atmosphere (Arnold et
al., 1990; Scharpenseel et al., 1990; IGBP, 1990). For instance, there can be an associated release of
pollutants previously believed to be held firmly in soils and sediments (e.g., Batjes and Bridges, 1991;
Stigliani, 1988), widespread human-induced soil degradation (Oldeman et al., 1991) and changesinland use
and sealevels (e.g., Brouwer et al., 1991; Parry, 1990), thereby ultimately limiting the carrying capacity of
Earth for biota.

The above problems often transcend national boundaries. Policy makersincreasingly recognizethe need for

internationally accepted, abatement measures to ensure a sustainable and equitable use of the environment.
However, therestill seemsto be no consensus about how thisobjective should be achieved (e.g., 1992 United
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Nations Conference on Environment and Development, UNCED). Well known international research
programmes addressing global change include the International Geosphere-Biosphere Programme (IGBP,
1988, 1990) and World Climate Research Programme (WCRP). Closely related national programmesinclude
the Terrestria Initiative in Global Environmental Research (TIGER) of the United Kingdom, and the
Netherlands National Research Programme on Global Air Pollution and Climate Change (NOP-MLK).

The atmospheric concentrati ons of trace gases such asmethane and nitrous oxide areincreasing morerapidly
thanisthe casefor CO, sothat their relativeimportancein modifying climateischanging (Bolinet al., 1986).
Global concentration increases of greenhouse gasesover thelast 200 years, in per cent, are about 20 for CO,,
8for N,O and over 200 for methane (Lorius, 1988). The heat absorption potential of these gases dependson
factors such as their relative concentration in the atmosphere, infrared absorption profile and atmospheric
life-time, and as aconsequenceit varieswidely between them. An additional molecule of CH,, for example,
will trap about 32 times as much heat as an incremental CO, molecule would, while thisis about 150 times
that for amolecule of N,O (Esser, 1990). After 20 years a molecule of CH, is 63 times more potent than a
molecule of CO,, decreasing to 21 times after 100 years and 9 times after 500 years (JEA/EPA, 1990 p. 2).
Inthe case of man-made CFCs, differencesare even morepronounced; anincremental moleculeof CFCtraps
about 20,000 times more heat than a CO, molecule (Esser, 1990). Since the atmospheric life times of CO,,
CH,, N,O and CFCsarerelatively long (Table 1.1), thismeansthat increased atmospheric concentrations of
these trace gases - and their atmospheric derivatives - may markedly affect climate and thereby biodiversity
on Earth. It also meansthat abatement measures aimed at stabilizing or reducing atmospheric concentrations
of the so-called ‘long-lived’ greenhouse gases (i.e., CO,, N,O, CFCs) can first have a noticeable effect on
a time scale in the order of several decades to centuries, as opposed to within decades for methane.
Stabilization of the concentrations of the‘long lived’ trace gasesat their present levelswould require at least
a60 per cent reduction in their current anthropogeni ¢ emissions, whereas thiswould be 15 to 20 per cent for
methane (Table 1.1). Controls of CFCs, HCFCs and nitrogen oxides have an adverse effect on methane
concentrations, which make additional reductions of methane emissions necessary (Rotmans et al., 1992).

Table1.1. Atmospheric lifetime, pre-industrial and current concentrations, and yearly average increases
in atmospheric concentrations of CO,, CH,, N,O and CFCs, and reductions in anthropogenic
emissionsnecessary to stabilizethese concentrationsat their current level s (Adapted from |PCC,

1990).

CO, CH, N,O CFC-11 | CFC-12
Atmospheric lifetime (yr) 50-200 yr 10yr 150 yr 65 yr 130 yr
Pre-industrial conc. (1750-1800) 280 a 0.8a 288 b Oc Oc
Present day levels (1990) 353a 172a 310b 280c 484 c
Current average yearly increase 0.5% 0.9% 0.25% 4% 4%
Reduction in emissions required for > 60 % 15-20% | 70-80% | 70-75% | 70-85%
stabilization at current levels

Note:  Concentrations specified as: a= ppmv = parts per 10° by volume; b = ppbv = parts per 10° by volume; ¢
= pptv = parts per 10* by volume.
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The accumul ated greenhouse forcing for the periods 1850-1957 and 1958-1989 is 0.87 and 1.17 W m?,
respectively (Figure 1.2). Thisforcing may increaseto 4.6 W m by the year 2025 if the ‘ business-as-usual’
scenario of IPCC (1990 p. 45) is used, which clearly reflects the need for appropriate emission abatement
measures now. During the period 1850-1957 CO, and CH, dominated, but since then there has been aclear
increaseintheimportance of CFCsand N,O on greenhouseforcing. I ncreased concentrationsof tropospheric
and stratospheric O, may be responsible for 10 % of the total forcing since pre-industrial times (IPCC op
cit.). As CO,, CH, and N,,O are to alarge extent associated with sources in the biosphereit isimportant to
eval uate the possibl e biotic and abiotic sources and sinks of thesetrace gasesin the biosphere. In the present
study we shall limit ourselvesto terrestrial ecosystems.

S CFC 1%

N20 5%
A CFC 21%
CHa28%  CHa 15% 2252
1850-1957 N0 T%
Forcing 0.87 W/m2 1958-1989
Forcing 1.17 W/m2
Figure 1.2. Accumulated

greenhouse forcings for the periods 1850-1957 and 1958-1989 (Source: Matson and Ojima, 1990 p. 1).

1.2 Soil mapping and classification

Just over 100 years ago, soil science emerged as aseparate scientific study initsown right. Thiswasmainly
the result of studiesin Russia and the United States, although an early interest in soils was not confined to
these countries, asfor example, TheNetherlands, Britain, Hungary, Germany and many other countrieswhich
werefollowing their own morelocalized interests at thistime. It wasin Russia, particularly asaresult of the
work of Dokuchaev, that the soil profilewith itsdifferent horizons was recognized as the unique expression
of the soil forming processes which operate on the surface of the earth. Dokuchaev also identified, but did
not quantify, anumber of soil for ming factorswhich provided theoverall parametersfor soil formation; these
included climate, vegetation, relief and the age of the land.

Until thetime of World War Two, subsequent workers attempted to provide soil maps, not only of their own
countries, but also of thewholeworld. Thefirst of these appeared at the end of the nineteenth century, when
sufficient information had been gathered to enablethefirst soil mapsof theworld to be compiled. Thesewere
mostly inthe category of derived maps. Aslittledirect soil information wasavailablefor inclusion, they were
mostly deductive maps using climate or vegetation as a surrogate for first-hand soil information. Such an
approach led to the concept of ‘ Great Soil Groups' which dominated soil geography until the 1960s.
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Throughout the first half of the twentieth century, soil knowledge increased greatly, both in understanding
the formative processes which operated and al so in the geographical distribution of different soil types. This
took place asaresult of the former colonial powers attempting to understand the environment and increase
the productivity of their overseas possessions. The knowledge gained only partly confirmed the earlier
concept of great soil groups, and so in 1960 at the instigation of the International Society of Soil Science,
FAQ in conjunction with Unesco, began the development of a new Soil Map of the World (FAO/Unesco,
1971-1981). Thismap, at ascale of 1.5 M, wasintended to be afirst appraisal of the world's soil resources,
assembled on auniform basis. It was meant to provide a scientific basis for the transfer of knowledge and
experience between different areaswith similar environmentsand to provideageneral ly accepted framework
of soil classification throughout the world. Published between 1971 and 1981, the FAO-Unesco Soil Map
of theWorld largely achieved these objectives, and in the last decade has come to be an inval uable document
for soil scientists and others to use. Since the work on the compilation of this map was begun, much new
information has become available, and parts of the original map are known to lack the desired accuracy.
Consequently, arevised version of the classification was issued jointly by FAO and ISRIC in 1988, and
proposal s have been drawn up to revise certain areas of the Soil Map of theWorld. Thishasalready occurred
in East Africa, and it is hoped that funding will become available to deal with other areas, such as the
Amazonian area of South Americain the near future.

The FAO-Unesco Soil Map of the World has retained many of the traditional names given to sils, but has
combined these with concepts of diagnostic horizons and properties which bring to the classification system
an element of quantification and mutual exclusivity. (Officialy, the system is a map legend not a
classification, but it is widely used as a means of comparison of soils from different parts of the world).
Differentiating criteria for diagnostic horizons and properties are the natural properties of the soil itself,
defined in terms of measurable and observable properties. Certain ‘clusters’ of these properties have been
selected for the definition of diagnostic horizons; many of these properties are relevant to soil use and have
avauefor practical applications. Hence, the units employed on the Soil Map of the World have apredictive
value, not only for the use of the soil, but for many other purposes as well.

Thetwenty-eight soil unitsof the revised legend of the Soil Map of theWorld (FAO, 1988) may be separated
into eight groups based on common geographical and evolutionary backgrounds:
- Group 1 includes Fluvisols, Gleysols, Regosols and Leptosols, soilswhich are not associated with any
specific zonal climatic conditions of formation.
- Group 2 comprises soils the formation of which is strongly conditioned by the nature of the parent
material. These are the Arenosols, Andosols and Vertisols.
- Group 3 has only one soil unit, the Cambisols, representing a range of soil formation more strongly
expressed in other soils.
- Group 4 includesthose soil swhich possess accumulations of salts, Calcisols, Gypsisols, Solonetzes and
Solonchaks.
- Group 5 has soils where an accumulation of base-saturated organic matter occurs; these are the
Kastanozems, Chernozems, Phaeozems and Greyzems.
- Group 6 includes soils with accumulations of clay or sesquioxides and organic matter in the subsurface
horizons. These are the Luvisols, Planosols, Podzoluvisols and Podzols.
- Group 7 isdominant in the tropics and sub-tropics, where weathering isintense, and includes Lixisols,
Acrisols, Alisols, Nitisols, Ferralsols and Plinthosols.
- Group 8 is confined to the Histosols which are organic soils.
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1.3 Role of soils

Soils are an essentia part of natural ecosystems, and are necessary for the growth of human food, animal
fodder, fibre and timber crops. Until recently it was assumed that they could endlessly absorb contaminants,
but it is now generally accepted that ‘loading’ by some chemical compounds has become such that it is
disrupting the natural functions and productivity of soils. Currently, amost 12 % of World soils have been
degraded by chemical deterioration. Additionally, 56 % of World soilshave been degraded by water erosion,
28 % by wind erosion, and 4 % by physical degradation (for more details see Oldeman et al., 1991). Since
soils form the essentia link between the inanimate geosphere and the living biosphere, it is of crucial
importance that measuresto protect soils from further physical and chemical deterioration be implemented
rapidly. In recent years, it is aso increasingly recognized that soils and their biotaplay asignificant rolein
the so-called ‘ greenhouse effect’. In arecent discussion paper, Greenland (1991) wrote soil scientists must
‘provide answers to questions such as what proportion of the greenhouse gases - CO,, CH,, N,O, NO -
entering the upper atmosphere are derived from the soil, how the amounts evolved are affected by land use,
and how far soilsact asasink for those gases and for gases derived from other sources’. While many of these
topics have been the subject of discussion during theinternational conference on ‘ Soils and the Greenhouse
Effect’ (Bouwman, 19904), as well as other scientific meetings (Bolin et al., 1986; Trabalka et al., 1986;
Matson and Ojima, 1990), there remain significant areas of uncertainty in our current knowledge. This
applies, for instance, to the chemical, physical and biological processes which control the production and
absorption of the respective trace gases in a particular ecosystem, the possible interactions between these
processes, and their ultimate effect on the rates and magnitudes of the associated gas fluxes. Additional
difficultiesare associated with the measurement of trace gasfluxesinthefield, and subsequent extrapolation
or scaling-up of these valuesto regional and global scales through modelling (Bouwman, 1990a; Rosswall
etal., 1988). Geo-referenced databasescan providethe’ geographic’ framework for scaling-up resultsof flux
measurements and fundamental process studiesto ecosystems at the global level (Bliss, 1990; IGBP, 1990;
Matthews, 1990; Moore Il et al., 1989; Oldeman and Sombroek, 1990; Van Breemen and Feijtel, 1990).
Hence the need for developing appropriately scaled and compatible data bases of the main environmental
resourcesof relevanceto studiesof global change, including soils(Sombroek, 1985, 1990; Bouwman, 1990z;
Oldeman and Sombroek, 1990).

1.4 Purpose of study

The present booklet originated as a background document for the WISE workshop, which took place in
August 1992 (Batjes and Bridges, 1992a). It consists of 6 Chapters, 2 Appendices and a Glossary. Chapter
2 isareview of the physical controls of the balance of heat, water and gases in soils. In Chapter 3 the soil
factors and processes that control the production/consumption and net emission of methane in terrestrial
ecosystems are reviewed, nitrous oxideis discussed in Chapter 4, and soil organic matter and carbon dioxide
in Chapter 5. In the present context, where it is required to compile a map and data base of the geographic
quantification of the soil conditions and processes that regulate emissions of ‘ greenhouse gases' from soils,
the predictive use of the Soil Map of the World becomes of significant importance. In the context of the
WI SE data base, the areas of soil units on the Soil Map of the World are to be used as a cartographic basis
for the preparation of the %2 x ¥z degree grid data base. For each rectangle of the grid, it is proposed to take
the spatially dominant soil units as shown by the map; thisisthe ‘area data’ . To each area on the map will
be attached, by appropriate descriptors, actual profile data from a representative pit. Thisisthe ‘soil point
data’. The attributes proposed for consideration in the WISE data base are listed in Chapter 6. The way to
proceed in developing the data base and possible methods to refine estimates of methane emissions from
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wetland soils have been formulated during the WISE workshop (Wageningen, 24-27 August 1992; Batjes,
1992; Batjes and Bridges, 1992b). The WISE data base is being developed by ISRIC in close cooperation
with the Land and Water Development Division of the Food and Agricultural Organization (FAO).
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Chapter 2 Soil heat and moisture balance
E.M. Bridges

2.1 Introduction
211 Background

The current situation concerning the study of the interface between atmospheric and earth sciences is a
challenging one. It is an area of study where considerable co-operation is necessary between disciplinesto
make progress. Thiswill not necessarily be achieved easily, as within the broad generalisations of earth or
atmospheric sciences, detailed chemical and physical studies are necessary to fully comprehend the factors
and processes involved.

Therole of soilsinthetota problem of the ‘ greenhouse gases' hastended to be regarded asaminor one and
overlooked by atmospheric scientists, but publication of numerous papers, together with the conference
proceedings Soils and the Greenhouse Effect (Bouwman, 1990a) has drawn the attention of awider audience
tothe significance of gaseous emissionsfrom soils. Theimportance of emissionsof gasesfrom soilshasnow
been recognized in the reports of the Intergovernmental Panel on Climate Change (IPCC, 1990 and 1992).
Reasonable estimates of the global budgets of CO,, CH, and N,O are available, but the magnitude of the
sources and sinks of these gases, especially with respect to soils, are lesswell known.

Similarly, the budget of heat received from the sun and that radiated from the earth's surface iswell known
at aglobal scale. Recent remote sensing studies have highlighted the significance of emissions at different
wavel engths of energy associated with different surfaces, including bare soilsand variousvegetation covers.
Inseparable from the energy budget isthe role of water and water vapour. Changesin physical state of water
result in the release or absorption of heat into the soil and lower atmosphere.

Sails, with their specific chemical, physical and biological properties, are able to act both as sources and
sinks for the major greenhouse gases. It isimperative, therefore, that an awarenessis achieved of how the
factors and processes which operate within soilsinfluence gaseous emission and absorption in order to fully
comprehend the way these processes operate. With this knowledge, it may be possible to influence or even
control them should the need arise.

Any understanding of therole of soilsin the greenhouse problem must be seen in adynamic situation. Inthe
long-term, changes of climate are significant for soils, but in the short-term changesin land use have amuch
greater impact. Drainage of wetlands and oxidation of their accumulated carbon content has been proceeding
for many years, so has forest clearance with extensive burning of the residues. There is evidence that both
these common practices have increased in the past decade.

Global warming aso influencesthe level of the seathrough glacial ice melting and thermal expansion. This
may result in flooding of lowlands and an increased area of wetland subject to poor drainage, in which
organic accumulation could take place and methanogenesis occur. In other circumstances, increased rainfall
in some areas is another ‘ greenhouse’ effect which could result in higher levels of the water table and the
development of more extensive gley soils. Elsewhere, higher temperatures may result in increased oxidation
of currently stable organic matter, but conversely could also lead to increased plant growth, provided water
and nutrients are not limiting.
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Thisreview attemptsto draw attention to the broad implications of the energy exchangeswhich occur at the
surface of the earth and the movement of moisture which takes place between the soil and the atmosphere.
Similar physical constraints must be considered when the potential of soils to absorb and emit gases is
assessed. This account does not set out to be a comprehensive discussion of the physics of the soil-
atmosphere interface, that is beyond the scope of the present context. However, most textbooks of soil
physics contain background material about the physical relationships of heat and moisture exchange (Baver
etal., 1972; Hillel, 1980; Van Keulen and Wolf, 1986; Koorevaar et al ., 1983; Marshall and Holmes, 1988).

The objective of the WISE programme is to arrive at a geographical quantification of the soil conditions
which lead to emissions or absorption of radiatively-active soil gases. The way in which these fluxes are
encouraged or prevented by specific soil conditions or characteristics needs to be identified so that these
features can be associated with particular soils or areas of the earth's surface. Only then can an adequate data
base be constructed and a more accurate estimate of the significance of these gases be obtained.

In the longer term, many advantages are foreseen in the construction of a global soil data base. Global
modellersin agriculture, soil science, and climatology all require more accurate knowledge about the soils
of the World. A soil data base which will interface with modern systems of data management, such as
SOTER (Van Engelen and Pulles, 1991) and Geographical |nformation Systems offers a new and exciting
perspective in the study and management of the World's soils.

2.1.2  Structure of chapter

Information in this Chapter is brought together by first considering the simple physical properties of soilsin
Section 2.2. Thisisfollowed by a discussion of the energy balance of soilsin Section 2.3 and the influence
this has upon the movement of soil moisture and gases. The basic relationships of rainfal infiltration,
percolation and evapotranspiration are given in Section 2.4, and finally a brief discussion of the diffusion
of gasesinto and out of the soil isconsideredin Section 2.5. Thesignificant factorswhich should beincluded
in any data base concerning the movement of gases into and out of the soil are listed in Chapter 6.

2.2 Physical properties of soils
2.2.1  Soil composition and formation

Soil is composed of four main constituents. mineral and organic matter which together form the solid
aggregates, and the pore spaces which are either filled with air or water. The combination of these four
congtituents, together with awide range of living organisms, makes soils very varied entities. Asis shown
in Figure 2.1, the mineral matter of an average fertile topsoil comprises some 45 per cent of the volume of
soil, organic matter up to about 5 per cent (except for organic soils) with the soil air and water occupying the
other 50 per cent. The components of the soil solid phase, minera and organic, the gaseous phase and the
liquid phase, the soil solution (water), are convenient starting points for a discussion of the physical
properties of soils.
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Figure 2.1.

V olumecomposition of atypical topsoil

This may be expressed empiricaly as:

where:

V=S+M+G

V = volume of total sample volume (cm?)
S = volume of soil solids (cm®)

M = volume of soil moisture (cm?)
G = volume of soil air (cm?)
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The soil was described many years ago as the ‘ excited skin of the earth’ and in the present context thisisa
very apt description because soilsresult from interactions of energy and matter whichtake placeat theearth's
surface. Soilslieat theinterface between thelithosphere and the atmosphere and are subject to theinfluences
of the factors of the climate and the biosphere, including mankind.

The soil forming factors of climate and organisms are the broad controls over the various processes which
take place in soils and contribute to the development of soil profiles. The factors of soil formation were

described by Jenny (1941) in his empirical formula:

where:

ISRIC Technical Paper 23

S=f(c,orpt,..

S=any soil feature
f = function of specified factors
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p = parent materia
t=time
.= other factors as yet unidentified.

Many soil scientists have long recognized alatitudinal element in the geographical pattern of soilsand this
is the result of the distribution of solar energy received from the sun. Temperature and rainfal are both
included in the climate factor of Jenny's equation. In recent years the effects of mankind have had such an
overwhel ming influencethat an anthropogeni c factor hasbeen separated fromthe plant and animal organisms
by some authors (Bidwell and Hole, 1965). Regionally, relief plays a part in soil formation in the range of
altitude found in high mountain ranges, but it is also particularly important at the local level. Surface relief
and the ground-water table interact in the devel opment of many poorly drained soils. The parent materid is
very significant for it provides the mineral matter of which soils are formed and the time factor has to be
taken into account for the degree of development and maturity of soils. Jenny's approach forms a useful
qualitative assessment of soil formation and draws attention to the broad principles which control it.
However, the approach has anumber of difficultiesin its application asthe factors, supposedly independent
variables, are not as independent as they might seem.

Soils have been described as an open system (Buol et al., 1973) as they exist in a state of dynamic
equilibrium (steady state) with flows of energy and matter entering and leaving the system. The gains and
losses of the soil system are shown diagrammatically in Figure 2.2,

Seen from above, soils may look uniform and solid, but when a sectionisvisiblein aroadside cutting or in
asoil inspection pit, the soil can be seen to have a sequence of layers of different colour, texture, structure
and further investigation revealsother physical, chemical and biological characteristicsaswell. Theselayers
of the soil are known as soil horizons and the complete sequence of horizons makes a soil profile.

Soils are identified by their profiles which have a variable number of horizons; these lie approximately
parallel tothe surface of the earth. Systemsof soil classification utilizethe different attributes of the horizons
to characterizethe profilesof soilsand placetheminlogica groupings. Thissubject isrelevant to the present
study only in so far as certain chemical and physical attributes of soils may influence the processes which
facilitate and control gaseous emissions from soils to the atmosphere. As some of the attributes of soilsare
utilized for the purposes of classification, in some cases, it is possible to use the classified soils to retrieve
featureswhich may be of help for identifying sourcesand sinksof radiatively-active gases. Their distribution
can then be represented cartographically.

Soil horizons with their characteristic features owe their existence to a number of recognized processes of
soil formation. These processes operate within the broad parameters set by the factors of soil formation. Soil
forming processes may be described as complex ‘bundles’ of chemical, physical and biological reactions
which take place, changing the geological parent material into a recognisable soil. As examples, simple
descriptions of some of the more common soil forming processes of the cool humid climates are:
- leaching which removes soluble constituents, cations of Ca, Mg, Naand K and acidifies soils;
- podzolization in which clay minerals are broken down and iron, aluminium and organic matter are
translocated into the lower horizons of the soil;
- gleyingthedevel opment of soil under water-saturated, anaerobic conditionswhich may be temporary
or permanent;

ISRIC Technical Paper 23 12 NRP Project 851039



- organic accumulation including humusincorporation in mineral soils and peat formation in upland
and lowland bogs.

The impact and intensity of these processes vary both in space and time, so the resultant pattern of soilson
the earth's surface has great geographical variation.
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Figure2.2. Representation of a soil as an open system (After Buol et al., 1973)

2.2.2 Thesolid phase of soils

The solid matter of which soilsare composed is either mineral or organic material which ispresent inawide
variety of forms. The processes of soil formation gradually change these mineral and organic constituents
into new materials with recognisable soil characteristics. Some new minerals are produced, and organic
materials are humified, storing carbon which is eventually decomposed, releasing carbon dioxide and
methane into the atmosphere.

Theinorganic fraction of soilsis composed of awide range of mineral particleswhich are derived from the
underlying parent material together with any aeolian additions which may have been blown in. The most
characteristic featureof themineral matter isitsparticle-sizedistribution, commonly referred to asthetexture
of the soil. Particle-sizeisnot easily changed and so has been used by many soil scientistsasastable attribute
of soils; itisalso agood surrogate for many other physical characteristics of soils. Soil texture is assessed
from the ‘fine earth’ which refersto the sand, silt and clay which passes a2 mm round-hole sieve. Coarser
materials, stones, areregarded as‘ mineral skeleton’ and although physically important for their bulk, do not
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play asignificant chemical role. Experienced soil surveyorscan recognize at least 12 different texturesfrom
the various admixtures of sand silt and clay which occur (Figure 2.3).
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Figure2.3. Soil textural classes determined by percentages of sand, silt and clay present (Source: Hodgson, 1978)

Mineral constituents

Themineralogical composition of theparticle-sizegroupingsisalso different. Usually, sands(2.00 mm - 0.02
pum) are composed of 95 or more per cent of quartz with subsidiary amounts of feldspars, micas,
ferromagnesian minerals, iron oxides and other accessory minerals such as zircon, garnet and apatite. Silts
(0.02 - 0.002 um) also are dominated by quartz particles, but the accessory minerals tend to be present in
greater quantities. The arbitrary lower limit of silt istaken as 0.002 um and particles smaller than this are
clays. Themineral ogy of the claysisin marked contrast to that of the sands and silts, being composed mainly
of secondary alumino-silicates, many of which have been formed within the soil. Below 0.001 pm clays
assume colloidal properties which introduces further complexity into their behaviour both in physical and
chemical terms.

Organic materials
Soil organic matter isaminor but significant component in most soils, normally amounting to lessthan about
5 per cent, but in the Histosol s (organi ¢ soils) can be between 30 and 100 per cent of the total composition.

Organic matter in freely drained mineral soilsis derived from the oxidative breakdown products of plant
materia which are gradually humified and then subseguently mineralized; only in the saturated conditions
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typical of the organic soilsisthe process of breakdown inhibited by thelack of oxygen and so accumulation
of undecomposed, or partly decomposed, plant remains takes place.

The main source of organic matter within soilsis the vegetation growing upon them. Leaf litter fallsto the
ground surface and begins to decay, roots die within the soil and as they decay further organic matter is
added. The processes of breakdown are complex involving a succession of soil microfaunaand fungi, each
of which takes the process of decomposition a stage further. The final result is the production of humus, a
dark-coloured, amorphous material containing avariety of organic components. Mixing of thismaterial into
the surface horizon is mainly the result of the activity of soil fauna, especially the earthworms.

Soil structure

The term soil structureis used by pedologists for the aggregation of the individual soil particlesinto larger
aggregates, commonly referred to as peds. Peds are soil aggregates bounded by natural surfaces which
become apparent when the soil is exposed in asoil pit or exposure. Asthe face of the soil dries, their clarity
is usualy enhanced. In the surface layer of agricultural soils, structures would normally result from
cultivation practices and are therefore artifacts bounded by fractures, rather than with natural surfaces.

Soil structures are created by the succession of cycles of wetting and drying, the activity of plant roots and
soil fauna. As soilsdry, desiccation cracks develop, and once formed tend to perpetuate themselves astheir
surfaces become coated with organic breakdown products (mucilages and gums), as well as clay particles
oriented parallel to the structure face.

Soil structures are usually described according to the type, which gives the shape and arrangement of peds;
the class, which describes the size and the grade, which expresses the degree of cohesion of the aggregates
(Figure 2.4). The degree of aggregation of soilsissignificant in terms of the soil's ability to transmit liquids
and gases through the pore systems (Y oungs and L eeds-Harrison, 1990; Ball et al., 1988).

Figure2.4. Typica formsof soil structure (Soil structure formed by the aggregation of the sand, silt and clay particles:
(a) prismatic; (b) columnar; (c) angular blocky; (€) platy; (f) crumb or granular)

ISRIC Technical Paper 23 15 NRP Project 851039



2.2.3 Thegaseous and liquid phases of soils

One soil feature which has often been neglected in the past has been the spaces between the structures,
normally referred to aspores or voids. These are very important features of soilsin the context of the present
study as they provide preferential paths for the movement of liquids into soils, and gases between the soil
and the atmosphere. Johnson et al. (1960), proposed classes of abundance, size, continuity, orientation,
distribution and morphology for their description which have been adopted in some form by the soil surveys
of many countries. The soil pores are either filled with the soil atmosphere or, if saturated, with the soil
solution. However, when the soil is moistened the clays expand and pores become restricted and may even
become completely closed.

The total pore space (TPS) of soil is the volume not occupied by soil solids; it may be obtained from the
following eguation:

TPS=(V,- V)1V, €)

where:
V, = total sample volume (cm®)
V, = volume of solids (cm?)

The value of the TPS of a soil islargely determined by the bulk density of the sample, the weight per unit
volume. The content of organic matter hasasignificant influence upon the specific density of asoil (minera
matter 2.60 g cm, organic matter 1.43 g cm®) and according to Driessen (1986b, p. 219) may be determined
by:

SD=1/(0.38+0.57 xC,) 4

where:
C., = carbon content of the matrix material (g g?).

The soil voids, the pores and fissures between the solid materials, contain the soil atmosphere and the soil
solution. The soil atmosphere differsfrom the air abovein two major respects; normally it is saturated with
water vapour and the average content of carbon dioxide may be 10 to 100 times that of the air; it a'so may
contain smaller quantities of other gases such as methane and nitrous oxides (see appropriate chapters). The
continuity and width of soil poresisimportant for the diffusion of gases from the soil into the atmosphere.

Infreely drained soils, the amount of the soil solution present depends upon therainfall or irrigation the soil
receives, and so it changes with wetting and drying cycles. The amount of water available for plants, the
‘plant available’ moisture, is that moisture which lies between the field capacity and wilting point for any
particular soil. With poorly drained soils, there may be continual saturation of the soil with poresfilled with
water to the exclusion of air. The soil solution contains dissolved electrolytes, small quantities of dissolved
gases and other water-sol uble or water-dispersed compounds. Because the soil solution isthe medium from
which plants obtain their nutrients, the content and concentration of dissolved substances changes with the
time of year, with microbial activity and the amount of rainfall received. When soil pores arefilled or partly
filled with water the rate of diffusion of gases may be greatly reduced.
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224 Dranage

The drainage of the soil profile is described by the field scientist under the headings of excessively, freely,
moderately, imperfectly, poorly and very poorly drained. Allocation of a soil to one or other of these
categoriesisusually doneonthe basis of colour, particularly theintensity of the mottling and its distribution
within the profile. It isassumed that these colour patterns are rel ated to the average drai nage conditions over
a long period of time. However, the correlation of colours with poor drainage is only partialy correct
(Hodgson, 1978).

More often than not, these conditions of drainage may be related to the position of a soil on the landscape
as Figure 2.5 demonstrates. It isin relief relationships such as these that the soils with poor and very poor
drainage lie at the bottom of slopes whereas freely and excessively drained soils occur on the slope or the
crest. Soils on the crest and slope will drain rapidly whereas those on the footslopes receive water from
upslope and will remain wet for much longer periods. In such conditions, the period of saturated anaerobic
conditions may be prolonged and lead to the possibility of methane production.

drained
or
25
uniform
om (oxidized)
colours blue-grey
m =
75 -

Figure2.5. A hydrological sequence of soilsin apermeable parent material (From Avery, 1987)

A widespread case of human-induced poor soil drainage conditionsisin paddy ricefields. Although paddy
fieldsonsomealluvia parent materialsmay be naturally poorly drained, many paddy fieldsare only puddied
in the surface layers to reduce permeability during the period of growth of the rice plants. After growth of
the crop has occurred, the fields are allowed to dry out and aerobic conditions return. Thus, the soils are
under a constant cycle of aerobic and anaerobic conditions.
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In addition, the paddy field usually has agreen crop or weeds ploughed in before the field isflooded and the
riceisplanted, so microbial activity isencouraged during the period before planting. It is preferable to plant
the rice after the first flush of decomposition has occurred when it can grow in a more favourable
environment. During the flooded period the more important processes taking place include generation of
carbon dioxide, methane, hydrogen and ammonia, as well as the reduction of nitrate, iron and manganese
oxides, and sulphates (Ponnamperuma, 1964).

2.3 Factors controlling the ener gy balance of soils
2.3.1 Introduction

Virtually al of the heat energy utilized in the soil is acquired from the radiant energy of the sun.
Theoretically, thereisasmall outflow of energy from the deeper layers of the earth, but in practice this may
be discounted. Energy arrives at the outer part of the atmosphere as short-wave solar radiation centred on a
waveband of 0.5 um, and it has been estimated that only 0.002 % of thetotal radiation emitted by the sunis
received by the earth. The amount of energy which is received at the outer reaches of the atmosphere, the
solar constant, is8.36 Jm?yr* (2.0 cal cm? minute or Langleys/minute) (Hillel, 1980). Reflection, scattering
and absorption greatly reduces the amount of radiation which penetrates the atmosphere and eventually
reachesthe earth'ssurface. According to Phillipson (1966), in mid-latitudesthisamountsto 1.96 x 10°kJ (4.7
x 10° kcal m?yr?).

A clear atmosphereisfairly transparent to incoming short-wave radiation and on aglobal scal ethisaccounts
for some 48 % of which 9 % isabsorbed in passing through the atmosphere, 9 % isreflected back into space,
and 6 % is down-scattered, leaving 24 % to reach the surface (Figure 2.6). Fifty-two per cent encounters
clouds which absorb 10 per cent, another 25 % are reflected back into space leaving 17 % to pass through
to the ground surface. On the average, 34 % is reflected back into space, 19 % is absorbed into the
atmosphere and only 47 per cent, (24 + 17 + 6) is received at the earth's surface.
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Figure2.6. The mean energy exchange between earth and atmosphere (After Watts, 1971)
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In order to conform to the First Law of Thermodynamics, thisreceipt of energy must be balanced by losses
otherwise the surface of the earth and the atmosphere would steadily increase in temperature. The balance
of energy received and lost is completed by a net loss of 14 % from the energy circulating between the
atmosphere and the earth, 23 % arelost through latent heat aswater vapour isevaporated and condensed and
conduction resultsin aloss of another 10 per cent (14 + 23 + 10 %), equalling those gained.

The net radiation received by the soil surface may be determined by a radiometer or, in theory, it can be
estimated simply from meteorological data using the equation:

H=E+(Q,+Q) ()

in which:
E = heat used for evaporation of water from soil and crop
Q = heat lost to surroundings (Q, to the air and Q to the soil).

The net effect of the greenhouse gases on the energy balanceisthat they absorb some of theincoming short-
wave radiation and outgoing radiation. Of the outgoing emission of 390 W m?, only 8 per cent is lost to
space, the rest being retained in the atmosphere. Without the presence of the greenhouse gases, the amount
of outgoing radiation would be 236 W m2. Most of theretention, 154 W m?, is caused by water vapour (100
W m?) and carbon dioxide (50 W m?), which leaves only asmall contribution from the remaining gases.

2.3.2 Radiant energy at the earth's surface

Energy islost from the atmosphere and the soil surface in the form of longwave radiation, centred upon 10
pm, with arange of 4-40 um. At thiswavelength the energy isless penetrating and is reflected and absorbed
by clouds, water vapour and other greenhouse gasesin theatmosphere. L osses and gains of heat energy occur
through evaporation, an endothermic process, and condensation, an exothermic process. In appropriate
situations, changes of state between freezing and thawing also take up and rel ease latent heat. Evaporation
may take place from the bare soil surface alone, or from both soil and vegetation surfaces. This process
requires energy, and so the flux of water vapour from either soil or vegetation surfacesis closely associated
withtransfersof latent heat. Thereisa so atransfer downwards of sensible heat into the soil. In dry soilsthis
isadow and inefficient process as the points of contact between soil particles are small, but asthe moisture
content of the soil increases, the water is a better conductor of heat than the soil materials, and a maximum
conduction value is reached when water saturates the soil. The lowest layers of the atmosphere are also
warmed by contact with awarm soil. Theamount of heat stored in the vegetation isnegligible compared with
storage in the soil (Tanner, 1960).

The balance between incoming and outgoing energy at the soil surfaceis described by Marshall and Holmes
(1988) using the equation:

(1-e)R; =R+ G+H+AE (6)
where:

Rs = shortwave radiation

o =reflection of surface

R, =longwave radiation

G =flux of heat to the ground

H =flux of heat to theair
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AE = latent heat consumed by evaporation

This equation may be re-written:

R, =S(1-a)+L, (7)
where:

R, = netradiation

o = reflection co-efficient

S(1-«) isthe short wave radiation energy absorbed
L, = netlongwaveradiation (L;-L,; L;isinward, and L, isoutward longwave radiation)

The net radiation is an important parameter asit isthe amount of energy available at the ground surface to
drive the processes of soil formation, photosynthesis and crop growth, air heating and evapotranspiration.
Figuresfor Rothamsted, England, indicate that 80 per cent of theincoming radiation is absorbed and 30 per
cent re-radiated as long wave radiation (Gregory, 1988).

233 Albedo

Critical factorsin the energy balance are the physical characteristics of the soil surface, for these influence
the amount of solar energy which isavailable for conversion into heat. These factors are combined into the
albedo, which may be defined astheratio of the outgoing to incoming radiativeflux (Bolle, 1990). Thevaue
of the albedo varies according to the angle of incidence, the higher the sun in the sky, the lower the albedo.
Thus, aslatitude increases towards the pol es, the albedo becomes more significant asthe angle of incidence
becomesmoreacute. However, individual sitesmay offset thiseffect to someextent if the slopeissun-facing.

Where bare soils are concerned, 10-30 % of incident solar radiation isreflected; the albedo of somedifferent
soil materialsin comparison with snow are:

dry sail 0.25-0.45
drysand  0.30-0.40
moist soil  0.10- 0.15
peat 0.05-0.15
snow 0.80-0.95

The structure of the vegetation also is a significant complicating factor as the angle of disposition of the
leaves to incoming light influences the direction of reflection which occurs. A change in land use or
deforestation would significantly change the albedo (Henderson-Sellers et al., 1988).

Previoudly, it was stated that it was possible to determine the amount of net radiation (Penman, 1948). In
practice, thisis not asimple problem asit is difficult to partition AE, which isinvolved in both energy and
water movement. Penman al so showed that theradiation R, and L, can be cal culated with sufficient accuracy
from standard meteorological data. This he accomplished using the relationships:

R = R;(a +0.62n/N) (8)
and
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Ln = oT%0.47 - 0.065.€,)(0.17 + 0.83/N) )

inwhich R istheincident short wave radiation and R; isthe incoming solar radiation if the atmosphere was
completely transparent. This can be calculated from the solar constant, |atitude and the time of the year. o
represents the Stefan-Boltzman constant (5.67x10° W m?2 K*) and T is the temperature of the absorbing
surface and e, the vapour pressure of water inair in mbar and g aconstant dependent upon latitude (Gregory,
1988).

234 Soil temperature change

The rate at which soil temperature changes occur will depend upon the heat flux into and out of the soil. In
turn, theflux of heat depends upon the temperature gradient and the soil'sthermal capacity and conductivity.
The position is complicated by the diurnal and annual rhythm and by the lack of homogeneity of soils. Heat
energy received during the day is released during the night into the lower atmosphere. Seasondly, the
shortwave energy provides a surplus during the spring and summer, a situation which is balanced by losses
in autumn and winter.

The flux of sensible heat at the earth's surface may be described by the equation:

H =-K,d(pC,T)/dz, (10)
where:

T = temperatureat height z

Ky=  atransfer coefficient dependent upon the horizontal wind vel ocity, aerodynamic roughness

of the land surface, height of measurement and stability of the atmosphere
= dengty of theair
heat capacity at constant pressure.

O™
1

Asthe density of the air and the heat capacity at constant pressure are substantially constant (Marshall and
Holmes, 1988), the equation becomes:

H = -K,pCdT/dz. (11
Heat flux into the soil is conductive, and the rate which a soil warms depends upon its heat capacity (specific
heat x mass). Asthe specific heat (the calories required to raise one gram of asubstance 1° C) isknown for
soil constituents (see Table 2.1), the heat capacity of soils may be calculated, according to Baver et al.
(2972), from:

Cs = 0.46x,+ 0.60x, + X, (12)
where:

Csisthe heat capacity of the soil, and
X X, @nd x,, are the volume fractions of the mineral and organic matter and water, respectively.
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Table2.1. Specific heat and heat capacity of soil materials (Kohnke, 1982).

Material Specific heat Heat capacity
Jg? (cd g Jem® (cal cm®)
Humus 1.67 (0.4) 2.34 (0.56)
Water 4.18 (1.0) 4.18 (1.00)
Ice 2.09 (0.5) 1.92 (0.46)
Air 1.04 (0.25) 1.25 (0.30)
Clay 0.92 (0.22) 2.09 (0.50)
Quartz 0.79 (0.19) 2.09 (0.50)
CaCO, 0.84 (0.20) 2.25 (0.54)

Thethermal conductivity of asoil (itsability to transfer heat) is dependent upon its content of air and water,
but also onitsstate of compaction. Thermal conductivity isgreatest inwet compact soils(Moenchand Evans,
1970). Thermal conductivities of common materials are: air 0.5 x 10, dry soil 3-5 x 10, snow 3.9 x 10,
moist soil 20-40 x 10* and depending on temperature, water 13-14 x 10 calories s* cm? per °C changein
temperature.

The rate of change in temperature of a soil body at a given depth is the result of the flux of heat and the
thermal capacity (the amount of heat required to change the temperature of a given mass of soil) by:

dT/dt = kdPT/pcdz? (13)
where:

p = soil density

¢ = specific heat capacity

k = thermal conductivity

k/pc = thermal diffusivity

Dampening of the daily and annual temperature fluctuationsin soil is controlled by thermal diffusivity. The
observed decrease in amplitude with depth is described by the expression:

gzVi2p (14)
where;
z=depthincm
w = angular velocity of the daily/annual cycle (and equals 2/t radians sec* wheret
isthe number of secondsin aday or year)
D = the thermal diffusivity of the soil.

At adepth of z = .2D/W, the amplitude of the temperature wave is e* or 0.37 times the amplitude at the
surface; thisis referred to as the * dampening depth’.
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Figure2.7.  (A) Annual variation of soil temperature with depth under short grass, Oxford (Payne and Gregory, 1988);
(B)The daily range of soil temperature at three depths under grass at Berner's Heath, Thetford, 11 August,
1981 (Oliver et al, 1987).

In an unsaturated soil with atemperature gradient, water evaporatesin the warmer horizons and diffuses, as
water vapour, to cooler horizonswhere condensation occurs. Thistransfer of water vapour a so transfersheat
asit is absorbed in the process of evaporation and released in condensation.

The soil temperatureisinfluenced by the presence of moisture, but thisisnot astraight-forward relationship
asthe surface driesfirst and thisinfluences the albedo and also the rate of evaporation of water vapour. The
dampening effect referred to previously means that in most soils there islittle temperature variation below
10 cm caused by moisture content. Camillo (1989) has attempted to estimate the surface temperature of soils
for remote sensing purposesfrom subsurfacetemperatureval uesusing Fourier seriesand Wolf and Rogowski
(1991), in studying the distribution of heat flux and growing degree days, comment on theinfluence soil heat
flux has on the mineralisation of carbon and nitrogen and the potential for pollution caused by the latter.
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On the soil surface, the presence of vegetation, plant debris or mulches reduces the diurna range of
temperature fluctuation by the insulating effect of alayer of trapped, still air. Under a canopy of trees all
shortwave radiation will be intercepted, leaving only reflected longwave radiation to reach the soil surface.
Emitted longwave radiation from the soil surface will be absorbed and reflected by the canopy. Thus, above
acrop or forest canopy, the air temperature will be lower than the surface soil temperature on aclear night,
whereas over a bare soil the air temperature will be the same as that of the soil. During the day, air
temperatures may be higher than soil surface temperatures as sensible heat i sdissipated into the atmosphere.
In winter, different forms of vegetation cover influence the impact of frost and the depth to which it
penetrates. In tropical regions, shade trees or mulches are necessary to maintain equable soil temperatures
and moisture content for active root growth (Horton, 1989).

2.3.5 Sensbleand latent heat

Theflux of sensible and latent heat from the soil or plant foliage involvesthetransfer of warm humid air into
thelower layersof the atmosphere asaresult of gradients of temperature and vapour pressure. When the soil
surface is moist, most of the net radiation received is absorbed and used to evaporate water, but as the soil
dries, an increasing amount of energy is dissipated as sensible heat to the air or to the deeper layers of the
soil.

Valuesfor these heat fluxes may be obtained by averaging valuesin the following equations:

C = -pcK,0T/oz (15)
and
_ (16)
AE = e K, be/tz
Y
where;
p = density of air
c, = specific heat capacity of air at constant pressure

= heat of vaporisation of water (2.453 x 10°Jkg?)
= psychromatic constant (ratio pc,/ 0.622)
= total air pressure.

T = >
|

The ratio of sensible heat to latent heat transfer is the Bowen ratio o, (see equation 9), and after some
simplification for still air conditions, it can be written:

o = JT,-T)/(e-¢) 17
where:

—
1

o

mean air temperature

T, = meanar temperature a height z above the surface
€, = vapour pressure
e, = vapour pressure at height z above the surface.
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Comparisonswith measurementsfrom lysimeters show that thereisgood accordance with cal culationsusing
the Bowen ratio.

Returning to the energy balance equation (6), it may be re-written, omitting the symbolsfor energy retained
by the surface and energy stored during photosynthesis, which are unnecessary for a bare soil:

R,-G=C-2E (18)
where:

R, =netradiation

G = heat energy conducted to warm materials below the surface

C = energy used to warm the air

) =latent heat of vapourisation

E =evaporation

Present-day analysis of these problems utilizes resistance nomenclature and in this format the two elements
C and LE may be re-written as

ok (@) (19)
n
and
_ (20)
e % Ga®)
A r,
where:

pC, = volumetric specific heat capacity of air

T, = surfacetemperature

e, = surface vapour pressure

T, =temperature at areference height in the air

e, =vapour pressure at areference height in the air

r, =resistanceto sensible heat convection between the wet surface and the air at reference height.
r, = resistance to vapour transfer respectively between the wet surface and the air at reference
height.

2.3.6 Relationships of heat and evaporation

The process of evaporation may be represented quantitatively with reference to the radiant heat energy
received and the amount of sensible heat | ost to the atmosphere or aslatent heat to the soil. Berkhout and Van
Keulen (1986) show how these factors are related. First concerning the relationship of heat loss caused by
evaporation:

Ry=H+LE (21)
where:

Ry = net radiation

H =sensibleheat loss
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E =rate of water loss from the surface
LE = evaporative heat loss

Secondly the loss of sensible heat to the surrounding atmosphere and soil can be represented by:

H =h(T,-T) (22)
where:

H =sensible heat loss

h, =sensible heat transfer coefficient

T, =temperature of the evaporating surface
T, =temperature at standard screen height.

The sensible heat transfer coefficient h, is dependent upon the turbulence of the atmosphere and may be
expressed:

w = a(1+b,a) (23)
where:

i =mean wind velocity

a, =empirical constant (circa6.4 x 10°Jm?d* °C?)

b, =empirical constant (circa0.54 sm™)

A water surface loses water vapour in proportion to the vapour pressure difference between the surface and
the overlying air. This may be represented by:

E =k(&-e) (24)
where:

E =rate of water vapour loss

k, =thevapour transfer coefficient

e, = surface vapour pressure
e, =vapour at screen height

Both the exchange of sensible and evaporative heat are controlled by processes of diffusion and turbulence

in the atmosphere. These may be related by Bowen'sratio in which the psychrometer constant:
y=hk,L* (25)

has a value of approximately 0.66.

A wet soil surface or a grass-covered surface having sufficient water supplied to it, givesaBowen ratio (o)

=010 0.2; asthe surface dries, o becomes larger because the proportion of sensible heat increases. In arid

conditions, theratio becomes negative asenergy isextracted fromtheair to evaporate water. Henning (1989)
provides maps showing the world distribution of the Bowen ratio. It isrelevant to note that Penman (1948)
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devel oped an equation which described evaporation in terms of radiation, saturation deficit, temperature and
diffusion resistances. He linearized the relationship between the saturated vapour pressure and the
temperature of the air to estimate the vapour pressure difference between the saturated surface and the air
(e, - &) from temperature differences and saturation deficit (e, - €). This enabled him to propose the
equation:

€~ = (6g-8) +A(T,- T) (26)
where:
A isthe dope of the vapour pressure curveat (T, - T,)/2

after which (e, - €) is eliminated using equation 15 to give the Penman equation:

A (R-G) + (pc, (e,-e)iry) (27)
A+ vy(,/r)

AE =

Subsequently, Monteith (1965, 1973) combined the energy balance and vapour heat transfers to give the
Penman-Monteith version of the equation which is a widely used and physicaly realistic model (Oliver,
1983). It may be expressed for crops as:

AR, + (pofen-ediry) (28)
A+ y(r, + 1),

AE

where;
r, = the‘aerodynamic’ resistance to the diffusion of water vapour from the surface to alevel above
the crop.
r. = the ‘surface’ resistance to water vapour flow from within the leaf to the surface where
evaporation takes place.

The canopy resistance, r,,, depends upon the amount of stomatal opening, except when theleavesarewet with
dew, rain or irrigation water when it is close to zero. The value of r_ lies between 0.3 and 0.5 scm for many
crops when well supplied with water and the leaves are dry (Gregory, 1988).

24 Factors controlling water in the soil system
24.1 Introduction

Brotherton (1990) referred to water vapour as the most significant greenhouse gas, but water dropletsin the
form of clouds also exert agreat influence upon the absorption and reflectivity of the atmosphere. However,
it must not be overlooked that changesin land use strongly influence the character of the land surface, and
with it the albedo and physical characteristics controlling the movement of water between soil, vegetation
and the atmosphere. For example, where tropical forests have been removed, evaporation is reduced, and a
cloud cover does not form so readily.
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It isclear that thereis acontinuum of movement of water through the soil-plant-atmosphere system. Within
the soil, lateral movement of water is controlled by gravity and a gradient of matric potential, but in plants
osmotic potential aso strongly influences water movement. Analogies have been made of the flow being
similar to that of an electric current so that the water flux equal sthe differencein water potential divided by
the resistance to flow.

In unsaturated soils, water is held in thin films on soil particle or pore surfaces by forces which resist the
downward pull of gravity. As the soil dries, it becomes held increasingly tightly by these forces. Thusto
obtain water from the soil greater amounts of energy must be used to extract it; consequently, it isconvenient
to use energy relationships to describe the situation which prevails.

Most soil survey reports contain information upon soil moisture contents in the form of gravimetric
measurements (W/W %), or if volume and bulk density were considered, upon avolumetric basis (V/V %).
Another common method is to report soil moisture contents as a function of the pF, the negative pressure
retaining water in the soil against the pull of a column of water, expressed on a logarithmic scale.
Increasingly in recent years, soil moisture contents are being reported in terms of the energy differences
resulting from the attractive forces between the soil solids and water in the soil, collectively referred to as
matric potential (v). Undisturbed moisture contents may be determined using a neutron probe. Using the
figures obtained by either method, the amount of available water capacity (AWC) for the profile may be
calculated. Gregson et al. (1987), examine the relationship between the soil water content and the soil water
potential, otherwise known as the soil moisture characteristic and indicate that it may be simply determined
from one paired measurement of soil water content against matric potential.

2.4.2 Infiltration

Water entersthe soil system asaresult of rain, irrigation or seepage. Excluding the meteorol ogical processes
of raindrop formation and their fall through the atmosphere, entry of water into the soil is subject to two
limiting factors; the infiltration capacity and the permeability of the soil. Both infiltration and permesbility
may vary in time because of the interaction of water with the soil, particularly the clay fraction.

Raindrops vary in size according to the intensity of a rainstorm. A light rain, the drops of which might
typicaly be 1 mm in diameter has an impact velocity of 3.8 m s?, but in a heavy rainstorm, drop size may
increase to 4.5 mm diameter and have a terminal velocity of 9.0 m s™. The greater size and rate of fall
provides approximately 500 times the kinetic energy and 200 times the momentum of the smaller drops.
Davies and Payne (1988) quote an example of astorm of 5 cm h* which dissipates energy at the rate of 5.6
kW ha'. A small increaseto 7.5 cm h raises the energy dissipated by afactor of 100to 520 kW ha' (Sharma
etal., 1991).

Impact of raindrops upon abare soil surface may cause disruption of surface structuresinto their constituent
sand, silt, clay and organic components. Subsequently, these individual particles are transported a short
distance away from where they originated and are deposited, blocking pores and reducing the rate of
infiltration. Very permeable soils have infiltration rates up to 0.1 mm s* but soils of low permeability have
rates of 10* mm s* which approximates to a range between 10 m d* and 10 mm d* (Payne, 1988). Therate
of infiltration as measured under field conditions usually shows a steep decline following the application of
water to the soil surface, and approaches the saturated hydraulic conductivity.
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Clods produced by cultivation may also shatter on wetting as swelling of clays causes further disruption of
an already fractured soil structure. Whether dispersed by impact or by disruption, theindividua soil particles
arethen available for transport. This may be restricted to afew millimetresin which case redeposition may
block pores and greatly reduce infiltration. This phenomenon is sometimes referred to as ‘ capping’ . Asthis
ismost likely to occur during heavy rainstorms, therestriction of infiltration i s seriousasagrester proportion
of therainfall is diverted to overland flow and may cause erosion.

Below the surface horizon, wetting of the subsoil resultsin expansion of the clayswhich alsorestrict thesize
of pores. Closing of cracks is most marked in Vertisols with a large proportion of smectite-type clays.
However, swelling also occursto alesser extent in other clays, reducing the permeability of saturated soils
and leading to the formation of gley phenomena.

2.4.3 Water movement within soils

The concept of field capacity (water held in the soil after any excess has drained away following heavy rain
or irrigation) represents an upper limit of plant available water in freely drained soils. Thewilting point (the
moisture content of the soil at which leaves of plants growing in the soil first reached a stage when they did
not recover when placed in asaturated atmosphere without addition of water to the soil) representsthelower
limit of available moisture. As al plants do not respond in the same way, these figures can only give an
approximation of the plant available water in soils. In morerecent years, suction figures of 5 kPa (-0.05 bar)
and 1.5 MPa (-15 bar) have been used to define these limits (Gregory, 1988) but experimental work has
shown wide variation of these limitsin different soils.

Clay content accounts for most of the variation observed, but organic matter is also involved and is
responsible for at least part of the water-holding capacity, particularly in coarse-textured soils. Loamy soils
contai ning appreciable contents of silt can hold the greatest quantity of available water; however the concept
of plant-availablewater isan equilibrium concept and cannot be an exact part of soil science(Gregory, 1988).

Water is present in the inter-connecting system of fissures and poreswhich surround and penetrate the peds
of asoil. Inthelarger poresand fissures, water may flow freely under theinfluence of gravity, but inthefiner
porestheinfluenceof capillarity ismoresignificant. Thisledin the 1930sto atripartite division of soil water
into gravitational, capillary and structural components of soil water. Subsequently, these approximations of
the soil water content have been superseded by moisture contents defined in terms of the matric suction.

Water movesthrough soilsin responseto differencesin gravity, matric potential and temperature. Inthe case
of gravity flow, it drains from the larger pores until the water films which remain become sufficiently thin
for the tension holding the water to be greater than the pull of gravity. At this point, and particularly when
thefilms of water become discontinuous, obviousflow of soil water ceases, but some movement still occurs
inthefiner pores. However, the pores of soilsare not parallel-sided capillaries, so constrictions and bubbles
of entrapped air may reduce the flow of water substantially before all the potentially available moisture has
been moved.

Movement of water in response to a difference in matric potential implies that water is able to move in

response to the tendency to equalize that potential. The rate of movement is proportional to the gradient of
the potential and the hydraulic conductivity of the soil. The relationship is demonstrated by Darcy's Law:
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d_Q _ ok ﬂ (29)
dt dl

where:
dQ/dt is the flow rate across an area perpendicular to the direction of flow.
dy/dl isthe gradient of the potential expressed as a head of water.
K isthe hydraulic conductivity of the soil.

Previoudly, it has been stated that the maximum values of hydraulic conductivity occur in a saturated soil
where al pores are transmitting water. In unsaturated conditions it has proved practicaly convenient
(although not physically correct) totreat water movement in soilsasadiffusion processdown aconcentration
gradient. If water diffusibility isdefined asthe product of conductivity and therate of change of suction with
water content, ¢, then the flow eguation may be re-written:

dQ/dt = -Ddc/dl (30)

which expresses the movement of water as a diffusion coefficient (the product of water diffusivity and the
gradient of water concentration).

Darcy'sequation hasto be modified for flow through unsaturated soils both for vertical aswell ashorizontal
movementsasis demonstrated by Marshall and Holmes (1988). Further complicationsareintroduced by the
(generdly) isotropic nature of soil profiles. However, Vereecken et al. (1989) describe how it is possibleto
obtain ameasure of the hydraulic conductivity from easily measured soil properties.

Thirdly water movement may occur in soils under the influence of atemperature gradient. A gradient in
temperaturewill cause water to movethrough the soilsin the vapour phase. It movesfrom hot regionsto cold
regions of the soil. Heating of the soil surface during daytime causes water to migrate as vapour into lower
horizons as well as evaporate into the atmosphere. At night time the soil surface cools below that of the
subsurface horizons and a reverse movement of water vapour can be observed in Australia (Rose, 1968,
quoted by Payne, 1988).

V apour movement also occurs in soils subject to freezing. Water is effectively removed from circulationin
the soil when it is converted to ice. Asfreezing occurs, water and water vapour are drawn from other areas
of the soil and added to theice body. Where temperaturesfall slowly the tension which holds water to clays
preventsit from freezing, but it is gradually overcome and so the water moves to the growing ice mass.
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2.4.4 Subsoil water movement

The net movement of moisture in humid climatesis downwards under gravity, but in arid or seasonally arid
climates the matric suction (y) may be greater and water is drawn upwards from the groundwater. This
movement is normally referred to as the capillary rise; the water being drawn upwards to the point where
gravity and the soil matric suction arein balance. The upper limit of the capillary fringeisreferred to asthe
piezometric surface, the level of which may be measured in dip wells, except for those situations when the
piezometric surface is above soil level.

Thevertical distance of capillary movement for different matric potentialsand soil texture classes have been
prepared by Rijtemaand arereproduced by Driessen (1986). He presentsequationsfor low- and high- suction
ranges to calculate capillary rise:

e eV - o ¢ @R (31)
cr- (fa(me )ity
e ¥ -1
and
32
CR:kq;-(ﬁl) (32)
where

¥ isthe mean suction in the increment A(z, - RD), and
ky isthehydraulic conductivity expressed in terms of atexture-specific suction limit and atexture-
specific constant.

With the value of the matric suction lower than the value of the pull of gravity, soil water movement is
downwards as percolation. Thiswater, moving down in response to gravity isthat water which has escaped
evaporation, and absorption by roots. It may eventually reach the water table and rejoin the wider circulation
of water in the hydrological cycle.

25 Gaseous movement in soils
2.5.1 Introduction

The movement of oxygen, carbon dioxide, water vapour and other gases between soils and the atmosphere
takes place through the continuous pore spaces extending from the deeper horizons to the soil surface. Ina
simple situation, diffusion occurs as a result of differences in specific gas concentrations, but when the
movement of soil gasesis considered there are several complicating factors. Pores are of variable width and
water may be trapped by constrictions in otherwise broad pores. Changes in atmospheric pressure and
temperature cause expansion and contraction in the volume of the soil atmosphere resulting in displacement
to the atmosphere. Some ventilation may occur through the gustiness of the wind and rainwater seeping
downwards can displace air below the wetting front (Grismer, 1988). However, sincethe earlier yearsof the
20th century, diffusion hasbeen seen asthe most significant processinvolved in soil gaseous movementsand
this position is still supported at the present day (Van Bavel, 1952; Payne and Gregory, 1988).
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2.5.2 Diffusion

Therelationship between therate of diffusion of agasin soil (D) to that of agasin the open atmosphere (D,)
can be represented, as afirst approximation, by the expression D/D, = 0.6S, where Sisthe proportion of the
soil volume occupied by air. Currie (1960 and, 1965) modified this statement to improve the representation
of the soil structure and moisture content (&) to D/D, = aS. By the introduction of atortuosity and a shape
factor into the equation the differencesin rates of diffusion between well- and poorly-structured soils were
more accurately quantified. The same author's experiences investigating within-crumb and between-crumb
rates of diffusion came to the conclusion that the within-crumb diffusion rate is about one-fifth of that
between the crumbs.

Different gaseswill diffuseat different ratesthrough different media. Oxygen, for example, will diffusemore
rapidly through a 1 m column of air than through a1 mm water film. Although the physical fluxes can be
measured, they are complicated by microbial activity, both for generating and absorbing gases. However, the
significance of structure and an adequately drained soil for gaseous movement is evident. The position is
further complicated in that there may be small areas of anaerobic conditionsin an otherwise freely drained
soil. Thiscondition isoften reveal ed by the presence of amottled col our pattern, and thewaters of which may
contain virtually no oxygen, only carbon dioxide and nitrogen.

The oxygen demand of soilsisstated by Payne and Gregory (1988) to be unusually large, compared with the
amount of oxygen present in the soil. They claim that if asoil using 7 g m?2 d* was sealed, and all the use of
oxygen took place in the upper 25 cm and the soil air contains 20 per cent by volume oxygen, the soil's
oxygen supply would only last about 2 days. The sameauthorsrefer to the crusting phenomenon encountered
in certain soils, commenting that research has shown that, even in these soils, there are sufficient cracksand
holes, which together with air turbulence, are sufficient to maintain a satisfactory oxygen concentration
gradient. However, if the surface horizon is saturated gaseous diffusion is effectively restricted (Rasmuson
et al., 1990).

The flux of carbon dioxide to the atmosphere was found by Monteith to be 1.5 g m? during winter and 6.7
gm?2d?insummer (quoted by Payne and Gregory, 1988). Carbon dioxideis, of course, solublein water (31
times greater than oxygen) an observation which Greenwood (1970) usesto predict that the CO, content of
air in the soil should not rise above 1 per cent, other than in anaerobic pockets. Diffusion coefficients for
oxygen and carbon dioxide in water and air at 25 °C are given by Marshall and Holmes (1988):

oxygen carbon dioxide
(mz s—l) (mz s—l)
air 2.26x10° 1.81x10°
water 2.60x10° 2.04x10°
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25.3 Quantitative relationships
Diffusion of gases occurs in response to a concentration gradient is demonstrated by Fick's law:

g = D,dC/dx (33
where:

g = the gas flux per unit area of cross-section

C = its concentration

X = a space co-ordinate normal to the section

This may be simplified to:
g = D', dp/dx (34

asthe partia pressure (p) of agasin the mixture of gasesis proportional to its concentration C.

In the soil the tortuosity of the pores reduces the effective cross-section of the pathways for diffusion and
the following equation has been put forward to account for the movement of a gas through a soil:

g, = D,bedCldx (35)
where;

g, =gasflux

b =impedance factor

D, =diffusion coefficient for specific gases

e, =airfilled porosity

If D isthe diffusion coefficient for a gas diffusing through a soil, then:

D/D, = be, (36)
The value of 0.66 was adopted by Penman (1940) for the impedance factor b, but subsequently other
investigators, including Currie and Rose (1985), have refined the approach to account for tortuosity and the
presence of water in pores, partialy closing the pathways (Bruchler et al., 1989). For a moist soil Currie
proposed:

D/D, = (e/e)‘e" (37)

inwhich misapproximately 1.5 in sands. Currie (1984) subsequently concluded that no single relationship
between D/D, and e, would fit the results obtained.

Soil microbial activity and rooting systems are capable of absorbing free oxygen. Concentrations of oxygen
in the soil solution are normally some 50 to 100-fold greater than in the cytoplasm of cells, so an adequate
gradient exists to maintain diffusion into the living tissue. A feedback situation exists with carbon dioxide
concentrationsbecause oxygen demand decreasesasthe carbon dioxide concentrationincreases. Thedemand
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for oxygen from actively growing crop roots (and the microbial population) is between 7 and 35 g m? d*
during the summer period of temperate climates, declining to one tenth of this rate during winter. Even
though soil contains up to 3 g m™ of water, roots can suffer from anaerobic conditions. When this occurs
ethylene is generated, inhibiting many plants, but stimulating growth of rice plant roots.

Diffusion of oxygen into the soil is particularly significant for methane oxidation in freely drained soils.
Tiedjeet al. (1984) report that denitrification increases rapidly when oxygen concentration falls below 2 per
cent and the water-filled pore space exceeds 60 per cent. Rates of gaseous diffusion from soil to atmosphere
or vice versa, depends upon the difference between concentration in the free atmosphere and in the soil
atmosphere, the length of the diffusion path and the diffusion co-efficient of the gases concerned. Collin and
Rasmuson (1988) compare gas diffusion models for unsaturated porous media; Rasmuson (1990) extends
thiswork into the transport of hydrolysable gasesin soils. Payne and Gregory (1988) state that diffusionis
much less dependant upon the shape of air-filled pores than is the hydraulic conductivity, and it is
approximately proportional to the soil volumeconsisting of air. Hodgson and Macleod (1989) usethe oxygen
flux density to estimate the air-filled porosity of avertisol.

2.6 Conclusions

The factors which contribute to the evolution and emission of greenhouse gases from soils result from the
interaction of the traditional factors of soil formation advocated by Jenny some 50 years ago. Then, as now,
these factors set the broad parameters of soil formation. However, it is recognized in this review, that
underlying virtually all of the processes of soil formation are basic physical interactions which are critical
not only for soil genesis, but also for the generation of gases by some soils and the absorption of gases by
others. Theflux of heat into and out of the soil and its effect on the flux of water vapour and gases between
the soil and the atmosphere has been an area of particular scientific interest for soil physicists. The aim of
this chapter has been to draw attention to the underlying physical relationships which control or influence
the generation, movement and emission of gases from soils.

Essentialy, the study of soil physics is concerned with the description, measurement and prediction (and
possibly control) of the processes of transport of heat, gases and solutes through the soil (Koorevaar et al.,
1983). Soail is the zone of intimate interpenetration of the atmosphere and the geosphere; it is a most
interesting area of environmental study, shared by ecologists, and both atmospheric and soil scientists. Itis
the zone in which soil-related greenhouse gases are generated, and must pass through before reaching the
open atmosphere. It is important that a greater understanding should be acquired of the processes which
control the production of soil gases, their absorption and emission.

The heat flux at the soil surface is one of the most fundamental processes. It influences the devel opment of
the soil profile and controls the speed of reactions which take place. Thisincludes all the dynamic activity
associated with life on the earth's surface, whether it is the physico-chemical process of weathering or the
biological activity of seed germination, root and shoot growth or microbial activity, and gaseous emission
and absorption.

Soils and vegetation are the reactive part of the earth's surface which isinvolved closely in the absorption
and exchange of energy received from the sun. This energy isthe driving force behind most of the physical,
chemical and biological processes which occur on the earth's surface. Water, which can existin solid, liquid
and gaseous phases at the temperatures experienced on the earth's surface, requires energy when changing
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itsstate. Water isal so necessary for many of the chemical and biological processesto operate, soitspresence
isof critical importance.

Movement of heat in soils occurs by conduction in the solid and liquid phases and by convection in the
gaseous and liquid phases. Conduction transmits thermal energy from particleto particle and isarelatively
dow process, especialy in dry soils. Convection in the soil air or soil solution within soil poresisamore
rapid process of heat transport and is associated with gains and losses of heat through the latent heat of
evaporation/condensation and freeze/thaw processes.

The gaseous phase in soils generally decreasesin amount with depth in the soil profile, mainly asaresult of
the loosening effects of soil fauna and roots. In air-filled pores, the process of diffusion is dominant in the
exchange of gasesbetween the soil air and the atmosphere, but displacement by water al so playsanimportant
part.

Throughout the last 100 years, there has been considerable emphasis on the study of water movement, and
numerical models have been devel oped to account for its behaviour asit passes through the porous medium
of the soil, either in a saturated or unsaturated state. As has been shown, water movement can be described
by the hydraulic potential gradient, the volume and the rate of movement expressed as aflux density.

The factors and processes involved in soil formation which regulate the conditions in which emissions and
absorption of heat take place and greenhouse gases are generated offer mankind points where some
manipulation of the system can take place to limit or reduce the amount of these gases migrating into the
atmosphere.
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Chapter 3 Methane
N.H. Batjes

31 Introduction
3.1.1 Background

Methane, one of the major ‘ greenhouse gases', strongly influences the photochemistry of the atmosphere
(Cicerone and Oremland, 1988). Based on present calculations, it accounts for about 15 % of the current
increase in commitment to global warming (JEA/EPA, 1990). Methane's strong ability to absorb infrared
radiationanditsrelatively short atmosphericlifetime (8-12 years), combined with thefact that alargefraction
of the atmospheric CH, originates from paddy soils, makes CH, control an important opportunity for
addressing global climate change. The latter especially since a 60 % increase in rice production, from 480
10° ton in 1989 to 780 10° ton by the year 2020 and corresponding increase in ‘ harvested’ area, would be
needed to nourish the projected increased population (IRRI as quoted by Braatz and Hogan, 1991).

| ce core measurements are the exclusive source of information on the concentrations and trends of methane
before the middle of the 20th century. Measurements on ice cores a Byrd Station and Dye3, both in
Antarctica, show that atmospheric methane concentration was only about 350 ppbv about 20,000 year B.P.
(= last glaciation), in comparison with a mean pre-industrial level of about 650 ppbv, and a present mean
valueof 1650 ppbv (Stauffer et al., 1988). Average atmospheric CH, concentrationsarelower inthe southern
hemisphere, possibly dueto less anthropogenic input. Short-term temporal and spatial variability iscommon
and influenced by geographic location, seasonality, mixing patterns, and diurna cycles (Khalil and
Rasmussen, 1983; Blake and Rowland, 1988).

Atmospheric methane concentrations have increased at an averagerate of 16.6 + 0.4 ppbv yr* or 1.02 + 0.02
% over aperiod of 8 years (Khalil and Rasmussen, 1990). According to these researchers the trend has not
been constant but has varied between 12 + 2 and 23 + 2 ppbv yr' over 2 years after seasonal changes were
observed. Rasmussen and Khalil (1981) and Khalil and Rasmussen (1983) reported annual global increases
of nearly 2 % and 1.3 % yr*, respectively. The current increase is about 1.1 % per year according to Khdlil
and Rasmussen (1987), while Steele et al. (1987) reported an increase of dlightly less than 0.8 % yr* for
atmospheric methane. The observed increaseis presumably dueto more extensiveand intensive use of paddy
fields, increased number of ruminants, biomass burning, escape of methane from coal mines, and |leakage of
natural gaswellsand distribution systems. M ost methane budgets show that irrigated ricefiel dsand ruminant
cattle are the largest biogenic sources of methane on a global scale. Quantification of the individual
contributions of the various sources and sinks, however, remains a challenge (Bouwman, 1990a; Criitzen,
1991; see Appendix I). Until the reasons for the observed increases in atmospheric methane are better
understood, it will be difficult to project futureincreaseswith any degree of certainty, but a20-50 % increase
during the next 50 yr seems plausible (Bolin et al., 1986).

The mgjor removal processes of methane in the atmosphere are reviewed, amongst others, by Cicerone and
Oremland (1988) and Bouwman (1990a). In addition to being an additive factor to globa warming
phenomena, methane is destroyed in the atmosphere by oxidation with free hydroxyl radicals, with an
estimated loss of 420 + 80 Tg yr* (Criitzen, 1991), with the production of carbon monoxide and hydrogen.
Methane is also a source of stratospheric water vapour. Alternatively, elevated levels of methane may help
to protect the stratospheric ozone layer from destruction by halo-carbons and O(*D), corresponding with a
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CH, lossof 10 + 5 Tgyr* (Criitzen, 1991). Additional atmospheric lossesinclude the uptake of 30+ 15 Tg
yr! by soil sinks. The total atmospheric sink of methane is thus estimated to be 460 + 100 Tg yr*. With an
annua increase in the atmospheric loading of about 54 + 5 Tg, the total methane source thusis 504 + 105
Tgyr* (Criitzen, 1991). In the preceding analysis, Criitzen (1991) took into account the fact that the rate at
which methane reacts with hydroxy! radicals may have been overestimated by up to 25 per cent in the past
(Vaghjiani and Ravishankara, 1991).

While oceans account only for about 15 + 12 Tg CH, yr*, which islessthan 5 per cent of the total budget
(Seiler, 1984; Bolleet al., 1986; Ciceroneand Oremland, 1988), soilsareanimportant source of atmospheric
methane. This methane is produced mainly by microbial degradation of organic substratesin rice paddies
(100+ 50 Tgyr™), natural wetlands (100 + 50 Tgyr™), and landfills (50 + 20 Tg yr*) which together account
for about half of the total CH, emission of 496 + 251 Tg yr*. Non-soil related sources of atmospheric
methane include ruminants (85 + 15 Tg yrY), burning of biomass (80 + 20 Tg yr?), and leakage related to
activities such as natural gas winning and coal mining (233 + 60 Tg yr?) (Schiitz et al., 1990). Biogas
generators do not contribute markedly to the global atmospheric methane budget (<< 1 Tgyr; Khdil et al.,
1991). The most recent estimates of the various sources and sinks of CH,,, as computed by IPCC (1992), are
presented in Appendix I.

Taking into consideration the fact that the atmospheric methane concentration isincreasing at amuch higher
rate that the atmospheric CO, concentration, and that an incremental molecule of CH, may trap about 32
times as much heat as an incremental molecule of CO, (e.g., Dickinson and Cicerone, 1986), methane is
likely to become an even moreimportant contributor to the greenhouse effect inthefuture (see ORNL, 1990),
unless appropriate abatement measures are rapidly implemented. Several causes for the current increasein
atmospheric methane concentrations are recognized by Papen and Rennenberg (1990):

a The current increase in global methane sources (e.g., increase in harvested paddy rice acreage);

b. A reduction in methane sink strength;

¢c.  Areduction in both sink strength and an increase in source strength.

3.1.2 Structure of chapter

Threemain processes determine the net emission of greenhouse gasesto the atmosphere, namely production,
consumption and transfer processes. |n Section 3.2 the biotically mediated processes of methane formation
and consumption are reviewed. Possible transfer processes of CH, from terrestrial ecosystems to the
atmosphere are discussed in Section 3.3. Following examples of temporal and spatial variationsin measured
methane fluxes (Section 3.4), and data on global methane fluxes from selected terrestrial environments
(Section 3.5), the presently recognized abiotic process controlling factors are discussed in Section 3.6. In
Section 3.7 methodol ogi cal approachesused by threeresearch groupsto calculateglobal CH, emissionsusing
global data bases are discussed together with the possibilities for process-based simulation of methane
production. In the final Section, the usefulness and possible shortcomings of aglobal soil data base, of the
type to be developed for WISE (see Chapter 6), within the framework of global studies of environmental
change is discussed.
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32 M ethanogenesis and methane consumption
321 Generd

Thebalance between themicrobial processesof methanogenesisand methane consumption controlsto agreat
extent whether acertain terrestrial ecosystem will function asasink or source of atmospheric CH,. Themain
biological processes|eading to methane production and consumption are reviewed in the present Section. A
discussion of methane emissions caused by animals, termites, biomassburning, landfillsand natural gas/coal
consumption isbeyond the scope of thisstudy (seefor instancethereview by Bouwman 1990aand thethree-
dimensional model synthesis of the global methane cycle by Fung et al., 1991).

3.2.2 Methanogenesis

Methanogenesis, the biological formation of methane, is a geochemically important process that occursin
all anaerobic environmentsin which organic matter undergoes decomposition: lakes, wetlands, paddy fields,
aswell asthedigestivetracts of ruminantsand termites. M ethane of apparently biogenic origin hasa so been
detected in several anaerobic, hyper-saline environments such as the Great Salt Lake, as well as in
thermophilicenvironments(seereview by Oremland, 1988). Vogel et al. (1988) prepared an extensivereview
of the biochemistry of methane formation for the past 80 years.

The biogenic CH, resultsfrom the metabolising activity of asmall and highly specific bacterial group, which
are termina members of the food chain in their environment. These strictly anaerobic bacteria convert
fermentation products formed by other microorganisms, notably CO,, H,, and esters and salts of methanoic
acid (HCOOH) into CH,, but other substrates may be used aswell (Koyama, 1963; Cicerone and Oremland,
1988; Oremland, 1988; Stainer et al., 1976; Neue and Roger, 1992). Neue and Scharpenseel (1984) prepared
a generalized scheme for the degradation of organic matter to methane in anaerobic environments. In this
report we shall exemplify some of the possible reactionswith referenceto the type of methanogensinvolved
(adapted after Papen and Rennenberg, 1990):
a) H, reduction of CO, by obligate chemoautotrophic methanogens:
CO,+4H, ---> CH,+2H,0

b) Severa strains of methanogens can aso use HCOOH or CO as a substrate for producing methane
in addition to CO, and H, (Papen and Rennenberg, 1990):

4 HCOOH ----> CH, + 3 CO, + 2H,0
4CO +2H,0---> CH,+3CO,

C) M ethane can also be produced by methylotrophic methanogens which use methyl-group containing
substrates such as methanol, acetate and trimethylamine (Papen and Rennenberg, 1990):

4 CH,OH ----> 3 CH, + CO, + 2 H,0

CH,COOH ----> CH, + CO,
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4 (CHg)5N + 6 H,0 > 9 CH, + 3CO, + 4 NH,

Methanewasmainly produced fromH, - CO, (30-50 %) and from acetatein theradio-tracer studiesof Schiitz
et al. (1989h). Takai and Wada (1990) recognize the decarboxylation of acetic acid (CH,COOH) as being
the most important biochemical pathway of methane formation in waterlogged paddy soils. Y avitt et al.
(1987) observed that methane production proceeded primarily through the CO,-reduction pathway in deep
peat (30-45 cm) and that the rate was controlled, in part, by the availability of H,. Addition of glucose and
H, - CO, to peat stimulated methanogenesis in the experiment of Williams and Crawford (1984), whereas
addition of acetate inhibited methanogenesis.

3.23 Methane consumption

Some aerobic terrestrial ecosystems function as sinks for methane (Seiler et al., 1984; Steudler et al., 1986;
Schiitz et al., 1990). In the study of Oremland and Culbertson (1992), methanotrophs consumed more than
90 % of the methane potentialy available. Some of the microorganisms responsible for the oxidation of
methane are strictly aerobic, obligate methylo- or methano-trophic Eubacteria. These microorganisms can
use methane as a substrate aswell as other C;-compounds such as methanol. Papen and Rennenberg (1990)
exemplified the reactions as follows:

CH, + NADH + H" + O, --(1)--> CH,OH + NADH + H* + H,0
CH,OH + PQQ --(2)--> CH,O + PQQH,

CH,O + NAD* + H,0 --(3)--> HCOOH + NADH + H*
HCOOH + NAD* --(4)--> CO, + NADH + H*

With: 1) methane-monooxygenase; 2) methanol-dehydrogenase; 3) formaldehyde-
dehydrogenase; 4) formate-dehydrogenase; PQQ= methotaxin.

Some aerobic chemoautotrophic NH,*-oxidizers can use CH, in addition to ammonium asasubstrate (Papen
and Rennenberg, 1990):

CH, + O, + XH, --(1)--> CH;OH + H,0 + X

With: 1): ammonia-monooxygenase; X, XH,: coenzymeand co-substratein thereduced and
oxidized form, respectively.

Addition of ammonium as NH,CI to intact soil cores decreased the aerobic CH, flux in the experiment of
Conrad and Rothfuss (1991), suggesting that oxidation of methane was apparently inhibited by the addition
of ammonium. Possibly, the supplied ammonium stimulated nitrification in favour of CH, oxidation and/or
it may have constrained the availability of oxygen (Conrad and Rothfuss, 1991). The role of methane-
oxidizing bacteria in the methane budget can be revealed by using methylfluoride, which is a specific
inhibitor of oxidation of CH, by methane-monooxygenase (Oremland and Culbertson, 1992).
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There is experimental evidence that methane-oxidation could occur in some anaerobic sediments (Alperin
and Reeburgh, 1985; Yavitt et al., 1990; Kimura, 1992). Since sulphate isthe only apparent oxidant present
in sufficient quantity to cause a significant removal of methane under these conditions, it is possible that
sulphate reducers consume methane under anaerobic conditions (Y avitt et al., 1990). Bartlett et al. (1987)
observed that methane and sulphate concentrations are inversely related. This supports the competition of
CH,-producting and sulphate reducing bacteriafor acetate and H,-substrates as observed by Kimura et al.
(1991). Theanaerobic, sul phate dependent, oxidation of methanestill hasto be elucidated further (Oremland,
1988, pp. 647-650). Papen and Rennenberg (1990) exemplified the possible reaction as follows:

CH, + SO,” ---> HCO; + HS + H,0.

33 Processes regulating thetransfer of CH, to the atmosphere
3.3.1 Ebullition

Severa researchers recognize ebullition of gasses entrapped in sediments and peats as being possibly a
common form of methane release to the atmosphere. Factors which might influence the ebullition process,
include wind speed, water temperature, solar radiation, water level, loca water table and atmospheric
pressure (Mattson and Likens, 1990).

In the study of Bartlett et al. (1988) some 49-64 % of the total methane flux was attributed to ebullition,
while Crill et al. (1988) reported values of up to 70 per cent. Ebullition accounted for 34 % of the tota
methane flux recorded during the study period in a Virginian Swamp, athough ebullition occurred in less
than 20 % of the measurements (Wilson et al., 1989). During the observation period the average bubble flux
was 34 10° g CH, m? d* and the average diffusive flux 66 10° g CH, m? d™. In an Amazonian floodplain
ebullition wasthe dominant mechani sm of methane emission, accounting for 85 % of thetotal rel ease (Devol
et al., 1988).

Submergence can seriously reduce the rate of gas exchange between the soil and the atmosphere, asaresult
of which methane, as well as other gases, may be entrapped in the soil. The continuing production of these
gasescausesthe pressuretoincrease, sometimescausing a‘ vesicular structure’ in sediments (M oormann and
van Breemen, 1978), so that these gases may be released as bubbles to the atmosphere (Ponnamperuma,
1984). Therate of methane ebullition from paddy soilscanvary, amongst others, with thefertilizer treatment.
In a Typic Albagualf from the Crowley Rice Research Station, Louisiana, the entrapment of methane in
KNO,-treated microplots was significantly lower (P < 0.05) at all sampling dates than for ureatreated plots
(Lindauetal., 1990). It should be noted, however, that no rice plantswere grownin the experiment of Lindau
et al. (op cit.). Rice plants may reduce the entrapment of methane gases in flooded soils (see Section 3.3.3;
Figure3.1).
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Figure3.1. Schematic representation of methane production and its release in arice paddy (After Takai and Wada,
1990)

Holzapfel-Pschorn et al. (1986) found that gas bubbles entrapped in unvegetated soils had significantly
higher CH, mixing ratiosthan in soils planted inrice. In addition the CH, mixing ratio of gas bubblesemitted
from the inundated soil were significantly lower than those recorded in bubbles taken directly from the
submerged soil. This could be an indication of active oxidation of CH, in the oxidized surface layer of the
submerged soil or in the oxidized zones within the rhizosphere.

Methane emissions from fields without rice plants amounted to about 50 % of those observed in fields
planted with rice. During the measurements, the emissionsfrom the un-planted field werealmost exclusively
dueto ebullition (Schiitz et al., 1989). In Japan, Takal and Wada (1990) observed that methane ebullitionis
important during the early stage of flooding (June-July), when rice plants are small, whereas vascular
transport becomes more important as the rice plants grow (August-October).
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Sporadic methane bubbl e releasesfrom the sedimentsof a11 m deep lake, which hasthick organic sediments
and becomes anagerobic below 9 m depth by mid-summer, were correlated with changesin local air pressure
(Mattson and Likens, 1990). Low air-pressure events usualy associated with storm systems induced
ebullition (18 % increase per millibar drop in air pressure, corresponding with 0.14 mmol CH, m? d?),
whereashigh pressureinhibited ebullition. Although the methaneebullition rateswereerratic duringthe 1987
observation period, with an average rate of 0.76 and amaximum of 4.26 mmol m? d* at the deepest site, the
proportion of methane in the bubbles was relatively constant (70 + 7 %). The CH, flux rates may not be a
simplelinear function of atmospheric pressure changes. According to Mattson and Likens (1990) there may
be an hysteresis effect on ebullition which is related to the porosity of the sediments.

Bartlett et al. (1988) observed high concentrations of dissolved CH, in root mats of floating meadows
suggestingin situ methanogenesi swith restricted flow whenwater can become deficient in dissolved oxygen.
Another possible explantation is that methane may be entrapped by the mats and subsequently released as
bubbles (Bartlett et al., 1988).

3.3.2 Diffusion

The diffusion of gasesin water is about 10* times dower than in air, so that the exchange of gases almost
stops when soils are waterlogged. The actual diffusion of methane from rice fields is a function of the
methane supply to the floodwater, the actual CH, concentration in the floodwater, and the prevailing wind
speed (Sebacher et al., 1983). Bartlett et al. (1985) found that the methane concentration gradient between
sediments and water was a factor controlling rates of diffusive methane flux in aVirginian swamp. In the
incubation experiment of Conrad and Rothfuss (1991) about 80 % of the potential diffusive CH, flux through
the water was oxidized in the thin oxic surface layer. Microbial methane oxidation in the thin aerobic top
zone of anaerobic soils, may thus remove alarge part of the bacterially formed CH,,. Similarly, Whalen and
Reeburgh (1990) found that the subsurface CH, oxidizing activity isimportant in controlling upward CH,
fluxesintundrasat siteswherevascular plantsareabsent, particularly when the CH, evolvesby dry diffusion
rather than by ebullition.

Consumption of atmospheric CH, by soils depends on transport to zones of consuming activity. Transport
in waterlogged tundra soils is by agueous molecular diffusion. Waterlogged tundra soils have a methane
consumption maximum centred near the water table (the aerobic/anaerobic boundary), sustained by upward
diffusion of dissolved CH,. By contrast, transport in dry tundrasoilsisby gas-phase diffusion so that porous
low-resistance tundra soils do not limit the supply of methane (Whalen and Reeburgh, 1990).

3.3.3 Vascular transport

In anumber of aguatic plants aswell as rice methane can be transported through the aerenchyma (De Bont
et al., 1978; Cicerone and Shetter, 1981; Seiler, 1984; Sebacher et al., 1985; Inubushi et al., 1989, Wilson
etal., 1989). Thistransport process could circumvent CH, oxidation by methanotrophs(DeBont etal., 1978;
Sebacher et al., 1985). Hol zapfel-Pschorn et al. (1986) found that during the growing season of arice crop
67 % of the CH, produced was oxidized, and only 23 % actually emitted to the atmosphere. The percentage
of methane that was oxidized in the paddy soilsstudied by Sasset al. (1990) ranged from 24-68 % and 19-22
% throughout the growing season, respectively.
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Inthe study of Seiler et al. (1984) over 95 % of thetotal CH, release from paddy soilsto the atmosphere was
through diffusive transport through the aerenchyma of rice plants, while transport by bubbles or diffusion
through the paddy water were of minor importance. Similarly, Holzapfel-Pschorn (1986) observed that 80
% of the observed methane transport of 6 weeks old rice plants was by diffusion through the stems of these
plants. The presence of rice plantsal so enhanced the escape of CH, to the atmosphereinthe study of De Bont
et al. (1978). Schiitz et al. (1989b) observed that as the rice plants grew not only the contribution of plant
mediated CH, emission increased but also the percentage of produced CH, that was reoxidized, and hence
not emitted. Takai and Wada (1990) found that planting of rice suppresses methane formation due to the
aeration caused by the diffusion of oxygen from the rice rhizosphere. In this context Ueckert et al. (1990)
found a clear correlation between the aerenchyma size of Leptochloa fusca L. Kunth (Kallangra grass) and
the oxygen concentration in the rhizosphere after 24 hours of incubation. They noted aso that it is the
percentage of root porosity rather than the absolute volume of the aerenchymawhich isimportant for root
aeration, and thereby possibly for the rate of methane oxidation in the rhizosphere.

Inubushi et al. (1990a) observed that the amount of CH, emitted through rice plants varied between 3 soil
types, being the highest in the soil type with the highest methane production. In the absence of rice plants
about 35 % of the CH, produced was emitted, but the actual production of methane was much lower than for
soils planted in rice (Holzapfel-Pschorn et al., 1986). Emissions viathe plant constituted more than 90 per
cent of thetotal emissions. Theflux rate was controlled by the rate of CH,, production in the soil and was not
curtailed by limitations of the diffusion processes from the soil into the root system or through the
aerenchyma of the rice plant (Holzapfel-Pschorn et al., 1986).

Inubushi et al. (1990a) injected water saturated with CH,, into therhizosphere, causing animmediateincrease
in the amount of CH, transported through the rice plants which they saw as an indication that roots of rice
plants may take up methane along with water. Nouchi et al. (1990), however, observed no clear correlation
between changesin transpiration rate and changein CH, emission rate. They a so observed that methanewas
mainly released at the culm, an aggregation of leaf sheaths, but not from the leaf blade. Based on these
findings, Nouchi et al. (1990) proposed that CH, dissolved in the soil water surrounding the rice roots
diffusesinto the cell-wall water of theroot cells, gasifiestheroot cortex, and then ismostly released through
the microporesin theleaf culm. Nouchi et al. (1990) a so found that the rate of emission of methane through
rice plantsis proportional to the methane concentration in the culture solution. Sass et al. (1990) found that
soil pore methane and plant stem gas concentration are related to the distribution in the soil of methane
production as well as root biomass. In one of the rice fields studied by Sass et al. (1990) the methane
emission was strongly related to the above ground biomass.

The resistance to gas diffusion through rice plantsislikely to vary with the growth stage, aswell aswith the
cultivar (e.g., floating rice versus short straw high yielding cultivars). Rice plants at the ripening stage, for
instance, released about 20 times as much CH, than 2 week old seedlingsin one study (DeBont et al., 1978).
Inubushi et al. (1990b) found that methane fluxesthrough rice plantsreached maximum val ues at the heading
stage. In this experiment, the maximum emission could be reduced to 40-70 % by a percolation treatment
equivalent to 51 mm water per 2 weeks.

Schiitz et al. (1989b) observed that the percent of methane emitted on an hourly basisfrom apaddy field by
arice plant can vary between 0-97 % over agrowing season. The diffusion of CH, through the aerenchyma
of rice plantsislikely to vary on adaily basis as aresult of effects of fluctuating environmental conditions
on the rate of photosynthesis/respiration (Bouwman, 1990a p. 84). Indeed, Raskin and Kende (1985) have
related the rate and direction of air movement in rice plants to photosynthesis. It is thus possible that less
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oxygen istransported to the root system at night, so that methane oxidation would be reduced. With respect
to algal mats King (1990) observed that shiftsfrom light to dark on methane emissions are best explained as
aresult of changesin the availability of oxygen. Seiler et al. (1984), however, found no correlation between
light intensity and CH, release in their experiment, which they saw as an indication that the CH, release is
independent of the photosynthesis and/or width of the stomata of rice plants.

3.3.4 Other processes

Another transport process that could be of importance for methane transport in waterlogged soils is
advection. Intheglacial peatlandsof Lake Agassiz, Minnesota, it wasnot clear whether gastransport through
the peat is mostly by diffusion (Clymo, 1984) or by ground water advection (Siegel, 1983). Studies have
recently beeninitiated to assesstherel ativeimportance of these processesin the L ake Agassiz peatlands (see
Siegel and Glaser, 1991).

34 Temporal and spatial variation in CH, emissions
3.4.1 Tempora variability

Generally, methane emissionsin agiven location show strong diurnal and seasonal variationsthe pattern of
which changes from year to year (e.g., Schiitz et al., 1989b). Cicerone et al. (1983), however, did not find
significant diurnal variationsin CH, emissionsin a Californian paddy during their experiments. Hol zapfel-
Pschorn and Seiler (1986), however, found astrong dependence of timeof day on CH, emissionsinan Italian
paddy. Both Cicerone et al. (1983) and Holzapfel-Pschorn and Seiler (1986) observed two seasonal peaks
inemissions, although themagnitude and times of occurrence of these peaksvaried between the sites studied.
With respect to the Italian paddy (Hol zapfel-Pschorn and Seller, 1986), the seasonal emissions peaks were
attributed to mineralization of organic matter prior to flooding and the subsequent release of organic root
exudates, respectively. Similarly, in atemperate swamp high methane fluxes were observed during autumn,
corresponding with the period of maximum leaf fall (Wilson et al., 1989). Methane emissions may also vary
markedly with the water regime or with temperature variations in the upper decimeter of paddy soils (e.g.,
Seiler etal., 1984). The CO,, acetate and formate whichisproduced during biomassburning, upon dissolving
in the standing water of wetlands, may serve as the substrate for methanogenesi s which would explain post-
burn enhancement of methane emissions (Levine et al., 1990).

The seasonal variation in methane fluxes from a Japanese paddy field as modified by applications of straw,
compost and mineral fertilizers and the irrigation/drainage regime is shown in Figure 3.2. The seasonal
variation of methane fluxesfrom paddy fieldsto the atmosphereis mainly related to the variation in methane
production in thesefields (Yagi et al., 1990; Y agi and Minami, 1991). The CH -emission rates varied both
with the soil type and application of organic matter. Sass et al. (1990) reported a 3-fold emission difference
between two rice fields on different soil typesin Texas, even though the soils were treated in the same way
and located in close proximity of each other. This may mean that if methane emission measurements for
paddy soils are to make sense, comparative measurements must be made in the major soils representative of
the major rice producing areas of the globe, particularly in Asia.
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Figure3.2. Seasona variationinthe methanefluxesfromthealluvial Ryugasaki paddy field asinfluenced by minera
and organic amendments and the drainage regime (Source: Y agi et al., 1990)

Schiitz et al. (1990) observed two maximain CH,, production corresponding with the early vegetative period
of therice crop (i.e. end of April - end of June) grown in Hangzhou Province in the People's Republic of
China. During the early vegetative period, maximum CH, emissions, occurred at noon and during the night,
while the CH, emissions peaked only in the night during the late vegetation period. It is possible that less
oxygen may be transported to the root system of rice plants at night so that the methane oxidation would be
reduced, resulting in higher net emissions (Raskin and Kende, 1985).

After the heading stage, Inubushi et al. (1990a) injected the rhizosphere of rice plantswith various solutions
to clarify the effects of several substanceson thetransfer of methanethrough rice plants. Theamount of CH,
transferred through the rice plants varied diurnally and also with the age of the rice plant, ranging from 0.5
to 23 mg CH,-C hr'* m In this study, the maximum emissions were observed late in the afternoon, and at
the heading stage.

Seasonal variationsin methane emissions may aso beinfluenced by thawing of permafrost. In acid peatsin
subarctic mires, methane formation was restricted to the upper horizon of the peat, and there was no
correlation between the depth of the permafrost and methane fluxes (Svensson and Rosswall, 1984).
Maximum concentrations of methane occurred in the layer below the layer of maximum production.
According to Svensson and Rosswall (1984) this may be due to the freezing proper, which starts at the
surface and proceeds downwards to the permafrost with subsequent entrapment of gases. This would also
explain the peaks in methane emissions recorded for subarctic fens during the spring melt (Moore and
Knowles, 1987). Similarly, Harris et al. (1982) reported high levels of methanereleasein early spring inthe
Great Disma Swamp. According to Wilson et al. (1989) the increase in methane flux in spring most likely
reflects the mineralisation of organic materials accumulated in the soil during the winter, when microbial
activity islow. Asthetemperature rises, this organic matter israpidly decomposed by fermentation bacteria
which produce the substrates required for methanogenesis.
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Seasonal variation in methane emissionsin the People's Republic of Chinashowed three maximaduring the
early rice growing period, the first at tillering, the second during the reproduction phase, and the third at
flowering. High average methane emission rateswere observed at the very beginning of thelatericegrowing
period and aso during tillering (Schiitz et al., 1990). Hol zapfel-Pschorn and Seiler (1986) also reported an
increased release of methane during theflowering stage of rice. Similarly, Wilson et al. (1989) observed high
rates of rel ease of methane during the flowering stage of Petlandravirginica L. (arrow-arum) in atemperate
swamp.

Seasonal variationsin CH, fluxes have al so been attributed to other plant-related effects. M ethane emission
in two Japanese paddy soils was controlled not only by the soil conditions but also by the growth stage of
therice plant (Inubushi et al., 1990b). In China, Schiitz et al. (1991) found that within ‘regions’ daily CH,
emissions are more than 3 times greater for ‘late’ than for ‘early’ maturing rice cultivars. The temporal and
gpatial distribution of CH, production is related to rice root biomass (Sass et al., 1990), which may be seen
as cultivar and soil dependent property. This shows the importance of considering the actual length of the
growing cycle, in addition to the cropped acreage and cultivar type, when calculating CH, emissions from
paddy fields. Besidesthese cultivar effects, diurnal variationsand seasonal variationsin methane fluxes may
also be influenced by meteorological factors such as the atmospheric pressure (see Mattson and Likens,
1990). Precipitation, through its effect on the soil aeration status, may aso influence the net flux of
greenhouse gases from soils. In acatenaunder native short-steppe grassland, Mosier et al. (1991) found the
N,O flux for al 3 sites considered was highest immediately following precipitation. Under very dry
conditions, both the CH, uptake and CO, emissions declined and remained low until soil water content
increased (Mosier et al., 1991).

3.4.2 Spatid variability

The spatial and temporal variability in methane emission, strictly speaking, should not be discussed as
separate entities since they are inherently linked. Wilson et al. (1989) studied methane flux measurements
a 4 sites in afreshwater temperate swamp over a 13 month period, finding that methane emissions were
highly variable between sitesand over timeat any onesite. Laboratory incubations of soils cores showed that
methanogenesisis highest near the soil surface in the rice row and decreases with depth and distance from
therice plant (Sasset al., 1990), so that plant density may form apossible source of spatial variationin CH,
emissions from paddy fields.

A high spatial and temporal variability in methane flux was observed in the field study of Bartlett et al.
(1985; 100 measurements over a 2 year period), ranging from -2.4 to 21.3 mg CH, m? d*. Estimates of
annual methane emission within a creek system were 0.42 g CH, m for a salt meadow, 1.3 g CH, m for
short Spartina alterniflora, and 1.2 g CH, m2 d* for tall creek S alterniflora.

Barlett et al. (1988) performed 186 methane measurements, over a 3-monthly period, in primary Amazon
floodplain environments of open water lakes, flooded forests and floating grass mats. They found that
emissions of methane were lowest over open water, increasing for flooded forests and floating grass mats
(27 £ 5, 192 + 27, and 230 + 72 mg CH, m? d*, respectively).

Bartlett et al. (1988) also reported alarge spatia variability in average methane emission through ebullition

for Amazonian floodplain, with estimated losses of 168 + 32 mg CH, m? d* for flooded forest, 346 + 128
mg CH, m? d* for floating grasses, and 173 + 5 mg CH, m? d* for open water. On the average this
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corresponded with a 49, 54 and 64 % methane loss through ebullition for open water, flooded forest and
floating grass mats, respectively. Similarly, Devol et al. (1988) observed that water surfaces covered by
macrophytes in an Amazonian floodplain had the highest CH, emission (590 mg CH, m? d™), while
emissions from flooded forest were 110 mg CH m d*, and 120 mg CH, m? d* for open lakes during the
observation period in an Amazonian floodplain. These findings illustrate that this variability in source
strength, both in space and time, will beacrucial issuein making low spatial resolution estimates of methane
emissions for ‘complex’ ecosystems.

In the study of Harris and Sebacher (1981) the variability of methane flux within two cypress swamps was
greater than the differencesin average flux between the undisturbed swamps studied. They hypothesized that
nutrient enrichment and organic soil enrichment are important variables influencing methane flux in these
cypress swamps. This means that pollution of wetlands by fertilizers, acid rain or waste effluents may
substantially change the CH, emissions, making estimates of global CH, source strength from freshwater
swamps difficult (Harris and Sebacher, 1981).

Whalen and Rheeburg (1988) studied the spatial variability in methane fluxesfor atundra ecosystem which
included Eriophorum tussocks, inter-tussock depressions, moss-covered areas, and Carex stands. They
observed ahigh diel, seasonal, intra site and between site variability. Eriophorumtussocks and Carex were
the main contributors to the release of CH, to the atmosphere (8.05 + 2.50 and 4.88 +0.73 g CH, m? d*,
respectively), with the fluxes from moss sites and inter-tussock depressions being much lower (0.47 + 0.16
and 0.62 +0.28 g CH, m? d?, respectively). Over 90 % of the mean annual methane flux from Eriophorum,
inter-tussock depressions and Carex sites occurred between thaw and freeze up, while 40 % of the CH,, flux
for mosses occurred in winter (Whalen and Rheeburg, 1988).

Bartlett et al. (1989) found that the unit area methane flux to the atmosphere from a water saturated
Everglades environment, measured in situ, varied over more than an order of magnitude (4.2 - 81.9 mg CH,,
m? d?), depending on which habitat component was sampled. In this study the observed physical
characteristics of the surface - water and soil depth and temperature - were not quantitatively associated with
the variability in flux rates. However, the distribution of the vegetation community types provided an
empirical indicator of flux, permitting an inventory of CH, emission to be based on a mapping exercise of
regiona patterns of vegetation. Bartlett et al. (1989) could thus use high-resolution, orbital remote sensing
to reduce the uncertainty in the CH, emission inventory of the Everglades by directing in situ sampling
exercisestoimportant habitats, and by providing ameansfor calcul ating an area-weighted, mean flux for the
area as awhole. The study of Bartlett et al. (1989) thus shows that spatial variability in measured methane
flux within amajor wetland ecosystem can introduce uncertainty when extrapolating these valuesto large
areas, even if the extent of the major ecosystem is known. Whiting et al. (1991) found a direct relationship
between spatial variability in plant biomass, net ecosystem production, and methane emissionsin a natural
Cladium spp. wetland.

Svensson (1986) found that the most important factor involved in theregul ation of methaneformationinacid
tundra mires, from a spatial point of view, was the peat moisture content. Similarly, Moore et al. (1990)
observed that although methane flux was weakly correlated with either peat temperature at 0.1 m depth or
water table position within each site a strong association of flux and these variables occurred. Thisis an
indication of the value of ‘ecological’ attributes in identifying the pattern of CH, fluxes.

35 Global CH, emissions from various environments
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35.1 Ricepaddies

Methane emission and consumption are highly sensitive to a wide range of biotic and abiotic factors.
Estimates of global CH, emissions from paddy soils that are based on laboratory experiments therefore
cannot adequately reflect thewidediversity of environmental and agricultural conditionsobservedinthefield
(Moormann and van Breemen, 1978; De Datta, 1981; Hackman, 1979; Kawaguchi and Kyuma, 1977,
Ponnamperuma, 1984; Watanabe and Roger, 1985; Neue, 1989 and many others). Thetotal global acreage
of riceis about 143 10° ha of which about 51 % isirrigated, 27 % rainfed, 8 % consists of deep-water rice
and about 14 % of upland rice (see Braatz and Hogan, 1991). In this context, it may be noted that terms such
as ‘upland’ rice may not be appropriate to characterize rice land ecologies. Moormann and Van Breemen
(1978) proposed to replace the commonly used crop-oriented terminology with land-oriented terms. In this
proposal, they consider the hydrological situation, the natural source of water supply for rice land, as well
asthe possible man-induced changesin the natural microtopography and water regime (Moormann and Van
Breemen, 1978). Neue and Roger (1992) proposed aschemeto discriminate betweenirrigated-, rainfed- and
deep-water rice ecologies in arecent estimate of methane source strength.

Koyama (1963) extrapolated the results of oneincubation experiment to the global rice acreage, which give
apredicted a CH, emission from paddy soils of 190 Tg CH, yr* anno 1960. Similarly, Ehhalt (1974) and
Ehhalt and Schmidt (1978) used laboratory flux measurementsto arrive at their global CH, emissions of 220
to 280 Tg yr* for paddy soils. Based on the first field measurements, recorded in a short-term trid in a
Californian rice paddy, thetotal CH, emission wasestimated tobe59 Tg CH, yr* (Seiler, 1984). Using semi-
continuous field measurements of CH, fluxes from Spanish and Californian rice paddies, Seiler (1984) and
Holzapfel-Pschorn and Seiler (1986) arrived at global estimatesof 30to 75 TgCH, yr*and 70to 170 TgCH,
yr, respectively. The lower figures obtained, using the results for the Spanish paddy (Seiler, 1984), were
later attributed to the possible presence of sulphates originating from Mediterranean inflow. This
‘judtification’ clearly illustrates that extrapolation of alimited number of CH, measurements to the global
level can easily be fraught with errors.

Bolleet al. (1986) estimated the global emissions of CH,, from rice paddiesto be 70to 170 Tgyr™. Cicerone
and Oremland (1988), reported similar ranges with a central estimate of 110 Tg yr™. Seiler (1989) arrived
at 70to 110 Tg yr™* using preliminary field measurementsin the Peoples Republic of China, one of themajor
rice growing areasin the world. Seiler (1989) accounted for varying lengths of growing periods as well as
for varying seasonal effects. Schiitz et al. (1990) estimated the emissions of CH, from paddy fieldsto be 100
+50 Tgyr*of thetotal CH, emission of 496 + 251 Tgyr™. Around the sametime, Neueet al. (1990) arrived
at an annual global emission of CH, from wetland rice of 25 to 60 Tg based on their finding that only 80 10°
ha of paddy soilsare potential sources of methane production (see Section 3.7.1). Thisismuch lessthan the
preliminary estimate of about 100 Tg CH,, yr for the Far East alonewhich was obtained using CH, emissions
from rice paddies in Hangzhou area in the Peoples Republic of China; the actual measurements were for a
period of 1.5 years and covered 3 growing/vegetation periods (Wang et al., 1990, quoted by Schiitz et al.,
1990). Thereview of Bouwman (1990a) estimatesthetotal release of methanefromrice paddiesat 51t0 111

Tgyrk

The preceding global methane emissions from paddy soils range from 25 to 170 Tg CH, yr?, that is they
differ by afactor of about 7. The reported differencesin calculated global fluxes are the consequence of the
large hourly, daily and seasonal variation in measured CH, emissions, uncertainty about the relative
importance of therespectiveprocesscontrolling factors, and the subsequent extrapol ation of resultsgenerally
obtained for short-term measurementsto areasfor which they are not necessarily representative (see Section
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3.7). Inthisrespect it may be observed that of the about 146 10° hectares of paddy harvested annually in the
1990's over 90 % occur in Asia, one of the areas with relatively few CH, emissions measurements so far.

3.5.2 Natural wetlands

The mgjor natural wetlands of the world arein boreal, low Arctic and tropical ecosystems. Similar to CH,
emission measurementsfor paddy soils, thetemporal and spatial variability in recorded CH, emissionsfrom
natural wetland ecosystemsislarge. A comprehensivereview on CH, emissionsfrom swamps, marshes, fens,
tundras, and anumber of saltwater environments, all broadly described in terms of type of ‘vegetation’ and
geographical location, can be found in Bouwman (1990a p. 93-94). Again the interpretation of the factors
that may control methane fluxes in these ecosystems is complicated by the extreme diversity in
climatological, vegetational aswell as soil conditionsin these environments (e.g., Kyuma, 1985; Zoltai and
Pollet, 1983). Soil water content, temperature and other seasonal climatological factorsaswell asvegetation
and land use are all potentially critical factorsin determining whether natural wetlands function as a source
or asasink of atmospheric CH,.

Matthews and Fung (1987) arrived at a total of 110 Tg CH, yr' using methane emissions considered
representativefor 5 broadly defined categoriesof natural wetlands, with correctionsfor the effectsof latitude
(= the CH, production period). Schiitz et al. (1990) obtained CH, emissions from natural wetlands of 100 £
50 Tgyr*. Thesefiguresare higher than the 25 to 70 Tg CH, yr that Bolle et al. (1986) reported for natural
wetlands.

3.5.3 Methane consumption in terrestrial ecosystems

Under aerobic conditions, some soils may act asasink of atmospheric CH,. Based on the few available data
on CH, uptake, the globa sink strength of soils may be as high as 23 to 56 Tg (Schiitz et al., 1990).
According to Seiler et al. (1984) the global methane consumption must be at least 20 Tg yr?, while Seiler
and Conrad (1987) estimate the global CH, consumption by soils as 32 + 16 Tg yr'. Astherole of large
potential areas of CH, uptake are unknown (e.g., savannas, deserts, tundras) these figures remain highly
speculative. The latter even more so since the present tempora increase of CH, mixing ratios in the
atmosphere, may cause an increase of the sink strength with time (Schiitz et al., 1990).

Tussock and low-shrub tundra, with 35-50 % vascular plant cover, are expected to show larger CH,
consumption than wet meadow tundras with 80-90 % vascular plant cover (Whalen and Reeburgh, 1990).
Harriss et al. (1982) found that a fresh water peat under waterlogged conditions was a net source of CH, to
the atmosphere with seasonal variationsin emission rates of < 0.001 to 0.02 g CH, m?2 d. During conditions
of drought, however, these swamps consumed atmospheric methane at rates of < 0.001 to 0.005 g CH, m?
d*. Evidence of methane oxidation under anaerobic conditions in peat has been observed by Y avitt et al.
(1990).

The CH, uptake at the surface of soilsin semi-arid climatesranged from 3 10“*to 24 10* g CH, m2h*(Seiler
et al., 1984). A CH, consumption of 0.13 mg CH,-C m2 h* in hardwood plots in temperate forests and of
0.11 mg CH,-C m h' in pine plots has been reported by Steudler et al. (1986). Using these values, the
estimated global consumption by temperate forests amounts to 0.6 to 9.31 Tg CH,-C yr* (Steudler et al.,
1986). Methane uptakein subtropical broad-leafed savannah amountedto 52 CH, m?h™ (Seiler et al ., 1984).
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Steudler et al. (1989) predicted that tropical forests consume from 1.26 to 2.53 Tg CH,-C yr on the basis
of aliterature survey. Hao et al. (1988), however, found no methane consumption in their experiment with
tropical forest soils. Keller et al. (1983) found methane uptake rates of 6-24 10° g CH, m? h* in tropical
forests. Whalen and Reeburgh (1990) observed uptake rates of 0-112 10°® g CH, m? h* in tundra soils.
Methane uptake in a Colorado semi-arid grassland ranged from 6 to 61 10° g CH, m? h* (Mosier et al.,
1991). If Mosier et al.'s (1991) measurements are representative for CH, uptake by semi-arid grasslands
globally, then 0.5t0 5.6 Tg of CH, are removed from the atmosphere in these grasslands each year.

The study of Mosier et al. (1991) shows that recent changesin land use or management, such as cultivation
of grassland, have decreased the CH, uptake, and increased the N,O efflux to the atmosphere. This means
that remedial measures for CH, may affect N,O production.

3.6 Abiotic regulating factor s of methane production and consumption
36.1 Generd

M ethane production and consumption are biologically mediated processes. Therefore, any factors affecting
thephysical, chemical and biological characteristicsof theterrestrial environment will influencethenet CH,
production. The soil related controlling factors of methane production include: organic substrate supply,
temperature, texture, mineralogy, Eh/pH buffer systems, hydrologic conditions, and salinity. Soil and
floodwater properties will interact with the meteorologica regime by temperature, changes in reflectivity,
heat capacity, thermal conductivity, incoming water temperature and water flow (Neueet al., 1990). In view
of the variety of soils (see FAO/Unesco, 1971-1981) and agro-ecological conditions occurring at the
international level, it is difficult to establish unambiguous relationships between the various factors
controlling net methane emissions. Inthis Section theabi otic flux controlling factorsarediscussedin separate
paragraphs for convenience's sake, athough it is recognized that many interactions do occur. Wilson et al.
(1989) justly wrotethat * because methaneflux isafunction of avariety of processesand release mechanisms,
which may vary seasonally and among sites, simple correlation with factors such as temperature provide, of
necessity, only approximations of the true dynamics of methane flux’.

3.6.2 Effects of Temperature

Temperature plays an important role in therate of activity of soil microorganisms, including those involved
in methane production (see Zeikus and Winfrey, 1976) and consumption. Wahlen and Reeburgh (1990)
observed microbially mediated CH,-oxidation in Alaskan tundra soils at a temperature of about 7 °C; this
popul ation was capable of oxidizing methane at concentrations 10 times |ower than the ambient atmospheric
methane concentration. Alternatively, Sebacher et al. (1986) recorded significant CH, emissionsin tundra
areas where the peat temperature was 2-4 °C and permafrost occurred a 25 cm below the surface. Svensson
(1984) reported atemperature coefficient (Q,) of 5.5-8.0 for the temperatureinterval from 2-10°C. Y agi et
al. (1990), however, found very little methanogenesis at 5 °C and 15 °C in Japanese paddy fields. Wilson et
al. (1989) observed major changesin methane fluxes between 10 and 16 °C in atemperate swamp. Svensson
(1984) found evidence for the possible existence of strains of low-temperature adopted methanogens, and
also reported different temperature optimafor acetate (20 °C) and H,-utilizing (28 °C) methanogensin peat.
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Pacey and De Gier (1986) found that methane production drastically decreasesbelow 10-15°C and generally
ceases above 60 °C. Thermophilic environments, such as hot springs, however can be sites of active
methanogenesis(Oremland, 1988). According to Neue and Scharpensedl (1984) most methanogenic bacteria
display optimum rates of CH,, production around 30 °C. Inubushi et al. (1990a) found that ahigh temperature
enhances CH, formation, especially above 30 °C. Additionally, they observed that fluctuations in air
temperature, during incubation experiments, enhanced the formation of CH,,. Temperature changesfrom 20
to 30 °C or from 30 to 40 °C during incubation had a larger effect on methane production than constant
temperature of 30 °C or 40 °C, respectively. Based on these findings, Inubushi et al. (1990a) concluded that
we must be careful when estimating the amount of CH, formed in paddy fields where temperatures vary
widely. Svensson and Rosswall (1984) observed that the correlation of methane emissionswith temperature
probably not only reflects the immediate response of methanogens, but aso an effect on the methane
diffusion rate which increases with soil temperature.

CH, emissionsfroman Italianricefieldincreased exponentially with rising temperatures. Hol zapfel-Pschorn
and Seiler (1986) found amost a doubling of methane emission rates when the soil temperature rose from
20to 25 °C, corresponding with a Q,, of about 4. Similarly, incubation under N-atmosphere of paddy soil
samples from 12 Agricultural Experimental Stations in Japan and 4 sites in Louisiana at 35 °C led to
substantially higher production of methanethan at 25 °C, although therewerelarge differences between CH,
production by thevarioussoilsstudied (Y agi et al., 1990). I n other experiments, however, methaneemissions
are poorly correlated with temperature (Sebacher et al., 1986; Cicerone et al., 1983). For example, the
seasonal variation in methane emissions in arice paddy at Vercdlli, Italy, was not clearly related to soil
temperature. However, the diel changesin CH, fluxeswere significantly correlated with the diel changes of
the temperature at a particular soil depth (Schitz et al., 1990b). Similarly, methane production in a
Mississippi deltaic peat was related to temperature in the 0-40 cm depth zone, but it was relatively constant
below a depth of 40 cm (DelLaune et al., 1986).

There are severa possible explanations for the temperature dependency of methane production and
consumption. Y amane and Sato (1967), for instance, observed that with increasing temperatures (10-35 °C)
organic acids persisted for a shorter time and that more methane was produced. The studies of Svensson
(1984) and Yavitt et al. (1987) indicate that methane production will not respond to an increase in
temperatureif one or more of the other environmental factorsislimiting production. Y avitt et al. (1988), for
instance, found that low temperature constrained the potential for methane production from peat in winter,
while the chemical status of the peat substrate appeared to control the CH, production in summer.

Sebacher et al. (1986) showed that thetotal CH,, flux from tundras are of the same magnitude as those from
wetlands located in ‘more’ temperate regions, even though temperatures are much lower. Svensson (1986)
observed that the CH, production in cold areas, in casu the Antarctica moss carpets (» 2 °C) and subarctic
mires in Sweden, are comparable to those found in ‘warmer’ areas such as Florida and Italy. Similarly, the
literature review of Bouwman (1990a) shows that athough high temperatures seem to stimulate CH,
formation, annual methane emissions estimated from field measurements arein the same order of magnitude
(1-200 g m? yr) for tropical, cool temperate and subarctic environments.

3.6.3 Effectsof soil pH

Different opinions have been expressed in the literature on the effects of soil pH on methanogenesis.
Svensson (1986), for instance, found that differencesin pH val uesbetween wetlandsseemto havelittle effect
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on methane emissionsto theatmosphere. It woul d seem that methanogenesisisfavoured by neutral or dlightly
above neutral pH, with the exact optimum pH influenced by the type of soil (Minami, 1989) and strain of
methanogens. According to Williams and Crawford (1985) methanogens adopted to acidic conditions may
produce methane at a similar rate as the methanogens inhabiting neutral areas in terms of pH. One of the
methanogenic strains studied by Williams and Crawford (1985) was able to form methane from CO, - H,
(4:1) at rates that were similar over arange of pH values. Moore and Knowles (1987), however, observed
differencesin methane fluxes between afen (pH of 4.9; 28 mg CH, m? d™) and abog (pH of 3.7;0.7mg CH,
m? d™) which appeared to be related to the acidity of the environments and their microbia characteristics.
Del aune et al. (1986) found that the CH, production rate in Mississippi river deltaic peat is pH dependent,
with an optimum rate of methanogenesisat pH 7.7. In alaboratory experiment by Williams and Crawford
(1984), the optimum pH for methanogenesis was found to be 6.0 for peat soils with initia field pH vaues
of 3.8t04.3. According to Pacey and de Gier (1986) the optimal pH for methane production is between 6.8
and 7.2, and methane generationisnot inhibited unlessthe pH dropsbelow 6.0. Harriset al. (1985), however,
observed no differences between ombrotrophic peat (pH of 3-4) and minerotrophic peat (pH of 6to 7) in
methane production, while Svensson and Rosswall (1984) reported higher CH,, production in minerotrophic
peats.

Y avitt et al. (1987) studied the combined effect of pH adjustment and acetate amendment. I n the experiment
where the pH was modified in presence of acetate, they found that the untreated peat incubated at a pH of
3.1 showed lower methane production than at apH of 4.5. The methane production did not increase markedly
either when the pH was increased to 6.4.

Ponnamperuma (1984) discusses the effect of flooding on the soil pH. In surface soilswith aninitial pH of
5to 6, theincrease in alkalinity (HCO,) associated with the reduction of ferric oxide to aqueous Fe** will
cause an increase in pH, normally from 6.5 to 7.0. In calcareous soils, however, the mobility of Fe** is
generally lower, and less balancing HCO; ions are formed. Under these conditions, the acidifying effect of
the accumulated CO, isdominating, causing afal in pH to 6.5 - 7.0. Strongly alkaline soils with pH over 9
that are low in inorganic matter content, however, will show little reduction upon flooding. The pH of these
soils tends to remain around 8.5, unless the soils are amended with organic matter (Moormann and van
Breemen, 1978).

3.6.4 Effectsof organic substrates

Thedegradation and mineralization of organic substratesin flooded rice soilsare promoted by severa actions
(Neue et al., 1990):

Thorough puddling of the soil before planting of the soils;

Soil temperature of the puddied layer of 30-35 °C;

Neutral to alkaline pH of flooded soils;

High soil/water ratio associated with alow bulk density (0.2-0.8 g cm™) of the puddied layer;
Shallow depth of the floodwater standing on the paddy;

High and well balanced nutrient supply.

Permanent supply of energy rich photosynthetic aguatic and benthic biomass;

High diversity of micro- and macro-organisms;

Supply of oxygen into the reduced root layer by rice roots, excretion and diurnal supersaturation of
the floodwater with oxygen.

e "o o0 oo
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Y agi et al. (1990) found no close correlation between methane production rates and total carbon contentsin
soils. They observed that these results suggest that other factors controlling methane production were
important, such asthe balance of bacterial population and oxidizing capacity of thesoil. Alternatively, it may
indicate that total carbon contentsal one are not agood indicator for the availability of organic substratesfor
biogenic methane production. Bridgham and Richardson (1992), for instance, reported that poor substrate
quality of ahighly decomposed, humified peat limited both CO, and CH, production ratein asouthern USA
peatland, even though the peat was 95 % organic matter. This shows organic substrate quality must be
considered also. Inubushi et al. (1990a) reported that the mineralizable-N content was most significantly
related to the amount of CH, produced. Y agi and Minami (1990) found a positive correlation between the
annual emission rate of CH, and the contents of readily mineralizable carbon in pre-cultivated paddy soils.
Based on these findings, Inubushi et al. (1990a) concluded that CH, is derived mainly from the easily
decomposable fraction of soil organic matter through decarboxylation of acetic acid and reduction of CO,,.
The observed enhancing effect of organic matter application on CH, formation was a so seen asevidencefor
this consideration.

CH, emissionsfroman Italianricefield increased considerably in the early stages of growth after application
of organic matter (Schiitz et al., 1989). Incorporation of rice straw in a Japanese paddy field caused a
significant increase in CH, emissions, whereas addition of compost did not (Yagi and Minami, 1990).
Inubushi et al. (1990a) found that CH, formation in incubation experiments of paddy soilswas enhanced by
the application of rice straw, wheat straw, glucose, alanine and Na-acetate. Except for paddies with high
percolation rates or aeration periods, arapid decay of organic substrate and fatsturnover isalways associated
with high CH, production (Neueet al., 1990). Inubushi et al. (1990b) found that thetotal amount of methane
emitted during the cropping season of arice crop decreased by about 40-98 % dueto percolation (equivalent
to 51 mm water per 2 weeks). Williams and Crawford (1984) observed an inhibition of methanogens by
acetate, and concluded that CH, and other C-derivatives which may accumulate in peats at some depth can
become inhibitory to methanogens. Similarly, DeLaune et al. (1987) observed that the accumulation of
metabolic end-productsin apeat matrix appeared to beimportant in limiting methanogenesisin apeat from
the Mississippi delta. Yavitt et al. (1987) reported that acetate became atoxin for methanogens when the pH
of an acid Sphagnum-derived peat was|owered from the original pH value of 4.5t0 3.1. According to Y avitt
et al. (1987), the undissociated forms of organic acids can permeate the cytoplasmic membranes of
microorganisms and acidify the cytoplasm. At apH of 6.4, however, the addition of acetate stimulated the
methane production over that in the unamended peat (pH of 4.5) 2.2 and 1.6 fold for the 0-5 cm and 20-25
cm depth zone, respectively. Yavitt et al. (1987) presumed that in other studies where addition of acetate
enhanced methane production, aswas the case in the study of Svensson (1984), the pH of the environment
must have been greater than the pK of acetic acid.

Seiler et al. (1984) observed seasonal peaksin CH, fluxes that may be associated with an increase in soil
organic matter content. The peaks were observed after the incorporation of crop residues prior to flooding,
and following therelease of soil organic matter asroot exudatesand litter at the heading and flowering stages
of rice. Hol zapfel-Pschorn and Seiler (1986) reported peaksin CH, fluxes shortly after inundation of apaddy
and an upland soil, which they attributed to mineralization of the organic matter. A second peak was observed
in planted field in the physiologically most active period of rice growth. This peak was attributed to the
supply of organic materialsin the form of root exudates. Swarup (1989) observed that the second peak may
also berelated to the drop in Eh of the soil, which was lowest after 30 days of crop growth. Such adropin
Eh, however, may al so be seen asthe expression of amicrobia population explosion caused by theincrease
in readily decomposabl e organic material s under anaerobic conditions. The amount of CH, formed in paddy
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soilsispositively correlated with several soil parameters such as the content of organic-C and water soluble
organic-C, and mineralizable-N (Inubushi et al., 1990a; Kimura, 1992).

Application of rice straw at arate of 12 tons per hectare enhanced the rate of methane emission by afactor
2 as compared with the control plot, while higher applications did not result in any additional increases
(Schiitz et al., 19894). Incorporation of rice straw 1 or 2 months before submerging the paddy soil reduced
subsequent methane emissionsto 15-50 % of the amounts recorded when straw wasincorporated at thetime
of flooding (Inubushi et al., 1990b). Application of rice straw to paddy fields significantly increased the CH,
fluxesinall sitesstudied by Y agi et al. (1990). The annual emission rate from the paddy plots supplied with
6000 kg ha™ of rice straw and a mineral fertilizer increased by a factor 2-3 as compared with the rates
observed at the siteswhich only recelved the minera fertilizer. The methane fluxes measured by Yagi et al.
(1990) differed between 3 paddy soilsamended with rice straw, with annual emissionsof 44.8, 27.0, 9.8, and
1.1gCH, m?yrforthe*peaty’, ‘aluvial’, ‘humic Andosol’ and ‘light coloured andosol’ respectively. The
interpretation of thistype of results, in terms of possible effects of soil conditions on methane fluxes, would
befacilitated to someextent if the soilswerefully characterized and classified according to awidely accepted
system (e.g., FAO/Unesco, 1971-1981; FAO, 1988).

Kimuraet al. (1991) observed that the decomposition of soil organic matter, and thereby the potential CO,
and CH, production, is primarily determined by the soil chemical properties and the temperature, and not by
theagricultural practices. Accordingtothisstudy, theagricultural management, such asmid-summer drainage
and intermittent irrigation, may only influence the CO,/CH, ratio.

In conclusion, it appears that the nature (eg., C/N quotient), volume, timing and mode of
application/incorporation of organic substrates to waterlogged soils may both affect CH, production and
consumption.

3.6.5 Effects of nutrient status and mineral fertilizers

Svensson (1986) observed that nutrient availability and H-mediated interactions between nitrogen fixing
cyanobacteria and methanogenic bacteria may influence CH, fluxes in an acid tundra mire. Cicerone and
Shetter (1983) found CH, fluxesto berelated to peat depth and nutrient enrichment through upward seepage.

Mosier etal. (1991), in studiesinthe Col orado short-grass steppewith nitrogen-fertilized and wheat-growing
prairie soils from spring to late autumn 1990, found that nitrogen fertilization and cultivation can both
decrease CH,, uptake and increase N, O production. Similarly, nitrogen fertilization applied asureadecreased
the CH, uptake in a Colorado short-steppe (Mosier et al., 1991). Steudler et al. (1989) reported similar
observationsfor temperateforest soils. Intheannually fertilized sites, annual N-ureaapplications caused the
CH, uptake to decrease by an average of 41 % (P < 0.01). Methane uptake by the midslope site decreased
from 6.3to0 4.1 g C ha’d® as aresult of applying 45 g m? urea-N in 1981 (P < 0.01). A similar application
to amore fertile swale soil in 1982 did not alter the CH, uptake, which averaged 3.6 g CH, ha'd™. The data
suggested that a high N-turnover, whether native or due to fertilization, suppresses CH, uptake (Mosier et
al., 1991).

Cicerone and Shetter (1983) reported a5-fold increase in methane emissionsin aCalifornian ricefield upon

the application of (NH,),SO,. Schiitz et al. (1989), however, recorded reduced CH, fluxes after addition of
(NH,),SO, or urea to rice paddies. In the case of ammonium sulphate the decrease was attributed to the
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presence of sulphates. Duetothe nature of the reduction sequencein waterlogged soils, addition of fertilizers
including compounds such as nitrates or sulphates may suppress methanogenesis (see Section 3.6.8).
According to Jacobsen et al. (1981) this may be due to atwo-fold effect: @) nitrate delays the formation of
methane through its effect on the redox conditions, b) nitrate may have atoxic effect on methanogenesis.

Preliminary resultsreported by Schiitz et al. (1990) showed that the application of the mineral fertilizersKCl
and K,SO, aswell asvarious organic manures (i.e. animal excreta, rape seed cake), ascommonly used inthe
Hangzhou area, did not significantly affect the CH, emissionrates. Lindau et al. (1991) reported asignificant
urea-fertilizer effect in aflooded Louisianarice field. The observed CH, emissions were highly variable
during the observation period, with maximum methane emissionsfrom the 0, 100, 200, 200 and 200 kg urea-
N treatments amounting to 6.0, 8.9, 9.8 and 11.2 kg CH, ha dm™, respectively. The effect of fertilizer
application may also be influenced by the mode of application. Deep incorporation in contrast to surface
application of urea increased total the CH, emission by 19 % on a crop-season basis in an Italian paddy
(Schiitz et al., 1989a). Alternatively, in the Philippines, Denier van der Gon et al. (1992) found the mode of
urea application did not affect the pattern and emission levels of methane.

A tabular review of methane emissions from various types of wetland rice fields, subjected to different
fertilizer and/or organic amendments, has been prepared by Bouwman (1991).

The above quoted studiesindicate that the relationship between CH, flux and mineral fertilizer anendment
iscomplex and dependson crop factors, soil factorsaswell ascultivation practicessuch asrate, timing, mode
of application and type of fertilizersin relation to water management practices.

3.6.6 Effectsof redox conditions

Takai and Kimura (1966) recognize two stages in the reduction of submerged soils. During the first stage,
facultative or obligate anaerobes, consume O, or reduce NO;, Mn* and Fe*. In the subsequent stage,
obligate anaerobesreduce sulphateand form methane. Takai (1961) found that the CO,/CH, ratioin Japanese
ricefields depends on the ‘ oxidizing capacity’, expressed by the amount of O,, NO,, Mn* and Fe** (seealso
Kimura, 1992). Figure 3.3 showsthecritical redox potential at which oxidized inorganicredox systemsbegin
to undergo reduction in flooded soils. The sequence of the reduction processes occurring in anaerobic soil
can be described with the Nernst equation (e.g., Novozamsky et al., 1978).
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Figure3.3. Schematic representation of the critical redox potential at which oxidized inorganic redox systems begin
to undergo reduction in flooded soils (After Patrick, 1981)

In soils with high contents of iron and organic matter the Eh falls to -50 mV and may then slowly decline
over aperiod of amonth to -200 mV. Soils low in active-iron with high organic matter contents attain Eh
valuesof -200to0-300 mV within 2 weeks after submergence (Ponnamperuma, 1972 and 1981). Floodedrice
soilsmay have Eh valuesaslow as-250to -300 mV (Patrick, 1981), while redox potential s (corrected to pH
7) of -150 mV to -190 mV are needed for methane formation (Neue et al., 1990). Lindau et al. (1991)
observed no methane formation above -100 mV, while Jacobsen et al. (1981) only observed asmall amount
of CH, formation at aredox potential of -120 mV.

Y agi et al. (1990) observed strong seasonal variationsin CH, fluxesin field experiments. The CH, emissions
began to increase as the Eh decreased, nearly a month after flooding of the paddies. The fluxesincreased as
therice plant grew. Considerable decreasesin CH, fluxes were recorded during the period of mid-summer
drainage (increasein Eh) and shortly after top-dressing therice plants. M ethane emi ssionswere not detected
or very low during dry soil conditionsin aLouisianaricefield, corresponding with the pre-flood period and
time prior to harvest (Lindau et al., 1991). After drainage and aeration the redox potential rapidly risesfrom
negativeto positive values of 300 to 600 mV typical for aerated soils (M oormann and Van Breemen, 1978).
M ethane oxidation may thus increase when the soil is temporarily drained. Methane production, however,
may continue for aslong astheinterior of clods remain reduced and adequate organic substrates are present
in these aggregates.

3.6.7 Effectsof depth of water table

The depth of the water table may influence methane production in different ways. Methane fluxes from
tundras (Sebacher et al., 1986) and swamp sites (Harriss et al., 1982) are positively correlated with the level
of the water table (see also Section 3.6.6). Moore and Knowles (1987) found that methane evolution in
Canadian peatland soils decreased in alog-relationship as the water table was lowered; the molar ratios of
CO,/CH, increased from 4-173 under inundated conditions to >2500 when the water table was at a depth of
70cm. Wilson et al. (1989), however, found that thewater depth was poorly correl ated with the methane flux
in atemperate swamp. Similarly, Lindau et al. (1991) found no relationship between floodwater depthin a
flooded rice paddy (5-10 cm) and CH, emission. In the study of Harriss and Sebacher (1981) soil-water
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temperature and water depth did not exhibit any relationship to methane flux. Sebacher et al. (1986),
however, found that CH, emissions increased with water depth up to a depth of about 10 cm, but thereafter
the emissions decreased. According to DeBont et al. (1978) and DeL aune et al. (1983) microbial oxidation
of CH, may occur in aerobic water columns deeper than 10 cm, possibly due to transport of oxygen to the
rhizosphere through the aerenchyma of vascular plants. Inubushi et al. (1990a) found that methanogenic
activity was higher at 5-10 cm than at 0-2 cm depth in a submerged paddy soil, which was sampled at
different depths after harvest, although the overal activity was generally low. Inubushi et al. (19904)
attributed this to the fact that in the upper part of the solum, which included the oxidized layer, more CH,
is oxidized than in the lower part during rice cultivation, and that most of the organic substrates in the soil
are depleted at harvest time.

Moore and Knowles (1989) found that CH, evolution decreased in alog-relationship as the water table was
lowered in alaboratory column filled with peat. Similarly, twenty per cent of the stations studied during a
high-latitude transect, all with alowered water table, had zero or negative CH, fluxes possibly asaresult of
methane oxidation (Whalen and Reeburgh, 1990). Thus lowering of the water table in tundras as aresult of
a warmer, drier climate will decrease methane fluxes and could cause these areas to provide a negative
feedback for atmospheric methane. Alternatively, oxidation of peat following a drop in the watertable may
form a substantial source of atmospheric CO,, another important greenhouse gas (Moore and Knowles,
1987).

3.6.8 Effects of sulphates and salts

Bartlett et al. (1985, 1987) found that methane concentrations and sul phate concentrations are negatively
correlated. Similarly, Del.aune et al. (1983) found that CH, emission was inversely related to salinity and
sulphate concentration, with CH, emissions increasing and salinity and sulphate decreasing with distance
from the ocean. Sul phate depletionin aHumic Fluvisol, developed under marineinfluence, lead to intensive
methanogenesis (Giani and Giani, 1990).

CH, FLUX (mgCH, m™ d™
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Figure 3.4. Average SO,
/CI" ratios in the top 15 cm of marsh soils and methane emissions across the air-soil interface (r=-0.824,
P <0.1; After Bartlett et al., 1987)
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Sulphate and sulphides may be toxic to methanogens (Jacobsen et al., 1981). A concentration of 10 mM
sulphateisconsidered inhibitory for methane production (Del auneet al., 1983). Inincubation experiments,
theformation of CH, issuppressed by the application of Na,S04, possibly because methaneforming bacteria
may be overcome by sulphate reducing bacteria in competing for hydrogen (Inubushi et al., 1990a). The
partial pressure of hydrogen utilized by sul phate reducing bacteriaislower than the onerequired by methane
forming bacteria (Schonheit et al., 1982). Hori et al. (1990) found that sulphate reducing bacteria and
methane forming bacteria compete for acetic acid in submerged paddy soils. Such a competition for acetic
acid has aso been found in peat soils (Yavitt et al., 1987) and in sediments (Ward and Winfrey, 1985).
Sulphate depl etion allows methanogenic bacteriato use acetate and H,/CO, as substrates (Mountfort et al.,
1980; Winfrey et al., 1981), otherwise the acetate and H, is used by sulphate reducers (Kristjansson et al.,
1982; Winfrey et al., 1981; Kimuraet al., 1991). According to Thauer et al. (1977) the presence of sulphate
prevents methane formation, due to the competition between sulphate-reducing and methanogenic bacteria
for hydrogen and acetate, because sul phate-reduction producesmore energy per moleH, or acetatethan CH -
formation. Bartlett et al. (1987) found a strong correlation between SO,%/ClI- ratios and CH, release to the
atmosphere across a salt marsh (Figure 3.4), and saw this as an indication that the activity of sulphate
reducersisaprimary control of CH, flux. Oremland et al. (1982), however, have suggested that competition
with sulphate reducing bacteriamay not be important in salt marsh sediments due to the utilization of * non-
competitive' substrates such as methanol and methylated amines. Zaiss (1981) reported that the inhibitory
effect of sulphates on methane production in freshwater sediments can be reversed by addition of acetate or
H,. Kimura et al. (1991) observed that in some soils there may be a competitive use of root exudates by
methane-producing and sulphate-reducing bacteria.

Lawongse and Wada (1988) found that addition of NaCl and Na,SO4 suppressed denitrification and Fe**
reduction, and enhanced the accumulation of various organic acids such as acetic acid, propionic, lactic, and
p-hydroxy-phenylacetic acids. On the basis of these observations they concluded that CH, formation and
sulphate reduction are more strongly suppressed with saltsthan the biochemical reactionsresponsiblefor the
formation of these organic acids. Alternatively, a possible explanation could be that rice varieties differ in
their susceptibility to salinity. Moormann and Van Breemen (1978) wrote that at agiven salinity level, rice
plants are more sensitive to NaCl at high light intensities and low relative humidity, and consequently can
withstand agiven level of salinity better during the wet than during the dry season. This may be seen asan
additional complicating factor ininterpreting the effect of NaCl concentrations on CH, emissions.

In the study of Saenjan and Wada (1990) the suppressive effects of NaCl on CO, and CH, formation varied
widely depending on the type of organic acids present (i.e. acetic, propionic, lactic, p-hydroxy-phenylacetic,
+ Na,S04), becoming more evident with increasing NaCl concentration. Among the two main pathways of
CH,-formation, the reduction of CO, is less susceptible to NaCl than the decomposition of acetic acid
(Saenjan and Wada, 1990). In the control plot examined without addition of organic acids, CH,-formation
was slightly more susceptible to NaCl than to SO, reduction (Saenjan and Wada, 1990).

3.6.9 Effectsof ‘topographic position’
Many paddy fieldsand natural wetlandsoccur in‘ depressed’ topographic positionsand hydrological settings
that favour the supply of bases as well as organic detritus from surrounding sites. The topographical and

related hydrological situation may thus influence the nutrient status and thereby indirectly affect the
production and emission of CH,.
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G700nly afew measurements of trace gas fluxes have been made along toposequences. Mooreet al. (1990)
found that topography and water table elevation were important controls on methane emission in subarctic
fens. Mosier et al. (1991) measured the CH,, uptake along a toposequence - sandy |oam upland (mid slope)
versus sand clay loam lowland (swale) - in a short-grass steppe in Colorado to assess whether the landscape
position affected the uptake of CH,,. The methane uptake ratesin the unfertilized grassland averaged 3.6, 5.8
and 6.3 g C ha’ d*intheswales, CAFS (control annual fertilized) and mids ope sites, respectively, between
March and December 1990. M ethane uptake was significantly lessin the swale (P < 0.001) than at the CAFS
and midslope sites. The midslope and CAFS soils were similar in texture and total N-content, whereas the
swale soil had finer texture and higher total-N content. The soil nitrate and ammonium contentsweresimilar.
Annua in situ mineralisation at the midslope, however, was substantially lower than in the swale (41
compared to 55 kg N ha'yr?), suggesting that it was the N-turnover (mineralization and nitrification), rather
than the mineral N-content, which directly influenced the CH, uptake (Mosier et al., 1991).

3.6.10 Effectsof soil type

Since soil conditions generally are poorly described in CH, emission studies, little experimental evidenceis
available onthe possible effects of texture and mineral ogy on methane production and emission. Soil texture
and mineralogy, through their effect on puddling, can affect percolation rates and thereby the net emission
of CH, in waterlogged paddy soils (Neueet al., 1990). Heavy clay soils may crack upon drying, facilitating
the emission of entrapped methane whilein slowly cracking soilsthere may be more time for methaneto be
oxidized. Table 3.1 showsmethane emissionsfor three Japanese paddy fields, reflecting differencesin mean
fluxes between these soils (Inubushi et al., 1990a). Similarly, Yagi and Minami (1990) found arelationship
between CH, emissions from paddies and soil type, the emissions decreasing in the sequence ‘ peaty soils,
‘aluvia soils' and ‘andosols'. With respect to Japanese paddy fields, Kimura et al. (1991) reported a
significant correlation between the CO,/CH, ratio and the content of free iron and the amount of NH,*
produced during incubation.

Asami and Takai (1970) added amorphousiron oxide to anaerobically incubated soils, which depressed the
formation of volatile fatty acids and methane. Similarly, the content of free Fe-oxide was negatively
correlated with the amount of CH, produced, except for 2 of the 13 Japanese paddy soilsinvestigated. Takai
and Wada (1990) postulate that the content of bio-active iron may be the most important controlling factor
in methane production.

Table3.1. Differencesin CH, emission from 3 Japanese paddy fields (After Inubushi et al., 1990a).

Cropping pattern Japanese soil type CH, emission’
range resp. mean

With rice plants Gley soil 19-227 12.7
Gray lowland soil 0.1-15.8 52
Brown lowland soil 0.5- 3.3 1.8

Without rice plants Gley soil 0.2 -51 19
Gray lowland soil 0.02-0.2 0.06
Brown lowland sail 03-14 0.9

Note: Methane emissions specified in mg CH,-C h'* m?,
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The following soil conditions are considered adverse to CH,, production (Neue et al., 1990):
- Electrical conductivity (EC) greater than 4 mS cm™ while flooded.
- Low soil pH (acidic or allitic reactions)
- Ferritic, gibbsitic, ferruginous or oxidic mineralogy.
- More than 40 % of kaolinitic or halloysitic clay minerals
- Lessthan 18 % of clay in the fine earth fraction if the water regime is epiaquic.
- Occasiona drying of the soil during the cultivation period.

Thistype of soil conditions usually occurs within the order of Oxisols, most of the Ultisols and some of
the Aridisols, Entisols and Inceptisols of Soil Taxonomy (USDA, 1987). Methane production is often
favoured in rice soils formed on Entisols, Histosols, Inceptisols, Alfisols, Vertisols and Mollisols (Neue
et al., 1990). Denier van der Gon et al. (1992) showed soils can be ranked according to their methane-
producing capacity and Bachelet and Neue (1992) assigned a coefficient to each FAO soil unit according
to its hypothetical methane emission capacity.

Neue and Roger (1992) present atable of linear correlations between selected physico-chemical sail
properties and methane production. Negative correlations were found with Eh, electrical conductivity
(EC), chloride and sulphate content and C/N ratio, and a positive correlation with pH. These results
clearly reflect the uncertainties that remainin ng the relative importance of various soil factors on
methane production. The minimum set of soil properties needed for reliable modelling of methane
production in soils still has to be determined, but it will certainly include organic carbon content, C/N
ratio, per cent clay, mineralogy, active-Fe, Eh/pH-buffer systems and salinity (Neue et al., 1990; Denier
van der Gon et al., 1992; see also Section 3.7.2).

These considerations indicate the usefulness of developing a soil data base to show where potentially
suited areas of CH, production and emission occur (see Chapter 6). The interest for this type of data
bases has been expressed by several research groups (e.g. Sombroek, 1990; Braatz and Hogan, 1991).

3.7 Modelling CH, emissions from paddy soils and natural wetlands
3.7.1 Empirical models

Three global modelling exercises of CH, emissions are discussed in this Section, namely those of
Matthews and Fung (1987), Aselmann and Criitzen (1990) and Neue et al. (1990). In this report we use
the term ‘empirical model’ for approaches in which the total emission of methane from rice paddies or
natural wetlandsis basically calculated as follows:

Emissiong,,=Sum (A, . R, . t)
where;
A, the harvested area of rice (or area of natural wetland);
R, the average rel ease of methane from the individual areas over the respective release periods as
measured in the field;
t; the average length of the respective vegetation periods.

Natural wetlands
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Matthews and Fung (1987) combined three data basesin their study of global CH, emissions from natural
wetlands: 1) the vegetation data base of Unesco (1973), 2) the Soil Map of the World (FAO/Unesco,
1971-1981, as digitized by Zobler, 1986), and 3) the Operational Navigational Charts to estimate the
fractional inundation on a1 x 1 degree grid basis. The integration of these data bases produced 3233
grids of 1 x 1 degree, which comprise 130 vegetation types covering 100 units of the FAO/Unesco Soil
Map of the World with fractional inundation ranging from 1 to 100 per cent. Since only few methane
measurements, from well defined ecosystems, are available presently, Matthews and Fung (1987)
reduced the information on wetlands to 5 broad functional groups: forested bog, non-forested bog,
forested swamp, non-forested swamp, and alluvia formations. Methane fluxes, considered representative
for each of these groups, were subsequently used to compute global CH, emissions from natural
wetlands. The ‘representative’ fluxes ranged from 0.03 g CH, m? d* for the alluvial formations, to 0.2 g
CH, m2 d* for forested and non-forested bogs. Based on the above assumptions and methodology
Matthews and Fung (1987) arrived at emissions of 110 Tg CH, yr from natural wetlands. With respect
to the study of Matthews and Fung (1987), Wilson et al. (1989) noted that latitudinally averaged methane
productive seasons may induce considerable error terms, at least in temperate regions, since the seasona
changes in methane flux may be closely linked to the growing dynamics of the respective vascular plant
communities (see also Section 3.4.2).

Aselmann and Criitzen (1990) developed a global data set on the geographic distribution and
seasonability of freshwater wetlands and rice paddies using a 2.5 degrees latitude by 5 degrees longitude
grid. The data set was complied from wetland monographs, surveys and maps, while information on the
seasonality was derived from climatic records and hydrological data of major catchment areas. The
natural wetlands were grouped into six broad categories, termed: bogs, fens, swamps, marshes, flood-
plains and shallow lakes. In theinitial approach, published net primary production (NPP) data were used
to devel op latitude dependent mean NPP values for each of the six categories of natural wetlands. When
the average CH,/NPP ratio (on a carbon basis) of 2-7 % is applied to the averaged NPP values of the six
wetland categories atotal emission of 50-360 Tg CH, yr is obtained, which is far too large arange to be
consistent with the overall CH, budget. Aselmann and Criitzen (1990) therefore concluded that use of the
CH,/NPP ratio seems inappropriate to obtain reasonable CH, emission estimates. |n a subsequent effort,
they extrapolated geometric means of measured CH, fluxes to the six categories of wetlands and obtained
global emissions of 60-140 Tg yr* for natural wetlands.

Although Matthews and Fung (1987) and Aselmann and Criitzen (1990) cal culated the global acreage of
natural wetlands as 5.3 10" m? and 5.7 10% v respectively, it is interesting to note that the geographical
distribution of these wetlands varies due to differences in the methodol ogies used (see Bouwman, 1990a).
Additionaly, the definitions used for the various wetland categories (e.g., bogs, fens) do not seem to be
standardized internationally. An important contribution to refining global estimates of CH, fluxes from
wetland soils would be the production of a global data base showing the extent of hydromorphic soils
using actual soil survey information (see Section 3.7.4). Thereis also a clear need for more
‘representative’ methane emission measurements from well defined categories of wetlands and paddies
(IGBP, 1991; Matthews et al., 1991). Bouwman's (1990a p. 93-94) tabular review of the variability and
range in CH, fluxes from broadly defined categories of swamps, marshes, bogs, tundras and salt water
environmentsillustrates this point. This brings us to a general problem encountered in global data bases.
The key attributes of the spatial units (grids or polygons) of necessity are characterized using point
observations (e.g., for sails, fluxes, rainfall), which by definition are limited in space and time.
Interpolation or extrapolation of thisinformation to larger areas remains a sensitive and unresolved issue
of discussion (Nielsen and Bouma, 1985; Bouma and Bregt, 1988).
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Rice paddies

Estimates of global methane emissions from rice paddies aso differ considerably between different
studies. Matthews and Fung (1987), for instance, arrived at a figure of 40-160 Tg yr* for rice paddy-
fields. According to Neue et al. (1990), however, only 80 x 10° million ha of harvested wetland rice lands
are potential sources of CH, formation, corresponding with a global emission from wetland rice of only
25-60 Tg. Neue et al. (1990) discriminated the global rice area harvested in 1988 with respect to major
rice ecologies (irrigated, rainfed, deep-water and upland) and considered four groups of soil related
controlling factors (temperature; texture and mineralogy; Eh/pH buffer systems; salinity) in their anaysis.
Subsequently, they assumed an average CH, emission of 200-500 mg CH, m during an average growing
season of 130 days. This assumption of an average growing period of 130 days for rice globally and the
use of one single flux range for al rice ecologies should be seen as afirst apprximation. For instance,
thereis a considerable acreage of floating rice, which grows with increasing water depths. It islikely that
in the deep-water areas (floating rice) the rel ease of methane may be lower than that observed in well
managed, shallowly irrigated (about 10 cm) rice paddy-fields. A large amount of soil-entrapped methane
that would be oxidized in undisturbed soils may escape to the atmosphere due to cultural practices such
as soil disturbances due to wet tillage, transplanting, fertilizer application, weeding, pest control and
harvesting (Neue and Roger, 1992).

Bachelet and Neue (1992) reviewed 3 procedures and replicated three possible techniques to estimate
global methane emission from rice paddy-fields. Field and |aboratory experiments of Denier van der Gon
et al. (1992) support the approach of Bachelet and Neue (1992) that soils can be grouped according to
their methane producing potential. Denier van der Gon et al. (1992) propose a possible way to extrapolate
methane emission data from field experiments which considers climate, soil type, carbon input, cultural
practices and total rice crop biomass. Important factors which also should be included, but still are poorly
quantified at the global level, are: rice varietal differences, water regimes and application of organic
amendments of manure (Denier van der Gon et al., 1992). In India, Parashar et al. (1991) found methane
emission from different paddy varieties grown under similar soil conditions can vary by an order of
magnitude.

3.7.2 Process-based models

There isaneed for process-based models of CH, production, as well as agenera recognition that the
present understanding of the controlling factors and processesis not yet sufficient for such activities
(Van Breemen and Feijtel, 1990; IGBP, 1991). In order to develop process-related models of methane
production additional research will be needed on the following (JEA/EPA, 1990):
a) The biogeochemistry of methane production, both in paddy-fields and natural wetlands, including
methanogenesis, methanotrophs, and regulating factors;
b) The effects of climate, soil, water management, cultivars, fertilizer applications and cultural
practices on CH, fluxes;
) Variation in CH, fluxes between sitesin time;
d) Effects of techniques to reduce CH, emissions on emissions of N,O;
€) Field-level measurements to assess spatial variability, and simulation models to synthesize the
process-level and field-level data. Mosier (1990) reviewed the techniques which can be used to
measure trace gas fluxes in terrestrial ecosystems. Possible procedures for ‘ scaling- up’ field
measurements to larger spatial areas have been discussed a.o. by IGBP-IGAC (1991).
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Whereas process-related simulation for CH, emissions from natural wetlands should be seen as avery
distant goal, proposals for devel oping process-related models for methane emissions by rice paddies have
recently been initiated. Braatz and Hogan (1991) discuss how such a process based model could be
structured. They propose to develop three magjor, interactive modules describing the soil redox processes,
the development of the rice plant, and the ‘ physical and microbial’ dynamics. Braatz and Hogan (1991)
formulate the minimum data requirements of these models as follows:

a)  Daily climate data (solar radiation, elevation, rainfall, irradiation, maximum and minimum
temperature).

b)  Experimental site data (latitude, longitude, planting date, rice variety)

C) Soil and fertilizer data (soil nitrate, ammonium, iron, manganese, organic carbon, oxidation state,
bulk density, pH, crop residue, C/N ratio; timing, type, amount and depth of incorporation of
mineral or organic fertilizers; initial concentration and addition of sulphate; root exudation and
die-back coefficients; gas transport properties; changesin redox potential at 2, 5 and 10 cm depth
with time; floodwater depth; percolation rate; depth of perched water table; soil disturbances)

d)  Emission data, including hourly CH, (and N,O) emissions.

Only alimited number of the soil data requirements listed under item c) are collected on aroutine basis
during routine soil surveys (see Msanya, 1987), which makesit difficult to include them in a global soil
data base. Additionally, the description of soil conditionsin most greenhouse gas related studiesis rather
basic (e.g., acid clay). This means that a coordinated effort must be made to collect the ‘basic’ data sets
according to uniform procedures at al the present/new experimental sitesin order to develop, test and
validate the proposed process-based CH, models. During the WISE workshop, | SRIC expressed its
willingnessto carry out soil analyses, according to the standardized L ABEX-procedures (Van Reeuwijk,
1992), at long-term ‘seasonal’ measurements sites, but this would require additional funding.

3.7.3 Stochastic models

Deterministic versions of process-based models by definition will produce results pertaining to single
events. However, since the environmental and land use factors are always subject to spatial and temporal
variability there will be adegree of stochastic uncertainty in the results of deterministic models. Future
developments should consider the possibility of combining a stochastic and deterministic approach in one
single CH,-model; this should be seen as along-term objective.

3.7.4 Required global digita data bases

Matthews (1990) discusses the design and development of global digital data bases and their integration
in studies of terrestrial sources and sinks on greenhouse gases, proposing a sequential approach. First,
primary data bases on major surface characteristics are prepared. These data bases are subsequently
integrated to produce secondary sets of source categories (e.g., soils, vegetation, hydrology). Finaly,
these secondary data bases are combined with measured flux to produce tertiary data sets on emissions.
The basic data bases required in estimating biogenic sources/sinks of methane include vegetation, soils,
land use, seasonal inundation, temperature and precipitation (see review by Matthews, 1990). A review of
global land data bases has been prepared by Bouwman (1990a p. 36) and Sombroek (1990). I|ASA has
recently completed a %2 x %2 degree resolution global data base of mean monthly values of temperature,
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precipitation, and cloudiness (Leemans and Cramer, 1991). Matthews et al. (1991) developed a data base
on the geographic and seasonal distribution of rice cultivation on aglobal scale.

Soil scientists can infer awealth of information on soil conditions from the FAO/Unesco terminology
(see Sombroek, 1990 p. 228). Groenendijk (1990), for instance, compiled a4 x ¥ degree resol ution soil
data set to estimate the water-holding capacity of soilsin Europe using soil maps at ascale of 1:1 M to
1:5 M. For each grid cell the three spatially dominant soil units were specified, together with information
on topsoil texture, stoniness and dominant slope. A different approach has been proposed for devel oping
the WISE data base(see Chapter 6).

3.8 Conclusions

This Chapter shows that there are many microbial, climatic, hydrological, soil, crop and management
factors that control the production, consumption and transfer of methane in terrestrial ecosystemsin
different ways. Some of these factors work additively whereas other have antagonistic effectson CH,
production and emission, but other forms of interactions are possible as well. At this moment it is till
proves difficult to establish to what degree the respective process controlling factors will quantitatively
affect the production and emission of CH, in a certain terrestrial ecosystem at a particular moment in
time. Thisiswhy proposals for developing process-related CH,-models have only recently been
formulated, initially with respect to rice paddy-fields. The preliminary data requirements of these models
in terms of soil conditions, as formulated by Braatz and Hogan (1991), already exceed the level of
information held in most existing high resolution soil survey reports, so that new data collection activities
should be initiated at the level of the experimental site.

Refined estimates of global CH, production can aready be obtained by extrapolating seasonally
averaged, field measured CH, emission rates considered representative for well described natural
wetlands or irrigated rice ecosystems to the corresponding global ‘ ecosystem’. Such arefined
extrapolation will not only require additional CH,-flux data but also knowledge of the geographic and
seasonal distribution of the various types of natural and man-made wetlands (Matthews et al., 1991) as
well as more detailed and up to date information about the distribution and main characteristics of
potential methane producing soils. An ‘attribute-oriented’ soil data base would be useful in the context of
these activities. Such a data base could also be used in other studies on global change, such as revised
estimates of N,O-emissions from soils, climate-vegetation succession models and to assess the
vulnerability of soilsto chemical pollution.
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Chapter 4 Nitrous oxide
N.H. Batjes

4.1 Introduction
41.1 Background

The transfer of nitrogen between the surface of the earth and the atmosphere is dominated by ammonia
(NHy,), nitrous oxide (N,O), nitric oxide (NO), nitrogen dioxide (NO,), and dinitrogen (N,). Different
societal values have been attributed to the various categories of N-losses. These values strongly
determine the type of abatement that will be prioritised. Initidly, the interest for the biological,
environmental and management practices that influence gaseous N-losses was mainly from the
perspective of increasing the efficiency of N-fertilizers. In the last decades, however, it has been
recognized that the use of N-fertilizersto sustain the production of food, fodder, fibre and timber may
also affect the global environment. For instance, through leaching of nitrates to the ground water, thereby
affecting its quality for consumption, or through gaseous N-emissions which may contribute to acid
deposition (Chadwick and Kuylenstierna, 1990; Klemedtsson and Svensson, 1988; RIVM, 1991; Van
Breemen, 1990) and increased atmospheric concentrations of N,O (e.g., Bouwman, 1990a).

Nitrous oxide contributes to the ‘ greenhouse effect’ in that it absorbs radiation in the infrared band. On a
molecule per molecule basis, the relative potential for thermal adsorption of N,O is 150 times that of CO,
(Bouwman 1990a p. 2). N,O has an atmospheric life time of ~ 100-200 years, which is much greater than
that of either NH, or NO,. It has been estimated that N,O may account for 5-10 % of the ‘ greenhouse’
effect (Bolin et al., 1986). Although N,O is chemicaly inert in the troposphere it plays an important role
in the depletion of stratospheric ozone. In the stratosphere, N,O is destroyed almost exclusively by
photolysis and reaction with O(*D), forming NO which plays a major role in regul ating the concentration
and distribution of ozone (O,) (Criitzen, 1987). Besides being involved in photochemical reactions, the
atmospheric NO, concentration also influences the oxidation of methane and CO. Nitric oxide (NO),
however, does not absorb infrared radiation. The chemistry of the relevant atmospheric processes has
recently been reviewed by Bouwman (1990a, Chapter 2.2).

Ice core datafor N,O indicate pre-industrial concentrations of around 285 ppbv (part per billion volume),
while present levels are around 310 ppbv (Khalil and Rasmussen, 1988). This is equivalent to about 1500
TgN (Bolleet al., 1986). Prinn et al. (1990) deduced a 10-year average global nitrous oxide emission
rate of 20.5 + 2.4 Tg N,O yr?, with significant year-to-year variations in emissions possibly associated
with year-to-year variationsin tropica land emissions. The current average annual increasein
atmospheric concentration of N,O is about 0.2-0.3 % (Weiss, 1981; Bolin et al., 1986; Prinn et al., 1990).
The average N,O concentration in the northern hemisphere is persistently 0.75 + 0.16 ppbv higher than in
the southern hemisphere (Prinn et al., 1990).

Although over 20 % of the total global N,O emissions and 50 % of the total (N,O + N,) emissions may
be due to natural terrestrial emissions (Bowden, 1986), the observed increase is essentially due to the
increased use of N-fertilizers and combustion processes (Bolin et al., 1986). According to Bouwman
(1990a p. 2), however, about 90 % of the increase in atmospheric concentrations of N,O is of biotic
origin. At present rates, atmospheric concentrations of 350 to 400 ppbv of N,O are predicted towards the
year 2050 (Bolin et al., 1986).
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Table4.1. Estimated sources and sinks of nitrous oxide (Source: IPCC, 1992).

Natural sources TaN,O-Nyr?
Oceans 14-26
Tropica soils

- Wet forests 2.2-37

- Dry savannas 0.5-2.0
Temperate soils

- Forest 0.05-2.0

- Grasslands ?

Anthropogenic sources

Cultivated soils 0.03-3.0
Biomass burning 0.2-1.0
Stationary combustion 0.1-0.3
Mobile sources 0.2-0.6
Adipic acid production 0.4-0.6
Nitric acid production 0.1-0.3
Snks

Removal by soils ?
Photolysisin atmosphere 7-13
Atmospheric increase 345

A number of budgets for atmospheric N,O have been prepared, each of which presents somewhat different
values for the various sources and sinks (Seiler and Conrad, 1987; Prinn et al., 1990). The budget of Seiler
and Conrad (1987) shows the relative importance of N,O emissions from ‘natural’ soils (6 + 3 Tgyr?) and
fertilized soils (2 + 1 Tgyr?), as compared to oceans (1.5 + 1 Tg yr). More recently, global estimates of 7
Tg N,O-N yr have been presented for undisturbed terrestrial ecosystems (Bouwman et al., 1992), and of
2.31t03.7 Tg N,O-N yr* for cultivated lands (Bouwman, 1990a). Contaminated aquifers may release from
0.8t0 1.7 Tg N,O-N per year (Lashof and Tirpak, 1990 p. 85). N,O production from all potential sourcesis
likely in the order of 13 + 1.5 Tg N,O-N yr* (Prinn et al., 1991). Recently, Thiemens and Trogler (1991)
indicated N,O associated with global production of adipic acid in the preparation of nylon may account for
nearly 10 % of the increase observed for atmospheric N,O. Efforts should continue to identify sources and
possiblesinksasyet not identified. Other possible sources of nitrous oxide may include treatment of sewage
water, land‘ disturbance’ andinland and coastal waters (e.g. Bouwman and Van der Hoek, 1991) and riparian
zones (Davidson and Swank, 1990). Degassing of nitrous oxide dissolved in soil solution is considered to
beinsignificant for global atmospheric budgets (Davidson and Swank, 1990). The most recent overview of
estimated sources and sinks of nitrous oxide, as prepared for discussion by IPCC (1992), is presented in
Table4.1.

While the estimated source strengths remain uncertain, emissions from soils appear to dominate the N,O
budget (IPCC, 1992). The main biogenic sources of N,O, NO, and N, from soilsare the microbial processes
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of denitrification and nitrification. Fossil fuel combustion and biomass burning have been considered to be
significant global sourcesof N,O and NO,, but the recent discovery of an artefact producing increased levels
of N,O in combustion gas samples collected in grab-bottles before sampling (Muzio and Kramlich, 1988,
cited by Cofer et al., 1991) has resulted in downgrading the importance of these two sources in the global
N,O budget. According to Cofer et al. (1991) biomass burning contributes to no more than =~ 7 % of the
global source of N,O. The most important nitrogen gas emitted from biomass burning now appears to be
molecular nitrogen, with the largest contribution coming from flaming combustion (Kuhlbusch et al., 1991).
Pyro-denitrification associated with burning of biomass equals about 12-28 Tg of biomass N, which
corresponds to about 9-20 % of the estimated global rate of terrestrial nitrogen fixation. Thisillustrates that
biomass burning is not only of relevance for the atmospheric chemistry and greenhouse effect, but also for
the biogeochemistry of savanna and agricultural ecosystems (Lobert et al., 1990). Global patterns of soil
nitrogen have been discussed by Post et al. (1985).

4.1.2  Structure of chapter

In Section 4.2 the important microbial processes of N,O formation in soils, mainly nitrification and
denitrification, are discussed. Examples of the spatial and temporal variability inherent in N,O emissions
from soil are presented in Section 4.3. Subsequently, the effects of environmental and management factors
in controlling the production and consumption of N,O in terrestrial ecosystems and the rate determining
factors are discussed. Examples of N,O emissions from agricultural lands and undisturbed lands are given
in Section 4.5. Possible methods for modelling gaseous N-emissions are discussed in Section 4.6. General
conclusions as to the current possibility to model global N,O emissions from soils are made in Section 4.7.

4.2 Processes of N,O formation in soils
4.2.1 Introduction

Soils are important sources of atmospheric N,O. A wide range of processes may produce this N,O, as well
as minor amounts of NO,, but not al of these seem to be fully understood. The main biological processes of
N,O formationin soilsareshownin Figure4.1. They include nitrification, denitrification - the dissimilatory
reduction of nitrate to anmonium - and the assimilatory reduction of nitrate wherein N isincorporated in
thecell biomass. Additionally, some NO, and N,O may be rel eased due to chemo-denitrification (see Section
4.2.6) and ‘ pyro-denitrification’ (Lobert et al., 1990). Of these processes, nitrification and denitrification are
the most important with respect to N,O production. In order to predict N,O emissions from soils it is
necessary to differentiate between these two processes, as discussed by Klemedtsson et al. (1988b) and
Klemedtsson and Hannson (1990).
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Figure4.1l. Schematic representation of the components of the nitrogen cycle (Compoundsin the upper section of the
flow diagram are the main nitrogenous gases emitted by ecosystems. Brackets around NO indicate that the
occurrence of thisintermediate product in biological denitrification remains uncertain) (Source: Bowden,
1986)

The main biological and abiological processes mediating N,O production and consumption in soils are
reviewed below. For more information on the subject reference is made to the reviews of Bowden (1986),
Sahrawat and Keeney (1986), Tiedje (1988), Stouthamer (1988) and Beauchamp et al. (1989) amongst
others.

4.2.2 Denitrification

In both nitrification and denitrification, energy from chemical reactions are used to drive various growth
processes rather than to incorporate nitrogen into the cells themselves. Production of N,O and molecular N,
by microbial denitrification occurswhen bacteriacapabl e of denitrification colonizealocation where oxygen
is absent and water, nitrate and decomposable organic compounds are present. Microbial denitrification is
the process in which nitrate (NO;), nitrite (NO,") and nitrous oxide (N,O) serve as ‘alternative’ electron
acceptors to O, for essentially aerobic bacteria at low O, concentrations, with the result that ultimately
molecular N, can be produced (Delwiche, 1981; Knowles, 1982). The reaction sequence for denitrification
may be exemplified as follows:

NO, ----> NO; > [NO] ---> N,O > N,
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In this reductive pathway, nitric oxide [NO] may occur as an intermediate between NO,” and N,O but it's
existence has not been assessed unambiguously (Firestone, 1982; Poth and Focht, 1985; Bowden, 1986).
Munch (1989), however, found that NO wasanatural product of denitrification for Bacilluspolymyxa. L ater,
Munch (1991) showed that the formation of NO, in soil isrelated directly to the composition of thedenitrifier
population, and only indirectly to physicochemical soil properties. In the study of Munch (1989) the nitrate
concentrationinfluenced only therate of denitrification, but not theN,O/N, ratio of each organism. Secondly,
the amounts of nitrite formed transitorily were found to be specific for the organisms involved. These
amounts of nitrite influenced neither the emission of N,O, nor the ratio of N,O/N, or of N,O/consumption
of nitrate. Thirdly, the N,O formation depended primarily on the microbial soil population, and thereafter on
the nitrate concentration in correlation with the type of denitrifiers. Munch and Ottow (1986) al so observed
that the intensity and composition of denitrification gases (NO, N,O and N,) differed considerably from
organism to organism and from soil to soil. Thisis also apparent form the study of Abou-Seada and Ottow
(2988) which included the denitrifiers Aeromonas ‘ denitrificans’, Azospirillum lipoferum DSM 1843, and
BacilluslicheniformisATCC 14580, and soil material fromthe Ah-horizon of aGleyi-Eutric Fluvisol, Orthic
Luvisol, Calcaric Fluvisol and Eutric Cambisol. Gas production in this study was measured by gas
chromatography inregular intervals. With A. * denitrificans’ NO wasrel eased from the Cal caric Fluvisol and
Orthic Luvisol, whereas B. licheniformis did not produce NO in any of the soil materialstested. N,O was
liberated by A ‘denitrificans in all soils tested, but A. lipoferum produced it only in the Fluvisol and B.
licheniformisexclusively inthe Eutric Cambisol. Alternatively, Germon and Jacques (1990) hypothesizethat
inahomogeneous pedol ogic areathe denitrifying microfloracould behave similarly, and that the natural N,O
production could be a constant proportion of denitrified N in spite of different pH values. Thisstudy wasfor
naturally acid loamy soilsfor which the pH wasincreased by agricultural practices. The need to confirm this
kind of resultsfor other experimental conditionsand soilswasindicated by Germon and Jacques (1990). Soil
conditions and agricultural practices that seem to influence the relative amount of N,O/N, are reviewed in
Section 4.4. Hauck (1986) and Mosier et al. (1990) have reviewed techniques for measuring denitrification
inthefield.

Most denitrifying bacteria are aerobic heterotrophs, belonging to taxonomically diverse genera such as
Pseudomonas, Alcaligenes and Azospirillum. However, some autotrophic organisms such as Paracoccus
denitrificans, Rhodopseudomonas sphaeroides and Thiobacillus denitrificans are aso capable of
denitrification. A review of known denitrifying bacteriastrainsis given by Beauchamp et al. (1989 p. 115).
Not al the denitrifying bacteria can carry out the complete pathway of denitrification (Knowles, 1982),
because they lack the relevant reductase(s), however they partially contribute to the process of microbial
denitrification. Possible explanations for a partial denitrification have been proposed by Ingraham (1981):
a) Although intermediary products such as NO,’, NO and N,O may be present, the initial nitrate may
be lacking.
b) The environmental conditions may not be conducive to one or more of the reaction steps.
C) The different reductases, responsible for the denitrification process may differ in induction rates.
d) Geneticaly deficient strains may not be capable of synthesising the complete set of required
reductions. Alternatively, the enzyme N,O reductase can reduce an extraneous source of N,O asit
isafree obligatory intermediate in denitrification (Smith et al., 1983).

Mosier (1990) discussed methodsfor measuring denitrificationinthefield and their limitations. A commonly
used procedureisthe ‘cover box’ method in which asoil is perfused with acetylene (C,H,), to prevent any
reduction of N,O to N,, and the N,O released from the soil is trapped under an inverted box cover and
measured by gas chromatography. Keeney (1988) found that acetylene does not inhibit N,O production from

ISRIC Technical Paper 23 71 NRP Project 851039



the heterotrophic nitrifiers of the species Arthrobacter (and nitrapyrin does not inhibit heterotrophic
nitrification). Conseguently, the N,O produced by heterotrophic nitrifiers will probably be included in
estimates of N,O production from denitrification (Klemedtsson and Hansson, 1990).

4.2.3 Autotrophic nitrification

Both autotrophic and heterotrophic nitrification occur (seereview of Tiedje, 1988). Autotrophic nitrification
is an aerobic biologica process whereby NH," is converted to NO,. This oxidation process is essentially
carried out in two stages.

a) NH, +3/20, ----> NO, +2H"+H,0+E
b) NO, +1/20, ----> NO; +E

In soils, the oxidation of ammonium to nitrite (stage &) is mainly performed by Nitrosomonas, while the
oxidation of nitrite to nitrate (stage b) is dominantly performed by Nitrobacter. The process of N,O
production via nitrification of ammonium to nitrite is not clearly understood (see Sahrawat and Keeney,
1986). According to Papen and Rennenberg (1990) N,O could be formed during stage a) of the
chemoautotrophic nitrification process as follows:

NH," ----> NH,OH ----> [HNO] ----> NO ----> NO,

I
N,O

The presence of the nitroxyl radical (HNO) would explain the possibility for N,O production during
nitrification since, especially under anaerobic conditions, there would be a spontaneous (chemical)
decomposition of [HNO] to N,O (Anderson, 1976 as quoted by Rosswall, 1981). Y oshida and Alexander
(1970), however, showed that Nitrosomonas eur opea produces N,O during the oxidation of NH," or NH,OH
to nitrite. Bremner and Blackmer (1978) aso found that N,O is formed during nitrification. According to
researchers cited by Bouwman (1990a p. 121) the NO/N,O production ratio for nitrifying bacteriaisin the
order of 1-5, and about 0.01 for denitrifying bacteria. Little seemsto be known about the absol ute production
levels. In the experiment of Klemedtsson et al. (1988a) nitrifiers produced up to 16.5 times more N,O than
denitrifiers during a 6-day laboratory experiment after addition of 40 g NH,*-N and 40 ug NO;-N g™ dry
soil at 60 % of the soil's water holding capacity.

Inthefield, N,O production vianitrification is mainly controlled by the oxygen status of the soil, areadily
available supply of nitrifiable nitrogen, by the moisture content and by temperature (cf Bowden, 1986). Since
the nitrification pathway requires aerobic conditionsit islikely that alow partial oxygen pressure during the
nitrification process may enhance the formation of N,O (Johansson and Galbally, 1984), as later explained
by Poth and Focht (1985). Anderson and Levine (1986) showed that at low O, levels, the nitrite formed
during stage a) may be reduced to N,O before it is reduced to nitrate through step b). Bacteriathat oxidize
NO, to NO;, corresponding with stage b) of the autotrophic nitrification process, are not able to form N,O
(Umarov, 1990). Application of nitrifiable formsof N-fertilizer (urea, anmoniaor (NH,),SO,) often greatly
increase the N,O emission (Bremner and Blackmer, 1978). Similarly, Bremner and Blackmer (1981)
concluded that N,O emission associated with nitrification was related to the nitrifiable-N content, and not
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influenced by theaddition of NO,-N. Application of thenitrificationinhibitor nitrapyrinto soil suppliedwith
ureaor NH,"-N fertilizers greatly retarded emission of N,O from well aerated soils.

The chemoautotrophic Nitrosomonas and Nitrobacter metabolize about 35 and 100 times as much nitrogen,
respectively, as the carbon dioxide they fix, which means that a few microorganisms can process a large
amount of nitrogen (Sprent, 1990). Thistypeof nitrificationistherefore quiterapid, especially inwell aerated
soils. Autotrophic nitrifiers probably are the major producers of N,O in freely aerated soils, both under
natural conditions (Parton et al., 1988) aswell asunder agriculture (e.g., Klemedttson et al., 1988). Umarov
(1990), however, thinks the role of autotrophic nitrifiersin producing N,O isinsignificant in the biosphere
(see Section 4.2.4).

4.2.4  Heterotrophic nitrification

Heterotrophic nitrificationisthe oxidation of NH,/NH," or the oxidation of organic-N containing compounds
to NO," and/or NO, under aerobic conditionsin the presence of carbon substrates (cf Papen and Rennenberg,
1990). The role of the carbon substrates is to serve both as carbon and energy sources. For heterotrophic
nitrification to occur, the content of nitrogen must exceed the amount of nitrogen necessary for normal
growth (Umarov, 1990). Papen and Rennenberg (1990) proposed the following reaction sequence:

R-NH,/NH," > NH,OH ---> [NOH] ---> NO ---> NO, ---> (NO,?) ---> NO;

|
N,O

The importance of biological NO, production during field nitrification is unknown (Bowden, 1986). Papen
et al. (1989) showed that in culturesof Alcaligenesfaecalis, aheterotrophic nitrifying bacteria, N,O, NO and
traces of NO, were formed besides NO, and NO;". Since a broad spectrum of different bacteria and fungi
areableto catalyze heterotrophic nitrification, this process could possibly account for important nitrogenous
trace gas emissions from soils according to Papen and Rennenberg (1990). Focht and Verstraete (1977),
however, believed that the importance of heterotrophic nitrification in agricultural soilsislow. Similarly,
Bowden (1986) observed that although the potential for N,O production during heterotrophic denitrification
exists, thereislittle evidence yet that the relevant microorganisms do so in thefield. Alternatively, Umarov
(1990) postulated the role of autotrophic nitrifiers in forming N,O in the biosphere is insignificant. He
observed that although the activity of heterotrophic nitrifiersis generally about 10° to 10* times slower than
that of autotrophic nitrifiers, the former are very important in view of the large ecological versatility of the
microorganisms involved and the great number of nitrogen compounds they can oxidize. Additionaly,
Umarov (1990) observed that heterotrophic nitrification is not markedly inhibited by acidification of soils
contrary to autotrophic nitrifiers. This could mean that therole of heterotrophic nitrifiersislikely toincrease
with increasing ‘environmental pollution’, associated with acid deposition, while the role of autotrophic
nitrifierswill decrease.
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4.25 Other biological processes

Small amounts of N,O may be formed in soils by nitrate respiration by non-denitrifying bacteria (Smith and
Zimmerman, 1981) which are ableto reduce nitrate to ammonia (Stouthamer, 1988, p. 258). Burth and Ottow
(1982) also observed N,O rel ease by non-denitrifying nitrate reducers. Tiedje et al. (1982) found that nitrate
respiring, non-denitrifying bacteriamay produce significant amounts of N,O under anaerobic conditionsin
ecosystems high in organic matter content. All the nitrate respiring (i.e. NO; reduction to NO, or NH,")
bacteriatested by Bleaky and Tiedje (1982) produced N,O, but could not reduceit further. In addition, they
isolated one assimilatory nitrate reducing bacterium (Azotobacter vinelandii) and numerousyeastsand fungi
(e.g., Aspergillus and Fusarium) that produced N,O. In acid forest ecosystems yeasts and fungi may prove
important producers of N,O (Robertson and Tiedje, 1987). Bollag and Tung (1972) reported that fungi can
form N,O during the reduction of NO,. Malinowsky and Ottow (1991) found that Fusarium strain 50
released N,O from nitrite (but not from nitrate) both under aerobic as well as completely anaerobic
conditions; this process was inducible by nitrite. N, could not be detected in the above experiment.

Thenon-respiratory N,O production, typically producesN,O and not N, asthe product of N-oxide reduction.
Themechanism for thistype of N,O productionisnot yet known. Neither hasit been shown whether the non-
denitrifying sourcesof nitrousoxideareof environmental significance, the difficulty being that experimental
methodsdo not permit to separate these sources of N,O unequivocally fromtherespiratory denitrifier sources
(seereview of Tiedje, 1988).

Unlike the assimilatory pathway, dissimilatory nitrate reduction is an anaerobic process not inhibited by
ammonium accumulation. Although it occursinthe sameenvironment asdenitrification, dissimilatory nitrate
reduction to ammonium differsin 3 main features: a) the microflorais fermentative (strictly or facultative
anaerobic); b) the mechanism requires more reducing power and ¢) it isapoor producer of energy (Tiedje,
1988). The dissimilative nitrate reduction to ammonium in soilsis further discussed by Correaand Germon
(1991).

Some free-living Rhizobiamay play an important role as denitrifiersin fertile environments (see review by
OHara and Daniel, 1985). Smith and Smith (1986) studied the denitrification by two strains of
Bradyrhizobium japonicum. The rhizobia grew in anaerobic batch cultures, depleting NO, and producing
N,Ointhepresenceof C,H,. Denitrification ratesof whol e detached nodul eswere unaffected by the presence
of O,, though the rates were limited by the external NO,-concentration. Denitrification by intact, nodul ated
soybean plants under aerobic conditions was al so observed by Smith and Smith (1986). The estimated range
of N-denitrified to N-fixed ranged from 0 to 0.3, depending on assay conditions.

Gaseous | osses of nitrogen from plants are discussed by Farquhar & McKenny (1979). It has been reported
that N,O evolved at the soil surface can be taken up by maize through foliar uptake (Lensi and Chalamet,
1981) and by rice plants (Minzoni et al., 1988); N,O metabolization by plants would be an unusual
biochemical process, as microbial N,O reduction requires alow oxygen availability. Cervelli and Rolston
(1983) reported that the herbicide atrazine caused a decrease in the N,/N,O ratio of gases evolved from
denitrification.
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426 Chemodenitrification

Chemodenitrification refersto nitrogen gas producing reactionsthat are catal yzed by abiologic agents. Chalk
and Smith (1983) prepared a review of chemo-denitrification. Based on the subsequent review of Tiedje
(1988) the predominant product of chemodenitrification isusually NO, but N, and N,O may be produced as
well.

Chemodenitrification isnot considered to be an important processat theglobal level, but it may occur locally
in nitrite containing acid (pH < 5) or frozen soils. The required high contents of nitrite and low pH values
may coexist in cropped soils after the application of an akaline hydrolysing fertilizer or prills. The NO,
which accumulates within the ‘fertilized’ band will diffuse from the band in response to a concentration
gradient, so that compounds such as CH,ONO can be formed by chemical reaction (Magalhaes and Chalk,
1983). Alternatively, chemodenitrification of nitrite in presence of organic matter or Fe?* may lead to N,O
production measured asbiol ogical denitrificationinenclosures(Chaamet and Bardin, 1977; Morgaghanand
Buresh, 1977). Similarly, Christianson and Cho (1983) observed that chemical denitrification occurs in
frozen soilsby solubleorganic matter-NO, reactions. Cofer et al. (1991) postul ate that heating of soilsduring
large fires may cause significant releases of biogenically produced N,O.

4.3 Temporal and spatial variability in N,O emissions
431 Generad

Numerous environmental and agricultural factorsinfluence the biological processes of soil microorganisms
responsiblefor N,O-emissionsfrom soils(Table4.2), in additionto thetypeand composition of themicrobial
population (Munchand Ottow, 1986; Munch, 1991). Theenvironmental factorsincludesoil temperature, soil
moisture content and soil aeration status, as influenced by the structure, texture, porosity and
precipitation/irrigation, and by the soil reaction (pH), organic matter content and soil type. Agricultural and
management practicesthat may affect N,O emissionsfrom soilsincludethefertilizer regime (e.g., type, rate,
application technique, timing), cultivation practices (e.g., tillage, irrigation and drainage) and the crop
assortment. All of these vary widely at thelocal, regional and global level as climate and soil conditions are
highly variable in space and time (Nielsen and Bouma, 1985; Bouma and Bregt, 1988; Mausbach and
Wilding, 1991). In conjunctionwith thewiderangein biological processesinvolvedintheproduction of N,O
this explains why field-measured N,O fluxes often vary markedly both in space and time. The latter is
particularly the case when the N,O is essentially produced by denitrification, since nitrification generaly is
afairly constant process across ecosystems (Firestone and Davidson, 1989). Nitrifier denitrification (Poth
and Focht, 1985) and respiratory denitrification, however, probably are not ‘ constant’ in time.
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Table4.2. Key-factors affecting N,O emissions from soils (Adapted after Eichner, 1990).

M anagement practices Environmental factors
Fertilizer type Temperature
Application rate Precipitation
Application technique Soil moisture content
Timing of application Organic C content
Tillage practices Oxygen availability
Use of other chemicals Porosity

Crop rotation pH

Irrigation Freeze and thaw cycle
Residual N and C from crops and fertilizer Microorganisms

Theinterpretation of the effects of the various biological and abiological controlling factors on N,O fluxes
isfurther complicated by the limitationsthat are inherent to the respective gas measurement techniques (see
discussion by Mosier, 1990). Based on their field experiments, Matthias et al. (1980) concluded that the
accuracy of themean N,O flux for agiven areais much more dependent on the number of flux measurements
than on the accuracy of any particular flux measurement. Rolston et al. (1979) concluded that the accuracy
of field measurements of N,O emissions is more limited by sampling problems resulting from spatial and
diurnal variability in these emissionsthan by analytical problems associated with assessments of N,O fluxes.
Additionally, the spatial and temporal variability in measured fluxesin agiven areacan vary from one year
tothe other over comparable measurement periods (e.g., Goodroad and K eeney, 1984b). Thereforeit isoften
difficult to quantify accurately the gaseous N-losses and their relative composition from soils, unless long-
term and ‘highly-resolved’ determinations of fluxes are used (Lotfield et al., 1992).

Theinterpretation of field emission datawould befacilitated if experiments specify the underlying biological
processes and nature of the biological population. Knowledge of the fact whether N,O emissions are
produced through nitrification or denitrification would contribute to understanding the abiotic and
management factorsaffecting N,O emissionsfrom soil systemsat thesitelevel. Determination of thereaction
source, however, is not always possiblein regional and global assessments of N,O emissions as this aspect
isdifficult to consider at the macro-scale (Eichner, 1990). Bouwman et al. (1992), however, accounted for
the ‘reaction source' in a globa modelling study of N,O emissions from natural soils. Scaling-up of site
measurements to the ecosystem or global level remains an important topic of discussion and investigation
(IGBP, 1990; Roswall et al., 1988).

4.3.2 Tempora variability
When assessing the soil-derived N,O (and NO,) emissions in a particular region it is necessary to have
adequate information about the spatial and temporal variability in these emissions. Consequently, many

researchers have studied the spatial and temporal variability of N,O emissionsfrom soils. In Sections4.2 and
4.3 selected examples are used to illustrate the dimensions of this variability.

Diurnal variability
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The recommended or adopted period of measurement during the day varies markedly from one experiment
to the other, often because of logistic reasons. Ryden et al. (1978), for instance, suggested that N,O
measurements should be performed during the mid morning hours or mid- to late afternoon to ‘avoid’ <sic>
theN,O flux they observedinthe early afternoon during their experiment. Mosier et al. (1991) measured N,O
fluxes in closed chambers in a Colorado grassland at mid-morning, and generally weekly at each of the
considered sites. The experiment of Blackmer et al. (1982), however, showed that reasonably accurate
estimates of N,O fluxes cannot be obtained by measuring the rate of N,O emission during arelatively short
period of the day. Peaksin N,O emissions which are known to be associated with marked rainfall events or
changesin soil temperature over the day may be missed altogether in such experiments.

Blackmer et al. (1982) studied the diurna variability of emissionsof nitrous oxide from lowasoilsusing the
chamber technique of Matthiaset al. (1980) to measure the N,O emission rates on fertilized and unfertilized
sites at intervals of 1 or 2 hours for periods ranging from 1 to 5 days. These experiments revealed large
coefficients of variation in N,O emission within 24 hour periods, ranging from 12 to 66 % with an average
of 38 per cent. Asmuch as 90 % of thediurnal variability in N,O emission could be attributed to diurnal N,O
emission patternsrel ated to changesin soil temperaturein thisstudy. Alternatively, thewind speed wasfound
to influence the diurnal patternsin N,O emissions from soilsin some studies (Ryden et al., 1978) but not in
others (Blackmer et al., 1982). Possible causesfor the diurnal variability in N,O emissionsin the experiment
of Ryden et al. (1978) were given as the effect of an increase in temperature on the activity of denitrifying
bacteria, as well as on the rate of N,O diffusion in soil. Alternatively, changes in the soil aeration status
following rainfall on the nitrifier and denitrifier activity may aso influence the N,O emissions.

Denmead et al. (1979), when studying N,O emissions from a grass sward in Australia, observed a clearly
defined diurna pattern with maximum rates occurring in the afternoon and minimum rates near sunriseswhen
thetemperature of thetopsoil waslowest. During the measurement period Denmead et al. (1979) found little
phase difference between the diurnal variability in topsoil temperature and N,O emissions in this sward.
Alternatively, Blackmer et al. (1982) found that thediurnal variability in N,O emission isoften markedly out
of phase with the diurna variability in the temperature of the topsoil.

Seasonal variability

The N,O emissions at any given location vary with the measurement period as well as the time of
measurement. |n the study of Thompson et al. (1983) the average coefficient of variation for denitrification
was 98 % for thewinter and 180 % for the spring experiments. These values became respectively 43 % and
75 % when these researchers only considered mean fluxes exceeding 0.10 kg N ha' d*.

Crop type and crop development may aso influence N,O emissions. Mosier et al. (1986), for instance,
measured N,O and N, emissions from irrigated fields to assess the magnitude of N loss by denitrification.
Therelevant soilswere supplied with 200 kg N ha* as 99 atom percent >N ammonium-sulphate. Thevertical
N,O and N, fluxes were measured periodically by sampling, using a cover method, and analyzing N,O by
gas chromatography and N, by mass spectrometry. During the cropping seasons under consideration (1982
and 1983) the maximum N,O emissionsoccurred in May for Barley andin July for corn. Both the emissions
for barley and corn increased with increasing soil-water content. During 1982, total volatile-N loss of (N,O
+ N,) from the moderately well drained clay loam soil was about 2.5 % of the applied fertilizer N, and about
70 % of the total consisted of N,O. In case of the barley field, about 1 % of the applied fertilizer-N was
emitted with about equal amounts of each gas.
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Inthestudy of Bremner et al. (1980) 67 % of the N, O produced was evolved in summer with little production
occurringinwinter. Christensen and Tiedje (1990), however, observed amarked N,O-flux at thaw inan ‘acid
sandy loam soil” between January (1 °C) and March (4 °C) which could be due to an increased microbia
activity under warmer conditions. The temperature effect observed in the field could be duplicated in
laboratory experiments, during which thawing soil cores at controlled temperature, nitrate and moisture
contents yielded alarge flush of N,O in comparison to unfrozen soils. Similarly, Cate and Keeney (1987)
observed alarge increase in N,O in soil air when the temperature increased to 0-1 °C after afrozen period.
According to Christensen and Tiedje (1990) the spring peak in N,O maybe dueto respiratory denitrification.
The carbon source mediating the process could be the microorganismskilled by the freezing or detritus that
becameavailableby thefreezing-thawing process. Alternatively, emissionsinautumn may beassociated with
falling of leaves and partial dying-back of roots.

4.3.3 Spatial variability

Numerous researchers have studied the spatial variability of N,O emissions from soils. Often these studies
wereimplemented to assessthe effect of different water and fertilizer practiceson N,O emissions. Thelatter
mainly to improve the efficiency of N-fertilizer use by reducing emissions of gaseous N-productsaswell as
to decipher the global behaviour of N,O emission from soils.

Rolston et al. (1979) studied the spatial and diurnal variability of N,O emission within small, apparently
uniform, soil plots (generaly 20 by 20 m), finding coefficients of variation (CV) of 31 to 168 per cent.
Similarly, Parsonset al. (1991) found that nitrogen gas evolution was highly variable on aspatial scale, with
replicate measurements showing CV s between 74 and 268 per cent. They found that the denitrifying enzyme
activity in the 2 soils studied, ranged from 0.1 to 119 ng N,O-N g* soil min™ and varied spatially and
temporaly, but did not exhibit the same seasonal pattern as N-gas loss. Alternatively, the coefficients of
variation ranged from 161 to 508 % for the (N,O + N,) fluxes, and 282 to 379 % for the N,O fluxes, in a
study of the structure and magnitude of the spatial variability of N-fluxesalong 12 transectsof awell drained
aluvid Yololoam (Typic Xerorthent) (Folorunso and Rolston, 1984). In this study the measured N,O and
(N,O + N, fluxes) - acetylene inhibition technique, closed chambers - were In-normally distributed.
Subsequent statistical analyses based on autocorrel ograms and partial autocorrel ograms showed that in only
oneout of the 12 transects studied the (N,O + N,) and N,O fluxesrevealed any spatial dependenceindicative
of an autoregressive process. Consequently, thedenitrification flux valuesfor thisfield sitecan beconsidered
to be spatially independent. Folorunso and Rolston (1984) cal culated that from 156 to 4177 (N,O + N.,) flux
measurements and 350 N,O flux measurements are needed to estimate the ‘true’ mean flux within 10 % of
the estimated mean on a3 by 36 m experimental plot. The possibleimplications for obtaining representative
flux measurements for large fields as well as for scaling-up these results in global studies are evident.

In asubsequent study with Y olo loam soils Fol orunso and Rolston (1985) found that the cyclic nature of the
soil-water content in the surface soil appeared to be the primary cause of cycling of the denitrification gas
flux at aperiod of 4to 5 m. Cycling of water-soluble organic C at periods different from that of water content
al so caused some periodic behaviour in denitrification gasfluxes. Thestudy of Folorunso and Rolston (1985)
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shows that spectral® and coherency techniques, contrary to standard correlation or regression methods,
provided evidence of significant causal effects on denitrification.

The spectral and coherence analysis of Grundmann et al. (1988) indicated that denitrification flux in an
irrigated Typic Xerorthent, amended with chopped alfalfa and nitrate, did not cycle at the frequency of
imposed soil-water content due to several interacting factors. In this study variations in soil-water content
were responsible for much of the variability of other parameters (especially nitrate) which subsegquently
affected denitrification flux through the development of anaerobic sites, reduction in the gastransfer to the
soil surface by diffusion, and nitrate leaching.

The high spatial variability of field-measured denitrification gas fluxes is connected to the problem of
definition of denitrification sites in relation to substrate sources and O,-concentration. In aggregated,
unsaturated soils anaerobiosis, and hence denitrification, is mainly confined to micro-aggregates
corresponding with the so-called hot-spots of Parkin (1987) or associated with earthworm casts (Svensson
et al., 1986; Knight et al., 1989). Leffelaar (1986) showed that denitrification from a single aggregate can
be predicted with success only when the spatial and temporal distribution of denitrifiers, water, oxygen,
decomposabl e organic compounds and nitrate can be measured or calculated. Smith (1980) observed that,
in principle, denitrification losses from aggregated field soils can be predicted when denitrification losses
from individual aggregates and their size distribution are known. Sextone et al. (1985), however, noted that
not-all aggregateswith anaerobic sitesnecessarily display denitrification. Possiblereasonsfor thishave been
listed asthe absence of denitrifiersand/or substrates, NO, and/or carbon insidethe aggregates. Additionally,
soil gasdiffusion, asrelated to both the development of anaerobic sites and diffusive transport of produced
gases to the soil surface should be considered in amodel if the predictive capability and understanding of
the mechanisms causing the large spatial variability of denitrification gas fluxes are to be elucidated further
(Grundmann et al., 1988). Benckiser et al. (1987) observed that to increase the understanding of the
microbiology and biochemistry of the denitrification processunder natural conditions, moreemphasisshould
be given to field studies of physical processes like N,O-diffusion and N,O-retention in the soil. Similarly,
Chalamet (1990) observed that the high spatial variability in N,O fluxes could well be related to the oxygen
diffusion coefficients (D) which vary markedly with the environmental conditions, decreasing inthe general
sequence: air (D= 1.8 10" n? s*) >> gas phase of soil (D~ 10° m? s*) > free water and mud (D= 10° m? s?)
>> inter-aggregates (D~ 8.5 10°® n? s?) > sediments (D~ 107 m? s™).

Aswasobserved earlier, thespatial variability of N,O emissionsassociated with nitrificationisgenerally less
than that reported for denitrification (Firestone and Davidson, 1989). Thisis essentially dueto the fact that
contrary to denitrification, nitrification is widely distributed and not related to the presence of ‘anaerobic
microsites'.

: Spectral or harmonic analysisis a statistical tool for transforming data from the time or spatial domain to the frequency domain;

it is essentially a partitioning of the total variance of a set of samples from a stochastic process to assess which of the frequencies
have the greatest significant variances associated with them (Folorunso & Rolston 1985).
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44 Environmental and agricultural controls of N,O production
4.4.1 Introduction

All microbial processesin nature, including nitrification and denitrification, are sensitive to changesin the
environmental and agricultural regulating factors. Inherently, these factors are highly variable in space and
time (see Section 4.3). Additionally, important regulating factors of water, temperature, plants and organic
matter can have both synergistic and antagonistic effects on the status of other regulating factors. In this
context reference can aready be made to several examples. Koskinen and Keeney (1982), for instance,
observed that it is difficult to evaluate whether the effect of pH on denitrification, and thereby the N,O
fraction, isdueto the pH per se or to an interaction of other factors such asthe availability of nitrite. Higher
rates of denitrification and denitrifying enzyme activity in a Kentucky toposequence, were related to
topography and physical characteristics of the soil through theindirect effect of topography on soil moisture
conditions (Parsons et al., 1991). Weier and Doran (1987) found that fertile Brigalow soils of eastern
Australia had the potential to denitrify but that thiswas limited by soil water content and available carbon.
Alternatively, the existence of abiological regulation of nitrification by protozoa hasrecently been reported
(Griffiths, 1989).

Theabovediscussion already showsthat in N,O production and emissionsstudiesit isimportant that theN,O
measurements are accompanied by data on the main regulating factors of available carbon, nitrate
concentration, O,-concentration or water content, aswell asagricultural practices. Thiswould helptoexplain
the vatiations of denitrification and nitrification measured in thefield. In the following sections some of the
possible effects of soil and management factors on emissions of N,O from soilsare reviewed, using general
headings for convenience's sake.

4.4.2 Effectsassociated with the soil moisture/aeration status

The moisture and aeration status of a soil is closely related to its physical properties, as determined mainly
by soil texture, mineralogy, stoniness, organic matter content and structure and by the rainfall/irrigation
regime and the crop or vegetation cover (see Chapter 2). Plants consume oxygen by root respiration and use
water thereby decreasing theamount of water held in the pore spaces. Fluctuationsin water-filled pore space
in turn influence: a) the rate of N,O diffusion in the soil, b) the amount of N,O dissolved in the soil water,
¢) the rate of N,O production by soil microorganisms, d) the rate of reduction of N,O to N, by soil
microorganisms, and €) the amplitude in the diurnal change in temperature that occurs at any given depthin
the soil (Blackmer et al., 1982). Alternatively, plants take up nitrate which may reduce the availability of
nitrate for denitrification.

Generaly, the release of N,O to the atmosphere is enhanced by alternating dry-wet cycles (Letey et al.,
1981). The wetting enhances mineralisation of organic matter with resultant pulses in nitrification, and
creates(local) anaerobic conditionsthat favour denitrification. Under these conditions, the production of N,O
may exceed the reduction of N,Oto N,; generally the peaksin N,O decrease with subsequent rainfall events.
Cady and Bartholomew (1960) found that the higher the water content in Norfolk soils, the more rapid was
the conversion of N,O to N,. According to Letey et al. (1980a), the enzyme dissimilatory nitrate reductase
developsrapidly and the enzymedissimilatory N,O-reductase develops only after aperiod of timefollowing
the creation of anaerobic conditions. The net effect, however, would be a somewhat lower total N,O
production (Colbourn and Harper, 1987). Asthe soil dries, the fraction of N,O may increase; the higher O,
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status inhibits the reduction of N,O to N, (Letey et al., 1981; Focht, 1974). Groffman and Tiedje (1988)
reported an hysteresis effect as aresult of which respiration and denitrification gradually decrease, without
peaking, when soils dry. Severa explanations have been given for the fact that oxygen represses microbial
denitrification. Oxygen may either repress nitrate reductase (Knowles, 1982), interfere with the
thermodynamics (Thauer et al., 1977) or inhibit nitrate uptake in cells (Hernandez and Rowe, 1987). It is
likely that plantswith well developed aerenchymacells, which allow transport of oxygen to theroot surface,
will give less support to denitrification than non-vascular plants (Prade and Trolldenier, 1990a). Upon
depletion of O, in soil, facultative anaerobic denitrifiers must adapt their enzyme system to the shift from
aerobic to anaerobic conditions (Tiedje, 1988).
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Figure4.2.  Relationshipbetweenwater-filled pore spaceand rel ativeamount of microbial nitrification, denitrification,
and respiration (O,-uptake) and CO,-production (Source: Linn and Doran, 1984 p. 1271)

Denitrification increases markedly when the oxygen concentration dropsbelow 2 % (Tiedjeet al., 1984). In
many soil types, a water filled pore space (WFPS) of over 60 % seems to facilitate the development of
anaerobic conditions favourable to denitrification (Knowles, 1982; Linn and Doran, 1984; Prade and
Trolldenier, 1990b; Parsonset al., 1991; seea so Figure4.2). Similarly, Eaton and Patriquin (1989) observed
only small amounts of N,O at 60 % of field capacity, but as the moisture content was rai sed the production
of N,O increased. This genera relationship is affected by other factors as well, such as temperature (see
Table 4.3). Additionally, water may stimulate denitrification by temporarily reducing the oxygen diffusion
into the soil as well as by increasing the solubility of organic C and nitrate (Bowden, 1986). Prolonged
waterlogging can limit denitrification if it also restricts nitrification which produces the nitrate for
denitrification; these conditions prevail for instancein well managed, permanently flooded paddy soils. The
foregoing illustrates that we can not expect a simple relationship between soil water content and the
amplitude of the daily pattern in the rate of N,O emissions, associated with denitrification, from soils.

The maximum activity of nitrification is generaly around 60-80 % of field capacity. Nitrifiers start to
denitrify NO,” when oxygen becomeslimiting, producing N,O (Tiedje, 1988). It is possible that denitrifiers
may use N,O as an dternative electron acceptor under conditions where nitrate production through
nitrificationisblocked. TheN,O produced during nitrificationismorelikely to evolveto the atmosphere than
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N,O produced by denitrification. Since soil poresaregenerally ‘open’ during nitrification, gaseousdiffusion
to the soil surface should be possible. Alternatively, there will be less soil water in which the N,O may
dissolve. As such nitrification generally isafairly constant process, compered with denitrification (Byrnes
et al., 1990; Davidson and Firestone, 1989). As has been indicated earlier, this does not apply to
denitrification where N,O emissions often occur as short-termed, episodic events associated with theinitial
stages of development of anaerobism in soils.

Soil oxygen concentrationsin permeabl e soilsarerel ated to the proximity of drainsand the depth of thewater
table, so that a spatial relationship between denitrification and drainage may be expected. Colbourn and
Harper (1987) found that drainage limited denitrification to about 65 % of the losses from undrained soils,
with denitrification occurring between adepth of 10 and 50 cm. The emissionsfrom the undrained soil were
intherange 1-12 g N ha' h*, while those from drained soil amounted to 0.6-6.0g N ha™ h*?, giving estimated
total losses of (N,O + N) of 14 + 2 and 9 + 1 kg N ha?, respectively. These researchers also reported that
drainage changed the fraction of N,O in thetotal denitrification product. During December, emissionsfrom
the drained soil (1.8 + 0.6 g N ha' h') were composed entirely of N,O, whereasin undrained soil (2.7 + 1.1
gN ha h) losses were almost entirely in the form of nitrogen gas; the fraction of N,O in thetotal losswas
0.02. In February, denitrification declined due to colder conditions and the emission of N,O from drained
soils declined relative to nitrogen gas so that the fraction of N,O was 0.03 for both drainage treatments. The
delayed onset of N,O reduction in thedrained soil wasrelated to the concentration of O, and NO,. Fertilizer
applicationinthe spring gave riseto maximum rates of emission of 5-12 g N ha* h* with the balance shifting
towardsN,O production; thefraction of N,O became0.2-0.8in April and May (Colbourn and Harper, 1987).

Emissions of nitrous oxide often show a marked response to rainfall events or small additions of water
(Mosieretal., 1981, 1986, 1991; Denmead et al., 1979; Rolston et al., 1982; Sextoneet al., 1985), especially
after N-fertilizer application (Brams et al., 1990). Mulvaney and Kurtz (1984), for instance, simulated the
effect of wetting-drying cycles on gaseous N-losses using soil cores enriched with **N-labelled fertilizers,
and found that the N-evolution peaked 2 to 9 days after precipitation. Christensen (1990) reported that the
mean denitrificationina‘sandy loam soil’ (pH 3.8) increased markedly during aweek that followed 1-2 days
of heavy thunderstorms. In this study only 4 out of 30 permanent pointsin a5 x 6 grid, with 1 m spacing,
were responsible for much of the increase in mean N,O rates. Following the heavy rainfall, plants started to
decomposein 3 spotsin thefield. Therelevant spots were part of the 4 locations where denitrification * hot
spots' occurred. Inthe study of Mosier et al. (1986) theratios of N,/N,O varied from 0 to 60 with an average
of 10.3 upon water applications causing the topsoils to be close to or wetter than field capacity; the
proportion of N, was highest during intense emission periodsand fell to zero, or below the N, detectionlimit,
as the soil dried.

Differences between the N,O concentrations in ‘soil air’ and measured fluxes from the soil surface are
commonly observed. According to Stegeman and Cammenga (1990) this can be due to:

- Reduction of N,O to N, by microbes;

- The low diffusion coefficients of N,O in soils;

- Physical adsorption of N,O at the soil matrix;

Denitrification rates vary with the size and composition of soil aggregates. With reference to wet-sieved
aggregates, Elliot (1986) suggested that the availability of C-substrate increases with the size of the
aggregates. The pretreatment of the sample - i.e. wet-sieving or dry sieving, temperature and time of drying -

also affects the N,O evolution from soil aggregates. Seech and Beauchamp (1988) found that N,O
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production generally increased with increasing aggregate sizein water-sieved aggregates, in marked contrast
to dry-sieved aggregates.

Release of N,O held by physical adsorption might be responsible for emmisions of N,O when dry surface
soils, as commonly observed on a warm and dry summer, are wetted (Stegeman and Cammenga, 1990).
Emissions of N,O are also stimulated by alternating drying and wetting cycles (Letey et al., 1981). Letey et
al. (1980c) found that the fraction of nitrogenous gases diffusing from a soil core increased as the soil air-
filled porosity increased and the adsorption coefficient between the soil and gas decreases. Benckiser et al.
(1987) suggest that N,O may be adsorbed at the soil matrix, especially under relatively dry conditionsin soils
with high organic matter content. Similarly, Chalamet and Chauchard (1976) observed N,O was only
absorbed in large amounts on clay if the water content was below that of air-dry soil. Stegeman and
Cammenga (1990) found that oven-dried soil samples form a strong adsorbing medium for N,O, with the
sorbed gas mass being related to the clay content over the 8-30 % range. Drying of soilsmay ‘activate’ clay
minerals when water is removed by heating; this assumption is supported by the non-sorbing behaviour of
quartz sand under the same conditions (Stegeman and Cammenga, 1990). In air-dried samples (1-3 %
moisture content), however, therel ationshipscould nolonger be observed (Stegeman and Cammenga, 1990).
Adsorption of N, and N,O occurs on surface soils during dry afternoons as the water molecules evaporate
(Kemper et al., 1985).

4.4.3 Effectsassociated with changes in temperature

Interpretation of the relationship between temperature and the nitrifier-denitrifier rate is complicated by
interactions between microbia activity, water filled pore space, solubility of oxygen and availability of
organic substrates. Blackmer et al. (1982), for instance, showed that when the concentration of N,O in a
surface soil is similar to the concentration of N,O in the atmosphere, temperature induced changes in the
solubility of N,O in soil water should not produce significant diurna patternsin the rate of N,O emission
from soil. Alternatively, Thompson et al. (1983) found that variationsin the rate of denitrification observed
in each of 3 durry treatmentsreflected the variation in soil temperature. Inthe study of Parsonset al. (1991),
however, denitrification measured as N,O production under C,H,, was not positively correlated with soil
temperature over the 2 to 26 °C temperature range at either site of atoposequence. In this study, an inverse
relationship between temperature and water filled pore space was observed. Alternatively, Powlson et al.
(1988) showed that denitrifying organisms can adapt to thelocal climate. Brams et al. (1990) observed that
awarmer soil temperature was not a sufficient condition to enhance the emission of N,O, but that it was
necessary to alow the soil microbia population to respond to other ‘ perturbations’ such as fertilization or
rainfall, and particularly a combination of the two.

Blackmer et al. (1982) observed that a17 °C decreasein the 0-2 cm depth layer at ashaded site corresponded
with a 17-fold decrease in N,O emission from the shaded site as compared to the unshaded site. In a
subsequent laboratory study of the same soil, however, Blackmer et al. (1982) found that a20 °C changein
temperature corresponded only with a4.5-fold change in the rate of N,O production.

The optimum temperature for nitrification liesin the range 30 to 35 °C, while temperatures below 5 °C and
above 40 °C are generally considered limiting (Alexander, 1977). Appreciable nitrification of slurry-NH,*
hasbeen reported at temperatures below 6 °C (Thompson and Pain, 1989). Thelower limit for denitrification
to occur iscommonly given as 2.7 to 10 °C (Firestone, 1984). Eaton and Patriquin (1989) observed no N,O
production below 15 °C in infertile soils of lowbush blueberry (Vaccinium Angustifolium). Parson et al.
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(1991) observed that in 11 of the 12 coresof asoil under uncultivated mixed bluegrassN,O evolved at arate
> 0.9510-6 g N m? h™ when temperaturewas 2 °C. A Q,, for microbial denitrification of 1.4 to 1.6 has been
reported by Focht and Verstraete (1977). The lower limit for N,O production to occur varies with the soil-
environmental aswell as biological characteristics of the microbia population. Bailey (1976), for instance,
reported that denitrification can occur at low temperatures in the absence of O, and in the presence of a
readily available sourceof C. Generally, adecreaseintemperaturewill reduce thedenitrification activity and
increasethe N,O/N, ratio inthe denitrification products (Keeney et al ., 1979). Bailey and Beauchamp (1973)
found that the rate of NO;™ reductase in the denitrification process was more affected by alow temperature
than the NO, reductase step. The percentage of N,/N,O was not greatly affected by temperature changesin
the study of Focht (1974); soil aeration and pH were shown to be the two factors causing the greatest
variability in N,O production through denitrification.

Table4.3. Daily denitrification losses from previously air-dried soil (upper 30 cm) incubated with and
without acetylene at different temperatures and water contents'? (Source: Benckiser et al.,

1986).
Sail N,O-evolution* at water contents (% v/v) of:
temperature
C) 22 26 32 35
5 - - - 12.9+ 3.1 (0.4)°
8 - - 31+04 60 + 20.4 (1.9)
13 - - 60.4+17.8 281.3+ 27.6 (4.5)
20 - 8.0+7.1 2324+ 92.0 861.3+ 121.8 (10.3)
Note: 1) means of 4 replicates; 2) All replicates were adjusted to 33 ug NO;-N g* soil; 3) Numbersin

parentheses are the N,/N,O-ratios at water contents of 35 % v/v (about 90 % WHC); 4) in ng N,O-N g'd"
1

Christensen (1990) found that at low moisture contents, corresponding with < 100 % of field capacity, the
N./N,O ratio was not affected significantly by changes in temperature over the range 2 to 25 °C. The
averaged N,/N,O ratio was 1.5 to 2.5 for the temperature range 20-25 °C and 2-10 °C, respectively. At soil
moi sture contentsof 100-175 % of field capacity, however, theN,/N,O ratio increased with temperature over
the range 2-25 °C. In this case, the increase amounted to 2.5 to 5.5 for the temperature range of 20-25 °C as
compared to the 2-10 °C interval (Christensen, 1990). Below 2-10 °C, however, the N,/N,O ratio apparently
was not affected by the soil moisture content, whereas above 20-25 °C the N,/N,O ratio increased with
increasing soil moisture contents. Similarly, the study of Benckiser et al. (1986) indicates that it is mostly
N, that forms during denitrification as the temperature increases (Table 4.3).

Goodroad and Keeney (1984b) observed that although soil temperature was near freezing N,O emissions
were as high during the spring thaw as they were during the rest of the year. Similarly, Thompson et al.
(1983) observed that denitrification continued in slurry application experiment, particularly in the injected
treatment, despite frozen conditions at the soil surface. The results of Thompson et al. (1983) support the
view that large amounts of readily decomposable carbon may enhance denitrification at temperatures near
tofreezing. Similarly, Benckiser et al. (1986) observed amean rate of N,O-evolution of 0.04 kg N ha* during
48 h measurement directly after thawing (5-8 °C). Eggington and Smith (19864, b), in an experiment with
grassland observed that most of theN,O lossoccurred immediately after thaw. Itislikely that the spring flush
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in microbial growth responsible for the decay of organic detritus accumulated during the winter may have
increased the competition for oxygen sufficiently to enhance the potential for denitrification (Bramset al.,
1990).

444  Effects associated with soil pH

Soil pH clearly influences the rate of denitrification as well as the distribution of gaseous end products.
Knowles (1981) found that the optimal pH range for denitrificationis 7.0 to 8.0. Below apH of 6.0 the rate
of denitrification isoften timesfound to decrease with afurther dropin pH (Wijler and Delwiche, 1954; Van
Cleemput et al., 1976; Eaton and Patriquin, 1989). Van Cleemput et al. (1976), however, also observed
significant denitrificationin strongly acid soils. N,O may bethe dominant gasevolvedin acid infertileforest
soils(Méllilo et al., 1983; Eaton and Patriquin, 1989). In the study of Eaton and Patriquin (1989) raising the
pH resulted in increased rates of denitrification aswell as more conversion of N,O to N,. This could be due
tothegreater sensitivity of the nitrousoxidereductaseenzymetolow pH or proton activity (Alexander, 1977;
Knowles, 1981). N, becamethe dominant N-gas evol ved from denitrification at apH of 6.9 intheincubation
study of Koskinen and Keeney (1982) and above apH of about 6.0 in the experiment of Eaton and Patriquin
(1989). The highest amounts of NO was recorded at apH of 4.6 to 5.4 in the later study. Similarly, Bollag
et al. (1973) aso reported that more NO and N,O are produced under acid conditions. Chemodenitrification
of nitrite may also play arole in the gaseous N-product evolution, particularly under acid conditions (see
Section 4.2.6).

The mineralisation rate of organic-C rather than the pH per se may control the rate of denitrification in C-
limited systems (K oskinen and Keeney, 1982). At 100 x 10 g NO,-N added per gram of soil, the overall
rate of denitrification correlated with the rates of C-mineralisation (CO, evolution) but were not consi stently
related to pH or to total organic C. Based on thesefindings, Koskinen and K eeney (1982) wondered whether
pH should be used as avariable in predictive models of denitrification as proposed by Focht (1974).

Goodroad and K eeney (1984a) reported that nitrification of NH,*-fertilizer increased with increase in soil
pH over therange 4.7 to 6.7, when temperature ranged from 10 to 30 °C and the water content from 10 to 30
% Viv.

445 Effects associated with chemical status

Inwell aerated soils nitrification should not be alimiting factor unlesstheinorganic-N levelsarelow. Inthe
latter case the denitrification rate will depend strongly upon the mineralization-nitrification kinetics
(Chadamet, 1990). According to Ryden (1981) a lower limit of 1ug NO;-N g’ soil is needed for
denitrification to occur. Eaton and Patriquin (1989), however, found that the N,O production from
waterlogged soils without added nitrate was positively correlated with the percentage of organic matter and
the nitrate concentration of the soils at the time of sampling (initial pH of 4.0-5.5). No N,O production was
detected from samples containing lessthan 5 ug N g™ soil. Of the cores with NO;-concentrations below the
detection limit of 0.25 pug NO,-N g* dry soil, 65 % of the Maury and 88 % of the Lanton soil evolved
measurable amounts of N,O in an uncultivated mixed bluegrass (Parsons et al., 1991). Thisisin line with
Murray et al.'s (1989) observation that denitrifying bacteria possess high affinity kinetic systemsfor NO; -
utilization (Michaglis-Menten constant or K, < 10 uM), which would alow denitrifiers to use NO, at
concentrations lower than the above detection limit. Such very low concentrations are not likely to occur
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rapidly inagricultural soils. Abbeel et al. (1989), for instance, noted that even after 7 monthsafter application
of manure the NO,-concentration was still higher than 7.5 pg NO,-N g soil. Possible sinks for nitrate in
soils include run-off, plant uptake, dissimilatory reduction to NH,", adsorbtion in strongly weathered soils
(anion-exchange capacity; AEC), percolation losses, immobilization by microbes and denitrification.

Table4.4. Emission of nitrous oxide from flooded swamp forests amended with 10 g N m of ammonium
sulphate and KNO,, respectively (DeLaune et al., 1990).

Sampling date N,O evolved (mg m?min?)

(days) NO,-N NH,"-N source
source

0 ND ND

2 49 ND

5 61 ND

8 14 ND

15 ND 12

21 ND 26

27 ND 26

Note: ND stands for not-detectable.

The rates of N,O production in Pigeon Hill soilsincreased linearly up to the maximum of NO, added (300
ug N g* soil), while no N,O was detected in soil samples containing lessthan 5.0 ug NO,-N g* soil in the
study of Eaton and Patriquin (1989). These findings support the earlier findings of Knowles (1982) that
denitrification follows 1st-order kinetics up to 40-60 pug NO;-N g soil, and zero order kinetics at higher
NO;-levels. Thismeansthat high amounts of nitrate do not automatically lead to arelative increase (per unit
of respired nitrate) in N,O (and NO). High nitrate concentrations may betoxic for theenzyme N,O reductase
(Tiedje et al., 1984; Knowles, 1982).

Del aune et al. (1990) studied the effects of N-application on N,O evolution from flooded swamp forests.
Two sources of nitrogen were used, ammonium sul phate and KNO,. Nitrous oxide emissions was recorded
on the second day following application of 10 g m? NO,-N, and lasted for about 2 weeks. According to
DelL auneet al. (1990) this corresponded with the period needed for all the NO,-N to be denitrified. In case
of the application of 10 g N m? as NH,", however, it took about 15 days before N,O was evolved from an
adjacent plot. This time lag can be explained by the time that is needed for the ammonium source to be
nitrified (Table 4.4).

Prade and Trolldenier (1990 aand b) observed that denitrification was increased either by low K-nutrition
or by infection with the common root fungus Gaerimannomyces graminis var tritici (Ggt). The highest
denitrification ratein the rhizosphere of wheat plants was found for acombination of both K-deficiency and
Gat-attack. Compared with healthy plantswith high K-supply, the effect of either K-deficiency or Ggt-attack
approximately doubled denitrification. Based on these observations, Prade and Trolldenier (1990), conclude
that laboratory experiments with young heathy plants may underestimate the rhizosphere effect on
denitrification. In thefield, however, roots are generally attacked to avarying degree by pathogens, causing
‘leakage’ of readily accessible organic substrates, thereby increasing indirectly the number of organismsin
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the rhizosphere. This may have a considerable influence on microbial processesin the root zone, and the
fraction of N,O evolved.

Munch (1989) showed that the composition of denitrification gases (N,O, NO and N,) was exclusively
caused by the species of the active organismsinvolved in the study; the nitrate concentration only influenced
the denitrification rate, but not the N,O/N, ratio of each organism. Similarly, Abou-Seada and Ottow (1988)
concluded that, apparently, the production of NO and N,O as products of incomplete denitrification at
relatively high nitrate concentrations is determined primarily by the organism in question and only
secondarily by the chemical properties of the soil.

44.6 Effectsassociated with available carbon

Themain roleof carbonin soilsisto function asan energy source, an electron donor and to provide bacterial
growth structure. According to the review article of Haider et al. (1990) suitable carbon sources for
denitrifiers consist of aliphatic or sugar components. (Note: Aliphatics are organic compounds containing
open chains of carbon compounds, as distinct from the closed rings of carbon atoms of the aromatic
compounds). Additional easily available C-compounds are excreted by plant roots and consist of aliphatic
acids, sugars, low molecular weight polysaccharides and amino compounds. Beauchamp et al. (1989) have
extensively discussed the role of carbon sources for denitrification.

Addition of organic matter to soil through slurry application or manuring will greatly enhance microbial O,
consumption, so that oxygen deficiency may occur within this localized zone even at low soil moisture
contents. Additionaly, it will greatly influence the nitrate contentsthrough mineralization or immobilization
(e.g., straw with high C/N ratio). Redox and soil pH may be decreased dueto high C turnover in thelocalized
region, whereas temperature, except for some extreme cases, seems to be little affected by organic matter
addition (Von Rheinbaben, 1990).

Parkin (1987) found that so-called ‘hot spots’ of high denitrification activity in soils were associated with
particulate organic C material. In the 4 cores that displayed stable ‘ hot spots’, from 25 to 85 % of the total
denitrification activities of the intact soil cores were associated with the particulate organic matter, which
represented from 0.4 to 0.08 % of the total soil mass of the cores. The specific denitrification rates of the
isolated hot spots were severa orders of magnitude higher than the denitrification rate of inorganic soil
meaterial (Table4.5). Similarly, Knight et al. (1989) showed that earthworm castsare an enhanced pedol ogical
sitefor denitrification under field conditions. They also noted that inorganic fertilizers increased the rate of
denitrification. In lysimeters studies, however, the activity of earthworms reduced the denitrifying rates of
soil applied with dung (Knight et al., 1989). This again illustrates the care that must be used when
interpreting any resultsinisolation. Thisaspect isalso illustrated by the studies of Guenzi et al. (1978) and
Mosier et al. (1986) who found decreased denitrification losses in planted soils through plant competition
for available nitrate and to possibly drier conditionsin rooted soil. It is possible that the presence of crops
affects the N,/N,O ratio differently than in unplanted similar soils (Haider et al., 1990).
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Table4.5. Specific rates of denitrification and CO, production for soil particulate organic material and
inorganic soil material (Source: Parkin, 1987)

Material Weight Denitrification CO, production
) (10°gN,O-Ng'd?) | (10°gCO,-Cg'd?)
Beetle carapace 0.008 2520 45,000
Plant root 0.068 510 1,950
Plant root 0.137 21,400 3,640
Pigweed leaf 0.080 55,400 3,640
Plant root 0.398 8,100 6,780
Soil 5.6 12.7 198
Soil 36 nd 98
Soil 7.6 0.5 36
Soil 51 184 nd
Soil 7.1 6.3 nd
Soil 7.7 14.3 nd
Sail 9.3 4.8 n.d

Note: All incubations were conducted under aerobic conditions (about 18-kPa O,); Particulate organic fractions were picked clean of all
visible soil material and the particul ate organic matter was removed from the soil fraction; n.d. stands for undetectable rates.

Future research should be directed at improving the characterization of the C and nitrate pool available for
denitrification in a dynamic field environment. The use of average values of C and N in bulk soil is an
oversimplification of actual substrate levels at sites of denitrification. Any improvement in predicting
denitrification will (also) depend upon increased understanding and characterization of the locations of
denitrification activity with soil depth, time and spatial allocation (Grundmann et al., 1988). Corré et al.
(1990) measured denitrification rates in soil layers between 15 and 90 cm depth, and found that more than
50 % of the denitrification in the upper 90 cm of the soil appeared to be concentrated in the top 15 cm.
Although the ‘ deeper’ soil layers may contribute to denitrification, it is likely that part of the nitrous oxide
formed may not diffuse to the surface.

447 Other effects

Germon and Jacques (1990) studied the natural N,O production and denitrification rates from 16 different
parcels from the same pedological unit, showing great variation in fluxes. In this experiment, the physical
soil properties were more relevant to determine the denitrification rate than chemical parameters such as
carbon availability. The denitrification rate appeared to be correlated with bulk density, which can be seen
as a surrogate for soil porosity. According to Von Rheinbaben (1990) the only means of reducing N-loss
through denitrification by agricultural methods is to provide a favourable soil structure, i.e. to avoid soil
compaction and plough pansin particular. Under very wet and anaerobic conditions N,O diffusion may be
reduced, forming a possible restriction to gaseous emission (Sahrawat and Keeney, 1986). Alternatively,
various researchers haveindicated that N,O may be consumed in wet soils(Letey et al., 1981; Ryden, 1981;
Smith et al., 1983; Terry et al., 1981).
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The effects of salinity on ammoniaand nitrification vary depending on the N-source, the amounts and types
of satsadded (N&,SO,, NaCl and CaCl,), and the soil types used. The percentage inhibition of nitrification
ranged from 8 to 83 % among the soils studied, aswell aswith thetype of saltsadded; in most cases, Na,SO,
was lessinhibitory to nitrification than the chloride salt (McClung and Frankenberger, 1985). Inhibition of
nitrification at ECe values of 20 dSm™ (NaCl) were as high as 75 and 83 per cent when (NH,),SO, and urea
wereappliedtothesoils, respectively (McClung and Frankenberger, 1985). N,O evolution fromsalt, brackish
and fresh water swamps amounted to 31, 48, 55 mg N,O-N m? g*, respectively in the study by Del aune et
al. (1990).

Mosier et al. (1991) found that N-fertilization and cultivation can both decrease methane uptakeandincrease
N,O production in wheat growing prairie soils, thereby contributing to the increasing atmospheric
concentrations of these greenhouse gases. The inverse relationship between N,O flux and CH, uptake was
apparent without nitrogen fertilization. Theinfluenceof N- fertilization, however, was most evident in moist
soils, whereas its influence on CH, uptake was most marked as soils began to dry after rain (Mosier et al.,
1991).

45 N,O evolution from variousterrestrial ecosystems
45.1 Agricultura systems

Upland crops

Reviews of N,O evolution from agricultura soils have been prepared by Sahrawat and Keeney (1986),
Freney and Simpson (1983) and Bouwman (1990a) amongst others. Recently, Eichner (1990) prepared a
review of direct measurements of fertilizer derived N,O emissions from 104 fields in temperate regions
(excluding rice), receiving lessthan 250 kg N ha*, asreported in the agricultural and scientific literature for
the period 1979-1987. This review was used to estimate worldwide emissions of fertilizer-derived N,O
emissions from soils. The review of Eichner (1990) did not reveal any trend between emissions and a
particular soil type or agricultural system (keeping in mind that the latter are often poorly described in the
N,O emissions literature). Using the fraction of fertilizer evolved as N,O for five main N-fertilizers (Table
4.6) and fertilizer-use statistics, Eichner (1990) estimated that from 0.1to 1.0 Tg N,O-N wasreleased during
the respective ‘ sampling periods’, with amedian of 0.2 Tg N,O-N. If emissions after the ‘ sampling period’,
the amounts of fertilizerslost in drainage water and groundwater are taken into account, then the estimated
range becomes0.2t0 2.1 Tg N,O-N yr* anno 1984. Assuming aglobal useof 100 Tg N-fertilizer by theyear
2000, global fertilizer-N derived N,O emissionsto the atmosphere should not exceed 3 Tg N,O-N intheyear
2000 (Eichner op cit.). Different values have been proposed by other researchers, partly as a result of
different assumptions pertai ning to the N-fertilizer consumption ratesand thefraction of N-fertilizer released
as N,O (Table 4.7). Balle et al. (1986), for instance, assumed the average N,O emission from nitrate-
fertilizers, ammoniaand urea, and anhydrous anmoniato be 0.04, 0.15-0.19 and 5 per cent, respectively. It
should be noted that few studies have attempted to differentiatefertilizer induced emissions of N,O resulting
from nitrification from those resulting from denitrification. The N,O efflux during nitrification of N-
fertilizers, although variable, is generally less than 1 per cent (Byrnes et al., 1990). During the seminar on
‘Nitrogen in organic wastes applied to soils' participants wondered about the magnitude of N,O production
during nitrification of lurry and theloss of ammoniafrom plants. It appeared that more research isrequired
before the magnitude of these two gaseous loss mechanisms can be elucidated (cf Hansen and Henriksen,
1989). Aulakh et al. (1984) caution against the use of any singleratio of N,O to N, in the estimation of N,O
liberated from agricultural soils, since these can vary widely with time.
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Table4.6. Percentage of fertilizer evolved N,O (After Eichner, 1990).

Fertilizer type No. of Range Median | Average
experiments (%) (%) (%)
Anhydrous ammonium 9 0.86 - 6.84 1.63 2.70
Ammonium type, anm. chloride, amm. sulfate 17 0.02-0.90 0.12 0.25
Ammonium nitrate 8 0.04-171 .12/.40 0.44
K-, Ca and Na- nitrate 13 0.001- 0.50 0.03 0.07
Urea 6 0.07-0.18 0.11 0.11

Note:  Irrespective of length of sampling period, soil system, location and other
variables; paddies not included.

The solubility of N,O is greater in acidic than in akaline solutions. Minami and Ohsawa (1990) reported
losses of N,O from drainage water from agricultural land. This N,O may originate from: a) nitrification in
the drainage water, b) denitrification in the sediments, and c) N,O dissolved in the drainage water. Bowden
and Borman (1986) reported aN, O efflux from drainage water originating from a clear-cut hardwood forest
watershed. It ispossiblethat the cutting of treesreducesthe demand for nitrogen and water, while at the same
time exposing the soil to more insolation. The higher moisture, nitrogen and temperature would favour
microbial mineralisation so that more NH," may be produced and be subjected to nitrifier-denitrifiers.

Table4.7. Estimates of annual emissions from fertilizer derived N,O or agricultural lands.

Author Emission range
(Tg N,O-N yr?)

Criitzen (1983, cited by Bolle et al., 1986) <3

Seiler (1986; cited by Bolle et al., 1986) 0.6-23
McElroy and Woofsy (1985) 0.2-0.6
Bouwman (1990a) 23-37
Eichner (1990) 0.1-10

Note:  The data of Eichner (1990) refer to ‘fertilizer induced’ emissions only.

Wetland rice

The root rhizosphere and oxidized surface layer of flooded rice soils are zones of active nitrification-
denitrification, and hence apossible source of N,O production. Ammonium volatilization, however, appears
to be a much greater source of N-loss from paddy fields than nitrification-denitrification (Buresh et al.,
1991). Ammoniacal-N can be converted to nitrate by nitrification in floodwater and oxidized soil zones. This
NO, can then moveinto the reduced soil zoneswhereitisreadily denitrified to N,O and N, (e.g., Reddy and
Patrick, 1986). Alternatively, trand ocation of oxygen through the aerenchymaof vascular plantsinto flooded
soil would tend to increase the area prone to nitrate formation. This nitrate in turn could move into the
reduced zone where it can be denitrified (DeLaune et al., 1990).
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Buresh et al. (1991) observed a greater flux of (N, + N,O)-*N with chambers placed over rather than
between rice plants, which indicated that quantification of **N gases evolved must take into account the
transport of gasesthrough rice plants. Similarly, Reddy et al. (1987) and Mosier et al. (1990b) demonstrated
that N gases formed in flooded soil by denitrification can be transported to the atmosphere through rice
plants. Freney et al. (1990) studied the distribution of gaseous N, between the atmosphere, floodwater and
pore water of the soil in aflooded rice field after addition of *°N-labelled ureainto the floodwater. Of the
urea added, 0.02 % was lost as N,O to the atmosphere, 0.9 % as NH,, and 3.6 % as N, during the 7 days of
the measurement period.

Alternating aerobic-anaerobic cyclesin paddy soils are likely to promote N,O emissionsto the atmosphere,
whereas under continuously flooded conditions most of the N,O formed will be reduced to N,. Thismay be
exemplified by the study of DeLaune et al. (1990) in which the evolution of N,O from Louisiana Gulf
wetlands increased as the length of the anaerobic-aerobic cycle was increased from 7-7 to 14-14 days.
Although it isgenerally accepted that some oxygen intensifies the emission of nitrous oxidein the course of
denitrification (Firestoneet al., 1979), it should be noted that different types of denitrifying microorganisms
have their maximum N,O production at an organism-specific O, concentration (Abou-Seada and Ottow,
1985). Alternatively, changing rice management practices to reduce methane emissions from paddies might
lead to increased emissions of trace gases such as N,O.

Leguminous crops

Nitrogen-fixing leguminous plants merit attention, particularly in savannas and tropical forests (Bouwman,
1990a). N,O emissions from leguminous crops range from 0.34 to 4.6 kg N,O-N ha* yr?; these figures are
based on areview by Eichner (1990) and include natural emissions, emissions associated with cultivation
and emissions from N-fixed by the legume crop. Estimated N,O emissions from fields of cultivated
leguminous crops are in the range of 23 to 315 Gg N,O-N per year according to Eichner (1990).

45.2 Natural ecosystems

N,O emissions from fertilized crop systems are not necessarily greater than for a fertilized non-cropped
system (Eichner, 1990). Bouwman et al. (1990) estimate global N,O emission from natura terrestria
ecosystemsto be 7 + 3 Tg N,O-N yr*. Bowden (1986) reviewed the N losses resulting from denitrification
and N,O emission from terrestrial, non-agricultural ecosystems. The measured N,O emissions ranged from
0-20 kg N ha* yr* with most measurement being lower than 1 to 2 kg N ha* yr. With respect to NO,, the
review of Bowden (1986) arrived at annual emissionsof 1to 2 kg N ha yr?, with NO apparently being the
more important than NO, as a component of NO,. Table 4.8 presents ranges for global emissions of volatile
N-compounds from undisturbed terrestrial ecosystems of the world as prepared by Bowden (1986).

Dueto the anaerobic nature of wetlands and paddies the formation of NO and N,O isquite small (Seiler and
Conrad, 1987). Similarly, DeLaune et al. (1990) reported low N,O emissions from Louisiana Gulf Coast
marshes. Thelatter was mainly attributed to thelow natural nitrate content. Run-off, containing nitrate from
agricultural areas, thus could greatly enhance the emissions from these areas.

Table4.8. Ranges for global emissions of volatile N-compounds from selected undisturbed terrestria
ecosystems of the world (After Bowden, 1986 p. 268).
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Ecosystem Area Global emission rate (Tg N yr?)
(10° ha)
NH, (N,O + N, N,O NO, Total

Temp. hardwood 155 tr tr-15.5 tr-1.5 15 15-155
Temperate conifer 0.50 tr tr tr-1.0 1.0 1.0-2.0
Tropical forests 2.45 nd 7.1 7.1 nd 7.4-9.8
Prairie/grassland 2.40 0-24 tr tr-4.8 324 4.8-48.0
Arid lands/desert 4.20 4.2 0-80 nd nd 4.2-84.0
Tundra/Boreal 2.00 0 tr tr nd tr
Wetlands/Marsh 0.20 nd 6-130 tr-20 nd 6.0-130
Total 13.30 4-28 13-323 7-16 5-26 20-280

Note:  ‘tr' indicates global emissionrates< 10x 12 TgN yr?; ‘nd’ indicates no datawere available; ‘x’ does not include
cultivated land (1.4 x 10° ha) or lakes (0.12 x 10° ha).

4.6 M odelling of gaseous N-losses
46.1 Generd

The foregoing Sections have shown that many factors influence the emission of gaseous-N from soilsin
various ways. The understanding of these relationships can be increased by building models. Modelling is
aniterative process, whichinvolvesnumerousrepetitionsof thefollowing steps (Hutson and Wagenet, 1991):

a) Site evaluation

b) | dentification of important processes

) Model configuration to include these main processes

d) Preparation of input datafiles, using available information or initial estimates

e) Measurement of missing values

f) Tests model runs

0) Evaluation of model output

h) Adjustment of input parameters and repetition of simulation procedure.

Models can be used to test hypotheses concerning the various chemical, physical and biological processes
that underlie intricate processes such as crop growth and production (e.g. Van Keulen and Wolf, 1986), the
evolution of methane from paddy fields (e.g. Braatz and Hogan, 1991), the turnover of organic matter in soil
(e.g. Jenkinson, 1990), and losses of soil-N from terrestrial ecosystems. If thereisagood fit between model
results and independently obtained measurement results, models may be used to test hypotheses with
confidence (Hutson and Wagenet, 1991; Jenkinson, 1990).

Volume 7 of the Journal Soil Use and Management (1991) was devoted to the differing current approaches
to modelling nitrate leaching. Rolston et al. (1984) simulated denitrification losses from soils supplied with
nitrogen fertilizer. A theoretical model of thefate of nitrogen applied to paddy fields, using aNH,,-*>N tracer
techniqueand an estimation of therate of N uptakeby rice plants, hasrecently been elaborated by Y amamuro
(1991). Jayaweeraand Mikkel sen (1990) discussacomputer model of ammoniavolatilizationin flooded soil
systems. Groot et al. (1991) present the results of aworkshop held to compare various N-simulation models,
with specia reference to the turnover of nitrogen in soil-crop systems. It would seem few attempts of
modelling global emissions of N,O from soils seem to have been undertaken so far (see Section 6.2).
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Basically, modelscan begroupedinto empirical, deterministic, and stochastic model s, aswell ascombination
of several components of these into one single model. In the following sections selected examples of these
different approaches in modelling N-losses are given.

4.6.2 Empirical models
Stelevel

Empirical modelsaregenerally based on statistical analyses so that thereisno understanding of the processes
(black box) underlying the relationship. With respect to denitrification regression models often have poor
overall predictive ability; thismay be seen asan indication of their limited suitability to adequately represent
the high degree of spatial variability of denitrification rate in situ (e.g., Parkin and Robinson, 1989). The
study of Parsons et al. (1991) shows that regression equations derived from the mean value data are better
predictors of the observed mean denitrification rate (r? of 74 to 91 %) than the regression equations which
were obtained using the entire set of measurements (r? of 11to 27 %). According to Parsonset al. (1991) this
suggests that the measured characteristics of the bulk soils (CO,, moisture content, NO;', temperature, most
probable number countsof bacteria(MPN), denitrifying enzymeactivity (DEA)) arebetter indicatorsof long-
term spatial variability than of small-scale spatial variability. Theinclusion of MPN and DEA in the model
did not substantially improvethe predictive power of the regression equations, and explained little of thetotal
variation in denitrification rate.

Global level

Much attention isbeing paid to localized environmental effects, such asthe occurrence of so-called hot spots,
onN,O emissionsfrom soil. Bouwman et al . (1992) arguethat theimportance of these high-frequency, ‘ small
scale’ events has not yet been established in the framework of global assessments of N,O emissions, and
stressed the need for integrating their effects. According to Eichner (1990), determination of the reaction
source is not considered important for regional and global assessments of N,O emissions. Bouwman et al.
(1992), however, considered whether N,O essentially evolvesfrom respiratory denitrification or nitrification
in their global modelling study.

Bouwman (1990b) made an analysis of the conditions controlling the N,O emissions using global databases
of vegetation/land use, soil type, soil moisture regime and temperature. He observed that the scalars on the
basis of which the analysis was made are tentative and the flux classes highly uncertain. The study reveals
that extrapolation of singleflux estimatesto global areas cannot give reliable results on aregional or global
scale. Stratification of ecosystems, on the basis of soil, vegetation and climatic conditions, should provide
more insight in the variation within source regions of N,O (Bouwman, 1990b).

In afollow up study Bouwman et al. (1992), used global data bases on climate, soils and vegetation in
combination with current N,O emission data from selected natural ecosystems. The main regulating factors
of nitrous oxide emission considered in this empirical model are the effect of temperature on the
decomposition of organic matter, and the effect of soil water availability and oxygen availability. The latter
are considered using monthly time steps. Soil fertility and C plus N availability, the other regulating factors
in the model, are assessed as being constant over the year. Using an expert-judgement derived scheme of
scalars, Bouwman et al. (1992) estimated the global pre-agricultural N,O emission at 7 Tg N,O-N yr?, with
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a confidence interval (range of + standard deviation) of 3.1 to 13.4 Tg yr*. According to this study, the
tropical region between 30°N and 30°S contributesto 5.6 Tgyr (range: 2.8 - 9.4 Tgyr™), while emission for
the zone >30°N and >30°Sis 1.4 Tg N,O-N yr* (range: 0.3 - 4.1 Tg yr™). The prominence of tropical and
subtropical forestsfor global nitrous oxide emissionsisal so apparent from the data presented by L ashof and
Tirpak (1990; 6 + 3 Tg N,O-N yr?). According to Bouwman et al. (1992) the role of wetlandsin the global
N,O budget remains uncertain. Burning of the peat of wetlands, for instance, may cause large emissions of
N,O at thelocal level (Levineet al., 1990). In other wetland soils, nitrification may temporarily be inhibited
due to high groundwater tables which may retard or preclude denitrification (Bouwman et al., 1992 and
Section 4.4.5).

4.6.3 Deterministic smulation

Betlach and Tiedje (1981) and Cho and Mills (1979) proposed denitrification modelsfor homogeneous soil
systems without transport processes. In both, the N-reduction is modelled with Michaelis-Menten kinetics.
These models have neglected processes that influence denitrification at the aggregate level, such as the
formation of anaerobic microsites, sequential reduction of nitrateto N,, ‘immobile’ zones of water, transient
solute diffusion between aerobic and anaerobic regions, and changes in C-availability and enzyme activity
with time; McConnaughey and Bouldin (1985a) proposed a model that includes these processes. The
qualitative behaviour of gaseous N evolution as afunction of nitrate levels, gaseous oxygen concentration,
and depth of saturation predicted by the model agreed with data presented in the literature (McConnaughey
and Bouldin, 1985b).

Arah and Smith (1989) presented amodel which cal cul ates steady-state denitrification asafunction of what
they termed ‘ morereadily’ measured soil parameters. Thesewere soil moisture characteristics, the probability
distribution of aggregate size and oxygen reduction potential, the nitrate concentration and the moisture
tension. A possible use of the model would be to predict the fraction of N,O formed/emitted during the
denitrification process.

Few modelsconsider microbial growth. L effelaar and Wessel (1988), for instance, proposed adenitrification
model in which this aspect is included. Y et this model apparently does not consider transport processes.
Leffelaar and Wessel (1990) simulate microbia growth in a soil layer, considered spatially uniformin al
phases, in which no transport processes occurred. Aspects of microbia growth modelled included the
reductive pathway NO; ---> NO, ---> N,O ---> N, with reference growth and maintenance of biomass at
the expense of glucose carbon, and the concomitant reduction of nitrate to molecular nitrogen, vianitriteand
nitrate. The state variables included in the model are bacteria, glucose carbon, CO,, O,, NO;-N, NO,-N,
N,O-N, N,-N, assimilated N, mineralized carbon and nitrogen from dead biomass, and immobilized carbon
and nitrogen in resistant organic matter. The simulation model proved to give areasonabl e description of the
denitrification process in laboratory incubation vessels. A major difficulty, however, was that no coherent
data sets exist to parametrize the model (Leffelaar and Wessel, 1988). This ‘hunger for data’ versus actual
availability of datamay be seen as a common problem encountered in deterministic modelling (Hutson and
Wagenet, 1991). Consequently, more attention should be paid to the gathering/compiling of coherent and
readily available data sets for simulation purposes. The foregoing also suggeststhereis only limited scope,
at present, to elaborate deterministic models of N,O production for applications at regional or global level
(Van Breemen and Feijtel, 1990).
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4.6.4 Stochastic models

Parkinand Robinson (1989; see Rolston, 1990) proposed astochastic model of denitrification dependent only
upon two driving variables, potentia denitrification enzyme activity and carbon dioxide evolution. The
stochastic nature of the denitrification enzyme activity and carbon dioxide evolution were described by
measured probability density functionsfor afield site, which formed the basisfor aMonte Carlo simulation
model to calculate a probability density function for denitrification rate.

Alternatively, White and Mageson (1991) showed that a stochastic transfer function model (TFM) based on
the probability function nitrate travel-times worked satisfactorily when the nitrate originates from a pulse
input of soluble fertilizer to the soil surface. However, a TFM based on the probability density function of
asurface applied tracer proved less satisfactory for simulating losses of indigenous soil nitrate. Among the
problems encountered by White and Magneson (1991) werethe difficulty of estimating mean nitrate content
in field soils because of its high spatia variability, accounting for denitrification during leaching, and the
uncertain reproducibility of the soil's transport characteristics.

47 Conclusions

This review shows that many biological, environmental as well as management factors determine the
production, transfer and subsequent emission of N,O and NO, from soils. Although much research has been
carried out onthe possibleinterrel ationshi psbetween therespective control ling factorsand processes, model s
of N,O evolution for particular ecosystemstill remainin the early stages of devel opment. Empirical models
of N,O emissions from natural terrestrial ecosystems at the global level have just recently been initiated.
Although the soil characteristics of the type recorded on low resolution soil maps such as produced by
FAO/Unesco (1971-1981) do not appear to be the main determinants of gaseous N,O emissions from
terrestrial ecosystems at the global level, arefined %2 x %2 degree grid global soil data base would be useful
in the context of these modelling exercises (see Chapter 6). Ancillary data bases on climate, land
use/vegetation cover, and fertilizer use (type, application), however, will probably have the ‘most’ weight
in determining the ultimate emissions.

Although extrapolation of field measured N,O fluxes from the local to the global scale using book-keeping
methods appear straight forward, the results will be fraught with uncertainty (e.g., Bouwman, 1990a). An
important task seems to be the elaboration of procedures that account for ‘site’ temporal and spatial
variability so that local flux measurements can be scaled up to the global level. Stratification of ecosystems
would provide a better insight into the variation in source regions of N,O (Bouwman, 1990b), thereby
providing a more solid basis for applying book-keeping methods.

There is a need to establish a network of measurement stations across the various continents, each site
covering the representative range of crops, soil types and management practicestypical of theregion (IGBP,
1990). At each of these site, time series of N,O and NO,, as well as other ‘ greenhouse’ gases, should be
supplemented with accurate descriptions of the prevailing agro-environmental conditions. Eventually, this
increased data set may provide the knowledge required to devel op process based models that describe the
production, transfer and evolution of N,O from well defined ecosystems.
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Chapter 5 Organic matter and carbon dioxide
N.H. Batjes

5.1 Introduction
5.1.1 Background

Increasing concentrations of radiatively-active trace gases - particularly carbon dioxide, methane, nitrous
oxide and chlorofluorocarbons (CFCs) - in the atmosphere are likely to severely affect the global climatein
the near future (Bolle et al., 1986; Lashof and Tirpak, 1990; IPCC, 1990). A historical review of the
associated, so-called ‘ greenhouse effect’ has been prepared by Scharpenseel and Becker-Heidman (1990).
In the present Chapter, the role of carbon dioxide (CO,) in the global carbon budget will be reviewed with
specia reference to the role of terrestrial biota and soils. Carbon dioxide is chemically inert in the
atmosphere, but being a radiatively-active gas it influences the Earth's radiation budget and so affects the
climate and chemistry of the atmosphere (Levine, 1989; Bouwman, 1990a).

Atmospheric levels of carbon dioxide (CO,), as derived from ice-core measurements, have increased from
around 280 ppmv in the middle of the 18th century to around 300 ppmv in 1920 and 320 ppmv in the 1960s
(ORNL, 1990; Neftel et al., 1985). CO, recordsfrom direct chemical measurementsin the 19th century have
been reviewed by Fraser et al. (1986). Direct measurements of atmospheric CO, at the Mauna Loa
Observatory, Hawaii, indicate present levels of 348 (Lashof and Tirpak, 1990) to 352 ppmv (Keedling et al.,
1989); the current increase is in the order of 0.5 % yr. By mass of carbon this would correspond to an
atmospheric burden in the order of 720-740 Pg C (Lashof and Tirpak, 1990; Moore 11 et al., 1989). At any
givenlatitude, atmospheric carbon dioxidelevel sexhibit aseasonal variation of several ppmv which hasbeen
attributed to climatically mediated changes in CO,-uptake by photosynthesis (Woodwell, 1984b; Levine,
1989). CO, currently contributesto about 50 % of thetotal ‘ greenhouse’ forcing (Scharpenseel and Becker-
Heidman, 1990; Lashof and Tirpak, 1990). The average atmospheric lifetime of CO, is about 50-200 yr
(IPCC, 1990).

Anaysis of past CO, observations using the Maximum Entropy Method suggest that the atmospheric CO,
content will increase to 405 ppmv by the year 2024 (Mannerma and Karras, 1989), while Mitchell (1989)
guotes an estimated CO, concentration of 475 ppmv for the year 2035. According to model calculations of
Walker and Kasting (1992) atmospheric carbon dioxide levels could be sustained indefinitely below 500
ppmv if fossil fuel combustion rateswereimmediately reduced from their current value by afactor of 25, and
further forest clearance were halted. If this* scenario’ isnot met and the consumption of fossil fuel continues
unabated, peak CO, concentrations of 1000-2000 ppmv are probable in the next few centuries according to
the model of Walker and Kasting (1992).

According to conservative scenariostheworld in the year 2030, on average, could be 1-2 °C warmer and sea
levels 14-24 cm higher than today so that important agricultural regionsin coastal lowlands and deltas could
be threatened by flooding, erosion and salt intrusion (Warrick and Barrow, 1990). In other studies, mean
increasesin temperature of 2-4 °C have been coined as being most likely to occur (Lashof and Tirpak, 1990),
with possibly even more severe environmenta and socio-economic repercussions.

Most advanced Global Circulation Models (GCMs) predict greater temperature increases at high latitudes,
especially during thewinter, because of more stable temperature stratification and i ce-snow feedbacks. Such
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changesin climate, and possible rel ated effects on duration of the growing period in any given location, may
ultimately affect thelatitudinal and altitudinal distribution of ecosystems, aswell asecosystem diversity, and
thereby the carbon dynamicsin these systems. Possible changesin soil properties and land use as aresult of
the anticipated climate change have been discussed by Arnold et al. (1991), Brouwer et al. (1991) and
Scharpensed! et al. (1991). Grotch (1988) and Essex (1991) recently reviewed what kind of information can
be derived from GCMs. An authoritative review of the accuracy of GCM-based climate modelsis presented
in IPCC (1990, Chapter 4).
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Figure5.1. Estimatesof main sources and sinks of the global carbon cycle (in Pg CO,-C yr%; source: Moorelll et al.,
1989)

The major poolsand sinks of organic carbon and magnitude of the main global fluxes are depicted in Figure
5.1. Other research groups have presented somewhat different valuesin view of the prevailing uncertainties
in estimating the contributions of the different sources and sinks of CO, at the global level, and differences
in adopted methodological approaches (Bolin, 1981 and 1986; Trabalka and Reichle, 1986; Bouwman,
1990a; Esser, 1990 a and b; Goudriaan and Ketner, 1984; IPCC, 1990; Sarmiento and Sundquist, 1992).
Table 5.1 lists the estimated annual sources and sinks of CO, as presented by Houghton and Woodwell
(1989). It indicatesacurrent net gain of atmospheric CO, of about 3 Pg C per year, corresponding with about
50 % of current total emissions. Sarmiento and Sundquist (1992) estimated the inferred terrestrial uptake of
CO, to be 1.8 + 0.4 and 2.0-4.7 Pg C yr* using data of IPCC (1990) and Tans et al. (1990), respectively
(Table 5.2).
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Table5.1. Indicative annua carbon fluxes (Source: Houghton and Woodwell, 1989).

Removal of CO,-C from Emissions of Cinto

Processes the atmosphere atmosphere as CO,
(PgCyr’) (PgCyr?)

Photosynthesis 100 -
Respiration by plants - 50
Soil respiration - 50
Fossil fuel burning - 5
Deforestation - 2
Physicochemical processes 104 100
at the sea surface
Total 204 207

Table5.2. Budgetsfor anthropogenic perturbation of carbon dioxide (Source: Sarmiento and

Sundquist, 1992 p. 590).

Average perturbation (Pg C yr?)

Sources.
Fossil fuels
Deforestation
Total

Snks:
Atmosphere
Oceans (steady state models)
Totad

Imbalance (inferred terrestrial
uptake)

[PCC (1990)

54+05
16+10
70+12

32+01
1.6+0.8
52+08

18+04

Tanset al. (1990)

53
0.0-32
53-8.

0.3-0.8
33-3

20-4.7

Processes that are fundamental to the long-term geochemical carbon cycle include (Berner, 1991):
a)  The uptake of CO, from the atmosphere and its transformation into dissolved HCO, during the
weathering of silicate rocks, with part of this HCO, subsequently precipitating in the oceans as

carbonate minerals;

b)  Thetherma breakdown of carbonate minerals via metamorphism and magmatism, upon burial to
great depths, with the resulting CO, being transported back to the atmosphere-ocean system (e.g.,

Barneset al., 1984);

¢)  The buria of organic matter in sediments, its decomposition on the continents, and its thermal
breakdown via diagenesis, metamorphism, and magmatism followed by oxidation of reduced gases

to CO.,.
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It ismainly through the process of photosynthesisthat CO,, the oxidized form of carbon, isconverted to the
reduced statein whichit occursin organic compounds and that the reduced form of oxygen (H,O) isoxidized
to molecular oxygen (O,). Although some autotrophs can reduce CO, to organic material while oxidizing
compounds other than H,O (e.g., NO,, NO,’, H,, Fe** and reduced forms of sulphur), the contribution of
these processesto thetotal fixation of CO, isof minor importance (Stainer et al., 1976). The CO, emissions
related to burning of fossil fuels, cement manufacturing and changes in land use have increased markedly
during thelast century dueto the demands of the rapidly growing world population for food, timber and fuel,
aswell asunnecessary wastage. Basically, therewoul d be three main approachesto slowing down the current
release of carbon dioxide (Mintzer, 1985):

a) Improving the efficiency of energy supply and use;
b) Shifting the current fuel use away from coal towards less CO, intensive fuels; and
¢) Reducing the rate of carbon dioxide emissions from biotic sources.

The balance of all the processes which determine modificationsin atmospheric CO, concentration with time
(dCO,/dt) can be expressed as follows (Goreau, 1990):

d(CO,)/dt=C+D+R+S+0-P-1-B
with:

Main sources:

C, the contribution of fossil fuel combustion to atmospheric CO, levels;

D, the CO, emissions associated with deforestation;

R, the autotrophic respiration of terrestria plants;

S, the heterotrophic respiration from decomposers such as bacteria, fungi and animals;
O, the CO, flux from oceans to the atmosphere;

Main sinks:

P, the CO, fixed by terrestrial photosynthesis;

I, the CO, flux from the atmosphere to oceans;

B, the incorporation of carbon in organic and inorganic formsin sediments and soils.

The terrestrial biosphere absorbs about 100-120 Pg C yr* of CO, from the atmosphere via gross primary
production. About the same amount is released to the atmosphere via autotrophic respiration and
heterotrophic decomposition processes (Table 5.1). Averageterrestrial net primary productivity (NPP) isin
the order of 55 Pg C yr* and the annual global CO, flux from soilsis estimated to average 68 + 4 Pg C yr*
(Raich and Schlesinger, 1992). The net rel ease of carbon associated with deforestation and biomass burning
is estimated to account for about 10-40 % of the annual anthropogenic CO, emissions to the atmosphere
(Burke and Lashof, 1990; Hileman, 1990). Uncertainties in these estimates result from limited data on the
types, amounts and acreages of biomass burned and highly variable emissions per unit of biomass burned.
Estimates of biomassin treesand total carbon in live plants per unit areaat an equatorial scaleof 1:30M on
a Y2 by Y2 degree grid have been presented by Olson et al. (1983). Globa biomass burning not only
contributesto CO, emissions but also to about 10-20 % of annual emissions of methane, 20-40 % of carbon
monoxide (CO), 5-15 % of N,O, and 10-35 % of NO, (Burke and Lashof, 1990). For additional information
on the contribution of terrestrial ecosystems to emissions of the latter greenhouse gases, reference is made
to Bouwman (1990a).
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Thetotal amount of recoverable fossil fuel, most of which is coal, is probably in the range 4000 to 6000 Pg
C. Between the year 1860 and 1964 an estimated 183 + 15 Pg C have been emitted to the atmosphere by
fossil fuel combustion alone (Bolin, 1986b). In 1989 the global emissions of CO, associated with fossil fuel
burning, gasflaring and cement manufacturing amounted to 5.97 Pg C (CDIAC, 1992); thisfigure could well
be of the same order of magnitude as the one associated with apossible, small changein soil respiration flux
associated with the anticipated warming of Earth. The year 1989 marks the sixth consecutive year that the
‘industrial’ CO, emissions have increased (CDIAC, 1992). By the year 2050 this may changeto 2-20 Pg C
yr?, depending on the ‘ adopted’ abatement strategies (Keepin et al., 1986).

Carbon stored in deep oceans amountsto about 39,000 Pg C. About 90-100 Pg C yr* isexchanged annually
between the atmosphere and the ocean, resulting in anet oceanic uptake of 1-3 Pg C yr™ (Lashof and Tirpak,
1990; IPCC, 1990). A clear overview of the uptake of CO, by the oceansisincluded in IPCC (1990, Section
1.2).

At present, coral reefsworldwide act asasink for 111 Tg Cyr™* (1 Tg = 10" g C), corresponding with about
2 % of present anthropogenic output (Kinsey and Hopley, 1991). Recent best-estimates for global river
organic carbon fluxes are 0.2 Pg C yr* for dissolved organic carbon and 0.2-0.3 Pg C yr™* for particulate
organic carbon, with arange of 0.3t0 0.5 Pg C yr* for total organic carbon (Sarmiento and Sundquist, 1992
p. 590).

Some 800 Pg Cisprobably stored in calcic horizons, popularly known as caliches or calcretes, which occur
in the world's deserts. The natural carbon flux from the atmosphere to inorganic carbon in arid soils is
estimated to be about 1-2 Pg C yr* (Schlesinger, 1985 and 1986). Vast amounts of carbon are stored in
sediments worldwide, and these amounts are relatively stable. The role of weathering in the CO, balance of
soils, however, cannot be neglected as it may remove from 0.16 to 0.27 Pg C yr* of atmospheric CO, as
HCO, (Van Breemen and Feijtel, 1990). Bohn (1990) recently discussed the possible changesin inorganic
carbon content in soil upon climate change (see a so Sombroek, 1990).

Estimatesfor the amounts of carbon stored in land biotaand world soils are 700-1700 and 1000-3000 Pg C,
respectively (see Section 5.5.1). This meansthat changesin the carbon contentsin land biota and soils may
have important repercussions for atmospheric C-levels. The principal, technical means of reducing biotic
emissionswould beto limit therate of tropical deforestation and to make biomass use more efficient. Inthis
Chapter the focus of the discussion will be on the factors and processes that control the storage/rel ease of
CO, interrestrial ecosystems. The present Chapter of necessity is selectivein view of the vast ‘ dimension’
of this aspect of the carbon cycle.

5.1.2 Structure of chapter

In Section 5.2 the functions and turnover of organic matter and its fractionsin soil are reviewed. Themain
abiotic and biotic factorsthat regul ate the stability and decomposition of organic matter in soilsarereviewed
in Section 5.3. Examples of CO, evolution associated with ‘soil respiration’ and changesin land use are
presentedin Section 5.4, which alsoincludesadiscussion of thepossible‘ fertilization effect’ associated with
increasing atmospheric CO, levels. In Section 5.5 estimates of world soil carbon pools are discussed with
reference to some modelling approaches. Possible limitations inherent in using available soil data for
estimating the size of soil carbon pools worldwide are formulated in Section 5.5, and concluding remarks
from Section 5.6.
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52 Organic matter in soil
5.2.1 Properties

The favourabl e effects of organic matter on the physical and chemical properties of soils and on biological
activity, and by implication in sustaining soil productivity, have been discussed at length in many handbooks
(Russell, 1980 and 1988; Neue and Scharpenseel, 1984 and many others). The organic constituents of
tropical soils do not possess any special qualities that set them apart from those of temperate regions (e.g.,
Theng et al., 1989). Organic matter has astabilizing effect on soil structure (see Section 5.3.4), improvesthe
moisture holding and release characteristics of soil, and protects soils against erosion. Decaying organic
matter slowly releases nutrients (e.g., N, P, S, K) essential for plant and microbia growth. Some organic
constituentsin humic substances may stimulate plant growth under conditions of adequate mineral nutrition
(Chenand Aviad, 1990). Soil organic matter isalso animportant determinant of the cation exchange capacity
of soils, particularly in coarse textured soilsand so called ‘low activity’ clay soils. It also playsan important
role in retention of non-ionic organic compounds and pesticides in soil (Chiou, 1990). The generally dark
colour of organic matter in topsoils can increase the absorption of solar energy. Asaresult, crop growth on
bare soils rich in organic matter may start somewhat earlier in cool climates. Upon deforestation or a shift
in land use the above favourable properties may be altered to a varying extent as a result of accelerated
decomposition of afraction of the organic matter present in soil. The related decrease in soil organic matter
content commonly leads to structural soil degradation, causing increased compaction and decreased soil
hydraulic properties (Spaans, 1989, 1990), clay mobilization (Wielemaker and Landsu, 1991), increased
erosion hazard, and/or enhanced losses of soil acting herbicides adsorbed to soil organic matter (Harrod et
al., 1991; Vaidyanathan and Eagel, 1991).

5.2.2 Définitions of soil organic matter

Organic matter levels in soil are essentially regulated by net primary production, the distribution of
photosynthates into ‘roots and *‘shoots', and the rate at which these various organic residues decompose.
Plant residues that fall on the soil as ‘fresh’ litter are gradually altered through physical fragmentation,
fauna/microflorainteractions, mineralisation and humusformation. The different types of organic matter in
litter have recently been reviewed by Eijsackers and Zehnder (1990). Litter is not considered to be a part of
soil organic matter asit essentialy lies on the soil's surface. As such it is not considered in the calculation
of soil organic carbon pools (Buringh, 1984; Bouwman, 1990a).

Many research groups have studied the characteristics, fractions and dynamics of organic matter in soil
(Kononova, 1966; Greenland and Hayes, 1978; Stevenson, 1982; Frimmel and Christman, 1988; Coleman
et al., 1989; Mortvedt and Buxton, 1987; Shawney and Brown, 1989; Russell, 1980). In the following
paragraphsthe definitions of ‘ soil organic matter’ asformulated by Russell (1980), Schnitzer (1991), Theng
et al. (1989) and Stevenson (1982) are discussed to illustrate the necessity for a standardization of terms.

According to Russell (1980) the‘ soil organic matter consists of awhole seriesof productswhich rangefrom
undecayed plant and animal tissuesthrough ephemeral products of decompositiontofairly stable amorphous
brown to black material bearing no trace of the anatomical structure of the material from which it was
derived'. It isthis latter, anorphous material that Russell (1980) terms humus. Similarly, Schnitzer (1991)
defines soil organic matter asthe sum total of all organic carbon-containing substancesin soilswhich consist
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of ‘amixture of plant and animal residues in various stages of decomposition, of substances synthesized
microbiologically and/or chemically from the breakdown products, and of the bodies of live and dead
microorganisms and small animals and their decomposing products’. The same author divides soil organic
matter into non-humic and humic substances. Non-humic substances still display recognizable chemical
characteristics, are relatively easily degraded in soils, and have short life-spans. Conversely, humic
substances no longer exhibit specific chemical and physical characteristics and are more resistant to
microbiological and biological degradation.

Theng et al. (1989) use a somewhat different definition of soil organic matter which they divide into a
‘living’ and ‘non-living’ component. The ‘living’ component (on average < 4 % of total soil organic C) is
divided into plant roots, macroorganisms or fauna, and microorganisms (5-10, 15-30 and 60-80 per cent,
respectively). The ‘non-living’ component consists of ‘ macro-organic materials and  humus'. The ‘ macro-
organic’ fraction largely consists of plant residues in varying stages of decomposition that can not pass
through asieve with 0.25 mm mesh. It isconsidered to be similar to the ‘ light fraction’ obtained by flotation
on liquids with a density of 1.6 to 2.0 g cm®. In the terminology of Theng et al. (1989) ‘humus is what
remains after physical separation of the‘light fraction’. It consists of non-humic substances, which are well
defined classes of organic compounds, and humic substances.

Stevenson (1982) usesanarrower and possibly morewidely applied definition (by modellers) of soil organic
matter: ‘the organic constituents of soil - excluding undecayed plant and animal tissue -, their partial
decomposition products and the soil biomass'. According this definition soil organic matter includes: a)
identifiable high-molecular weight organic materials such as polysaccharides and protein; b) simpler
substances such as sugars, amino acids, and other small molecules; and c) humic substances. In this sense
soil organic matter resembles humus which is commonly defined as the structurel ess component of the soil
organic fraction (seealso Russell, 1980). Thishumusisprimarily derived from the higher plants and formed
during the microbial decomposition of original plant materials and of new substrates synthesized by soil
micro-organisms.

Fractions

Humic substances form *a category of naturally occurring biogenic, heterogeneous organic substances that
can generally be characterized as being yellow to black in colour, of high molecular weight, and refractory’
(Aikenetal., 1985a). Humic substances cannot be classified into any discrete categories of compounds such
as polysaccharides or proteins (MacCarthy et al., 1990c; Stott and Martin, 1990; Theng et al., 1989). Each
humic component in each environment (soil, stream water and ocean water) is unique and possesses an
individuality that is characteristic of the particular component in any particular environment (Ma colm and
MacCarthy, 1991).

By convention the‘fractions' of humic substances are operationally divided into humic acid, fulvic acid and
humin. The fraction of humic substancesthat is not soluble in water under strongly acidic conditions (pH <
2) but is soluble at higher pH values is termed humic acids. Fulvic acids are the components of humic
substancesthat are soluble irrespective of the pH conditions in aqueous solutions. Humin corresponds with
the fraction of humic substances that is not soluble in water at any pH value (Aiken et al., 1985a). These
definitions do not imply any distinct functional boundary between humic acid, fulvic acid and humin (as
fractions) in terms of their physico-chemical propertiesin relation to their biological degradability.
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Modelling of pedogenetic processes and soil acidification demand dataon functional attributes such aspKs,
density of dissociable groups, and complex formation constants (Theng et al., 1989). Alternatively, soil
organic matter is often divided into aso-called ‘light’ and ‘ heavy’ fraction when modelling the dynamics of
organic matter turnover in soil. These fractions are considered to correspond with the ‘labile’ and ‘ stable’
compartments, respectively. The fractions are commonly separated physically by sieving and flotation.

The ‘light fraction’, as defined by Anderson and Ingram (1989) in the Tropical Soil Biology and Fertility
(TSBF) Manua , is physically bounded by a mesh size of 2 mm - the upper limit for the USDA ‘fine earth’
fraction - and 0.25 mm, and separated from the soil by flotation on water. It is considered to consist of
microbial biomass and partially humified/cellular organic matter with arapid turnover (1-5yr). Independent
studies, however, have shown the ‘light fraction’ (< 1.6 g cm™®) may include significant amounts of
recalcitrant charcoal which should be removed (Skjemstad et al., 1990). For obvious practical reasons the
“heavy fraction’ of TSBF isdefined as corresponding with the fraction not retained by a0.25 mm sieve. The
corresponding organic matter is considered to be physically protected or to consist of organic matter which
isresistant to decompositionwith ‘slow’ (20-40yr) to ‘ passive’ (200-1500 yr) turnover times (Anderson and
Ingram, 1989).

As is aready reflected by the findings of Skjemstad et al. (1990) there still is a need for developing
fractionation schemesthat ‘truly’ reflect the dynamic character of soil organic matter for use on awiderange
of soils(e.g., Theng et al., 1989; Bonde, 1991). Experimental work suggestsit may be necessary to combine
physical fractionation with biologically based techniques such as long-term incubation (Bonde, 1991).
Mechanical procedures such as sieving or sonic vibration of soil samples before incubation, however, may
introduce artifacts that affect the observed mineralisation of the respective fractions (Houot et al., 1991;
Feller et al., 1991; Balesdent et al., 1991). Fractionation schemes that truly reflect the biological diversity
of organic matter in soil are needed (Van Veen, 1986); adequate methods to experimentally establish the
partitioning of soil organic matter over the different pools conceptualized in modelling studies are still
lacking (Verberne et al., 1990).

Residence time

With the introduction of radioisotopic dating techniques it became possible to calculate the mean age of
carbonin sail (for discussion seeHarknesset al., 1991). The cal culated *C age of humusin five pasture soils
from the midwestern USA was 200-400 yr (Simonson, 1959). Half-lives of 1700 to 2200 yr were reported
by Paul et al. (1964) for humusin selected Canadian soils. The mean cal culated age of humusin some soils
of the Rothamsted classical experiments was 1240 yr (Jenkinson and Rayner, 1977). Topsoil (0-23 cm),
sampledin 1881 from unmanured plots of the Broadba k continuouswheat experiment, contained 27.5t ha'*
of organic carbon with ameasured *“C age (recomputed to 1881) of 1330 years (Jenkinson, 1990). Themean
residence time of the various humusfractions of a Chernozem increasesin the sequence humic acid =~ humin
> fulvic acid with mean values of 495 + 60 yr, 1140 + 50 yr and 1235 + 60 yr, respectively (Campbell et al .,
1967 a, b). Alternatively, Zehnder (1982) reported the ‘mobile’ humus fraction, which includes humic and
fulvic acids, has a mean residence time of 250-800 yr whereas humins are often ol der than 2000 yr. Marked
differences exist in the mean residence time of the *acid hydrolysable’ and ‘ non-hydrolysable’ components
of both the humic acid and humin fractions (Campbell et al., op cit.). The oldest organic fraction in two soils
of the Jura mountains, France, corresponded with the non-hydrolysable material of clay-sized humin
(Balesdent, 1987). Mean residence times of 2000 to 5000 yr have been reported for soilsrich in allophane
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(Wada and Aomine, 1975), reflecting the importance of mineralogy in preserving organic materials in soil
(see Section 5.3.3).

The *C/**C ratio of the upper part of the litter of Brazilian Tabuleiros soils was shown to bein equilibrium
with atmospheric CO, levels, indicating aturnover timeof lessthan 1 year (Lobo et al., 1990). Thelower part
of thelitter had aturnover time of 17 £+ 1 yr, whereas in the A1-horizon (0-24 cm) the mean turnover time
was 100 + 15 yr (Lobo et al., 1990). Harrison et al. (1990) studied the turnover time of organic matter in
various soil layers in an oak-ash-birch forest of Meathop Wood, Cumbria, with radiocarbon dating. The
calculated turnover times increased with depth from the litter layer from about 2 yr for the litter, 18 yr for
soil organic matter inthe *0-5 cm’, 40 yr for the ‘5-10 cm’, 100 yr for the *10-15 cm’, 500 yr for the * 15-25
cm’, and 600 yr for the ‘25-50 cm’ layer, respectively. Raich and Schlesinger (1992) estimated that, when
reasonabl e estimates about root respiration are made, the global mean residence time of soil organic matter
isabout 32 years.

Turnover of microbial biomass

The microbia biomass forms arelatively small and labile fraction of the soil organic matter complex. Y et,
its turnover is arate determining process in the cycling of organic matter and nutrients (Van Veen, 1986).
Available techniques for measuring microbial biomass have been reviewed and discussed by Bonde (1991)
amongst others.

The microbia biomass may beinfluenced by the type of vegetation present. Microbia C - determined with
the fumigation extraction method - for selected soils under conifers, deciduous forest and arable use was
1.19, 1.13, and 1.04 % of total C, respectively (Martikainen and Palojarvi, 1990). Microbial biomass
amountedto2.9-4.1 % (Bonde, 1991) and 1.8-3.2 % (Houot et al., 1991) of total carbonin selected temperate
agro-ecosystems. Similar values have been reported for atropical Acrorthox (i.e., 1.8-4.8 % of total carbon;
Bonde, 1991). Van Veen et al. (1985) postulated that soils have characteristic capacities to preserve both
organic matter and microorganisms. Preservation of the microorganisms could be the result of protection
against degradation and/or amelioration of harsh environmental conditions. Van Veen and co-workers
assumed that biomasswhichisformed in excessof the soil's preservation capacity will dieat arelatively high
rate.

Paul and Voroney (1983) used simulation modelling to estimate the turnover time of microbial biomass C,
finding mean values of 0.24 yr for a site in Brazil and 2.5 yr in England. Similarly, Houot et al. (1991)
measured aturnover time of 1.4-1.8 yr for microbial biomass C in afield incubation in France, while Bonde
(1991) reported a turnover time of about 0.13-0.17 yr at his EMBRAPA sitein Brazil. These data point at
a more rapid degree of microbial breakdown in the humid tropical sites as compared to the temperate
European sites which have been examined.

Recalcitrant carbon
Not all the components of the physically defined ‘active’ fraction of soil are as easily decomposable as the
terminology would imply. Measurement of D*3C values with depth in Australian krasnozems, for instance,

showed that charcoal was a serious contaminant in the light fraction (< 1.6 g cm™) of all samples (Skjemstad
etal., 1990). Sanford et al. (1985) cal culated that the uppermost 1 m of selected ‘terrafirme’ forest soilsfrom
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Venezuelacontain 4.6 + 1.8, 6.9 + 3.6 and 13.9+ 6.6 Mg ha* of charcoal (theratio of C to charcoal was not
specified). The age of the charcoal fragmentsranged from 250 = 50 yr to 6260 + 110 yr B.P., the oldest mean
age being recorded for the 60-70 cm layer of the soils under consideration. Jenkinson (1990) showed it is
necessary to consider biologically inert carbonin the Rothamsted model ; arbitrarily, the corresponding value
was set at 300 g C m? for all freely draining soils of the world. The fact that fossil charcoal in soil can till
be related to the occurrence of paleo-wildfire (Jones and Chaloner, 1991) may illustrate the degree of
persistence of some charcoa compounds.

The importance of past and present charcoa formation during biomass burning in present global carbon
budgetsremainsasourceof uncertainty (Bolin, 1986b). Based on several assumptionsEsser (1990a) suggests
that charcoal formation since 1860 may have amounted to as much as8 Pg C in grasslands and savannas, and
1.5 Pg Cin coniferous forests. Seiler and Criitzen (1980) reported that charcoal or inert carbon, resulting
from biomass burning, may amount to 0.5 to 1.7 Pg C. This amount is significant, reflecting the need for
further effortsto definetherel evant processesin simulation model s such asthe Osnabruck Biosphere M odel
(Esser, 1990 aand b) or the model of Goudriaan (1990).

5.2.3 Modelling organic matter turnover in soil

Interest in the spatial distribution and nature of organic matter in soil has existed for along time. In 1882
Dockuchaev compiled a systematic map of organic matter content in the Chernozem areasin Russia. Jenny
(1941) was one of the first to model the turnover of organic matter in soil. Since then many conceptua and
mathematical model shave been devel oped to describe the dynamics of organic matter insoil. In most of these
one to severa pools of organic matter are considered. These compartments are kinetically defined with
different and specific turnover rates (see reviews of Jenkinson, 1990; Bouwman, 1990a). Alternatively,
Janssen (1984) presented a model in which the decomposition rate is made variable intime ( k = 2.82* (a+
t)¢, with a the apparent age of the organic material added).

Jenkinson (1990) essentially groups organic carbon turnover models according to whether they are: a) single
homogenous compartment models; b) two compartment model s, ¢) multi-compartmental model s; and d) non-
compartment decay models. Models b) to c) conceptuaize a small pool of organic matter with a rapid
turnover time, and one or more pools of greater size and slower turnover rates. The decay processes of the
respective pools commonly is described using first-order, logarithmic decay functions. The model of
Jenkinson (1977) may be considered as an example of a two compartment model. In this model, each C
compartment (X and Y)) decomposes according to afirst order process at different and distinct rates (k1 and

k2, respectively):
C=X.e"'+Y.e*

Alternatively, Houot et al. (1991) described the kinetics of released CO, as a combination of first-order
kinetics and zero order kinetics:

CO,-C=CL.(1-e"") + k2t
After about 30 days the kinetics of C mineralization became nearly constant which is represented by the

second term of the equation (k2*t). Houot et al. (1991) observed similar rates (k2) of CO, accumulationin
cultivated or bare soils which had been amended with organic materials. Similarly, Melillo et al. (1989)
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presented atwo-phase breakdown model for organic matter with afirst phase of rapid massloss and amuch
dower second phase. Well known examples of multi-compartment modelsinclude CENTURY (Partonetal.,
1987, 1989) and ROTHAMSTED (Jenkinson, 1990). The principles of the latter model, which considers 5
compartments, are discussed briefly (Figure 5.2).

Organic

Figure5.2.  Schematic representation of the ROTHAMSTED model (Source: Jenkinson, 1990; seetext for definition
of abbreviations)

The ROTHAMSTED mode uses a monthly time step. Inputs of crop residues are first aloted into
decomposable (DPM) and resistant (RPM) plant material. Both the DPM and RPM are considered to
decompose to carbon dioxide, which is lost from the system by evolution, microbial biomass (BIO) and
humified organic matter (HUM). A uniform BIO/HUM conversion ratio is assumed during substrate
decomposition for al soils. During decomposition of HUM, more CO,, microbial biomass (BIO) and fresh
humus (HUM) areformed, againin the same proportion. A small organic component isconsidered to beinert
to biological attack (I0M). The monthly decay isderived from the expression 1 - gabckt | thisexpression
aisatemperature rate modifying factor, b a moisture rate modifying factor, and ¢ aplant retainment factor.
Additiona information on the ROTHAMSTED model may be found in Jenkinson (1990).

Agren and Bosatta (1988, 1991) and Moran et al. (1990) have challenged the concept/use of discrete pools
of soil organic matter in models. They visualize the decomposition as a continuum that starts with the
addition of organic matter and leads to the formation of refractory humic substances. This meansthey view
soil organic matter heterogeneity asacontinuously varying quality variable, wherethe substrate degradesin
quality due to microbia action. As the mathematical modelling of this approach is considered difficult, as
compared to compartment-based models, it has not been applied to long runs of datafrom agricultura trials
(see Jenkinson, 1990). Alternatively, it may be cumbersometo derive the degradation rate constants (k) for
the respective carbon pools in multi-compartmental models. Van Breemen and Feijtel (1990), for instance,
consider distinct and different k-factors for litter - depending on whether it consists of leaves, branches or
stems -, roots, soluble organic C, and soil organic C at different depths in the soil. These k-factors are
adjusted for actual conditions of moisture and temperature using a ‘ conversion graph’. This may require
calibration for specific situations, thereby posing a high demand in terms of field observations. Attemptsto
describe more precisely the turnover of organic matter in soil areincreasingly focusing attention on the key
role of biota (seereview of Ladd, 1986; Van Veen, 1986). Thereis also a need to consider more the spatial
distribution of soil organic matter and its decomposersin soil (Van Veen, 1986; Verberne et al., 1990).

An important bottleneck in ‘refining’ modelsisthat it remains difficult to physically or chemicaly isolate

the ‘ conceptual’ soil organic matter poolsthat are considered in the respective types of models (see Section
5.2.2).
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53 Factors affecting the organic matter status of soils
5.3.1 Introduction

The primary environmental determinantsof plant growth in any location are solar radiation, temperature and
length of the growing period (e.g., Van Keulen and Wolf, 1986). Photosynthesis, through its effect on net
primary production, strongly determinesthe size of the input of organic matter into the soil. Astheincrease
inmicrobial decay rate (Q,o) generally exceedstheincreasein plant growth associated with asimilar risein
temperature - provided water and nutrients are not limiting - there often is a negative relationship between
temperature and soil organic matter content. If the soil forming factors of parent material, topography,
vegetation and time are held constant, organic carbon in soil isfurther expected to increase with increasing
precipitation (Jenny, 1941). Because of the many possible interactions between the different abiotic and
biotic regulators of organic matter formation and decomposition it often proves difficult to assess
unambiguously how thevariouscontrolswill affect the dynamicsof organic matter inany given soil. Process-
based modelling provides a tool for increasing the conceptual knowledge of these relationships. Major
environmental controlsof organic matter decompositionin soil are moisture status, soil temperature, oxygen
supply, soil fertility, clay content and mineralogy (Alexander, 1977; Eijsackersand Zehnder, 1990; Anderson
and Flanagan, 1990). Biotic controls include the type of floraand fauna, as well as possible modifications
therein resulting from the influence of man (e.g., cultivation, irrigation, atmospheric pollution).

5.3.2 Effectsof climate

The distribution of rainfall and temperature over the year determine the period during which soil moisture
and soil temperature conditions are favourable for plant growth aswell asfor the activities of micro-, meso-
and macro-fauna. In the humid tropics this may be the whole year as opposed, for instance, to temperate
regions where cold conditions may slow down or stop biotic growth in some seasons. Basically, under non-
limiting conditionsof temperatureand nutrient supply, the breakdown of organic matter in soil will beslowed
down when soils are either too dry or too wet. As a result arid soils generally have lower organic matter
contentsthan soilsfrom wetter regionswhere organic matter tendsto accumulate (e.g., USDA, 1975; Kimble
et al., 1990). The latter happens particularly under cool temperatures, anaerobic conditions and high water
tables commonly associated with depressions in the landscape as topography influences soil organic matter
through the effects of slope and drainage. Colberg (1988) reviewed the anaerobic microbial decomposition
of cellulose, oligolignols and monoaromatic lignin derivatives. Figure 5.3 shows a framework for relating
the direct interaction of climatic factors (rainfall, temperature etc.) on organic matter dynamicsin soil.

Kadeba(1978) observed that mean annual rainfall and, particularly the number of rainy days, werethe major
factors governing the amounts and distribution of soil C and N in some savanna soils of northern Nigeria.
During thedry season, similar soilstend to dry out earlier and more completely in the open than under shade.
Consequently, the decay of organic matter can continue longer in the shade, although at lower temperatures
(Jenkinson and Ayanaba, 1977). Similarly, Dabin (1980) attributes to the reduced humidity during the dry
season in savannathefact that theratio of ‘ litter/addition of organic materialsto soil’ ishigher under savanna
than under forest, which restricts the decomposition of the litter. Dabin (1980) reported transformation
coefficients are 0.1 under forest and 0.2 under savanna.
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Post et al. (1985, Figure 5.4) grouped 3100 soil profiles on a climate basis using the Holdridge life zone
classification system. They showed soil carbon density generally increaseswith rising preci pitation, and also
that soil carbon density increaseswith decreasing temperaturefor any particular level of precipitation. Kimble
et al. (1990) studied 2715 profiles, classified according to the Keys to Soil Taxonomy (USDA, 1987), and
found that both within ‘iso’ and ‘ non-iso’ soil temperature regimesthereisadecreasein carbon asthe mean
soil temperature rises.

McDaniel and Munn (1985) grouped 143 Mollisols and Aridisols from Wyoming and Montanainto cryic,
frigid and mesic temperature regimes, and found that texture was only significantly correlated to organic C
content in the mesic (warmest) soils (0-40 cm depth zone). Sims and Niel sen (1986) found that clay content
had much lessinfluence on organic matter accumulation in cool soils of Montanathan in warmer soils of the
southern Great Plains of the USA. Similarly, clay content was selected earlier in the stepwise multiple-
regression fitting-process for the tropical areas than for the ‘cooler’ areas of Australia (Spain et al., 1983).
Similar observations were made by Lepsch et al. (1991) in a study of 99 paired native-vegetation/row-
cropped sitesinwell drained, clayey ‘low activity clay’ soilsfromudic, ustic and perudic regionsof St. Paolo
State. In these ‘tropical’ climatic zones, the organic C content in the 0-20 cm layer was found to be better
related to clay+silt content than to any other soil or climatic parameter. A practical implication of the above
findingsisthat empirical relationships between clay content and organic C content, or degradation constants
(k-factors), should only be applied in the regions and for the site conditions for which they were originally
developed.
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A similar increaseintemperature - under otherwise non-limiting conditions - will affect the activity of plants
and microorganisms to a different degree. On average, net primary production increases with temperature
withaQ,, of 1.0-1.5 (Harvey, 1989; Kohimaier et al., 1990), while soil respirationincreaseswith an average
Qo 0f 2.0-2.4 (Harvey, 1989; Raich and Schlesinger, 1992). Kohimaier et al . (1990) report asomewhat wider
range for mean Q,, values (1.3-4.0) for heterotrophic soil respiration. Inherently, the size of the Q,, ratios
will vary with the temperature range under consideration (e.g., from 0 to 10 °C or from 20 to 30 °C) and will
be biota specific. Nevertheless, the above figures suggest that an increase in mean soil temperature, as
associated with an enhanced globa warming, islikely to form a positive feedback to the greenhouse effect.

5.3.3 Effectsof soil mineralogy and fertility

Theinherent fertility of soils, asdetermined by the nature of the parent material/rock, isone of theregulators
of net primary production and thereby of the possible input of organic matter in soils under pristine
conditions. The organic matter content of soil dependsto an important degree upon the phosphorus content
of the parent material and the degree of weathering (Walkers and Syers, 1976). When the other regulating
factorsare not limiting, soilsformed on basic rockswill tend to have a higher content of organic matter than
acid soils (under freely drained conditions). In Nigerian savannas, agood correl ation was observed between
organic C and percent clay in soils devel oped from basaltic rocks, while no such relationship was found for
soils developed from acid rocks (Kadeba, 1978). The effect of parent material isaso illustrated by the low
organic C levelsin the Nebraska Sand Hills and some sandy areas of Minnesotaand Wisconsin (Franzmeier
etal., 1985). Schimel et al. (1985) observed microbial biomassand mineralization did not vary withtheslope
position, whereas parent material (sandstone, siltstoneand shale€) had asignificant effect upon organic matter
transformations. Surface accumulation of organic matter inforest rendzinasover limestone, for instance, can
be explained by inhibition of humification processes by active calcium carbonate. Similarly, the stability of
soil organic matter in man-made ‘ Terra Preto dos Indios' is due to large additions of organic materialsrich
in Ca, P and N. Stimulation of microbia activity by these inputs leads to an accel erated mineralization of
organic substances less resistant to degradation (e.g., polysaccharides, proteins) and thus to a relative
enrichment of the stable humus fraction rich in aromatic compounds (Zech et al., 1990).

The parent rock/material also has an effect on stabilizing organic matter in soil inthat it determinesto agreat
extent thetypeof clay mineralsthat will beformed uponweathering. Theformation of interlayer clay-organic
complexes, for instance, requires a smectitic clay mineralogy, an accumulation of organic matter associated
with low microbial activity, and ahighly acid soil reaction (Theng et al., 1986). Nayak et al. (1990) propose
that a decreasing content of acidic groups in humic substances promotes their fixation by montmorillonite
because of alowering of theinter-particle repulsiveforcesaswell asareduction in hydratation energies; the
net energy available for breaking down the clay-humus bonds would consequently be reduced. In absence
of montmorillonite and cal cium carbonate, and under conditions of good drainage and aeration, soil humus
isless condensed and less stabile so that it can easily be destroyed by small dterations of the environment
(Volkoff and Cerri, 1980). Boudot et al. (1990) observed the grossmineralization rates of both N and Cwere
inversely related to the content of amorphous-Al and materia srichin alophane, reflecting agood protection
of organic matter by these materials. Conversely, the mineralization of deceased micro-organismsand newly
formed metabolites did not seem to be affected by the mineralogical composition of the alophanic soil
samples (Boudot et al., 1990). Generally, the stabilizing effect of clay size particles on organic matter
decreasesin thefollowing order: allophane > amorphous or poorly crystalline Al-silicates > smectite > illite
> kaolinite (Van Breemen and Feijtel, 1990).
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Possible changes in soil weathering rates associated with a potential doubling of atmospheric CO,
concentration and associ ated temperature increases have been discussed by Sombroek (1990). The CO, sink
associated with weathering isgenerally much lower in areaswith silicaterocksthan in cal careousareas (Van
Breemen and Feijtel, 1990). The size of this sink will gradually decrease as the area affected by acid
depositionincreases. Consequently, the possibl e effects of acid deposition on organic matter dynamicsshould
be studied asalowered soil pH and associated nutrient losses may have an adverse effect on biotic diversity,
biomass growth, and organic matter decomposition in soil.

Soil acidity slows down the decomposition of organic matter under tropical conditions athough the
differences between acid soils and neutrals soil become less marked with time (2 yr incubation period;
Ayanaba and Jenkinson, 1990). Jenkinson (1977) found similar results for acidic and neutral soils under
temperate conditions, in which decomposition was markedly slower in the acidic soil during thefirst year or
two. For tropical regions, Dabin (1980) showed that the decomposition of organic matter isalwaysimportant
in well drained media, even when soils are acid. Only an increase in the length of the dry season increased
thefraction of non-decomposed organic matter, and at the same time caused adecreaseintotal C. In Brazil,
the geographic distribution of soil organic matter under natural vegetation was shown to be principally
determined by threefactors: temperature (external), soil acidity and soil drainage (V olkoff and Cerri, 1988).
In the acid soils studied, the differentiation is first according to drainage, and thereafter according to
temperatureif the soil remainswell drained. No effect of rainfall regime on soil organic matter contentswas
observed in the study of Volkoff and Cerri (1988).

5.3.4 Effects of soil structure

The higher stability of soil aggregatesin pasture soils as compared to arable soil sreflectsthe effect of higher
levels of indigenous organic matter in producing more stable aggregates (Swift, 1991). The physical
protection of organic matter in soil varies with the degree of aggregation of the soil particles (soil structure)
and the clay mineralogy (Sorensen, 1975; Mendoca et al., 1991 and many others). Organic substancesin
aggregatescanincreasethe cohesion of clay fractionsthrough H-bridges, covalent linkages, physical linkages
by Van der Waal'sforces, and complexation with metallicions. Volkoff et al. (1984), for example, explained
organic carbon accumulation by the formation of organo-mineral complexes stable with aluminium. Part of
the humified organic matter in clayey Oxisols may be locked-up in organo-Fe complexes (Santos et al.,
1989). The organic material in interlayer-clay complexesisresistant to H,O, (peroxide) and pyrophosphate
extraction, and thermally stable up to 400 °C (Theng et al., 1986).

Encrustation of plant debris is an important feature of many stable aggregates and a magjor mechanism
responsiblefor protecting the enclosed plant debris (Waters and Oades, 1991). Cell walls, humified hyphage,
and other decomposed organic materials, easily identified in large pore spaces, areimportant in binding the
clay particlesin micro-aggregates of some Oxisols (Santos et al., 1989). The positive effect of soil organic
matter in forming and stabilizing soil aggregates is not caused by the soil organic matter as awhole but to
specific components. Thepolysaccharidesand soil humic substancesareparticul arly important in thisrespect
(Swift, 1991). Tisdall and Oades(1980) proposed ahierarchical conceptual model for soil aggregatestructure
inwhich various binding agents operate at different stagesin the structural organization of aggregates. They
grouped the organic binding agentsinto 3 functional groups: a) transient binding agents, consisting mainly
of polysaccharides, which are readily decomposed by microorganisms; b) temporary binding agents such as
thin rootsand fungal hyphae; and c) persistent organic binding agents such asresi stant aromatic components
associated with polyvalent metal cations, and strongly sorbed polymers. Several subsequent and independent
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studies have confirmed that the nature and stability of organic matter in aggregates may changewith thesize
of the aggregates. M acro-aggregates of Red-Y ellow latosols, for instance, contain morefulvic acidsand less
humic acidsthanthemicro-aggregates(Mendocaet al., 1991). Inan Australian krasnozem, the organic matter
within micro-aggregates (< 0.2 mm) contained up to 32 % more‘old’ carbon than the remaining soil material
83yearsafter conversionfromforest to pasture (Skjemstad et al ., 1990). Van Veen and Paul (1981) observed
soil organic matter isstrongly complexed by inorganic colloidsin so-called ‘water-stable’ aggregates, inthat
it is oxidized with more difficulty by H,O, than the organic matter of aggregates with low water stability.
Similarly, Mendonca et al. (1991) found that the resistance of organic matter to oxidation is related to the
soil structure, changing between the classes of aggregates (i.e., > 4, 4-2, 2-0.2 and 0.2-0.05 mm) and depth
(sensu Al and A3 horizons). The quantities of organic matter, Fe, Al, P and humic substances also varied
between classes of aggregates and were influenced by soil cultivation. The macro- and micro-aggregates
differed in organic matter-Fe complexation, which was shown to be influenced by the kind of organic matter
present (Mendoca et al., 1991).

The calculated turnover ratesfor organic matter inthe‘heavy’ soil fraction (> 1.6 gcm®) fromthe0-7.5, 7.5-
15 and 60-80 cm depth zone of akrasnozem soil was 60, 75 and 276 years, respectively, whileit was 75, 108
and 348 years for organic matter within micro-aggregates from the same horizons (Skjemstad et al., 1990).
Martin et al. (1990) found the turnover of organic carbon of coarse debris (> 250um) was greater than the
mineralization of the clay-associated fractions (< 20pum). Similarly, Elliot (1986), with reference to wet-
sieved aggregates, suggested that C substrate availability to organisms increases with increasing aggregate
size. Alternatively, Piccolo and Mbagwu (1990) observed a close relationship between aggregate stability
and presence of high molecular humic substances (from pig slurry, cattle slurry and sewage surry). Waters
and Oades (1991) used scanning €l ectron microscopy to confirm soil aggregatesare not random assemblages
of smaller particles, but that soil particles are stabilized in increasingly larger units by different organic
binding agents.

Van Veen and Kuikman (1990) recently discussed the importance of spatial arrangement in soil on the
availability of substrates to microorganisms. Upon cultivation the soil structure is disrupted and the
aggregates are broken apart as a result of which alarger surface areais exposed to microbia attack (e.g.,
Waters and Oades, 1991). Disruption of soils results in an increase in mineralization of both carbon and
nitrogen, and it apparently reduces the protection of part of the originally physically protected soil organic
matter against microbia attack (Gregorich et al., 1989).

5.3.5 Effects of texture

In many studiesthe content of organic matter in soil has been shown to berelated to thetextural composition.
The genera pattern appearsto bethat organic carbon isbetter protected from decompositionin finetextured
(clayey) soils than in coarse-textured (sandy) soils (Kononova, 1966; Korteleven, 1963; Dabin, 1980;
Schimel et al., 1985 a, b; Spain et al., 1983; Feller, 1991; many others), athough clay mineralogy and soil
structure are also of importancein thisrespect (Sections5.3.3 and 5.3.4). Thelow physical protection of soil
organic matter in sandy savanna soilsfrom Coéte d'lvoire, for instance, has been attributed to the low (5-6 %)
clay content of mainly kaolinite minerals (Martin et al., 1990). Korteleven (1963) attributed the lower
mineralization of soil organic matter in clay soils, ascompared to sandy soils, to aphysical protection of soil
organic matter and microbial biomass.
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The C and N contents are correlated with the size of the silt and clay fractions (r=0.92 and r=0.91,
respectively) in virgin soils of the semi-arid pampas, Argentina. These correlations disappear upon achange
in land use to agricultural management and pasture (Buschiazzo et al., 1991). Bauer and Black (1981)
reported more pronounced losses of both C and N in sandy soils than in medium to fine textured soils.
Alternatively, over al-2 year period, soil texture had relatively littleinfluence on the decay of organic matter
inthe soils studied by Ayanabaand Jenkinson (1990). A relative enrichment in organic carbon was observed
only in the fine silt and clay fractions in the long-term experiment described by Houot et al. (1991).
Incorporation of straw into soil often maintainsahigh carbon content in the coarse fraction (Christensen and
Sorensen, 1985; Houot et al., 1991).

Feller (1991) studied therelative variation of soil organic matter within different sizefractionsasinfluenced
by three cropping systems (i.e., clearing-cultivation succession; cultivation-fallow/pasture succession;
cultivation plus organic amendments). For coarse textured soils, the main variations (plus or minus) in
relation to the different cropping systems concerned mainly the ‘plant debris’ (> 20 um) followed by the
‘organo-silt’ (2-20 um) fraction, but the* organo-clay’ (0-2 um) fraction waslittle affected. For finetextured
soils, the main variations (+ or -) concerned the ‘ plant debris' and the ‘ organo-clay’ fractions. With respect
to soil organic matter dynamicsand biochemical processestheresultsof Feller (1991) indicatethe major role
of plant debrisin sandy soils, and the importance of the ‘ organo-clay’ compartment in clayey soils.

The ‘protection’ of organic matter by clay minerals has been considered in models. Verberne et al. (1990),
for instance, divide the *active’ organic matter into a physicaly protected component (POM) and a non-
protected component (NOM) as afunction of the clay + silt content, using a higher degree of protection for
fine textured soils. Thelabile fraction, which includes root exudates and products of the microbial activity,
was alocated to the fine clay fraction and the latter to the coarse clay fraction. Anderson and Paul (1984),
however, found both labile and stahilized organic matter in the clay fraction. Similarly, Bonde (1991) found
active, slow and passive soil organic matter waspresentinall particle-sizeclasses, butinvarying proportions.
Balesdent et al. (1988) observed the clay fraction included both the most stable C, and some labile C,
whereas clay associated with fine silt had aturnover that suggested slow replacement of the whole fraction.
These findings suggest that mechanical separation of particle-size classes and subsequent analysis of soil
organic matter content may not be sufficient to estimatetheactive, dow and passivefractions. Thismay make
it difficult to determine soil organic matter fractions, as needed for models, through physical separation alone
(Bonde, 1991).

Feller et al. (1991) used the sonic vibration and sodic resins method to study the distribution of organic C
in 19 tropical soils. The mean C/N quotient of the 0-2 um, 2-20 pm and 20-2000 um fraction were 10.5 +

1.5,16.5+ 3.2 and 20.8 + 4.4, respectively, decreasing from the coarse to the fine fractions. No significant
differencesin C/N quotient were found for the 0-0.2 and 0.2-2.0 um fractions (clay). The C/N quotient of
the2-20 umfractionisconsidered indicativefor the presence of organic debris. Inrelativetermsthe 20-2000,
2-20 and 0-2 pm fractions represented 25, 26 and 47 % of the total C in the soils under consideration.
Balesdent et al. (1991) found the organic C concentration in coarse clay was aways higher than for the fine
clay fraction; regressions of the quantities of organic C in the clay fractions versus the respective mass of
these fractions yielded slopes of 32+ 9 mg C g* coarseclay (0.2-2 um) and 13+ 5mg C g™ fineclay (< 0.2
pm). Similarly, Feller et al. (1991) observed that the organic C content of coarse clay fractions was
significantly higher than the organic C content of thefine clay fraction. A possible explanation for the above
phenomenon has not yet been proposed by the respective researchers.
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Schnitzer et al. (1988) studied the organic matter associated with the fine clay fraction separated from the
Ae horizon of a Typic Haplorthod. About half of the clay-associated organic matter consisted of humic
materials; the other half was composed mainly of long chain aliphatics. The study indicated that long-chain
aliphatics have low mobilitiesin soilsand that it isfulvic acid that is capable of penetrating clay interlayers.
Schnitzer et al. (1988) postulate that if aliphatics are present in clay interlayers, they have most likely been
transported there by fulvic acids or other humic materials within which they are captured and that act as
vehicles for the transport of hydrophobic materials within soil profiles.

Nelson et al. (1991) studied the relationship between soil properties and dissolved organic carbon (DOC)
in Australian streams. The concentration of DOC in these streams was shown to depend on the clay content
of the soilsin the catchment area and the flow path of water through the soils. Some of the organic carbon
transported by riverswill be deposited in alluvial or marine deposits or be degraded in the sea.

5.3.6 Effectsof organisms

Ladd (1986) reviewed methods for following the turnover of organic matter in soils, and stressed the need
for describing more precisely the key role of biota. The main role of organic carbon in soilsisto function as
an energy source, electron donor and to provide organisms with the carbon needed for growt. Beauchamp
et al. (1989) reviewed theimportance of carbon sources for microbes, with special referenceto denitrifiers.
Selected examples of how different organisms may affect the decomposition of organic matter in soil are
presented below. Tinker and Ineson (1991) discuss possible effects of climate change upon the micro-
organism species involved in the decomposition of organic matter.

Beck's (1989) measurement of microbial biomass and activity in a beech forest showed the role of
saprophagous soil faunain decomposing litter consisted in controlling the resource utilization by fungi. The
soil fauna caused hyphal growth to utilize the litter asthe primary food resource, whereasin the absence of
soil faunafungi consumed their own decaying hyphal mass. In the study under consideration the main role
of soil fauna consisted in controlling the kind and speed of litter decomposition by interaction with the
microflora, especially by controlling microfloral growth.

Interactionsbetween different typesof organismsareal so possible. Bacterial feeding nematodes, for instance,
affect the decomposition of organic matter in variousways (Freckman, 1988): a) by feeding on microbesand
regulating therate at which organic compounds are degraded into inorgani ¢ forms; b) by dispersing microbes
throughout the soil and water; ) by feeding on saprophytic and plant pathogenic bacteria, and by influencing
the composition of the microbial community; d) by serving as prey and a source of nutrient for fauna and
microflora, such as soil nematophagous fungi; and €) by affecting the distribution and function of plant
symbionts.

Absence of soil animals and restricted microbia decomposition in an acid soil was responsible for the
formation of mor type humus (Hopkins et al., 1990). In case of mull soils under beech forest, a greater
number of species, greater faunal biomass (~ 15 g dry massm2), dominance of macrofaunaand microfauna,
and agreater trophic diversity with a preponderance of saprophagous animals has been reported (Schaeffer
and Schauermann, 1990). Alternatively, moder soils under beech forests have a smaller number of species,
smaller faunal biomass (= 5gdry massm) and more mesofaunal microphytophagousanimals. Mull forming
fauna penetrate deeper into soil than moder forming soil fauna (Schaefer and Schauermann, 1990).
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Therapid turnover of soil organic matter in especially the upper 10 cm of savanna soils from Céte d'lvoire
has been attributed to the intense activity of earthwormsin thislayer (Martin et al., 1990). Differences exist
between various earthworm species. Lumbricus rubellus, for instance, stimulated microbial respiration by
15% inaconiferousforest soil whereas Denrobaena octaedra, stimulated it only dightly (Haimi and Hutha,
1990). Alternatively, termitesplay amajor rolein decomposing litter in savannas. |n semi-arid bushland from
Northern Kenya, they consumed 50 % of the grass litter and 4 % of the woody litter from the original plant
litter substrates. The termites were estimated to consume about 298 g m of litter per year, corresponding
with about 61 % of the estimated annual net primary production (Bagine, 1989). Additionaly, termites are
an important source of methane (see Chapter 3).

Respiration by the fauna responsible for decomposition causes a net increase in CO, levels in the soil
rhizosphere. Asaresult the concentration of CO, dissolved in soil solution may increase (H,O + CO, -->H*
+ HCOy;). Upon reaching open-water surfaces, the CO, dissolved in agueous solution will equilibrate with
the atmospheric CO, levels; the surplus of CO, will be released to the atmosphere by degassing. Draining
of waterlogged areas to improve timber production can lead to increased CO, emissions (Eriksson, 1991).
Alternatively, in case of peat soils, drainage may also increase the oxidation rate releasing an additional
amount of CO,.

5.3.7 Effectsof vegetation

V egetation isthe main source of organic matter input into soil. In forest ecosystems most of the fresh organic
residues are in the litter layer, but under pasture they are predominantly in the dense root mats. Both the
quantity, nature, and spatial distribution of these fresh organic residues may have an effect on organic matter
in soil. Different results have been reported in different studies.

Different rates of decomposition were recorded for different components of vascular plantsin a Georgian
wetland (Moran et al., 1989). Additionally, changesin rates of decomposition of each component changed
over time, so that the specific rate of decay of each fraction decreased as decomposition proceeded. The
kinetics of decomposition were best described by adecaying coefficient model which treats plant detritus as
asingle component but allows for a decreasing specific decomposition rate as material ages (Moran et al.,
1989). This model accommodates changes in quality of plant detritus which result from the preferential
decomposition of more labile components (e.g., non-lignocellulose material and holocellulose) and the
relative accumulation of more refractory components (e.g., lignin) observed with time. Bosatta and Agren
(1991) aso consider initia litter quality as a parameter in distinguishing different organic materials.
Jenkinson et al. (1991) use different ‘decomposable plant material’ over ‘resistant plant materia’
(DPM/RPM) ratios for forests (0.25), tropica woodland and savanna (0.43), deserts, tundra and cool
temperature steppe (0.5), and for cultivated land and temperate thorn steppe (0.67) in the ROTHAMSTED
model.

Hopkins et al. (1988) observed no significant effects of grass species on the turnover of organic matter in
some grassland soils. Similarly, Krosshavn et al. (1990) found no correlation between the vegetational
background and chemical structure of terrestrial humus. Changes in amounts and nature of photosynthates
added to freely drained soils will not change the composition of the organic matter; the latter is controlled
by the microbial biomassand interactions of the biomass and its decomposition productswith the soil matrix
(Oadeset al., 1988). Conversely, other studiesshow how the chemical composition of plant debrisinfluences
therate of decomposition of organic matter in soil. Weakly acidic to neutral pH valuesfor organic materias
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stimulated soil respiration under sprucewhilealow pH value (< 2.1) inhibited it (Wilhelmi and Rothe, 1990).
Besides the pH, the relative proportions of compounds such as cellulose, hemicellulose and lignin are
important inthat they determinetherecal citrance of organic material to breakdown (Alexander, 1977; Moran
et al., 1989). The degree of recalcitrance of certain of these components can be modified by the drainage
conditions, the effect increasing with anaerobiosis (see Colberg, 1988).

In the modelling study of Pastor and Post (1986) patterns of soil organic matter are related to differencesin
initial organic matter level sand differencesbetween successiona species, especially intheamountsof woody
litter produced (Aspen and Pin cherry). Decomposition of young Calluna vulgaris was shown to be slower
than that of young grass material; in this case the plant species affected organic matter accumulation
(Hopkins et al., 1988). The rate of litter decomposition was inversely related to lignin content and the
lignin/N ratio of litter in astudy comprising amixed terrafirmaforest, atall Amazonian catinga and alow
bana (campina) forest on podzolized sands (Cuevas and Medina, 1988). Alternatively, Cepeda-Pizarro and
Whitford (1990) observed differences between decomposition of litter fromthelocally dominant speciesand
Creosote bush leaf litter in some instances, but these differences could not be attributed to differencesin
lignin content nor C/N ratio.

The regeneration form of certain plants such as Protea has an influence on the *root:shoot’ ratio (Smith and
Higgins, 1990), and thereby on soil organic matter evolution. Eragrostiscurvula pasturesweremoreeffective
in restoring the organic matter and N levels in sandy, but not in loamy soils (Haplic Phaeozems and
Kastanozems) with respect to the original undisturbed semi-arid pampas. This could be due to a better
efficiency of roots of E. curvula, as compared to the autochthonous grass species, to produce humifiable
residuesin coarse textured soilsthan in finetextured soils (Buschiazzo et al., 1991). Skjemstad et al. (1990)
observed that of two grasses, Pennisetum clandestinum gave more input of organic matter into the 7.5-15.0
cm layer of a krasnozem than Paspalum dilatatum. In the other layers considered, however, both grasses
performed equally. Schiffman and Johnson (1989) reported old field plantations of Pinus taeda store more
carbon than natural forests of P. virginiana by 42 Mg ha' (= 22 %), with most of the gain being in the
phytomass. Regeneration or succession may thusinfluence how the biomassisdistributed and later degraded
in soil. Thispoints at the importance of considering sample site vegetation and cultivation history in studies
of soil organic matter.

Growing rootsare asignificant source of readily accessible C for microbial biomassand render an additional
fraction of soil organic carbon availableto microbial utilization (Lynch, 1990). Consequently, growing plant
rootsoften have apriming effect on the breakdown of soil organic matter (Helal and Sauerbeck, 1986; Lynch,
1990). Alternatively, in ‘drier’ climates plant roots may compete for moisture with the decomposing
organisms.

Bazzaz and Williams (1991) studied changes in atmospheric CO, levels with height in a mixed deciduous
forest in New England, USA, and found the CO, concentrations in the forest may be quite different from
those in bulk air. Consequently, seedlings, saplings and mature trees may experience different CO,
environments for which they may exhibit different responses in photosynthesis, growth and water use.
Graham et al. (1990) discuss the potential effects of changed climate and elevated CO, on key ecological
processes for each level of biotic organization (i.e., the biosphere, the biome, the ecosystem, and the tree).
Patterson and Flint (1990) recently prepared areview of the possible effects of increasing atmospheric CO,
levelsand climate changefor plant communitiesin natural and managed ecosystems. Increasing atmospheric
CO, to twice ambient levels, the usua assumption in General Circulation Models (GCMs), will generally
increase biomass production athough the magnitude of growth ssimulation will vary greatly with species,
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photosynthetic pathway (more for C, and less for C, plants), growth stage, and water and nutrient status.
Weeds and other plants with broad ecological amplitudes are likely to prosper at the expense of endemic
speciesor speciesaready in marginal habitats. Thiswill have repercussionsfor theincorporation of organic
detritus in soils, the breakdown of organic matter and devel opment of new steady-state conditions for soil
organic carbon pools as the process of global climate change evolves. The study of Aerts et al. (1988), for
instance, showed Erica tetralix will probably be replaced by Molinia caerula in a wet heathland when
available nutrient levels increase as a result of atmospheric deposition of e.g. Nitrogen, which in turn will
lead to an increased flow of carbon and nutrients into the soil system. Alternatively, Wookey and Ineson
(1991) showed that redlistic concentrations of ‘ dry deposited’ SO,, awell known atmospheric pollutant, can
induce marked chemical and biological changesin forest litter. Some organic carbon may aso be deposited
with polluted rainfall, especialy in forest areas (Bartels, 1990). This again shows the need for long-term
impact studies of the formation of soil organic matter and organic carbon and nutrient cycling, particularly
in forest ecosystems prone to atmospheric pollution.

5.3.8 Effectsof land use changes or succession
Introduction

Over long periods of time carbon storagein soilscan vary asaresult of climatic-, geologic- and soil- changes,
while over short time periods vegetation disturbances or succession, and land use conversion mainly affect
storage (Zinke et al., 1986). Upon cultivation, soil carbon contents may decline because of a variety of
processes, including the removal of topsoil by mechanical clearing, disruption of aggregates and increased
oxidation of organic matter or increased accessi bility of organic matter to decomposing organisms. According
to Buringh (1984), the estimated average |0ss of soil carbon after conversion of forest to cropland is 48 per
cent, of forest to grassland 28 per cent, and of forest to mixed cropland and grassland 35 % over a1l m depth
interval. Other val ues have been proposed by different researchersin view of the occurring uncertainties (see
Bouwman, 1990a). From the magnitude of the above changes it is apparent that changes from forest to
agricultural use especially will have a marked effect on soil C pool size and thereby CO, evolution to the
atmosphere.

There is an abundant literature quantifying C-losses associated to cultivation (Mann, 1986; Bouwman,
1990a). Of necessity, these reviews are based on data from earlier studies. Few of these investigations
consider the kind of sampling density and intensity required to revea significant changesin soil organic-C
upon a change in land use practices. Nor are they necessarily based on similar analytical procedures for
assessing soil carbon contents. Several methodological aspects of relevance to the quantification of global
carbon pools and possible changes therein are discussed in Section 5.5.4. In this part of the report selected
examples of how changes in land use or succession may influence soil organic matter pools are discussed.

Time to achieve steady state conditions

In any undisturbed soil, the organic matter content will stabilize at an equilibrium level characteristic of the
‘permanent’ soil characteristicsand land useor vegetation cover. When soil sarefirst placed under cultivation
the organic matter content usually declines. Thereafter, a prolonged period of constant management is
required to reach anew equilibrium. In thelong-term Deherain field experiment, for instance, which started
in 1875 with a wheat-sugar beat rotation to compare the effects of organic amendments and mineral
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fertilizers, soil organic matter has presently reached equilibrium and the various pools are constant (Houot
etal., 1991). It takesat |east 10-30 yearsbefore anew organic carbon equilibriumisreached in soil (Buringh,
1984). Brown and Lugo (1990) found that the time for recovery of soil C and N during succession was
similar in the three subtropical life zones under consideration, being about 40-50 yr for C and 15-20 yr for
N, respectively. They observed that the rate of recovery of soil C was more rapid in the wet and moist life
zone, whereas N seemingly recovered faster in the dry life zone (Brown and Lugo, 1990). About 30 yr was
needed for soil organic matter to be stabilized in the tidal marsh environment studied by Hsieh and Weber
(1984). The dynamics of soil organic matter evolution and turnover in soil can be studied using a range of
mathematical models (see Section 5.2.3).

Conversion of forest to arable land or pasture

Forests contain from 20 to 100 times more organic C per unit areathan agricultural land so that conversion
of forest to cropland or pasture generally reduces the amount of organic carbon on land (Houghton, 1990).
Detwiler (1986) reports that cultivation reduced the carbon content by 40 % 5 years after clearing whereas
the use of the same tropical soilsfor pasture reduced it by about 20 per cent. Generally, the carbon content
of soils used by shifting cultivators returns to the level found under primary forest about 35 years after
abandonment (Detwiler, 1986). With increasing population density, however, the length of the ‘restoration
cycle rapidly dropsbelow thisrecommended level. Onandl Indiabasis, for example, thetotal areaaffected
by shifting cultivation hasincreased by about 81 % (from 2,710 to 4,912 million ha) during the period 1956
to 1984/85. During the same time period the annua area under shifting cultivation increased from about
0.542 to 1.000 million ha (= 84 %), reflecting the severity of the problem. Kaul (1991) estimated that over
151 million tonsof forest biomass (dry weight) was burnt annually in Indiaduring the period 1985-1987, the
major contribution being from tree biomass (88 %), burning of litter (8 %) and grasses (3.5 %). This
corresponds with some 68 Tg of carbon evolved as CO,.

Sanchez et al. (1983) studied the changesin soil properties during the first 8 years after clearing of a17 yr
old secondary forest (slashed, burned, then cropsfor 8 yr  fertilization) in Peru. The rate of organic carbon
decomposition averaged 25 % during the first year and then levelled off; no significant differences due to
fertility treatment were detected during the study period.

Choné et al. (1991) studied the effects of burning and deforestation on soil organic matter in the topsoil of
two managed Oxisols in Manau (< 2 mm fraction; treatments: natural forest, before and after slash and
burning, and under pasture established for 1, 2 and 8 years). Under natural forest, the organic carbon content
reached maximal values of 28t ha® inthe 0-3 cm layer, 62 t ha® in the 3-20 cm layer, and decreased rapidly
with depth. Burning removed about 4 t ha* of organic carbon, chiefly from the 0-3 cm soil layer, but thisloss
was recovered after one year of pasture (Choné et al., 1991). Decreases of about 8t ha® after 1 year and 28
t ha® after 2 years were observed in the 3-20 cm layers, probably because the humification of grass root
residues did not balance the decomposition of pre-existing soil organic matter from natural forest. After 8
yearsof pasture, however, theinitial organic carbon content of surface soil had been almost entirely restored,
including the 3-20 cm layer. The introduction of graminaceous vegetation in succession to forest may
stimulate microorganismsduring theinitial yearsasaresult of which they also decomposeresiduesand even
humified materia from the original forest (Chonéet al., 1991). Clear-felling of tropical rainforest soils and
subsequent cropping with pastures caused an initial decrease in microbial biomass, followed by an increase
in 1-2 yr old pastures and a subsequent decrease in 8-yr old pastures (Bonde, 1991).
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Brown and Lugo (1990), in astudy encompassing mature and secondary forestsand agricultural sitesinthree
subtropical life zones of the US Virgin Islands and Puerto Rico, observed that conversion of forests to
pastureresultedinlesssoil Cand N lossthan conversion to crops. Chonéet al. (1991) observed that the entry
of new organic C derived from pasture (upon clearing of natural forest) proceeded mainly from the soil
surface, suggesting that the contribution of aerial parts of pasturewas higher than that of root depositsduring
theinitia period. After 8 yr of pasture, however, therewasagreat contribution of carbon from boththe aeria
parts and root deposits of the pasture, and soil carbon content was then again close to that observed under
natural forest.

Conversion of grassland and cropland to forest

Martinet al. (1990) studied the medium term dynamics of organic matter in sandy savannasoilsfrom Latimo,
Coéte D'lvoire, looking at the change in the **C/**C ratio induced by vegetation changes from C, to C,
photosynthetic plants. After 25 years of protection from fire, a soil previously covered by C, grassand
vegetation had been progressively colonized by C, woody plants. Although thetotal C content did not differ
markedly, 52-70 % of the original C, carbon was turned over when the vegetation cover was changed.

Schiffman and Johnson (1991) found that natural reforestation of old agricultura fields over a 50-70 yr
period increased carbon storage from about 55,000 to 185,000 kg ha* (= + 235 %). Carbon in the phytomass
accounted for 76 % of the increase, the forest floor for 13 per cent, and surface soil for 10 per cent. The
contemporary practice of converting natural P. virginiana forest to P. taeda plantations, however, yielded
only a small gain in carbon, most of which is stored in phytomass scheduled for harvesting and not in
detritus.

Conversion of natural grassland soilsto crop land

The review of Schlesinger (1986) indicates that the loss of carbon from soil profiles on cultivation is about
30 % over a20-50 yr period. Tiessen et al. (1982) studied the losses of C, N and P when three prairie soils
of different texturewere cultivated. Inthisstudy, the concentrations of organic carbon were reduced to about
35%inclay and silt soilsafter 60 to 70 years of cultivation. Reductionsin N concentrationsranged from 18
to 34 % and were influenced by the presence or absence of leguminous crops. Phosphorus losses were
reduced by 12 per cent, al of which were accounted for by losses from the organic fraction. During asimilar
period of cultivation a lighter sandy soil had greater losses of C, N and P of 46, 46 and 29 per cent,
respectively, with P losses occurring both in the organic and inorganic fractions. The average soil organic
matter content under Dutch grasslands was shown to be 2 to 5 times higher than that of ‘cropland’ and to
increase with clay and silt content (Korteleven, 1963).

Annual tillagein an experiment changed the dominant plant species from grassesto annual herbs as aresult
of which carbon storagein the surface 15 cm of soil was reduced by 24 % (679 g C m?), 76 % of which was
dueto areductionin root biomass (Richter et al., 1990). Relatively small changeswerefound in mineral soil
organic C fromannudl tillage, i.e., about 1 mg C g™ soil (Richter et al., 1990). Bauer and Black (1981) found
that average organic C and total N contents were significantly higher under wheat stubble mulch than
conventional tillage management.
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Under irrigation the pool size of organic carbon in soils of arid regions will tend to increase. The potential
for changes in the storage of inorganic carbon in soil carbonates when arid lands are irrigated has been
discussed by Schlesinger (1986 p. 206). Generdly, irrigation will result in dissolution of a part of the
carbonates present. Nettleton et al. (1990) provide afull discussion of the occurrence of calcium carbonate
in soils.

Effects of cultivation upon the distribution of organic matter in arable land

In along-term experiment, addition of lower organic inputs (roots, crop residues, farmyard manure) caused
the total soil organic carbon to decrease, and this mostly associated with the silt and clay fractions (Houot
etal., 1991). Inthelong-term study of Hang et al. (1988) cultivation caused arelative shift of organic matter
from the sand and the silt fractions towards the fine clay fractionsin lowa soils with similar climate, parent
material, timeand ope. Two yearsof growing Digitaria decumbensinaV ertisol from Martinique markedly
increased the C and N contents; fractionation of the organic matter indicated that this increase occurred
mainly in the >50 pum fraction (plant residues) and < 5 pm fraction (organo-mineral) (Chotte, 1988).
Similarly, Feller (1988) observed thefractionsmost affected by different cropping systems(grassland, fallow
and crop rotation) on selected Vertisols and Ferallitic soils mainly were the 5-200 um (plant residues) and
organo-mineral (< 5 pm) fractions.

The effects of land use on soil carbon content generally become negligible somewhere between a depth of
10-60 cm, thewiderange being attributed to differencesinlifezones, soil typeandland use (Detwil er, 1986).
Other studies have presented evidence for loss of soil carbon during cultivation up to a soil depth of 50 to
100 cm (Brown and Lugo, 1990). Mann (1985) reported an average 40 % differencein carbon concentration
(0-15 cm) between al cultivated and uncultivated loess derived Alfisols and Mollisols in a study of the
changesin soil carbon following cultivation. The carbon content of the total profile datawas 28 % lower in
cultivated as compared to the uncultivated Udalfs studied, and 11 % greater in cultivated ver susuncultivated
Udolls (only one soil series). After 60 years of cultivation, total soil organic C, N, and P had declined by 55-
63 % in the surface 15 cm in the study of Bowman et al. (1990), with about half of thisloss occurring inthe
first 3 years of cultivation. In comparison the labile fractions of the organic C and N declined by 67-75 %
after 60 years, but over 80 % of thelabile C lossand more than 60 % of thelabile N loss occurred during the
first 3 years of cultivation. Half of the total P decline came from the organic pool, representing about a 60
% decrease in the organic P levelsin the first 3 years.

The organic matter content in soil can aso increase under cultivation, provided large amounts of organic
material of good quality are added. An extreme example are the Anthropogenic soils which have received
large amounts of farm-refuse over a prolonged period of time. As an example, the ‘ Terra Preto do Indios
in Brazil may be cited (Sombroek, 1966). Similarly, soils of the Rothamsted Classical experiments, which
havereceived 35t ha farm yard manure (FY M) each year sincetheir start in the 1840s and 1850s, now have
about 3.5% C comparedto 1% Cinitialy (Johnston, 1991). Between, 1942-1967 annual applicationsof 37.5
t ha' of FYM to the sand loam at Woburn increased organic carbon from 0.87 to 1.64 % C; doubling the
FYM input gave an increase to 2.26 % C. The soil humus content began to decline rapidly when the FYM
treatment wasno longer applied; inthefirst 5 years, soilswhich had received the single and double FY M lost
0.17 and 0.41 % C, respectively (Johnston, 1991).
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Effects of forest harvesting

Activity of logging machinery in the study of Johnson et al. (1991) resulted in the redistribution of organic
matter within the solum; the thickness of the O horizon decreased while the O horizon mass and organic
matter content increased (from 8.7-12.2 kg m and from 5.4-5.7 kg m?, respectively). Onefourth of the post-
harvest soilsexhibited an Ap horizon which was not present prior to harvesting, and was made up of material
from the O, E and Bh horizons. Compaction during logging resulted in a5-15 % increased bulk density in
the upper 20 cm of the minera soil (This means that use of uniform soil sampling intervals for studying
changesin soil C may not betruly indicative of carbon changesin caseswherethe bulk density has changed).
The total pool of organic C in the solum did not change following harvesting. Losses of organic matter via
streamwater and respiration were approximately balanced by inputs from decaying roots and leaf litter
(Johnson et al., 1991).

Huntington and Ryan (1990) quantitatively assessed the C and N pool sbeforeand after whole-tree harvesting
(Oresp. 3yr after) ina65 yr old second growth northern broadl eaf forest at Hubbard Brook. The aim of the
study wasto assesswhether cutting would reduce or redistributethe C and N pool swithin soil compartments.
L ogging operationsresulted inimmediate disturbance which displaced or buried theoriginal forest floor over
24 % of thewatershed. Mechanical disturbance contributed to anincreasein variability of soil N and C pool-
size estimates, and made it more difficult to distinguish forest-floor/mineral soil boundary in the field.

Five main processes essentially explain changes in organic matter pools, bulk density and horizonation
following whole tree harvesting (Johnson et al., 1991):

a) leaching loss of organic matter from the solum to streams;

b)  respiration;

) decay of root biomass,

d)  physical disturbance and mixing induced by logging machinery; and

e)  accelerated decomposition and translocation of organic matter from the O horizon to the upper

mineral soil.

Effects of fire/burning

Inherently, theintensity of firewill berelated to the nature and amount of biomassburned aswell asmoisture
and wind conditions. Zinke et al. (1978) observed that during afire temperature may surpass 600 °C at 1-2
cm above the soil, whereas at a depth of 3 cm soil temperature did not surpass 70 °C except under
concentrated piles of fuel (cited in Detwiler, 1986). Ghuman and La (1989) measured soil temperature at
several depthsfollowing biomassburning in windrowsfollowing clearing of aprimary rainforest in southern
Nigeria. During burning the maximum soil temperaturesrose to 218, 150, 104 and 70°C at 1, 5, 10, and 20
cm depths, respectively.

No general tendencies can be identified for fire-induced changes in the content and composition of organic
matter in soil. The processesfor theincorporation and denaturalization of the humic fraction greatly depend
on the soil geochemistry, aswell as on such external factors asthe type of vegetation and morphology of the
soil epipedon (Almendos et al., 1990). Burning clearly affected the content of organic carbon inthe 0-3 cm
layer in the study of Choné et al. (1991). Hernani et al. (1987a), however, observed the total organic C
content above and below a depth of 4 cm did not decrease significantly as a result of burning. Similarly,
Greeneet al. (1990) found no significant effect of fire‘treatments’ on thetotal organic carbon content of the
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0-1 cm layer in a semi-arid eucalypt woodland. The fire reduced the percentage of water-stable aggregates
(> 2mm), but increased the percentage of aggregates (< 0.25 mm) inthe 0-1 cm layer relative to the unburnt
control (Greene et al., 1990). Aswas indicated earlier, part of the biomass consumed by fire may remainin
soil as recacitrant charcoal (Skjemstad et al., 1990). Slow burning of standing trees is aso a possible
mechanism for producing ‘wood-ash stone’, composed mainly of calcite, in nutrient poor acidic soil parent
materials (Humphrey et al., 1987).

Joneset al. (1990) studied how soil organic matter and biological factorsrespond to burning regime. Surface
soils (0-15 cm) were sampled from plots burned annually, biennialy and triennially in winter, aswell asin
plots protected from fire for 34 years. The organic C content was 25 % higher in the protected plot than in
the burned plots, where there was a gradual decrease in carbon with increasing fire frequency. Total N
followed the same trend, as did the N mineraization potential. Nitrogen mineralization showed a much
greater sensitivity than total N to burning frequency. Burning may severely reduce the amount of microbial
biomass present in the surfacelayer (Cerri et al., 1985). Joneset al. (1990), for instance, observed microbial
biomass was double on their unburned plot relative to the burned plots (0.008 % as compared to 0.004 %).
Santos and Grisi (1979) observed that while the microbia activity under undisturbed tropical rain forest
decreased with soil depth, it increased with soil depth in burned areas, reflecting the possible effect of
burning on soil fertility and soil dynamics.

Burning of vegetation often has a short-term positive effect on soil biological processes. It can cause the
release of nutrients by direct oxidation during the fire, and often leads to an increase in temperature due to
removal of shading and blackening of the surface. Burning also may cause anincreasein surface pH through
the formation of oxides of bases and an increase in moisture content of the surface soil because of cessation
of transpiration, so that microbial activity increases (Post, 1990).

The flaming stage of biomass burning produces higher oxidized products, while methaneis mainly formed
during smouldering combustion (Lobert et al., 1990; Kuhlbusch et al., 1990). The CO/CO, emission ratio
isas agood indicator for the extent of smouldering combustion. Post (1990 p. 20) expressed the ratio of
CH,/CO, emission resulting from biomass burning as a function of the temperature index CO,/CO with Y
= aXP". Inthisexpression Y isthe CH,/CO, ratio, X the molar CO,/CO ratio with a= 0.1187 and b= -1.17
fitted by the least squares technique.

Effects of fire and/or drainagein peatlands

In case of peatlands, the intensity of fire and the amount of organic matter that is oxidized depend not only
on current weather but also on the antecedent weather and its effect on the water table (Post, 1990). Large
reserves of carbon exist in soilsand peats of the boreal and tundraecosystemswhich are estimated to contain
350 Pg C (Post et al., 1985). Estimates of peat stored in bogs range from 180 Pg to 280 Pg C (Gorham,
1988). These ecosystems are thought to be small net sinks of atmospheric carbon (= 0.1-0.3 Pg C yr?) since
the last glacial retreat (Miller, 1981; Gorham, 1988), reflecting the imbalance of organic matter production
over decomposition. Alternatively, Kling et al. (1991) observethat the above estimates of the carbon balance
areonly for the ‘terrestrial’ part of the ecosystems. Their measurements of the partial CO, pressure (pCO,)
in 20 aquatic ecosystems across arctic Alaska, in most cases, showed that CO, was released to the
atmosphere. This CO, probably originated in terrestrial environments; erosion of particulate carbon plus
ground water transport of dissolved carbon from tundra soils contribute to the CO, flux from surface water
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to the atmosphere. If this system is representative for that of other tundra areas, Kling et al. (1991) believe
current estimates of the arctic terrestrial sink for atmospheric CO, may be 20 % too high.

Del auneet al. (1990) model led the processesgoverning marsh formation. Dueto natural accretion, Histosols
may absorb about 0.2 Pg C yr* (Buringh, 1984). This value was obtained by assuming an average accretion
of 0.5to 1 mmyr?, an average bulk density of 0.25 g cm® and an average carbon content of 50 per cent, in
conjunction with the extent of Histosolsdelineated onthe FAO/Unesco soil map. Thistypeof estimate could
be refined on a geo-referenced basis using the future WISE data base.

The net release of CO, from wetlands upon drainage amountsto 0.15-0.18 Pg C yr* according to Armentao
and Menges (1986). According to Schlesinger (1986) drainage and cultivation may release 0.03 Pg C yr*
from organic soils of the world, transforming peatlands areas from a sink to a source of atmospheric CO.,.
Additional releases of about 1.6 to 3.1 Pg C yr of CO, and somewhat greater than 0.22 Pg C yr* of CH, to
the atmosphere may occur asaresult of the climate change scenarios modelled by Post (1990). Thesefigures
reflect the potential significance of climate change impacts, particularly from the boreal and tundraregions
(Post, 1990; Malmer, 1992).

Carbon losses associated with erosion

The importance of organic matter in protecting soils from water and wind erosion is well known. Organic
matter essentially affects the soil's susceptibility towards ‘on site’ erosion, as opposed to ‘ off-site erosion’,
through its effectson surface aggregate stability, surface sealing and crusting, and soil porosity (see Gabriels
and Michiels, 1991). As water erosion sorts soil particles by size and weight, the smallest and lightest
particles are moved furthest. Sincethese arethe ‘ active' fractionsfrom abiological point of view, itislikely
that superficial organic material sindepositional areasareeasily decomposable(Voroney et al., 1981; Tiessen
and Stewart, 1983; Anderson et al., 1981).

Voroney et al. (1981) modelled soil organic C dynamics and found that organic C levels decreased rapidly
when water erosion was included as an output of the model. Similarly, Tiessen et al. (1982) reported that
organic matter levelsin untilled grasslands continued to decline after 90 years because of erosion. Erosion
caused an extraloss of organic C of at least 7 per cent after a 100 year cultivation period in the simulation
study of Bouwman (1990c). Erosion runoff experiments in Ontario have shown that 20 yr of continuous
maize production has caused soil organic matter content to decrease by up to 20 per cent (V oroney, 1988).

Sel ected studies of organic C losses associated with erosion illustrate the possible magnitude of the problem.
In Western Nigeria, C losses from bare-fallow Alfisol plotswith slopesof 1, 5, and 10 % varied from 54 to
3080 kg ha™ (Lal as cited by Gabriels and Michiels, 1991). Hernani et al. (1987b) studied C losses from
Yellow Latosol (Ultic Haplorthox) plotswith a 14 % slope. The annual losses of organic matter varied with
management practices, amounting to 497, 32, 7.2 kg ha* for ‘ total clearing by bulldozer’, ‘total burning’, ‘all
forest material left on site (mounding)’ as compared to only 0.9 kg ha* for the intact forest plots. Using
rainfall simulators, Lowrance and Williams (1988) found that continuous fallow plots had significantly
higher C concentrations in runoff and higher sediment concentrations. The highest C content measured in
runoff was 5.83 % from a four-row peanut plot. Total loads of C and sediment and total runoff were about
twice as high asfor their bare bedded plots. About 1 % of the total soil C, from the 0-29 cm zone, could be
moved annually from the continuous fallow plotsin the experiment of Lowrance and Williams (1988). The
total amount of C transported depended on surface runoff, and the C content of the eroded sediments was
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related to the crop residue cover (Lowrance and Williams, 1988). Bouwman (1990a) calculated a possible
Clossof 0.15t0 0.30 ton C ha' by assuming atotal soil lossintherange5-10t ha® and average soil organic
carbon content of 3 % in the eroded materials.

Assessing changesin soil organic matter following succession with the D**C technique?

Plants differ in their capability to take up atmospheric CO, during the process of photosynthesis (Smith and
Epstein, 1971; Bazzaz and Fajer, 1991). Plants with a Calvin cycle (abbreviated as C, plants) are more
discriminative against the natural radioisotope **C than those with aHatch-Slack cycle (C,). This meansthat
changes in climax vegetation from either C, to C, plants or from C, to C, plants provide a natural labelling
of organic matter. Many researchershave used radi oi sotopic | abel ling to study the dynami csof organic matter
incorporation into soil, both in time and with depth. For instance, where forest is cleared to grassland (i.e.,
C, to C, vegetation; Cerri et al., 1985; Balesdent et al., 1977; Bonde, 1991; Choné et al., 1991; Skjemstad
et al., 1990) or where a climax grassland vegetation is reafforested (i.e., C, to C;; Balesdent et al., 1988;
Martin et al., 1990). Mean D®3C values of C, plants are in the order of -26 to -27 %, while thisis about -12
°/ , for C, plants (Balesdent et al., 1988; Chonéet al., 1991). Martin et al. (1990) reported mean D**C values
of -12.9t0 -15.8 %/, for savanna soils and of -27.5 to -23.5 %/, for forest soils. Lobo et al. (1988) consider
D®Cvaluesof -33.1 and -26.7 °/,, as being representative of organic matter derived from aforest vegetation.

D®C valuesof ‘ under-canopy’ leavesin atropical rain forest were always more negative than those from the
‘upper-canopy’ (i.e., -32.9 to -36.0 versus -28.8 to -32.6 °/,, respectively), and this difference varied with
the tree species. L eaves, stems and roots of the same plants show small differencesin D**C values (Medina
et al., 1986). In adult trees maximum differences in D*3C between upper-canopy leaves and bark from the
main trunk at 1.5 m height ranged from 0.7 °/,, in Micrandra sprucei to 3.1/, in Eperuara purpurea. Such
differences will be reflected in the DC of litter that falls on the ground. The *C isotopic composition of
organic matter in soil isnot constant with depth. Inthelitter layer of well drained acid soilsV olkoff and Cerri
(1988) observed a slight enrichment in **C. Two scenarios are however possible for the deeper layers
depending on whether the soil is under forest or savanna. In the case of forest there is a progressive
enrichment in *C with depth (Volkoff et al., 1978; Bondeet al., 1991), whereas under savannathe opposite
patternisobserved (Volkoff and Cerri, 1987). Bondeet al. (1991) found D**C valuesin theforest soilsunder
consideration ranged from less than -28 °/, in the topsoil to about -26 °/, in the deepest layers. Similarly,
Bertram (1985) reports alinear enrichment of **C of about 2 %/, from the soil surface down to the bottom of
the aerated layer of undisturbed forest soils from Scandinaviaand Germany. This effect has been attributed
to carbon isotope fractionation during the microbial degradation of soil organic matter. Microbes would
preferentialy ‘consume’ the isotopically lighter material, because it is energetically easier to ‘ decompose’
its bondings, so that the residual organic matter becomes enriched in **C (Bertram, 1985). The decrease in
D*C values from fresh under-canopy litter to decomposing litter and soil organic matter may also berelated
to changesin the chemical composition during the decomposition process (Medinaet al., 1986). Natel hoffer
and Fry (1988) found no evidencefor selective preservation of *C depleted litter components, such aslignin,
during long-term decomposition of organic matter in surface soils of oak forests (Quercus spp.).

Atmospheric CO, levelsvary with height within aforest which may affect photosynthesis (Bazzaz and Fgjer,
1991). Medina et al. (1986) report lower D3C values of the shade flora under atropical rain forest may
primarily result from the assimilation of CO, depleted in D*3C which originates from soil respiration; the

DYC (in %0) = 1000 %0 X [ (*C/2C) e - (*CIZCopg) 1/ (*CIC)pyg ; With PDB the standard.
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study of Medinaet al. (1986) did not specify whether the shade florawas of the C; or C, type. The D**C of
soil CO, also varies as a function of soil depth due to differences in the D*C of the organic substrate
undergoing decomposition and the mixing with CO, from the overlying atmosphere (Amundson and
Davidson, 1990).

Choné et al. (1991) studied changes in the **C/*2C ratio of soil organic matter to determine the respective
contribution of the organic carbon originating from forest (Cf) and from pasture (Cp). Oneyear after clearing
theforest, the proportion of forest derived C wasalready 5 % inthewhole 0-20 cm layer. After 2 yearsit was
20 per cent, whereas about 40 % of the C originating from forest had disappeared. After aperiod of 8 years,
the proportion of Cp was closeto 40 per cent. No further decrease of Cf was observed between 2 and 8 yr
of permanent pasture. Following forest clearing and 1 year of pasture, the variation in D**C did not exceed
1°/,. Subsequently, the D*3C value of the 0-3 cm layer increased from -23 °/, after 2 years of pasture to -
17.5 °/, after 8 yr of pasture. The D*C values in the 0-10 cm layer were -26 and -24 °/, after 2 and 8 yr
pasture, respectively (Choné et al., 1991).

A difficulty in applying the D**C technique in soil comparative studies of organic matter dynamics in a
particular soil (series) isto ensure that the ‘disturbed’ soils were similar to the reference soils at time zero
(interms of original soil carbon content between different sites under forest) (Choné et al., 1991).

Discussion

One of the conclusions that may be derived from the above review is that the amount of carbon stored in a
soil at a certain moment in time, for instance as corresponding with the time of sampling in routine soil
surveys, need not bein equilibrium depending on whether the site was under climax vegetation or recently
disturbed by management practices. In cases where commonly accepted standards have been followed
(FAO/ISRIC, 1990) little or no information will be recorded about the ‘ recent past’ land use. This may be
seen asapossible source of uncertainty when such datasetsare used in asoil database (e.g., WISE) to assess
the size of current soil carbon pools, and the anticipated changes therein upon specified changesin land use
(e.g., natural forest to crop land). Additional remarks as to possible sources of uncertainty associated with
the use of routinely collected soil carbon data are made in Section 5.5.4.

54 CO, emissions from selected terrestrial ecosystems
5.4.1 Introduction

Two mainformsof biotic processesinfluencetheevolution of carbon dioxidefrom soil: CO, rel easethrough
‘soil respiration’ (Section 5.4.2) and CO, releases essentially associated with large scale deforestation
(Section 5.4.3). The physical, chemical and biological processes regulating the production of CO, in, and
evolution of CO, from terrestrial ecosystems are highly variable in space and time. The importance of
macroclimate on soil microbial biomass and basal respiration (CO,-evolution) has been discussed by Insam
(1990). In a diffusion dominated soil, the partial pressure or concentration of CO, in the soil atmosphere
varies as a function of soil depth and is dependent on the microbia production rate and gas diffusivity
(Amundson and Davidson, 1990). Mean rates of soil respiration in different types of vegetation range from
60+ 6gCm?yrtfortundrasupto 1260 g C m2yrfor tropical moist forests (Raich and Schlesinger, 1992).
Inorganic reactions involving CO, will influence the CO, concentration in soil and natural waters. Such
processes include the natural precipitation of CO, in soils as carbonates, CO, release by irrigation with
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alkaline and CO,-rich water, the removal of CaCO, by dissolution and accumulation of HCO; asaresult of
irrigation, and the release of CO, by upwelling of CO, rich waters (Bohn, 1990; Nettleton et al., 1991).
Consequently, CO, concentrations within the soil and just above the soil-plant surface vary widely both
between and within different ecosystems. Worldwide, soil CO, concentrations vary from 0.04 to 13.0 % by
volumeinthe upper several metresof freely drained soil (Amundson and Davidson, 1990). In poorly drained
soils higher CO, levels may be anticipated as diffusion will be limited.

5.4.2 CO, evolution associated with ‘ soil respiration’
Definition

Carbon dioxide (naturally) evolved from intact soil or ‘soil respiration’ consists of CO, derived from
microbial respiration, faunal respiration, autotrophic root respiration, and in some cases abiotic oxidation of
organic matter. The contribution of soil faunato the CO, flux generally ismuch lessthan that of the microbial
population, often accounting for only afew percent of thetotal carbon mineralized. Holt (1987), for instance,
estimated C respired from a population of termite mounds (101 kg ha™ yr*) amounted to some 3 % of the
total C respired (3400 kg ha* yr%). On average from 30 to 70 % of the CO, evolved by soil respiration may
be dueto root respiration (Schlesinger, 1977), but the contribution of root respiration is difficult to measure
inthefield (Smucker and Safir, 1986). Holt et al. (1990) determined that, in an Australian tropical semi-arid
woodland, root respiration accounted for about 39 % of the CO, released by soil respiration (1500 versus
3800 kg C ha' yr?). Inthistropica area soil moisture was found to have a major effect on soil respiration,
whiletemperaturewasof lesser importance. M ost respiratory activity inthesoil wasconfined totherelatively
short wet season, with respiration rates being much lower during the dry season. Whether soil respiration
rates during the day surpass those during the night depends upon the interactive effects of temperature and
water on soil biological activity (Grahammer et al., 1991) and possibly root respiration through
photosynthesis. This example aready indicates ‘soil respiration’ related CO, evolution rates from any
particular soil will be highly variable both in space and time. A possible additional source of variability in
measured CO, fluxes resides in the method of determination adopted.

Measurement methods

Mosier (1990) reviewed the techniques available for measuring trace gas fluxes from soil. Soil respiration
is often determined by recording the efflux of CO, from the soil surface; on an annual basis this efflux will
be about equal to the soil respiration rate provided significant losses of inorganic C, for instance through
leaching or deposition, do not occur (Raich and Schlesinger, 1992). Commonly applied methods for
measuring soil respiration include the use of CO, absorbents such as NaOH, and direct measurements such
asinfrared gas analysis and gas chromatography. For additiona information on these techniques reference
is made, amongst others, to Raich et al. (1989), Shelton and Parkin (1989), Sparling and West (1990),
Sakamoito and Y oshida (1988), Rochette et al. (1991), Freijer and Bouten (1991), Gardini et al. (1991).

Raich et al. (1990) compared the‘ soda-lime’ method for measuring CO, evolutioninforest soilswith astatic
chamber technique using gas chromatography analysis of CO,-concentration changes during short-term
incubations. The CO, efflux rates were variable within sites and showed no spatial autocorrelation. Neither
werethere any consistent differences between thetwo methods, indicating that either one of the two methods
may be used over the range of mean daily CO, efflux rates encountered (1.7-11.4 gm? d™). The*soda-lime
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technique cannot give any information on diel variations in CO, effluxes. The short-term incubation
technique, however, can be used to simultaneously monitor several trace gases and to assess diel trendsin
flux rates (Raich et al., 1991).

Sakamoto and Y oshida (1988) measured in situ soil respiration rates by adynamic method in which CO, was
directly measured by an infrared gas analyzer. They observed the rate of soil respiration increased with
increasing air flow-rate. The CO, diffusion rate, however, was approximately constant regardless of the air
flow-rate and was amost equal to that under natural conditions (without achamber). Based on thesefindings
Sakamoto and Y oshida suggest that the process of mass flow by air flow contributed to soil respiration. In
a comparison with soil respiration measured with a static technique (use of alkali NaOH solution to entrap
CO,), the soil respiration rate as measured by the static method was 58 per cent of that determined by the
dynamic method at an air flow of 11 min™. The observed differencein values between the static and dynamic
method may be dueto the decreasein the rate of CO, diffusion and massflow in the static method. Sparling
and West (1990) recommended the gas chromatography method to measure soil respiration should be
restricted to soils at field capacity or below and with a pH of less than 6.5. CO, retention was shown to
increase markedly in solutions above pH 6.5.

Freijer and Bouten (1991) evaluated three widely used methods for measuring the total CO, evolution from
soil:

1)  The ‘dynamic CO, absorption method' has the potential to absorb all CO, emanating at the soil
surface, and was shown to have only a small impact on the CO, concentration-depth gradient and
the efflux of CO,. The method proved accurate, simple and of low cost, and consequently suitable
for the study of temporal and spatial dynamics of CO, evolution from soil.

2)  The‘static CO, absorption method’ was shown to underestimate the evolution of CO, from soil,
because the absorption velocity istoo low, due to slow diffusion processes,

3) The'* chamber technique' recordsincreasing CO, concentration with time under a closed cover. The
accumulation of CO,, however, atersthe gradient, does not yield the exact surface efflux, because
the effect of increasing storage in soil is not incorporated.

In view of the different measurement techniques used, a significant part of the inter-site variability in soil
respiration rates may partly be due to methodological differences. This makes the comparison and
interpretation of published soil respiration data cumbersome (Raich and Schlesinger, 1992). Mean rates of
soil respiration with different types of vegetation, as derived from an analysis of the literature by Raich and
Schlesinger (1992), are presented in Table 5.3 indicating the importance of mean annua temperature and
mean annual precipitation at the global level. Additionally, thereisaclose correlation between mean annual
NPP of different vegetation biomes and their mean annua soil respiration rates; on the average, soil
respiration rates are 24% higher than mean annual NPP. Priority areas for additional research on soil
respiration ratesarethearid, semi-arid and tropical regionsfor which there only relatively few measurements
available (Raich and Schlesinger, 1992).
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Table5.3. Meanratesof soil respirationwith different typesof vegetation (Source: Raich and Schlesinger,

1992).
Vegetation type Soil respiration n
(9C m?yr*; Mean + SE)
Tundra 60 - 6 11
Boreal forest and woodlands 322-31 16
Temperate grasslands 442 - 78 9
Temperate coniferous forests 681 - 95 23
Temperate deciduous forests* 647 - 51 29
Mediterranean woodlands and heath 713 - 88 13
Croplands, fields, etc. 544 - 80 26
Desert scrub 224 - 38 3
Tropical savannas and grasslands 629 - 53 9
Tropical dry forests 673-134 4
Tropical moist forests 1260 - 57 10
Northern bogs and mires 94-16 12
Marshes 413-76 6

Note: * = including mixed broad-leaved and needle-leaved forests. SE is the standard error,
and n the number of observations.

Soatial and temporal variability

In the following paragraphs the results of several studies of CO, evolution associated with soil respiration
are presented and the important predictor variables tentatively are identified.

Random CO, evolution measurements over the growing season of a wheat crop indicated the number of
samples required to estimate soil respiration of a one hectare areawithin 10 % (p= 0.05) of its mean value
decreased from 190 at the time of seeding to 30 at the end of the cropping season. The maximum soil
respiration during the growing season corresponded with the period of maximum growth of the maize and
wheat crops, reflecting the possibleimportance of root respiration (Rochetteet al ., 1991). Beyer (1991) found
that whilein asandy Podzol 5 replicate measurements gave adequate results of CO, flux associated with soil
respiration, with an error probability of 10 per cent, in their loamy Luvisols it was necessary to use 10
replicates to specify the same degree of difference.

Rochette et al. (1991) studied the spatial and tempora variability of soil respiration using chamber
measurements of CO, evolution on bare soil and soil under maize and wheat crops. Semi-variograms
indicated no definite structure of spatial autocorrelation on bare soil when measurements were made along
transects. The spatial variability wasfound to occur at ascale smaller than 15 cm. Under dry conditions, soil
respiration under the maize crop was significantly higher than in the interrow. When wet, soil respirationin
the interrow compacted by the tractor wheel was significantly lower than on non-compacted soil and no
significant difference was found between rows and interrows. Rochette et al. (1991) attribute these
observations to the contribution of plant rootsto soil respiration measured in dry conditions. In wetter soil,
the role of microorganisms was dominant except in the compacted interrow where a lower air-filled pore
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space caused lower respiration. Similarly, inthe study of Groffman and Tiedje (1991), CO, production rates
were positively related to air-filled pore space in well drained loams but negatively related to air filled
porosity in poorly drained loams. Doran et al. (1990), with respect to 18 US benchmark soils, found soil
respirationto beparabolically related towater filled pore space (WFPS). Maximum evol utionswere observed
for 54, 61 and 78 % WFPS, for medium to fine textured soils, coarse textured and highly weathered soils,
respectively. Lessavailable moisture or aeration in soil, which resultsin adecreased microbial activity, may
explain the ‘conserving’ effect of living roots on soil organic matter (Dormaar, 1990).

Seasonal changesin CO,-evolution rate and soil temperature were exponentially correlated in two Japanese
forest soils, with Q,, values of 1.93 and 2.33, respectively (Sakai, 1990). Naganawaet al. (1989) measured
soil respiration with portable infrared gas analyzers by measuring CO, concentration in small chambers
placed in an experimental field at Shimane University (103 plots, 1081 data). The soil respiration rate had
ageometrical mean of 11.4 mmol h* m2, with arange from about 0 to 80. In this experiment, the evolution
of CO, was strongly enhanced by temperature (r>= 0.76; Q,, = 2.2; temperature range 4 - 40 °C), and weakly
by the soil moisture level and input of organic matter. Wilhelmi and Rothe (1990) measured CO, evolution
under spruce, and found an optimal biological activity at 20-35 °C and water contents ranging from 40 to 60
per cent. Alternatively, Carlyle and Than (1988) found temperature had little effect on soil respiration at low
soil moisture levels. Maximum soil surface temperature and soil moisture content proved to be the most
reliable predictors of CO, evolution for all treatmentsin Weber's (1990) study with aspen. Rochette et al.
(1991) observed apeak in soil respiration after a2 hour rainfall event, when soil was at field capacity. Soil
respiration was 9 times higher thanitslevel prior to the shower and gradually decreased with time. Similarly,
fluxesin N,O from soil are often associated with rainfall events (see Chapter 4).

Aiken et al. (1991) measured the soil CO, efflux in awheat field at two different dates with differing soil
water contents, and soil plus vegetation CO, efflux in three grassland sites in order to characterize the
positional trend, spatial correlation and random variationinthese effluxes. Thealkali absorption method was
used to measure the CO, efflux using static chambers positioned in a3 m grid within a 18 by 18 m sguare.
Statistical analysesindicated the assumption of spatial homogeneity (first-order stationary) wasnot justified
for CO, efflux for 4 of the 5 data sets. Positional trends accounted for 16 to 48 % of the total variability in
CO, efflux in these cases. Aiken et al. (1991) detected no spatial correlation, although ignoring positional
trends may well have resulted in the opposite conclusion. Spatia structurein CO, evolution was affected by
the soil water content under wheat.

Yang et al. (1989) studied soil respiration from 4 meadows with Kobresia humilis, Dasiphora fruticosa a
shrub, Elymus mutans and forbs meadows in the Hepei alpine environment, China. Soil respiration varied
according to vegetation types and also diurnaly, with the highest soil respiration occurring during day time.
Soil respiration also decreased gradually with soil depth (depths of sampling of 0-10, 10-20, 20-40 and 40-60
cm). Under the 4 vegetation types considered, soil respiration was correlated with the number and activity
of microorganisms, the enzyme activities and soil temperature. Additionally, significant correlations were
found between soil respiration and total N, pH, CEC, organic matter, available K and hydrolysable N content
(Yang et al., 1989).

In Ontario, Weber (1990) studied the respiration of forest soils under stands of 20 yr old aspen (Populus
tremuloides and P. grandidentata) which had been subjected to cutting or burning treatments either before
or after the 1984 spring leaf-flush. Soil respiration was measured in situ as CO, evolution using the ‘ soda
lime' technique. The CO, evolution varied seasonally from a maximum of about 7000 mg CO, m? d*in
midsummer for the control, minima of just over 2000 mg CO, m? d* in spring and autumn reflecting a
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possibletemperature effect. Similarly, Insam (1990) found asignificant rel ationship between basal microbial
respiration and climate. Soilsfrom warmer climates exhibited amean basal respiration of 0.3 mg CO, g* soil
per hour as compared to 0.1 mg CO, g* soil per hour for cooler climates.

When plant residues are added to soil much of the Cisrapidly oxidized to carbon dioxide. For crop residues,
typicaly 70 % of the carbon is converted to CO, in 1 year (MacCarthy et al., 1990b). Carbon added in the
form of water-solublecompoundsthat can be assimilated by microbes, ismineralized even morerapidly, with
as much as 90 % evolved as CO, in 1 yr (Stott and Martin, 1990). Polysaccharides and proteinsin soils are
also readily mineralized in aperiod of 6 to 12 months. The remainder of this non-aromatic C isincorporated
into the soil organic matter and microbial biomass (MacCarthy et al., 1990b). Bremner et al. (1991) studied
the effects of grinding, addition of fertilizer N, and the absence of soil on C mineralization from agricultura
plant residueswith an elevated C/N ratio (wheat straw, lentil straw and lentil green manure with aC/N ratio
of 80, 36 and 9, respectively). In the initial stage the CO, evolution was much faster for the lentil green
manure than from the lentil or wheat straw, but by 98 days similar amounts of CO, had evolved from all
residuesincubated in soil with no added N. Incubation of plant residuesin the absence of soil had little effect
on CO, evolution from the lentil green manure or lentil straw, but strongly reduced CO, evolution from the
wheat straw. Grinding did not affect carbon dioxide evolution from the lentil green manure but did increase
the CO, evolution from the lentil straw without added N and from the wheat straw. The addition of N
increased the rate of CO, evolution from ground wheat straw between days 4 and 14 of the experiment but
not from unground wheat straw, and only slightly increased therate of CO, evolution from lentil straw during
theinitial decomposition. Over the study period of 98 days, theadded N reduced the amounts of CO, evolved
from both lentil and wheat straw, due to reduced rates of CO, evolution after about 17 days. Bremer et al.
(1991) attributed the lack of an N response during the early stages of decomposition to the low C/N ratio of
the soluble straw component and to microbial adaptationsto an N deficiency, while the inhibitory effect of
N on CO, evolution during the later stages of decomposition may be attributed to effects of high mineral N
concentrations on lignocel lulolytic microorganisms and enzymes.

InBrazil, Zech et al. (1990) studied the CO, evolution from Ah horizonsof a‘ TerraPretado Indios’, aman-
made ‘ kitchen-midden’ Humox, and aHaplorthox, respectively. Both soilshad similar clay + silt content and
wereformed from similar ‘ Belteraclay’ parent material. The CO, production during incubation from the Ah-
horizon of the Terra Preta was significantly lower than that of the Haplorthox even though the Ah of the
TerraPreta contained 92 g C kg™ and the Ah of the Haplorthox 30 g C kg* (Zech et al., 1990). Thisreflects
the higher stability of the soil organic matter in the Terra Preta (see also Section 5.3.4).

Based on arecent study, Raich and Schlesinger (1992) concludethat conversion of native vegetation appears
to increase soil respiration. Similarly, fertilization generally seems to increases soil respiration rates.
Additional direct measurements and comparisons of soil respiration from ‘untreated’ versus ‘treated’ sites
areneeded to fully elucidate the nature and importance of the respective controls of soil respiration. Therate
at which carbon dioxide is meitted from soil to the atmosphere is dependent on its rate of production in the
soil, soil characteristics (e.g. texture, structure, moisture content, organic carbon content), concentration
gradients between CO, in soil pore space and in the atmosphere immediatelt above the ground, as well as
wind speed.
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Soil CO, levels

It is unlikely that increased concentrations of atmospheric carbon dioxide will directly modify the CO,
concentration in the soil pores, as the latter levels are much higher than the former (IGBP, 1992 p. 65).
Kursar (1989) observed substantial microspatial variation for soil respiration and soil CO, concentrationin
a study of soil gas exchange in freely drained soils in lowland moist forest in Panama. During the rainy
season, the soil CO, levels at 40 cm below the surface amounted to 2.3-4.6 % and were shown to be
correlated with rainfall during the preceding two weeks. Temporal changesin soil CO, wererapid, largeand
displayed similar trends between sampling points. The soil CO, levelsin acid forest soils in Shenandoah
National Park, Virginia, fluctuated annually by two orders of magnitude, showing a strong correlation with
soil temperature (Castelle and Galloway, 1990). In coarse textured Nevada desert soils, soil CO, appeared
to be more dependent on temperature than moisture during the winter and spring, whereas it appeared to be
dependent on moisture in the summer and autumn (Terhune and Harden, 1991).

Dyer and Brook (1991) studied the spatial and temporal variationsin soil CO, concentration in a Georgian
temperateforest soil during the‘ non-growing’ season over the 1985-1986 period. The soil CO, levelsvaried
with soil depth, varied spatially at constant depth, and varied temporally with changing environmental
conditions. Variations with depth in the upper 140 cm of the soil were of greater magnitude than temporal
variations, and spatia differences at 30 cm depth were of lesser magnitude. Mean soil CO, content was
higher in evergreen forest (0.21 %) than in deciduous and mixed forest (0.16 %). Dyer and Brook (1991)
observed notrendsin soil CO, along hillslopesor with changesin soil texture, bulk density, moisture content,
or temperature. Higher soil CO, levelswere recorded near trees, possibly reflecting increased root densities
and/or more numerous pockets of microbia activity. At adepth of 30 cm, the mean daily temperature range
in the month before measurement and the actual evapotranspiration in the week before measurement (AET)
explained 76 % of the variation in mean soil CO, levels. In a profile, where soil CO, levels was measured
a five depths, 66 % of the variability in CO, was explained by soil depth, AET, and the average daily
temperature range in two months before measurement.

54.3 CO, evolution associated with deforestation and afforestation
Deforestation as a cause of CO, emission

For many centuries human activities associated with agricultural expansion and urbanization have caused
wide scale changes in natural ecosystems. During the last century the major component of the associated
(biogenic) carbon lossresulted mainly fromthecultivation of virgin grasslands, whilemorerecently it derives
mainly from deforestation. Tropical forest resource assessments have been prepared by FAO/UNEP (1981).
The alarming rate of current deforestation in many tropical regionsis apparent from the recent reviews of
Woodwell et al. (1983, 19844, 1986), Hall et al. (1988), Detwiler and Hall (1988), Myers (1989) and
Bouwman (1990a) amongst others. Estimations of the extent and rates of |oss of forests over the globe vary
widely, in part because of different definitions and methodologies. The importance of remote sensing in
monitoring changes in forested area has been discussed, for example, by Woodwell (19844a), Bouwman
(1990a), Estes and Consentino (1989) and Veldkamp et al. (1992).

The amount of forest remaining in the humid tropicsis now in the order of 8 million km? or roughly half of

what once existed according to bioclimatic data. Around 100,000 km? are being severely disrupted each year
by heavy logging and intensive slash-and-burn practices. About 2.5 % of the biome is being removed each
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year in terms of viable forest cover with full biomass and ecological complexity (Myers, 1989). As a
‘regional’ example, the recent deforestation history of eastern rainforest in Eastern Madagascar may be
quoted. In 1985 there remained 3.8 Mha of rain forest, corresponding with about half of the 7.6 Mha
remaining in 1950, and with about 34 % of the estimated original extent of 11.3 Mhaof rain forest in eastern
Madagascar (Green and Sussman, 1990). Current deforestation rates of 20 to 30 % per year are accepted for
the states of Amazonas, Mato Grosso, Pard and Rond6nia where most of the deforestation takes place in
Brazil (Setzer and Pereira, 1991). Thelatter deforestation and burning processesinthe Amazon region started
in the early 1970s with the officia policy to develop the region (Setzer and Pereira, 1991). This reflects
current deforestation ratesareessentially related to theever increasing land pressureand rel ated unfavourable
socio-economic conditions of the local population. Consequently, there is an urgent need for sustainable
agricultural policiesto reduce current deforestation rates in the humid tropics (Sanchez et al., 1990).

Deforestation and changes in land use during the period 1860-1984 have been estimated to cause losses of
150 + 50 Pg C (Bolin et al., 1986), with current releases being in the range 1-2 Pg C yr* (Bolin, 1986b;
Bouwman and Sombroek, 1990) to 2-5 Pg C yr* (Houghton et al., 1985; Critzen and Andreae, 1990).
Detwiler and Hall (1988) estimate the current CO, release from non-tropical forest regions anno 1980 to be
at themost 0.1 Pg C and for tropical foreststo be 0.42 - 1.60 Pg C. Of the latter amount, 0.1-0.3 Pg C were
attributed to decreasesin soil organic matter content, while decay and burning may have accounted for 0.3
to 1.3 Pg C (Detwiler and Hall, 1988). The mean annual carbon release associated with firein moist tropica
forestsisestimated to be 30 g m? yr?, in contrast to 150 g m? yr* for seasonally dry savannas and scrubland.
Firesin closed tropical and subtropical forest release about 0.5 Pg C yr, whereas for temperate forests this
issome0.1 Pg Cyr. Tropical woodlands and savannas, on average, are estimated to contribute 1.5Pg C yr*
(Olson, 1981 as quoted by Mooney et al., 1987). The preceding estimates of C loss vary amongst other in
view of the uncertaintiesin acreage deforested, type of forest removed (biomass), land uses to which these
forests are cleared, and differing definitions of biomes (see Bouwman, 1990a).

Afforestation as a possible means of sequestering atmospheric CO,

Afforestation of bare land or redundant arable land has been proposed as a good measure for (temporarily)
sequestering atmospheric CO, in growing trees and for reducing the greenhouse effect. However, there are
several arguments why this need not be so. Putting previously bare land under vegetation would lower
atmospheric carbon dioxide levels by only 1.5 ppmv for each 10 m? of land additionally covered
(Goudriaan, 1989). Alternatively, to produce annually the amount of fuelwood equivalent to the world use
of fossi| fuel-energy anno 1980 (15 Pg stemwood) would require 10 to 37 10" m? of managed forest of the
typedescribed by Houghton (1990). Wolf and Janssen (1991) modelled that a (proposed) doubling of forest
areain the Netherlands would just offset carbon losses associated with other changesin land use, and that
it would not result in additional fixation of carbon in soil. Reforestation withdraws carbon from the
atmosphere for only as long as the forests are gaining biomass; after maturity forests are approximately in
balance with respect to carbon (Houghton, 1990).

Many authors have discussed the possibility of planting treesto reduce the build-up of carbon dioxideinthe
atmosphere (Kimball et al., 1990; Grantham, 1990; Houghton, 1990; Bekkering, 1992). These studiesdo not
alwaysconsider wherethese vast areas of treescould be planted. Alternatively, Houghton (1990) considered
only those areas where trees had been grown in the past (prior to deforestation and currently not under
cropland or urban use) as being climatically and edaphically suitable for forests. In planning studies at the
global level, environmentally suitable areasfor forestry can be derived from physical land evaluation, using
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for instance %2 x %2 degree grid data bases on climate (e.g., Leemans and Cramer, 1991) and soils, combined
with generalized information on the environmental requirements of important tree species (see FAO, 1984).
The assessment must al so takeinto consideration the need for land other than asviewed from the perspective
of theglobal carbon cycle (e.g., food, fibre, timber, housing). Schlesinger (1990) observesthat asthe human
population continues to grow exponentially, contributions of potentia vegetation shifts (e.g., arableland to
forest) and the * CO,-fertilization effect’ (see Section 5.4.4) to create an enhanced carbon sink on land may
become largely academic. Alternatively, large scale changes in natural ecosystems to accommodate vast
acreages of forest may have some ‘ unanticipated’ effects. Expansion of commercial forestry in Finland, for
instance, isleading to thereplacement of most of theregion'snatural forestswith uniform plantations. I nstead
of moderating the greenhouse effect, the associated draining of vast areas of Finnish peatlands for forestry
has resulted in hugeincreasesin CO, emissions (Isomaki, 1991). Alternatively, draining of these peat areas
reduces the emission of methane, another critical greenhouse gas.

Mattson and Swank (1989) observed no statistically significant differencein CO, efflux between two types
of residue treatment on forest clear-cuts in the southern Appalachian (the logging residue was removed on
one ‘clearcut’ and left in place on the other). The CO, evolution from the clearcuts were 33 % lower than
those from the control watershed (uncut). The lower CO, effluxes from the two clearcuts were associated
with higher soil temperatures, smaller live root masses, and larger forest-floor masses. Mattson and Swank
(1988) observed no long-term changesin soil carbon poolsfollowing forest cutting and natural regeneration
(5-8yr period). Cutting of these A ppal achian forestsfollowed by regeneration doesnot seemtoresultinlarge
net transfers of carbon to the atmosphere (Mattson and Swank, 1989), contrary to what has been generally
assumed. Similarly, modelling studies by Emanuel et al. (1984) have shown that due to establishment of
ground vegetation following forest clearing the net carbon flux from the terrestria biotic system to the
atmosphere is less than the release due to clearing, in some instances.

Effects of massive forest burning on local climate; the Amazon as an example

Therepercussionsof biomassburning in Brazil's Amazon Basin during thedry season of 1987 wereanalyzed
by Setzer and Pereira (1991) using satellite imagery. As a conservative estimate 350,000 independent fires
were identified, corresponding possibly to about 20 million ha of different types of burned vegetation.
Estimates of the emissions emanating from these dry season fires, in million of tons, were 1700 for CO,, 94
for CO, 6 for total particulate matter, 9 for ozone (secondary reactions), 10 for CH,, 1 for NO, and 0.1 for
CH,CI. The emissions essentially influenced the lower troposphere, although some smoke clouds reached
up to 4 km before starting to disperse horizontally. The relevant emissions caused severe atmospheric
pollution effectson asynoptic scale, with possibleglobal implications (Setzer and Pereira, 1991). Thisaspect
isasoillustrated by the work of Shuklaet al. (1990) who coupled numerical models of global atmosphere
and biosphereto assessthe effects of Amazonian deforestation onregional and global climate. Whentropical
forests were replaced by degraded pastures, the model indicated there would be a significant increase in
surface temperature and a decrease in evapotranspiration and precipitation over the Amazon basin. The
simulation runs showed the length of the dry season would increase. This would make it difficult to re-
establish forests as potential captors of atmospheric CO, after extensive deforestation (Shuklaet al., 1990).
Additionally, clearing of primary forest for other uses often is associated with asignificant loss of nutrients.
Thismay forman additional limitation for widespread reafforestation, particularly wheretheinherent fertility
of the mineral soil islow. Under conditions of reduced nutrient supply and reduced rainfall the potential
positive effects of the enhanced atmospheric concentrations of CO, may not materialize (see Section 5.4.4).
Henderson-Sellerset al. (1988), with referenceto climate models, discussed important processes associated
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with tropical deforestation such asapossibleincreasein surface albedo, adecreasein length of the surface-
roughness, and changesin the soil properties.

5.4.4 Possible consequences of the CO,-fertilization effect

Many researchers studied how cropsrespond to a possible doubling of carbon dioxide (1dso, 1989; Cureand
Acock, 1986; Kimball et al., 1990; Lekkerkerk et al., 1990; Kuikman et al., 1991). The increase in
atmospheric CO, concentration, however, is but one of the aspects of the projected enhanced greenhouse
effect (e.g. Hume and Cattle, 1990). There are three waysin which the  greenhouse effect’ can beimportant
for agriculture (Warrick, 1986a; Parry, 1990; Parry et al., 1990). Increased atmospheric concentrations of
CO, can have a direct effect on the growth rate of certain crops, plants and weeds (the so-called CO,-
fertilization effect). Secondly, CO, induced changesmay alter theambi ent temperature, rainfall andincoming
sunshine (e.g., through changesin cloud cover) and thereby modify plant and animal productivity. Thirdly,
there may be adverse effects associated with anticipated sealevel changes, such asan increased intrusion of
sdlinization in agriculturally important low lying areas (see Szabolcs, 1991).

Shugart et al. (1986) and Maini (1988) recently discussed how globa change could affect forests, for
instance by ultimately shifting the current latitudinal and altitudinal zoning of many forest types (particularly
in the middle latitudes) as well as the latitudinal and altitudina tree-lines, and by influencing growth and
biomass production. Schlesinger (1990b) indicatesthat if theterrestrial biosphereisindeed to act asacarbon
sink under future elevated levels of CO,, this would be more likely to be the result of changes in the
distribution and biomass of terrestrial vegetation than of changesin the accumulation of soil organic matter.
A limitation of climate modelsisthat they cannot yet provide estimates of the regional climate changes(e.g.,
length and time of occurrence of growing period) which are essential to assess the possible impacts on
agriculture (see Hume and Cattle, 1990).

There remain widely differing views on the possible repercussions of enhanced atmospheric CO,
concentrations and related changes in climate on net primary production, and by implication on phytomass
and soil carbon reserves, amongst the different research groups (see Kimball et al., 1990). Basicaly,
increased atmospheric levels of carbon dioxide may affect plant growth in three ways (Bazzaz and Fgjer,
1992; Esser, 1990; Kimball et al., 1990; Goudriaan and Unsworth, 1990). First through adirect effect of the
partial CO,-pressure in the plant cell on the enzyme kinetics of RUBP carboxylase, which directly affects
thequantum efficiency of photosynthesis(RUBPisafive-carbon sugar called ribul ose phosphate). I ncreased
CO, levelsa sohaveanindirect effect on plant transpiration through the stomatal resistance. Theintercellular
partial pressure of CO, will rise with increasing atmospheric CO, levels to which plants may respond by
closing the stomata (increasing the stomatal resi stance) to maintaintheinternal CO, partia pressure constant.
Closing of the stomata would reduce the transpiration.

Idso (1991) in achallenging paper termstheincreasing levelsof atmospheric CO, as* probably the best thing
that could ever happen to the biosphere’ asit could lead toits ‘rebirth’. About 5 to 10 % of the actual rate
of increase of agricultural productivity worldwide can be ascribed to the fertilizing effect of rising
atmospheric CO, levels (Goudriaan and Unsworth, 1990). The positive direct effect of CO, on plant growth
is often smaller when crops are poorly fertilized, but it is fully retained when water shortage limits
productivity (Goudriaan and Unsworth, 1990). Bazzaz and Fajer (1992) explain why the possible beneficial
effectsof enhanced atmospheric CO, levelson plant growth, theso-called* CO,-fertilization’ effect, arelikely
to be overstated. Often, these studies do not consider possible associated regional changes in mean air
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temperatureor precipitation and rel ated shiftsin‘ climate’ zones. The modelling study of Adamset al. (1990)
indicates the size of theterrestrial carbon reserve would seem to be responding moreto climate factorsthan
to the level of atmospheric CO, per se. Another important aspect is that most of the projections claiming
advantageous growth under increased levels of atmospheric CO, are based on studies of vegetative growth.
Sinhaet al. (1988), however, indicate that awarming of 2 °C above a mean temperature of 22 °C promotes
sterility inrice and will reduce the yield by 25 % or more, although the temperature increase per se haslittle
effect on photosynthesis.

Mooney et al. (1987) argued that it is uncertain whether any possible increase in carbon fixation resulting
from increased atmospheric CO, concentration will also cause increased decomposition. This could be a
crucia point, becauseit isthe change in net carbon storage, and not photosynthesis, that controls feedback
from carbon dioxide absorption by plants, to further alter atmospheric concentration. Decomposition could
simply increasewithincreasing productivity. Y et when nutrientsarelimiting, plant tissueswill display higher
ratios of Cto nutrientswhen CO, levelsare elevated. This changein plant chemistry could alter (reduce) the
rate of decomposition of plant materials and related nutrient release, which possibly will reduce production
onthelong-termin natural systemsand by implication possiblefutureinputsof organicresiduesinto soil (see
appropriate Chapters). Alternatively, Lekkerkerk et al. (1990) suggest that under elevated CO, levelsin air
the decomposition rate of organic matter may decrease due to competition between plants and microbesfor
limiting nutrients and water possibly leading to increased soil organic matter contents. Alternatively, the
temperatureincrease associated with the enhanced greenhouse effect could cause decomposition to increase
faster than net primary productivity (NPP).

55 Modelling changesin terrestrial carbon poolsand sinks
55.1 Introduction
Changes between the Last Glacial Maximum and present times

About 18 Kyr ago, at the time of the Last Glacial Maximum, about 968 Pg C was stored in vegetation (346
Pg C) and soils (625 Pg C) based on an analysisof palynological, pedological and sedimentological data. The
present carbon reserve, ascalculated by Adamset al. (1990b), is924 Pg C for vegetation, 1115 Pg Cfor soils
and 280 Pg C for peat, amounting to a total of 2319 Pg C. The corresponding, calculated increase in
terrestrial carbon since the Last Galcial Maximum is 1351 Pg C (Adams et al., 1990b). Thisis much more
than the change of 30 to -50 Pg C which Prentice and Fung (1990) computed for the mass transfer of
terrestrial biosphere carbon to the atmosphere. With respect to the preceding studies, Schlesinger (1990)
observed they are ‘only’ based on changes in the distribution of vegetation in response to past and future
climates. Assuch these studiesdo not consider the possi ble stimul ation of photosynthesisand carbon storage
as aresponse to higher CO, concentrations in the atmosphere today. Esser (1987) calculated that between
1860 and 1981 the NPP of theterrestrial biosphere hasincreased from 43.1t0 48.6 Pg C yr* dueto the CO,-
fertilization effect. It should be noted the latter figure includes a considerable reduction associated with a
lower NPP of agricultural areas, as compared to the original vegetation, of which the acreage expanded
markedly during the period 1860-1981 (Esser, 1987). The major carbon ‘ components’ of major vegetation
zones of the world, as presented by Tinker and Ineson (1991), are summarized in Table 5.4.

According to the calculations of Adamset al. (1990b), the size of the soil carbon pool hasincreased by 490
Pg C sincethe Last Galcial Maximum. Buringh (1984) cal culated about 537 Pg C of soil organic carbon has
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been lost since prehistoric times, corresponding with about 27 % of the amount present prior to the spread
of civilizationin thelast 2000 yr (from 2014 to 1477 Pg C). Alternatively, Schlesinger (1984) computed the
cumulative transfer of carbon to the atmosphere since prehistoric times only may have amounted to 40 Pg
C. These figures reflect the uncertainty in these calculations.

Table5.4. Current estimates of plant biomass, litter input, soil organic matter and microbial biomass of
major global vegetation types (Source: Tinker and Ineson, 1990 p. 79)

Subject Tropica Temperate Boreal Savanna | Temperate Tundra
forest forest forest grassland

Area (102m?) 245 12,5 12.0 15 9 8
Plant biomass (g C m?) 18,000 14,000 9,000 1,800 1,440 250
Litter input (g C m?) 710 368 250 360 667 75
Soil C(gm?) 13,000 9,000 15,000 5,400 23,000 22,000
Soil N (g m?) 816 640 1,100 333 2,100 1,125
Microb. biomass C (") 50 110 35 60 215 20
Microb. biomass N (") 2 14 25 8.7 51 1
Microbia turnover (yr) 0.07 0.30 0.14 0.17 0.32 0.27

Before 1980 the biosphere was a net carbon source (to atmosphere), releasing about 30 to 40 Pg C during
the period = 1860-1980 (Esser, 1990; Goudriaan, 1989). In the mid 1980s the inferred terrestrial storage of
carbon was 2.0-3.4 Pg C yr'* which would indicate soils and the terrestria vegetation are already acting as
a sink for atmospheric CO,; the atmosphere does not contain as much of the fossil fuel CO, as it should
according to model calculations(Tanset al., 1990; Walker and Kasting, 1992). Similarly, according to Esser
(1990), the terrestrial biosphere formed a net sink for atmospheric carbon of 0.6 Pg C yr* in 1980.
Deforestation, afforestation and changesin agricultural use resulted in CO, emissions of 0.8 Pg C yr, but
these losses were compensated by the fertilization effect (= 1.25 Pg C yr™) with the litter and soil organic
carbon binding an additiona 0.2 Pg C yr* due to so-called ‘ secondary effects’ (Esser, 1990). The current
maximum potential sink in soils is not likely to exceed 0.4 Pg C yr* according to Schlesinger (1990b).
Alternatively, Tinker and Ineson (1991) estimate the current net release of C from soils and plants to be
around 1 Pg C yr™.

The reviews of Schlesinger (1986) and Bouwman (1990a p. 62) and Table 5.5 illustrate that estimates for
current soil carbon poolsvary widely. Computationsby thevarious authorsare based on different calculation
techniques, i.e. based on soil groups, vegetation groupsand life zone classes, and based on different data sets
and variable assumptions (see discussion in Bouwman, 19908). This resultsin afairly wide uncertainty in
estimates of the size of terrestrial carbon pools. This aspect may be illustrated by the study of Zinke et al.
(1984) who used two different computation procedures. In the first, soil profiles were classified into
Holdridge life zones using appropriate life zone areas. Based on this approach, the global soil pool was
estimated to be 1,309 Pg for C and 92 Pg for N, respectively. In an alternative approach, the average organic
carbon and nitrogen densities from 1 degree | atitude bands were multiplied by the earth's surface areain the
relevant bands. Thetotal pools so obtained were 1,728 Pg C and 117 Pg N, respectively (Zinkeet al., 1984).
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Table5.5. Estimates of global organic carbon poolsin soils (Pg C).

Method Source Carbon pool Cumulative loss Annual release

Vegetation Bolin (1977)* 700 10-40a 0.3
Schlesinger (1977)* 1456 -- 0.85
Bolin et al. (1986)* 1672 -- 1-2
Atjay et al. (1979)* 1635 -- -
Houghton et al. (1983)* -- 45-76b 0.87
Zinke et al. (1984) 1309 or 1728

Sail Bohn (1976)* 3000 -- -
Atjay et al. (1979)* 2070 -- -
Post et al. (1985) 1272 -- -
Schlesinger (1984b)* 1515 36a 0.8
Buringh (1984) 1477 537b 1554
Bohn (1982) 2200
Kimble et al. (1990) 1061
Bouwman (1990a) 1600-1800
Adams et al. (1990b) 1115 -490c

Modelling Meentemeyer et al. ('81)* 1457
Goudriaanand Ketner ('84)* 1400

Note:  For sourcesindicated with * see Bouwman (1990a); arefersto C losses since prehistoric times, b to
losses since the mid 1980s, and ¢ to losses since the Last Glacial maximum.

Post et al. (1985) estimated the size of the world organic soil carbon pool at 1272 Pg C by associating
Holdridge life zone classification with estimates of the area of major ecosystem complexes, relying on the
correspondenceof life zoneswith vegetation associ ations. Soil carbonwascal culated for each lifezoneusing
the relevant mean soil carbon densities. Bohn (1982) estimated the total mass of organic C in mineral and
organic soils at 2200 Pg C, of which 1800 Pg C occur in mineral soils. Kimble et al. (1990) estimated the
organic carbon content in soils of the world to a depth of 1 m - using about 2700 pits classified according
to the Keys to Soil Taxonomy (USDA, 1987) - and the spatial extent of the relevant orders (Histosols
excluded) at 1061 Pg C, of which an estimated 496 Pg C occur in tropical soils. Present reservesof Cin peat
have been variously estimated at around 202 or 377 Pg C (cf Adamset al., 1990 p. 713).

Inasimilar manner to Buringh (1984), Bouwman (1990a) compiled ‘ generalized’ soil carbon profilesfor the
major soil units of the Soil Map of the World (FAO/Unesco, 1971-1981). He assumed a bulk density of 1.5
g cm for all soils and a maximum thickness of 1 m, and combined this information with the area for the
respective mgjor soil units and land cover types, showing the global soil C pool to bein the order of 1600-
1800 Pg C. The estimates of Bouwman (1990a) exclude C stored in organic soils. Bouwman (1990a) used
genera conversion keys (e.g., soil carbon in the upper 1 m decreases by 40-60 per cent when forest or
grassland is converted to cropland) to estimate the possible effect of broad categories of land use change on
soil carbon pools. Inherently, results may vary widely depending on the data and type of assumptions used
(e.g., land use affects the soil organic matter content to a depth of 40 cm or 100 cm).

Current estimates of world soil carbon pools - both for mineral and organic soils- could beimproved greatly
by presenting organic carbon data for regionally representative major soils of the world together with such

ISRIC Technical Paper 23 138 NRP Project 851039



essential data as soil horizon depth, bulk density and stone content, combined with quantitative estimates of
the geographic extent of the various major soil units (see Chapter 6).

Possible explanations for the so-called ‘ missing carbon’

From the beginning of the 20th century, significant changesin land use have occurred over large areasin the
mid-latitudes. These changesinclude extensive reforestation, which may lead to higher woody biomass and
possibly carbon storagein soil. During the period theseforestsarein amid-successional stagethey may form
animportant potential sink for atmospheric carbon (see appropriate Sections). Especially because current N-
eutrophication associated with pollution, and enhanced level sof atmospheric CO, couldlead to ahigher NPP.
Based on these considerations, Matson and Ojima (1990) proposed that changesin the so-called ‘ chemical
climate’ may amplify the possiblesink strength for atmospheric CO,. Alternatively, it can be argued that acid
deposition and ozoneaccumul ation, being asourcefor forest decline, could adversely affect potential storage
of atmospheric carbon dioxidein tree biomass. The possible antagonismsand synergismsas portrayed above
make it difficult to understand the causative factors as well astheir relative importance; thereis aneed for
‘manipulative’ experiments (Matson and Ojimaop cit.).

It still proves cumbersome to balance the global carbon budget. The estimated emissions are larger than the
sum of atmospheric increase plus the model-computed CO,-uptake by the oceans. This suggeststhere exists
animportant, unidentified ‘missing carbon’ sink. In part, the‘missing carbon’ has been attributed to a‘ CO,-
fertilization effect’, associated with increased atmospheric CO, levels on plant growth. It has been argued
that this contribution may outweigh the effect of forest clearing (Walker and Kasting, 1992), but the views
on this matter till differ appreciably between the various research groups (see Section 5.4.3). The actual
increasein amplitudes of seasonal variationsin atmospheric carbon dioxidelevels, asreported by Bacastraw
et al. (1985) and Houghton (1987), may be seen as ‘independent’ evidence of a possible atmospheric CO,-
fertilization effect. Alternatively, discrepanciesin estimatesof thestill unknown, largeterrestrial sink for CO,
may in part be due to the net flux of carbon to the oceans by rivers and rain; these figures must be added to
the synoptic air-to-sea CO, flux to obtain the total oceanic uptake of anthropogenic CO, (for more details see
Sarmiento and Sundquist, 1992).

Detwiler and Hall (1988) have reduced the discrepancy in the carbon budget to a maximum of 2.8 Pg C of
‘missing carbon’ in 1980. Tans et al. (1990) calculated there must be aterrestrial sink for atmospheric CO,
at temperatelatitudesto balance the global carbon budget and to match the N-S gradient of atmospheric CO..
The mechanism of thissink, with asize of 2.0to 3.4 Pg C yr?, isunknown. It depends on the sourcesin the
tropical and boreal and tundra ecosystems (see Tans et al., 1990). In arecent study of the inter-hemispheric
transport of carbon dioxide, Broeckner and Peng (1992) challenged the findings of Tans et al. (1990). It
would appear that the N-S gradient of atmospheric CO, has changed sign in recent times. Watson (1992),
with reference to the findings of Broeckner and Peng (1992), finds it very plausible that Tans et al. (1990)
may have underestimated the northern ocean sink. As aresult, Tans et al. (1990) may have had to assume
an unredlistically large vegetation sink to balance the global carbon dioxide budget according to Watson
(1992). Anincreased CO.-fertilization effect of the terrestrial biosphere must be accompanied by asmaller
exchange rate between the deep seas and the mixed surface layer (Goudriaan, 1992).

5.5.2 Examples of book-keeping methods
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The role of terrestrial biota in the CO, balance has been estimated with ‘book-keeping’ methods (Boalin,
19864a; Detwiler and Hall, 1988) and with ‘ dynamic’ model s (see discussion bel ow). Commonly used book-
keeping methodsfor cal culating CO, emissions associated with mainly deforestation have been reviewed by
Bouwman (1990a p. 74-76).

The net release of carbon from a certain soil-vegetation type varies depending on whether the area was
cleared for permanent agriculture, pasture, shifting cultivation or timber. In most book-keeping methods, the
carbon released upon clearing one hectare of forest (primary or secondary) for specified types of land use
is computed by multiplying the estimated release per unit surface area by the land area converted yearly to
each land usein theregion under consideration. The general datarequirementsfor thistype of book-keeping
methods are:
a)  Carbon content of soil to agiven depth (at equilibrium) before clearing;
b) Estimated average changesin soil carbon content over the considered depth range under each land
use (see Houghton, 1986);
C) Areaof forest converted to the respective uses each year. Thistype of information can increasingly
be derived from remote sensing/GI S based studies of changesin vegetation or land use (Bouwman,
1990a; Woodwell, 1984b; Estes and Cosentino, 1989).

Alternatively, book-keeping methods have been used to estimate the possible effect of enhanced global
warming on ‘hiological’ activity. Bertram (1991), for instance, calculated the additiona release of CO,
associated with temperature increase since 1880. To this end he used a ‘representative’ Q,, value for soil
respiration in combination with past temperatureincreasein aglobal model. According to these calculations
theamount of soil-borne CO, associated with theincreasein mean air temperature could be of the same order
of magnitude asthe CO, evolved from the burning of fossil fuels, and about 2/3 of the observed increasein
atmospheric CO, may come from soil respiration and not from industrial pollution (Bertram, 1991). If
average soil respiration is 68 Pg C yr and the average Q,, for metabolic activity is 2.4, then theincreasein
soil respiration associated with a uniform global warming of 0.3 °C at the end of the next decade could
increase soil respiration by almost 2 Pg C yr* (Raich and Schlesinger, 1992). This may be seen as a
substantial, positive feedback to the greenhouse effect. Alternatively, Carlyle and Than (1988) studied the
effects of soil moisture and soil temperaturein two models (GRESP and BRESP) to predict soil respiration.
Both models overestimated respiration at low moisture levels, because the Q,, quotient had initially been
given afixed vaue in both models (Carlyle and Than, 1988). Inclusion of amoisture dependent Q,, termin
arevised version of GRESP, however, gave an excellent fit with measured respiration (r*= 0.85).

A common shortcoming of the above mentioned ‘ book-keeping’ methodsisthat they do not account for the
CO,fertilization effect (Esser, 1990). This' limitation’ also appliesto the equilibrium model which Wolf and
Janssen (1991) propose to calculate the effect on net CO, emissions associated with rates of tropical
deforestation, as well as those associated with a ‘possible’ shift of climate zones with their characteristic
vegetation.

55.3 Examplesof dynamic models
The interest for developing CO,-simulation models continues to increase. An example of a well known
dynamic model is OBM, the Osnabruck Biosphere Model (Esser, 1987). Inthismodel, carbon transfer rates

and transfer coefficients, respectively, are calculated on a grid basis from environmental variables such as
mean annual temperature, average annual precipitation, CO, concentration of the atmosphere, soil fertility,
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related vegetation formation, and land use category. The relevant equations are based on theoretical
considerationsand have been calibrated against ecol ogical field dataor datafrom physiological experiments.
For acomplete description of the assumptions and procedures of OBM and its data requirements reference
ismadeto Esser (1987, 1990). For descriptionsof other dynamic global C model s seefor instance Goudriaan
and Ketner (1984), Goudriaan (1987, 1989, 1992) and Walker and Kasting (1992). Examples of terrestrial-
biosphere models include those devel oped by King et al. (1989) and Schimel et al. (1990).

Schimel et al. (1990), with reference to the CENTURY model, discussed the steps required to develop
ecosystem modelsfor regional extrapolation. First, driving variablesfor the processes of interest need to be
identified. Then, relationships between the driving variables and rates of the processes haveto be quantified.
Subsequently, the geography of the driving variables must be assessed. This information may then serveto
develop regional simulation models. Schimel et al. (1990) indicate that if the environmental variables have
been identified, much of the spatial variability in rates of processes can be simulated. These researchers
consider the above approach a suitable mechanism for extrapolation from process measurements typically
conducted in the laboratory or in small scale fieldsto the regional level.

Jenkinson et al. (1991) extended the ROTHAMSTED simulation model to the global scale to predict how
much CO, will beliberated from theworld soil organic matter pool for agivenrisein temperature. Jenkinson
et al. (1991) calculated that if world temperature would rise by 0.03 °C annually, the most probableincrease
according to IPCC (1990), the additional release of CO, from soil organic matter over the next 60 yearswill
be 61 Pg C. This corresponds with about 19 % of the CO, that will be released by combustion of fossil fuel
during the next 60 years under the assumption that present fuel use remains at the current level (Jenkinson,
1990). Jenkinson et al. (1991) set the clay content for all soilsat 20 per cent, arecognized (yet not necessary)
source of error.

Van Breemen and Feijtel (1990) discuss a procedure to model the CO, balance of soil units from the
FAO/Unesco Soil Map of the World. Besides soil data, information is needed on climate and land use as
these essentially determine the net primary production and hence the inputs of fresh organic matter into the
soil. According to Van Breemen and Feijtel (1990) the following soil factors should ideally be considered
in such an exercise: depth of soil profile, textural make-up; nature of the clay fraction (incl. percentage of
allophane); presence or absence of calcium carbonate; weatherability of silicate minerals; soil drainageclass.
Van Breemen and Feijtel outling, in genera terms, how information on the specified soil factors could be
derived from the* qualitative’ terminology of the FAO/Unesco Soil Map of the World. These data have been
proposed for inclusion as attributes in the WISE soil data base, but then (ideally) as quantitative attributes
(see Chapter 6). With good geographi c dataon land use and changesin land use together with geo-referenced
soil data, process-oriented models should ultimately replace the more common book-keeping methods to
estimate changes in CO, fluxes from soils (Van Breemen and Feijtel, 1990). Several possible sources of
uncertainty in current soil data sets - of importance for studies of changesin carbon pools- are discussed
in Section 5.5.4.

5.5.4 Uncertainty in soil carbon data
Several sources of uncertainty may be encountered when modelling changes in the organic carbon content

of soils upon a predefined change in land use. The following discussion mainly concerns the soil attribute
data. Information will be also be required on the type and extent of the varioustypes of land use and changes
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therein, which form an additional source of uncertainty. These aspects have been discussed in detail by
Bouwman (1990a).

Sampling intensity and density

Huntington et al. (1988) assessed whether an intensive sampling programme can provide estimates of soil
C and N pool size with sufficiently small confidence limits that changes of 20 % of the means can be
detected. To thisavail 60 plotswere selected out of atotal of 360 from a25x 25 mgrid, located in anorthern
hardwood forest ecosystem. Huntington et al. (1988) stratified the plotsinto six elevation bands to ensure
adequate representations of the elevation gradient, soil mapping units, topography and tree species. The
number of plotsper band waswei ghted by the proportion of the watershed represented by the el evation band.
Thelocation of pitswithin plots was also randomly selected. Sampling was according to depth strata asthis
was considered more repeatable than per genetic horizon (0-10, 10-20, and 20 cm to bottom of B horizon).
Mann (1986) found that a 30 cm sampling depth provided aless variable estimate (r* = 0.9) of changesin
carbon than a sampling depth of 15 cm (r’= 0.6). Thisindicates that ajudicious selection of sampling depth
will be needed to adequately reflect changesin soil C content upon changesin land use (see under sampling
methodol ogy).

Huntington et al. (1988) calculated the minimum detectable changes (defined as 1.96 times the standard
error) in total C pool sizes for the forest floor and 0-10 cm depth stratum were 5.9 and 2.4 Mg C ha’,
respectively. Based on these findings they concluded that large scale disturbances, such as harvesting of
timber, may produce statistically measurable changeswithin aperiod of 5to 20 yr. In practice, however, few
studies of soil organic matter content modificationsfollowing achangein land use have considered the kind
of sampling intensity as used by Huntington et al. (1988).

Sampling methodol ogy

Besidesthe sampling density/schemethetechnique of analysiscan beimportant inidentifying changesin soil

carbon pools. Jones et al. (1990), for instance, found that while changes between burned and unburned sites
were sufficiently marked after a period of 34 yearsto be detectable by total analysis, differences between
annual, biennial and triennial burnings were more subtle requiring the measurement of mineralization rates
and microbial biomass, a more sensitive technique. In order to determine the effects of land use on soil C,
the soil sampling scheme must distinguish clearly between effects on plant roots from those on mineral-soil

organic matter (Richter et al., 1990). In view of the nature of the frequency distribution of soil carbon data
in Australian Great Soil Groups, Spain et al. (1983) considered it preferable to present summaries of these
datain terms of medians and interquartiles instead of averages. Out of necessity, however, many studies of
soil C changes induced by modificationsin land use practices do only consider single pit (e.g., in ‘paired’

studies) or average carbon data.

During routine soil surveys, soil samples are taken according to the horizonation which reflects the
pedogenesis. These depth ‘layers’ do not necessarily coincide with the depth zone that will be affected by
achangein land use. As land use practices may influence horizonation and soil bulk density in any soil,
similar soil depth ranges ‘before’ and ‘after’ cultivation need not correspond with similar volumes of soil,
making the comparison for changes in organic carbon content cumbersome. An additional problem is that
bulk density data are seldom provided on aroutine basis in many soil survey reports (e.g. Msanya, 1987,
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FAO/Unesco, 1971-1981). In case of missing data, Post et al. (1982) calculated bulk density using a
regression function of thefollowing form: bd = bo + bixd + b2xlog(cf), with bd the bulk density, d the depth
to the centre of the horizon, and cf the mass fraction of organic carbon. Post et al. (1982) assumed bulk
density does not vary greatly with depth in soils from the same vegetation type. The fact that this need not
be so is apparent from the low coefficients of determination (r>= 0.18 to 0.52) which reflect the poor
predictive capability of the proposed regression function. Soil structure/porosity, soil texture/mineralogy and
soil carbon content are important determinants of bulk density which ideally should be considered when
devel oping pedotransfer functionsfor bulk density. Additionally, the volume of coarse fragments should be
considered in calculations of carbon density.

Analytical methods

The way according to which soil organic matter and soil organic carbon content are determined in the
laboratory also has repercussions on the estimates of soil organic C-reserves. With respect to the commonly
used Walkley-Black method, Allison (1965) recommends using a conversion factor of 1.33 to account for
incompl ete oxidation unless more accurate methods- e.g., dry combustion, an estimator of actual organic C -
areavailablefor comparison. Similarly, intheir study of organic matter in surface soilsfrom Australia, Spain
et al. (1983) scaled all the Walkley-Black data by this arbitrary (but widely used) average factor to convert
them to a level comparable with that obtained by dry combustion. A correction factor > 1 indicates the
presence of organic compounds that are resistant to chemical digestion but which are readily broken down
by high temperature dry combustion, while a correction factor of < 1 possibly indicates the presence of
ferrousironinthesamples(Allison, 1965). Recent statistical analysesby Grewal et al. (1991), for 40 samples
from 8 New Zealand soils with a wide range in texture (20-56 %) and organic matter content (2-16 %),
suggest an average conversion factor of 1.25 irrespective of the position in surface or subsurface horizon.
Recomputation of the individual conversion ratios for the respective horizons, however, indicates a fairly
wide range between the individual conversion factors of about 1.1 - 1.6, corresponding with individual
recoveriesin the range 62 to 85 per cent. Similarly, in the origina study of Walkley and Black (1934) the
individual recoveries ranged from 60 to 80 per cent.

In the 8 soils studied by Grewal et al. (1991) there was no clear tendency in the recovery ratio to either
decrease or increase consistently with soil depth. Alternatively, Edwards and Todd-Ross (1983) used
correction factorsfor ‘ high temperature dry combustion / Walkley and Black’ of 1.08, 0.90 and 1.38 for the
0-15, 15-30 and 30-45 cm depth zones, respectively. Basicaly, the higher correction factor for the 30-45 cm
zone, as compared to the 0-15 and 15-40 cm zone reflects the fact the ratio of relatively inert organic
compoundsto readily decomposable compounds should increase with depth from the readily decomposable
litter and root detritus near the surface. In the soil studied by Edwards and Ross-Todd (1983) the 30-45 cm
layer wasamost devoid of roots. Richter et al. (1990 p. 79) used the‘ uncorrected’ Walkley and Black values
when studying the effect of annual tillage on soil organic carbon levels; according to these researchers the
correction factorsvary too widely. Tiurin (as quoted in the Transactions of the, 1930 International Congress
of Soil Science, p. 124) suggested a comparison of the titration value with the amount of CO, actualy
liberated by oxidation might be used to characterise the type of organic matter present.

The organic matter (OM) content has frequently been estimated by loss-on-ignition and organic C content
by usinga‘C/OM’ ratio. Considerable error is expected when asingle C/OM ratiois used, becausetheratio
varies depending upon soil type and soil depth (Nelson and Sommers, 1982). The review of Nelson and
Sommers (1982) showed arange of 0.40 to 0.59 for the C/OM ratio. Schlesinger (1977) criticized hisown
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use of thecommonly adopted ‘ standard’ correction factor of 58 % (1/1.724) for converting from soil organic
meatter to carbon because there should be aqualitative changein the nature of organic matter with depth. This
aspect may beillustrated by the study of Huntington et al. (1989). These researchers observed the carbon
concentration decreasesmorerapidly with depth than the organic matter concentration, resultingin adecrease
in C/OM ratio from 0.56 in the Oi + Oe horizon of the forest floor to 0.44 in the Bs2 horizon of aforested
Spodosol. In an earlier study, Huntington et al. (1988) measured a conversion factor of 0.55 + 0.02 (kg/kg)
for ‘C/OM loss on ignition’ for forest floor samples in their study, while 0.45 + 0.09 was found for the
mineral soil. Similarly, the C/OM ratio commonly changes with the nature of the vegetation present. Wolf
and Janssen (1991), for instance, used different C concentrations for crop residues, tree litter, manure and
soil organic matter (average C/OM ratios of 0.45, 0.48, 0.50 and 0.58, respectively) intheir modelling study.

Although the above discussion shows the use of ‘standard’ conversion factors for ‘incomplete oxidation
(1.33)" and ‘C/OM conversion (58 %)’ irrespective of the vegetation/crop cover, type of humus and soil
depth need not be justified, it will often be necessary to use these conversion factorsin studies at the global
level as there are no other valid aternatives. Procedures for estimating soil organic matter content from
remote sensing remain in the early stages of development (see Henderson et al., 1989).

Type of data sources

Numerical data for soil profiles considered representative of major soil units (sensu FAO/Unesco, 1971-
1981) will beincluded as‘ point data’ in the WISE data base (see Chapter 6). From ascientific point of view
the use of point data may conflict with the spatia resolution (and related level of abstraction) required in a
1:5 million scale, ¥2 by ¥z degree grid mapping exercise. Alternatively, actual soil carbon data as afunction
of depth will be needed for each major soil unit if quantitative estimates of global carbon pools are to be
refined.

Most dataonthe ‘ worldwide organic soil carbon and nitrogen data’ of Zinkeet al. (1991) tape originatefrom
profiles under natural vegetation. Thereby, they form abaseline for evaluation of effects of disturbance and
modification to natural vegetation on soil carbon equilibriumin regional and global studies. Soil carbon data
derived from routine soil survey reports, however, need not correspond with ‘steady state’ conditions.
Although soil pit descriptions will mostly present information on current land use often they do not specify
the past land use history. Nor do they indicate at which moment in time eventua changesin land use, and
related modificationsin soil organic matter dynamics, may have occurred nor do they tell us anything about
the nature of these changes. Nevertheless, the available numerical data should be stored in WISE as they
provide the best (and only) aternative available today for geo-referenced quantitative studies of e.g., soil
carbon at the global level. Similarly, of necessity Kimble et al. (1990) did not consider differences in
‘cropping systemsand native vegetation’ in their study of organic carbonin tropical and temperate soils. The
alternative of compiling ‘ synthetic carbon profiles' for the major soil units, as has been done by Bouwman
(1990a), isnot considered the most suitabl e alternative for applicationin ageo-referenced soil database. The
use synthetic soil profiles has been shown to be unpractical inthe World Soilsand Terrain Digital Database
(Van Engelen and Pulles, 1991).

5.6 Conclusions
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The understanding of the global carbon cycle markedly has improved in recent years, an now permits the
development and testing of dynamic models (Bolin, 1986a; Esser, 1990; Goudriaan, 1989), yet thereremain
several sources of uncertainty. While the CO, emissions associated with fossil fuel burning, ocean-
atmospheretransport and wide scal e def orestation/biomassburning arefairly well understood and quantified
inthe global budget some of the carbonisstill ‘missing’ if the budget isto be balanced. These uncertainties
to a large degree seem to be related to the still poorly understood role of terrestrial biota and soils in the
turnover of carbon.

Quantification of the past and present global exchange of atmospheric CO, associated with growth of
terrestrial plantsand soil respiration remainsdifficultinview of the ubiquitous, and spatially and temporarily
diverse nature of the underlying physical, chemical and biological processes. The greatest challenge to the
projections of General Circulation Models may well come from the realm of biology as these elaborate
models essentially operate within the confines of physics and physical chemistry (1dso, 1991). So far, they
account little for the complex functioning of the living world.

An important topic of discussion relates to how the fertilization effect of enhanced levels of atmospheric
CO,, and other atmospheric pollutants, will affect the carbon flow in terrestrial ecosystemsthrough its effect
on photosynthesis, the distribution of photosynthates over aerial and subaeria parts, the ‘quality’ of these
photosynthates, their decay in litter and soil, and ultimately the effect on soil organic mater reserves. How
will the biological processes be influenced, for instance, by acid deposition or aternatively eutrophication
associated with agricultural, urban and industrial activities? What will be the nature of the carbon feedback
from different ecosystems, also seen in the perspective that the latitudinal and altitudinal boundaries of
ecosystemsarelikely to shift asaresult of possibleregional and seasonal changesintemperature and rainfall
associated with globa warming? Can the present biota‘ cope’ with the anticipated, relatively rapid nature of
the predicted climate change? And how will this affect future biotic diversity? Or what will be the
consequences of the increasing human population and related increased demands for arable and urban land
for the size of theterrestrial carbon pool? These are but afew of the sources of uncertainty that still need to
be resolved to better understand the effects of biota on soil carbon reserves in terms of sequestering of
atmospheric CO,. Within the framework of the related modelling activities there would be a clear need for
up to date and geo-referenced information on selected ‘ key properties’ (e.g., organic C; C/N ratio; texture;
bulk density) of the FAO soil units of the world. Thistype of datawill be included in the WISE data base.
Assuch, it could be used to refine the still widely varying estimates of current soil carbon pools, show how
the soil carbon reserves are geographically distributed on aglobal terrestrial grid, and provide critical input
for e.g. vegetation-succession models.
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Chapter 6 The WISE data base: general considerations on a possible structure

and attribute data
N.H. Batjes

6.1 Introduction
6.1.1 Background

Since the early days of pedology soil surveys have been carried out in the various countries of the world
according to different field and |aboratory methodologies, classification systems and mapping approaches
(Brady, 1984; Duchaufour, 1982; FAO, 1988; Fitzpatrick, 1983; USDA, 1975). Integration of this wealth
of information on soil conditions into global soil maps is an intricate procedure, necessitating intensive
correlation activities based on well described and uniform procedures. Well known examples of global soil
maps include the 1:5 M scale Soil Map of the World (SMW; FAO/Unesco, 1971-1981), the 1:15 M scale
map produced by Glazovskaya and Friedland (1982) and the 1:50 M scale map published by the United
States Department of Agriculture in collaboration with the Soil Conservation Service (USDA/SCS, 1972).
Of these ‘world soil maps', the one developed by FAO/Unesco is most widely used internationally.

The first applications of SMW mainly concerned the compilation of a World Map of Desertification
(FAO/Unesco/WMO, 1977), crop yield forecasting within equivalent agro-ecological zones (FAO, 1978-
1981) and an assessment of the carrying capacity of land (FAO/UNFPA/IIASA, 1982). Sincethen there has
been a gradual shift towards environmental issues such as erosion, pollution and emissions of greenhouse
gases. Most modelling studies of processes of global change involving soils are based on either 1 x 1 or %2
X Y2 degree resolution data bases, digitized from the printed Soil Map of the World, which only retained
information about the spatially dominant soil unit of each grid cell (e.g. Gildea and Moore, 1985; Zobler,
1986). This means awealth of the original information on associated- and included soil units has been lost
for interpretative purposes during the griding process.

Since the time of production of SMW new information on map unit boundaries and map unit composition
has been obtained for many areas of theworld, including the Amazon basin of South America, large sections
of Africa(Endaleand Hakkeling, 1987) and the European Communities(Tavernier, 1985). New national soil
surveys since the 1970s have also lead to the preparation of a Revised Legend (FAO, 1988), which has
already been used ina1:25 M global soil resources mapping activity (FAO, 1991a) and at ascale of 1:1 M
for part of Northern Africa. For some parts of the world, the topographica base map of SMW needsto be
updated (Van Velthuizen, 1992).

Sombroek (1985) prepared a discussion paper on the possible establishment of an *International Soil and
Land Resources Information Base'. Thisled to a proposal for developing al:1 M, digital World Soils and
Terrain Data base (SOTER), which was officially endorsed during the 13th International Soil Congress at
Hamburg (I1SSS, 1986a, 1986b). Since then I SRIC has coordinated the SOTER devel opment activities (see
Van Engelen and Pulles, 1991). Pending world coveragein SOTER, which is scheduled to take from 10 to
20 yearsin view of the large scientific and logistic magnitude of the task, there remains a pressing demand
for ‘uptodate’ information on soil boundariesand soil attributesin awidely accessibledigital format (Bliss,
1990; Matthews, 1990; Moore et al ., 1989; Oldeman and Sombroek, 1990). This prompted the International
Soil Referenceand Information Centre (1SRIC) toimplement aproject on * World Inventory of Soil Emission
Potentials' (WISE) which is complementary to the activities of SOTER and ISIS, ISRIC's Soil (Pedon)
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Information System. A key objective of WISE isto develop, within atime-frame of 2 years, a 30 minutes
longitude by 30 minutes latitude world soil data set that is linked to a pedon data base. The geographical
distribution of soilswithin each grid cell will be derived from the cleaned digital version of SMW, prepared
by FAO-AGLSin 1992.

Upon its completion, the WISE data base would form an essential ‘data layer’ of a global Geographical
Information System on natural resources. Other critical datalayersin such a Gl Sinclude climate, geology,
hydrology and land use/cover (Moore et al., 1989; Oldeman and Sombroek, 1990). Ideally, alink to non-
biophysical attributes, such as population density, should be provided also. Ultimately, these data base
development activities should resultinan ‘integrated’ globa GIS. Such asystem will provide scientistswith
a comprehensive data set to model possible conseguences of different scenario's of environmental change,
providing a better basis for policy makers to identify recommended policy options.

6.1.2  Structure of chapter

A possible procedurefor devel oping the W1 SE databaseis presented in this Chapter. Implications of the 1.5
M map scale and use of 30" x 30" grid cellsfor the spatial and attribute data that can be considered are made
in Section 6.2. A proposed structure and tentative list of key-attributes are presented in Section 6.3 and
Appendix I1. This set of key-attributesis based on the findings of Chapters 2 to 5, with due attention for the
availability, comparability and compatibility of the respective data sets at the international level. In Section
6.4, technical constraintsthat may be encountered when devel oping global soil databasesare discussed. The
general way to proceed in developing the data base, as recommended by the WISE workshop, is presented
in the final Section.

6.2 Implications of scale of mapping for the spatial and attribute data
6.2.1 Spatia attributes

A proposed application of the WISE data base within the context of the Netherlands National Research
Programme on Global Air Pollution and Climate Change (NOP) isto refine estimates of soil-borne methane
emissions. The WISE data base thus must provide as good as possible an indication of the geographical
distribution of potential methane-producing soils, particul arly peat soilsand hydromorphic soils, and quantify
their process controlling soil factors (i.e. be ‘attribute-oriented’).

Smallest mappable area

The basic cartographic requirement for delineating a map unit at any scaleisthat it should have aminimum
areaof 0.25 cm? onthemap. On a1:5 M scale map this corresponds with 625 km? or 25 by 25 kmin thefield
whereas at a scale of 1:50,000 this would be 0.25 by 0.25 km. This has clear consequences for the soil
patterns that can be visualized on amap at a particular scale. Using different maps from a section of Céte d'
Ivoire, Van Diepen (1985) showed that the proportion of hydromorphic soilswas estimated to be 0% at 1.5
M scale (FAO/Unesco, 1971-1981), 3% at 1:2 M scale, 9% at 1:0.5 M scale, 11 % at ascale of 1:200,000,
and 17-29 % for 1:50,000 scale maps. This example showsthat a 1:5 M scale soil map, such as SMW, can
only give a rough indication of the extent of hydromorphic soil units. At the considered scale, the
hydromorphic soil units often have been mapped as ‘inclusions’. By its nature, small scale mapping
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necessitates a marked degree of data integration with respect to both the spatial and attribute data, the aim
being to simplify the geographical distribution of soils to a regionally representative pattern of spatially
dominant soil units.

Soil Map of the World map unit composition

The mapping units or ‘vector-units' of the Soil Map of the World are associations consisting of a spatially
dominant soil unit with or without associated and included soil units. By definition the associated soil units
cover at least 20 % of the area of an association, whileincluded soil unitscover lessthan 20%. The map units
are further defined by the textural class(es) of the upper 30 cm of the dominant component soil unit. Slope
classesrefer to those which dominatein the area of asoil association. Where data on texture or slope classes
are lacking, they are omitted from the map unit codes (FAO/Unesco, 1981 p. 5). Inthis case, the slopeand
texture classes of component soil units are derived from the * Composition Rules' (FAO, 1991b). Where
relevant, phasesareindicated on the map as overprints on the col our of the association (FAO/Unesco, 1974).
Phases are used to indicate where hard or indurated layers occur at shallow depth or to show stoniness,
alkalinity or salinity. Phases do not relate to any soil unit in particular, but are subdivisions of map units
based on characteristics which are significant for the use or management of land. When the phaseis present
in the map unit symbol it applies to the dominant soil unit, al associated and included soil units being
considered unaffected (FAO, 1991b).

A broad analysisof therelative areacovered by the dominant soil unit of associationsonthe 1:1 M scalemap
of the European Communities (EC) showed that most dominant soil units cover only 40-80 % of the area of
asoil association (Reinds et al., 1992). Summed, the dominant soil units cover about 60 % of the total EC-
area.

The properties of some of the associated and included soil units may be similar to those of the spatially
dominant soil unit of an association, but the opposite may be true also. Thisisrather crucia informationin
studiesin which thefocus essentially ison ‘ problem’ soils, such as methane-producing hydromorphic soils,
which often are not the most extensive soil units. Conversely, in yield forecasting at the macro-level there
isless need for information on the associated and included soil units because an indication of the overall
production potential of amap unit is generally needed.

The above discussion shows that the composition and heterogeneity of each association of SMW deserves
careful consideration when compiling the spatial information (i.e. composition of the 30" x 30" grid cells) for
the WISE data base. The most ‘simple’ association consists of one single soil unit, while the most intricate
one comprises 3 associated soil units and 4 included soil units (FAO, 1991b). Overlaying a30' x 30' lattice
over the printed SMW showsthat, on average, each grid cell may consist of 1to 5 different soil associations.
The relative extents of the dominant, associated and included soil units of these associations can be derived
from the map unit symbols, using the ‘ Composition Rules’ (FAO, 1991b).

In the case of the 1:1 M map of the European Communities, Van Lanen et al. (1992) of necessity assumed
that the attribute data and * management’ conclusions for the spatially dominant component soil unit of an
association apply to the whole area of this association, that is aso to its associated and included soil units.
Similarly, inastudy of the‘flat wetlands of the World’, Van Dam and Van Diepen (1982) made an inventory
of themap unitsof SMW asif they were homogeneous and would consist only of the dominant soil unit. This
type of assumption is not considered appropriate in the context of the WISE project.
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A ‘complicating’ factor in WISE is that the data base needs to present information on the typology and
relative extentsof al potential methane-producing soils, as derivablefrom SMW. These hydromorphic soils
often have been mapped as associated- and included soil units. Consequently, the WISE workshop
recommended that the area-data on the hydromorphic soil units (type and relative extent within a 30" x 30'
cell) bestored in WISE, taking into account both the dominant, associated and included soil units(see Batjes,
1992). A procedure to calculate the relative extent of the component soil unitswithin a30' x 30" grid cell is
being elaborated.

It remains to be ascertained in how far the original information on topsoil texture, slope classes and phases
shown on SMW can be retained in a scientifically sound manner during the compilation of the WISE grid-
map. For instance, in the case of adominant soil unit with compound topsoil texture and slope classes, the
relativeareaof each component soil unit that iscovered by the respectivetexture and slope classesisdifficult
to infer with confidence (Reinds et al., 1992; see also Verheye, 1987). The latter even more so when both
the dominant-, associated- and included soil units have to be considered. A commonly used assumption has
been that each ‘texture-slope’ subunit covers equal parts of the area of the soil association. Indiscriminate
application of this ‘rule’ to the topsoil, slope class and phases may easily lead to the creation of large and
unmanageabl e files with ‘ derived-data’ of low reliability, and hence limited practical significance. Reinds
et al. (1992), for instance, showed that the derived-data for topsoil and slope cannot be applied to about 40
percent of the EC-area.

6.2.2 Linking of spatial and attribute data

There is a marked demand for quantitative data or techniques for land use planning and environmental
research (Driessen, 1986a; Gardiner, 1987; IGBP, 1990; Bouma and Bregt, 1989; Bouwman, 1990a; Van
Lanenand Bregt, 1989; Braatz and Hogan, 1991; Groenendijk, 1990; Reindset al., 1992; IGBP-DISmeeting
at Silsoe, October 1992). For the WI SE databaseto providethiskind of information, it will be necessary that
soil profile data be linked into the area-data of the 30' x 30" grid cells. The assumption will be that the
respective soil units of a30' x 30’ grid differ markedly in their attributes, whereas ‘individual’ soil unitsare
considered to be homogeneous in their properties.

Most soil units on the printed SMW have been characterized using one single soil profile (see e.g.
FAO/Unesco, 1971-1981, Vol. V p. 91). Thismeansthat the attributes of these profiles are considered to be
‘representative’ for the component-soilsof thissoil unit, irrespective of itsgeographical location. Inpractice,
this assumption may not be appropriate. Although soils of a particular FAO soil unit by definition have
common diagnostic horizons and properties - which reflect theresult of similar processesof soil formation -
they will, by nature, differ in some of their properties from one region to the other. A dark, cracking and
swelling clay soil (Pellic Vertisol) from Spain, for instance, will be similar yet not identical to a Pellic
Vertisol from Belize. Soil profiles considered representative for a particular soil unit therefore, idedly,
should be presented on a region-by-region basis with reference to the loca climate, relief, geology and
possibly land use. The WISE data base thus should include a data file of soil profiles considered
representative for each soil unit in the various regions of the globe (e.g. stratified by climate and parent
material). The relevant soil profiles should be selected by regional soil correlators using standardized
procedures. As the number of soil profiles available per soil unit in a given region increases, the range in
measured characteristics of this soil unit can be quantified better (e.g. median value, extremes and 90%-
confidence intervals). A complicating factor in this respect is that cross-border correlation of analytical
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results may be cumbersome (see Section 6.3.3.). Since WISE is a short-term project, a pragmatic approach
must be adopted when collecting a set of regionally representative soil profiles.

6.2.3 Updating the Soil Map of the World

Both the boundaries and composition of map units shown on SMW are now known to be out-of-date for
severa areas of the globe. Out of 158 countries, 68 per cent now have complete national soil mapsat ascale
of 1:1 M or larger, while 32 % are till updating their maps. In terms of acreage covered, this corresponds
with about 30 % of the world, excluding Antarctica, having been updated (FAO, 19914).

During the initial SMW map compilation activity, much of the information on landforms and lithology has
been discarded. In any full-scale update of SMW, the latter should be reflected in the map symbols and/or
in the data base (see Van Velthuizen, 1992). During such an overall recompilation activity, in which
physiographic and soil boundaries are to be redrawn to match current knowledge, the criteriaof the Revised
Legend (FAO, 1988) can readily beintroduced. This ‘ideal-case’ scenario extends beyond the possibilities
of finance and time of the WISE project and rather fallsinto the activitiesof SOTER. Theinitial focusinthe
WISE project thus should be on better quantification of the soil attribute datafor the various FAO soil units.

Application of the Revised Legend (FAO, 1988), which includes several new classification concepts, to the
current SMW may lead to interpretation problems, as straight conversions are not always possible without
having reference to the original data sources. During the initial correlation of the legends and maps from
various countries of the world to group soils using the original Legend (FAO/Unesco, 1974), the same map
unit symbols may have been given to map unitswith somewhat different contents. Thismay makeit difficult
to apply the Revised L egend to the component soils of map units for areas for which no new soil data have
been gathered. Consequently, the original Legend of SMW must be retained in the WISE data base.

6.3 The WISE data base
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Figure6.1.  Schematic representation of the proposed WISE data base

6.3.2 Proposed data base structure for WISE

The proposed data base for WISE would include (Figure 6.1):

- File 1: Information on individual 30' x 30" grid cells and their component FAO soil units,
corresponding with the area-data.

- File 2: A file with the range in characteristics of the topsoil and subsoil of the respective FAO soil
units. Initialy, thisfile would be derived using alimited number of soil profiles.

- File 3: A file of ‘actual’ soil profile data for the respective FAO soil units, with attached a subfile
listing the analytical methods (see Appendix I1).

6.3.3 Acquisition of soil profile data

WISE is dependent upon existing soil profile data, which will have to be retrieved from national data bases
or survey reports. It will not always be possible to obtain compl ete data sets for each profile. Very few soil
survey reports present data.on physical soil characteristics such asbulk density, water holding characteristics
and saturated hydraulic conductivity according to asurvey of 146 soil resourcesinventoriesfrom 46 countries
(Msanya, 1987). Similarly, few of the 40 representative pits listed in the explanatory bookletsto the 1:1 M
scale soil map of the European Communities (EC) and 1:5 M Soil Map of the World include data on water
holding capacity and bulk density. With respect to potential methane-production, it may be cumbersome to
infer information on critical soil factors, such as the free-iron content and redox buffering capacity, and
particularly information on their seasonal dynamics. Similarly, it may prove difficult to obtain/derive data
on thealbedo and surface roughness, variableswhich play animportant rolein the surface heat balance, from
routinely collected soil data. Albedo, for instance, isstrongly influenced by slope direction (aspect), atitude
and land use practices/vegetation cover besides topsoil colour and topsoil moisture content. An additional
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problem in estimating albedo is relating measurements made in limited segments of the spectrum to the
complete band width that has to be considered (Townshend, 1992 p. 18).

Besidesinformation about the type of FAO soil unit, its estimated relative extent within a30' x 30' grid cell,
the aspect, dope, drainage class, parent material, land use and average depth of soil at the site, the WISE
workshop proposed that File 2 should also include bulk density, structure, particle size class, stoninessclass,
water holding capacity, total organic carbon, type of organic matter (C/N ratio), soil reaction (pH), cation
exchange capacity and content of CaCO, for both the topsoil and subsoil (Batjes, 1992).

The proposed list of attributes for File 3, as shown in Appendix |1, was drafted with reference to Chapters
2105, thelist of attributes published for representative soil profilesin the 1:1 M Soil Map of the European
Communities (Tavernier, 1985) and 1:5 M Soil Map of the World (FAO/Unesco, 1971-1981), and ISISand
SOTER (Van Waveren, 1987; Van Engelen and Pulles, 1991). Thislist will be fine-tuned as the soil profile
collection programme and data base development proceeds.

The pedon datawill be stored and manipul ated with a database management system derived from ISIS (Van
Waveren and Bos, 1988). Earlier, SIS formed the basis for developing SDB, the Soil Data Base system of
FAO/ISRIC (1989). The procedures of 1SIS, which arewritteninthe dBase 11" programming language, are
being adapted to handle the attribute data selected for WISE. of WISE.

6.4 Discussion

Given WISE's dependence upon existing soil data sources, the accuracy of the spatial and attribute datawill
belargely predetermined and vary within and between the  source materials . Each country, for instance, has
its own methods of soil sampling and soil analyses. The results of these analyses are not necessarily
comparable without adequate correlation (FAO/Unesco, 1971-1981, Volume V p. 91; Gardiner, 1987;
Pleijsier, 1989; Van Reeuwijk, 1983). Toalargeextent this‘ correlation’ problem can be circumvented when
the representative profiles are derived from a system such as |SIS (Van Waveren, 1987; Van Waveren and
Bos, 1988). This reference pedon data base on FAO soil units contains only soil profiles whose
characteristics have been determined according to uniform and standardized analytical procedures in one
laboratory (Van Reeuwijk, 1992), with subsequent ‘ quality control’ based on a scheme of cross-checks. As
the 1SIS data base mainly focuses on soils from tropical regions, it will be necessary to obtain soil profiles
for other regions from national soil survey organizations (e.g., Soil Conservation Service at Lincoln,
Nebraska; ORSTOM, France), either inadigital or manuscript form. The need for international cooperation
in this respect has been highlighted during an IGBP-DIS/GCTE workshop on Global Soil Data Bases in
Silsoe (October 1992).

The use of alimited number of ‘representative’ soil profilesina 1:5 M mapping exercise encompasses a
simplification of real-life spatial and temporal variability in soil characteristics. However, there seem to be
no valid aternatives for developing small scale soil data bases (Van Engelen and Pulles, 1991). The
uncertainties associated with spatial andtemporal variability of soil propertiesat different scales(Boumaand
Bregt, 1989; Mausbach and Wilding, 1991; Bregt, 1992), and the development and parametrization of
procedures for ‘scaling-up’ site gas flux data to the macro-level in a Geographical Information System are
still inadequately understood (Burrough, 1989; Roswall et al., 1988; Walker and Graetz, 1988). There
remainsaclear need for coordinated effortsto refine global estimates of trace gasfluxesinto the atmosphere
(Figure 6.2). To enhance the usefulness of published site and trace gas flux measurement data, these should
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be measured according to standardized methods with quality control, and be supplemented with detailed
information on so-called key site-attribute data (e.g., climate, land use, soils, land management practices).
The site attribute data should be described using internationally accepted and well defined terms to permit
international correlation of research findings.
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Figure6.2  Visualization of the importance of time and spacein the ‘scaling up’ of biogenic gas fluxes from the site-
level to the macro-level (Source: IGBP, 1990 p. 60)

Descriptivetermssuch as‘acid clay’ and ‘forest soil’, for instance, are commonly encountered in articleson
trace gasfluxesfromterrestrial ecosystems. Thesetermsform avery meagre basisfor trying to decipher the
role of the respective soil factors on the production (or consumption), transfer and emission of individual
trace gasesfrom aparticular terrestrial ecosystem. Soil profilesat al measurement sites should be described
according to uniform and internationally accepted standards, such as the ‘ Guidelines for Soil Description’
(FAO/ISRIC, 1990), and classified according to the FAO Legend and the national system of soil
classification.

The aspect of data compatibility between WISE and ‘auxiliary’ global data bases deserves careful
consideration to ensure its wide applicability in studies of environmental change. The common absence of
information about the accuracy of ‘traditiona’ and digital versions of cartographic products and their
associated attribute data can lead to difficultiesin spatial analyses, asthe datawill haveto betaken at ‘face
value' despite obvious errors inherent in assuming homogeneity (Goodchild, 1988). This problem will be
compoundedin Gl S-applicationswhere mapswith different accuracy attributesare combined to produce new
output (Smith et al., 1987).

Logistic and computer-technical aspects of importance when building and managing large data bases for
global science have been discussed, amongst others, by Mounsey (1988) and Buchman et al. (1990).
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6.5 Conclusion

The cleaned, digital version of the Soil Map of the World forms the best common denominator for defining
the geographic distribution of major soil unitsat the global level. Initspresent form, it permitsaqualitative
evaluation of the nature, geographical extent and ‘ management aspects’ of world soils. Theaim of WISE is
to develop asoil profiledatabase whichislinked to a30' x 30" grid version of the cleaned-version of the Soil
Map of the World. Such a data base would form an improvement on existing soil data bases derived from
the original, printed version of SMW (e.g. Zobler, 1986). An important and unresolved point of discussion
relatesto theidentification of the data sets modellerswould requirefor their respective studiesin relation to
the basic soil data setsthat can be presented in adigital data base linked to a1:5 M scale map.

The ‘cleaned’ digitized version of SMW provides the best available geographical basis for developing the
WISE data base. The data base development activities, as recommended by the WISE workshop, include:

(1) Rasterization of thecleaned SMW vector-maptoa30' x 30" grid, and computerized generation of files
specifying the typology and relative extents of the component soil units of the grid cells.

(2)  Improving the knowledge about soil attributesfor each FAO soil unit, initialy by inferring them from
algorithms based on a limited number of soil profiles.

(3) Providing statistically reliable information on data shown within the map units, with reference to a
gradually increasing number of regionally representative soil profiles (e.g. stratified by climate and
parent material), keeping in mind the possibility of data acquisition at the global level.

(4) Revision of grid-information as sections of SMW are being updated. (These areas are to be flagged
in the WISE data base).

The aspect of variable quality and ‘ spatial relevance’ of soil datais recognized as being a‘ sensitive’ issue
in any soil database compilation activity. Since WISE is a short-term project, a pragmatic approach must be
adopted when collecting a set of regionally representative soil profiles.

Once the WISE data base is complete (stages 2 and 3), a procedure to refine estimates of potential methane
production in natural and man-made wetland soils can be tested. A possible way to proceed has been
formulated during the WISE workshop. However, much innovative work still has to be carried out with
respect to model development, parametrization and calibration.

The primary responsibility for keeping the Soil Map of the World up-to-date resides with its auctor
intellectualis, the Food and Agricultural Organization. A complete updating activity will require financing
for along-term programme. FAO has prepared a proposal to update SMW at a scale of 1:5 M which isto
include: use of anew standard topographic base (ONC series), use of geomorphological entries at the first
level for differentiating mapping units, and differentiation of soils according to the Revised Legend (Van
Velthuizen, 1992). In view of similarities with the aims and procedures of the SOTER programme, the
methodology of which has recently been endorsed by FAO, ISRIC, ISSS and UNEP, cooperation of FAO
with1SRIC alsowould bevery beneficial with respect tothis*full-scale’ updating activity of soil information
at the global level.
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Appendices

Appendix | Estimated sour ces and sinks of methane (In Tg CH, per year; Source: |PCC 1992).

Sources

Natural

- Wetlands 115 (100-200)

- Termites 20 (10-50)

- Oceans 10 (5-20)

- Freshwater 5 (1-25)

- CH, hydrate 0(0-5)

Anthropogenic

- Coal mining, natural gas and petroleum industry 100 (70-120)

- Rice paddies 60 (20-100)

- Enteric fermentation 80 (65-100)

- Animal wastes 25 (20-30)

- Domestic sewage treatment 25 (?-?)

- Landfills 30 (20-70)

- Biomass burning 40 (20-80)

Snks

Reaction with OH 420 (340-500)

Removal by soils 30 (15-45)

Removal in stratosphere 10 (?-?)

Atmospheric increase 37 (34-40)
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Appendix I1: Preliminary structure and list of attributesfor the WISE soil data base

a) File1:
Description:

Attribute data:

b) File 2:
Description:

Attributes:

c) File3:
Description:

Attribute data:

Geo-referenced, individual 30" x 30' grids, characterized in terms of their component
FAO soil units.

GRID-ID (Eastings and Northings of upper left hand corner of grid cell)

Probable reliability of datain grid (H, M, L)

Regiona updatein WISE (Y, N)

Date of update (month/year)

- First spatialy dominant major soil unit or sea, glacier etc. where appropriate
[SOIL-code]; relative areawithin grid; identifier of representative profile (PROF-
ID);

- Second spatially dominant major soil unit [SOIL-code]; percentage of grid area;
reference number of representative profile (PROF-1D);

- as above, tentatively up to the first approximate 60%-70% of the grid cell's area.
(Note the area of each 30" x 30' grid cell decreases according to a cosine function of
latitude from the equator towards the poles, with an average area of about 55 x 55
km at the equator).

Characteristics for the ‘topsoil’ and ‘ subsoil’ of FAO soil units as derived from
simple agorithms and expert-judgement; thisfile isto provide an overal indication
of the range in characteristics.

SOIL-code

‘Derived’ vauesfor e.g. texture, bulk density, pH-H,O, water holding capacity for
the topsoil and subsoil, respectively.

Selected, readily ‘available’ attribute data for representative soil profiles (PROF-ID)
of the respective FAO soil units (SOIL-code).

GRID-ID

SOIL-code

PROF-ID

a) ‘Site characterigtics' file; ideally the data specified should be representative for
the whole soil unit in so far thisis possible at the considered scale of mapping
with the available data sources; specified using the SIS and SOTER coding
conventions:

- Latitude (®°'")

- Longitude (°'")

- Elevation

- Country

- Laboratory ID (provides akey to the analytical procedures)

- Date of sampling date (month/year)

- Codefor nationa data base/source of data (referencesin extradatafile).
- Landform

- Landscape position
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- Aspect

- Slopeclass

- Parent materia

- Drainage class

- Average depth of groundwater table (mean lowest and highest)
- Average depth to rock, etc.

- Vegetation or land use (at time of profile description/sampling)

b) ‘Soil layer’ datafile; listings of selected key soil
characteristics per mgjor horizon (to be specified as
numerical values):

- PROF-ID

- HORIZON-number

- FAO horizon codes

- Top of master horizon i, average depth (below surface)

- Bottom of master horizon i, average depth

- Munsell colour code (dry and moist)

- Organic carbon content

- Total N content

- Extractable P content

- pH-water

- pH-KC

- Electica conductivity

- Calcium carbonate content

- Gypsum content

- Cation exchange capacity (measured at pH 7 in NH,AQOc)

- Exchangeable Ca?*, Mg?, K* and Na' (measured at pH 7 in NH,AQC)

- Exchangeable acidity (measured at field pH; Optiona, i.e. to be stored only
when actually measured data are available)

- Base saturation (%)

- Coarse fragments (volume %)

- clay%

- sand%

- Slt%

- FAOtexture

- Structuretype

- Soil moisture content at field capacity (O)

- Soil moisture content at permanent wilting point (O)

- Bulk density (O)

¢) A file providing a detailed key to the analytical methods.
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Glossary

The glossary was compiled from the following sources:

[1] ORNL, 1990. Glossary: Carbon dioxide and climate. Environmental Sciences Division Publication No. 3532, The
Carbon Dioxide Information Analysis Centre, Oak Ridge National Laboratory.

[2] SSSA, 1979. Glossary of soil science terms. Soil Science Society of America, Madison, Wisconsin.

[3] Rambler, M.B., L. Margulis and R. Fester (eds), 1989. Global ecology: Towards a science of the biosphere.
Academic Press, Inc., Boston. p. 149-169.

[4] Burrough, P.A., 1986. Principlesof Geographical I nformation Systemsfor land resour cesassessment. Monographs
on Soil and Land Resources Survey No. 12, Clarendon Press, Oxford. p. 177-183.

[5] IPCC, 1990. Climate change: The IPCC scientific assessment. Edited by J.T. Houghton, G.J. Jenkins and J.J.
Ephraums. WMO/UNEP, Cambridge University Press, Cambridge.

[6] Abercombe, M., C.J. Hickman and M.L. Johnson, 1973. A dictionary of biology (6th edition). Penguin books,
Harmondsworth.

[7] Reinhardt, R.D.,1992. Geographic Information Systems(GIS) - Aglobal perspective. Global Environmental Change
Report, Cutter Information Corporation, Arlington.

[8] Brady, N,C.,1984. The natureand propertiesof soils(Ninth edition). MacMillan Publishing Company, New Y ork.

Aerobic: (i) Having molecular oxygen as part of the environment; (ii) growing only in the presence of molecular oxygen,
as aerobic organisms; (iii) occurring only in the presence of molecular oxygen (say of certain chemical or
biochemical processes, such as aerobic decomposition) [8].

Albedo: The fraction of the total solar radiation incident on a body that is reflected by it [1].

Ammonification: The biochemical process whereby ammoniacal nitrogen is released from nitrogen-containing organic
compounds [8].

Anaerobic: (i) Without molecular oxygen,; (ii) living or functioning in the absence of air or free oxygen [8]. Sometimes,
also called *anoxic'.

Assimilation: The incorporation of inorganic or organic substancesinto cell constituents[1].

Atmosphere: The mixture of gases that surrounds a planet (e.g., on the Earth the atmosphere is composed of
approximately 79 per cent nitrogen (N,) and 21 percent oxygen (O,), with smaller quantities of argon, carbon
dioxide, water vapour, hydrogen, methane, sulphur oxides, and other gases) [3].

Attribute: Non-graphic information associated with a point, line, or area element in a GIS [4].

Autocorrel ation, autocovariance: Statistical concepts expressing the degree to which the value of an attribute at spatially
adjacent points covaries with the distance separating the points [4].

Autotroph: An organism capable of utilizing carbon dioxide or carbonates asasol e source of carbon and obtai ning energy
for carbon reduction and biosynthetic processes from radiant energy (photo-autotroph) or oxidation of inorganic
substances (chemo-autotroph) [2]. Contrast with heterotrophic.

Autotrophic nitrification: Oxidation of ammonium to nitrate through the combined action of two chemoautotrophic
organisms, one forming nitrite from ammonium and the other oxidizing nitrite to nitrate [2].

Auxiliary storage: Addressable memory devices outside the main memory of the computer such as disks and tape units

[4].
Biogeochemical cycle: The chemical interactions among the atmosphere, biosphere, hydrosphere, and lithosphere [1].

Biomass: The total dry organic matter or stored energy content of living organisms that is present at a specific timein
a defined unit (community, ecosystem, crop, etc.) of the Earth's surface [1].
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Biome: A large, easily recognized community unit (ecological region) formed by theinteraction of regional climateswith
regional biota and substrates. In a given the life form of the climax vegetation is uniform. Thus, the climax
vegetation of the grassland biomeis grass, although the dominant species of grass may vary in different parts of the
biome [2].

Biosphere: The portion of the Earth and its atmosphere that can support life. The part (reservoir) of the global carbon
cycle that includes living organisms (plants and animals) and life-derived organic matter (litter, detritus). The
terrestrial biosphereincludestheliving biota (plants and animals) and thelitter and soil organic matter on land, and
the marine biosphere includes the biota and detritus in the oceans [1].

Biota: All living organisms of an area; the sum of all living things on Earth [3].

C, plants: Plants(e.g. soybean, wheat and cotton) whose carbon-fixation products have three carbon atoms per molecule.
Compared with C, plants, C, plants show agreater increasein photosynthesiswith adoubling of CO, concentration
and less decrease in stomatal conductance, which resultsin an increase in leaf-level water-use efficiency [1].

C, plants: Plants (e.g. maize and sorghum) whose carbon fixation products have four carbon atoms per molecule.
Compared with C, plants, C, plants show little photosynthetic responseto increased CO, concentrations above 340
ppm but show a decrease in stomatal conductance, which results in an increase in photosynthetic water-use
efficiency [1].

Caliche: A layer near the surface, more or less cemented by secondary carbonates of cal cium or magnesium precipitated
from the soil solution. It may occur as a soft thin soil horizon, as a hard thick bed just beneath the solum, or asa
surface layer exposed by erosion.

Carbon budget: The balance of the exchanges (inputs and losses) of carbon between the carbon reservoirs or between
one specific loop (e.g., atmosphere - biosphere) of the carbon cycle. An examination of the carbon budget of a pool
or reservoir can provide information about whether the pool or reservoir is functioning asasink or source for CO,

[1].

Carbon cycle: The sequence of transformations whereby carbon dioxide isfixed in living organisms by photosynthesis

or by chemosynthesis, liberated by respiration and by the death and decomposition of the fixing organism, used by
heterotrophic species, and ultimately returned to its original state [2].
All reservoirs and fluxes of carbon; usually thought of as a series of the four main reservoirs of carbon inter-
connected by pathways of exchange. The four reservoirs, regions of the Earth, in which carbon behaves in a
systematic manner, are the atmosphere, terrestrial biosphere (usually includes fresh water systems), oceans, and
sediments (includes fossil fuels). Each of these pools may be subdivided into smaller pools ranging in size from
individual communities or ecosystemsto the total of al living organisms (biota). Carbon exchange from reservoir
to reservoir by various chemical, physical, geological, and biological processes [1].

Carbon density: The amount of carbon per unit area for a given ecosystem or vegetation type, based on climatic
conditions, topography, vegetation cover type and amount, soils, and maturity of the vegetation stands [1].

Carbon dioxidefertilization: Enhancement of plant growth or of the net primary production by CO, enrichment that could
occur in natural or agricultural systems as a result of an increase in the atmospheric concentration of CO, [1].

Carbon flux: The rate of exchange of carbon between pools[1].

Carbon isotope ratio: Ratio of carbon-12 to either of the other, less common, carbon isotopes, carbon-13 or carbon-14

(1.

Carbon-nitrogen (C/N) ratio: The ratio of the weight of organic carbon to the weight of total nitrogen (mineral plus
organic forms) in soil or organic material [2].

Carbon pool: The reservoir containing carbon as a principal element in the geochemical cycle [1].
Carbon sink: A pool (reservoir) that absorbs or takes up released carbon from another part of the carbon cycle. For

example, if the net exchange between the biosphere and the atmosphere is towards the atmosphere, the biosphere
isthe source, and the atmosphere isthe sink [1].
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Chemodenitrification: Non-biological processes leading to the production of gaseous forms of nitrogen (molecular
nitrogen or an oxide of nitrogen) [2].

Chemotropy: Nutritional mode of organisms that obtain their energy from inorganic compounds [3].

Chlorofluorocarbons (CFCs): A family of inert nontoxic and easily liquified chemicals used in refrigerators, air
conditioners, packaging, and insulation and as solvents or aerosol propellants. Because they are not destroyed in
the lower atmosphere, they drift into the upper atmosphere where their chlorine components destroy ozone [1].

Classification, soil: The systematic arrangement of soilsinto groups or categories on the basis of their characteristics.
Broad groupings are made on the basis of general characteristics and subdivisions on the basis of more detailed
differences in specific properties [2].

Clear cutting: A forest-management technique that involves harvesting all the treesin one area at one time [1].

Climate change: The long-term fluctuations in temperature, precipitation, wind, and all other aspects of the Earth's
climate. External processes, such as the Earth's orbital parameters (eccentricity, precession, and inclination),
lithosphere motions, and volcanic activity, are factors of climate. Internal variations of the climate system also
produce fluctuations of sufficient magnitude and variability through the feedback processes interrelating the
components of the climate system [1].

Conduction: The transfer of heat by physical contact between two or more objects [8].
Convection: The transfer of heat through a gas or solution because of molecular movement [8].

Database: A collection of interrel ated information, usually stored on someform of mass-storage system such asmagnetic
tape or disk. A GIS data base includes data about the position and the attributes of geographical features that have
been coded as points, lines, areas, pixels or grid cells [4].

Data base management system (DBMS): A set of computer programs for organizing the information in a data base.
Typicaly, aDBMS contains routines for data input, verification, storage, retrieval, and combination [4].

Data set: A collection of logically related items arranged in a prescribed manner [7].

Decomposer: Small detritivores, usually bacteria and fungi, that consume such substances as cellulose and nitrogenous
waste products. Their metabolic processes release inorganic nutrients, which are then available for re-use by plants
and other organisms [3].

Denitrification: An anaerobic respiratory process characteristic of facultative aerobic bacteria growing under oxygen-
depleted conditions(denitrifying bacteria). Thereduction of nitrateto nitrite or to gaseous productssuch asnitrogen,
nitrous oxide, and nitric oxygen [3].

Diffusion: Thetransport of matter asaresult of the movement of the constituent particles. Theintermingling of two gases
or liquids in contact with each other takes place by diffusion [8].

Dissimilation: The release from cells of inorganic or organic substances formed by metabolism [2].

Ecosystem: The interacting system of a biological community and its non living environmental surroundings [1].
A community of organisms and the surroundings in which they live [2].
A visibly recognizable unit in nature, bounded by an ecotone and comprised of communities in which the
biologically important chemical elements (C, N, S, P, and so on) are cycled; these elements cycle more rapidly
within an ecosystem than between ecosystems [3].

Ecotone: Ecosystem boundary, transition zone between one ecosystem and another (e.g., field or forest edge, shoreline)

(3].

Extrapolation: Theact of extending theresults of spatial sampling to pointsoutside the area surveyed - not recommended

[4].

General circulation models: Hydrodynamic models of the atmosphere on agrid or spectral resolution that determine the
surfacepressureand thevertical distributionsof velocity, temperature, density, and water vapour asfunctionsof time
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from the mass conservation and hydrostatic laws, the first law of thermodynamics, Newton's second law of motion,
the equation of state, and the conservation law for water vapour. Abbreviated as GCM [1].

Global Warming Potential (GWP): Index which allowsacomparison of the climate effects of the emissionsof greenhouse
gases. The GWP depends on the position and strength of the absorption bands of the gas, its lifetime in the
atmosphere, its molecular weight and the time period over which the climate effects are of concern [5].

Greenhouse effect: A popular term used to describe the roles of water vapour, carbon dioxide, and other trace gasesin
keeping the Earth's surface warmer than it would be otherwise. The ‘radiatively-active’ gases are relatively
transparent to incoming shortwave radiation, but are relatively opague to outgoing long-wave radiation. The latter
radiation, which would otherwise escape to space, is trapped by these gases within the lower levels of the
atmosphere. The subsequent reradiation of some of the energy back to the surface maintains surface temperatures
higher that they would be if the gases were absent. There is concern that increasing concentrations of greenhouse
gases, including carbon dioxide, methane and manmade chlorofluorocarbons, may enhance the greenhouse effect
and cause global warming [1].

Grid: A cellular-based data structure composed of pixels or cells of equal size arranged in columns and rows [7].
Grid map: A map in which theinformation is carried in the form of grid cells. See Raster [4].
Heterotroph: An organism capable of deriving energy for life processes from the oxidation of organic compounds [2].

Heterotrophic nitrification: Biochemical oxidation of reduced forms of nitrogen (e.g., ammonium) to nitrate by
heterotrophic microorganisms [2].

Hierarchical data base structure: A method of arranging computer files or other information so that the units of data
storage are connected in a hierarchically defined pathway. From above to below, relations are one-to-many [4].

Holdridge life zones: A climate classification system that can be derived from basic monthly temperature and
precipitation. The 3 indicators upon which the system is based are: biotemperature (based on length of growing
season and temperature during the growing season), mean annual precipitation, and a potential evapotranspiration
ratio that links biotemperature with annual precipitation and defines different humidity provinces.

Hydrologic cycle: The process of evaporation, vertical and horizontal transport of vapour, condensation, precipitation,
and the flow of water from continentsto oceans. It isamajor factor in determining climate through itsinfluence on
surface vegetation, the clouds, snow and ice, and soil moisture [1].

Hydrosphere: The Earth's waters, as distinguished from its rocks (lithosphere), it living things (biota), and its air
(atmosphere) [3].

Humic substances: Any fraction or substance in or separated from humus [2].

Humification: Theconversion of organic residuesthrough biol ogical activity, microbial synthesis, and chemical reactions
to humus [2].

Humus: Therelatively resistant, usually dark-brown to black, fraction of soil organic matter, peats, or composts, which
isformed during the biological decomposition of organic residues. Usually constitutesthe major fraction of the soil
organic matter [2].

Hydrologic cycle: The fate of water from the time of precipitation until the water has been returned to the atmosphere
by evaporation and is again ready to be precipitated [2].

Latent heat: Energy transferred from the Earth's surface to the atmosphere through the evaporation and condensation
processes [1].

Layer: A logical separation of mapped information according to theme [4] in GIS.
Map generalization: The process of reducing detail on a map as a consegquence of reducing the map scale. The process

can be semi-automated for certain kinds of data, such as topographical features, but requires more insight for
thematic maps [4].
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Mapping unit: A set of areas drawn on a mp to represent a well-defined feature or set of features. Mapping units are
described by the map legend [4].

Map resolution: The precision with which the location and shape of map features are depicted for agiven map scale[7].

Map scale: An expression of a unit of measure on a map and the equivalent measure on the Earth's surface, often
expressed as a representative fraction of distance [7]. For instance, 1:5,000,000, or one unit (e.g. cm) on the map
equal s 5,000,000 units on the Earth's surface.

Mesobiota: See mesofauna[2].

Mesofauna: Nematodes, oligochaete worms, smaller insect larvae, and microarthropods [2].

Metabolism: The sum of all enzyme-mediated chemical conversion pathways characteristic of all autotrophic entities,
cells, and organisms (e.g., the means by which energy and organic compounds are made available for use by
microorganisms) [3].

Microbiota: Microflora and protozoa [2].

Modelling: An investigative technique that uses a mathematical or physical representation of a system or theory that
counts for all or some of its known properties. Models are often used to test the effects of changes in system
components on the overall performance of the system [1].

Net Primary Production: The part of the gross primary production (total product of photosynthesis) that remains stored
inthe producer organisms (primarily green plants) after deducting the amount used during the processof autotrophic
respiration. Abbreviated as NPP [1].

Nitrate assimilation: Uptake of nitrogen by living organisms and conversion to cell substrates (e.g., protein) [2].

Nitrification: The oxidation of ammonia (in solution as a salt) to nitrite, often followed by the oxidation of nitrite to
nitrate. An aerobic respiratory process characteristic of chemolithotrophs (nitrosofying and nitrifying bacteria) [3].

Nitrogen cycle: The sequence of chemical and biological changesundergone by nitrogen asit movesfrom the atmosphere
into water, soil, and living organisms, and upon death of these organisms (plants and animals) is recycled through
part or al of the entire process.

Nitrogen fixation: Metabolic process characteristic of some bacteria: incorporation of atmospheric nitrogen (N,) into
organic nitrogen compounds; requires nitrogenase [3].

NPP: Net Primary Production.

Ozonelayer: A region in the upper stratosphere containing high concentrations of ozone (O;), which protectsthe Earth's
surface from harmful solar radiation [3].

Peat: Unconsolidated soil material consisting largely of un-decomposed, or only slightly decomposed, organic matter
accumulated under conditions of excessive drainage [2].

Photosynthesis: Metabolic processinvolving the production of organic compounds from carbon dioxide and ahydrogen
donor (e.g., hydrogen sulphide or water) by using light energy capture by chlorophyll [3].

Pore space: Total pore space not occupied by soil particlesin abulk volume of soils[2].

Producer: An autotrophic organism, usually a photosynthesizer, that contributes to the net primary productivity of a
community [3].

Profile, soil: A vertical section of the soil through all its horizons and extending into the parent material [2].

Q.o: Temperature coefficient. Theincreasein rate of aprocess (expressed asamultipleof initial rate) produced by raising
temperature of 10 °C [6].
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Radiatively-active gases: Gases that absorb incoming solar radiation or outgoing infrared radiation, thus affecting the
vertical temperature profile of the atmosphere. Most frequently being cited as being radiatively-active gases are
water vapour, CO,, CH,, N,O, chlorofluorocarbons, and ozone [1].

Radiation flux: Amount of radiation impinging on a given surface per unit time [3].

Relational data base: A method of structuring data in the form of sets of records or ‘tuples’ so that relations between
different entities can be used for data access and information [4].

Residencetime: The size of any specific reservoir or pool of mass (e.g., carbon) divided by the total flux of massinto or
out of that pool [1].

Resolution: The smallest spacing between two display elements; the smallest size of feature that can be mapped or
sampled [4].

Respiration: A biochemical process by which living organisms take up oxygen from the environment and breakdown
organic matter - in plants, the organic matter in photosynthate produced during daylight hours -, releasing both
carbon dioxide and energy [1, 3]. The terminal electron acceptor isinorganic and may be oxygen or (in anaerobic
organisms) nitrate, sulphate, or nitrite [3].

Rhizosphere: The zone of soil in which microorganisms are affected by living plant roots[2].

Semivariogram: A figure relating the variance of the difference in value of an attribute at pairs of sample points to
separation distance [4].

Sensible heat: The excessradiative energy that has passed from the Earth's surface to the atmosphere through advection,
conduction and convection processes [1].

Shortwave radiation: The radiation received from the sun and emitted in the spectral wavelengths lessthan 4 ym. Itis
also termed ‘solar radiation’ [1].

Soi

: (i) The unconsolidated mineral material on the immediate surface of the earth that serves as a natural medium for
the growth of land plants. (ii) The unconsolidated mineral matter on the surface of the earth that has been subjected
to and influenced by genetic and environmental factors of: parent material, climate (including moisture and
temperature effects), macro- and microorganisms, and topography, all acting over a period of time and producing
aproduct - soil - that differsfrom the material fromwhich it isderived in many physical, chemical, biological and
morphological properties, and characteristics [2].

Soi

association: A mapping unit used on general soil maps, in which two or more defined taxonomic units occurring
together are combined because the purpose for which it is being made does not require delineation of theindividual
soils[2].

Soil organic matter: The organic fraction of the soil. Includes plant, animal and microbial residues, fresh and at all stages
of decomposition, and the relatively resistant soil humus [2].

Spatial data: Information concerning location, shape and relationships among geographic features, usualy stored as
coordinates within atopological function [7].

Stomata: A minute opening bordered by guard cells in the epidermis of leaves and stems through which gases pass [ 3].

Stratosphere: Theregion of the upper atmosphere extending from the tropopause (8-15 km altitude) to about 50 km. The
thermal structure is determined by its radiation balance and is generally very stable with low humidity [1].
Characterized by relatively uniform temperatures (about -75 °C) and horizontal winds (e.g., jet stream). The base
of the stratosphere makes an upper limit to the general turbulence and convective activity of the troposphere [3].

Surface albedo: The fraction of solar radiation incident on the Earth's surface that is reflected by it. Reflectivity varies
with the ground cover, and during the winter month it varies greatly with the amount of snow cover (depth and areal
extent). Roughness of terrain, moisture content, solar angle, and angular and spectral distribution of ground-level
irradiations are other factors affecting surface albedo [1].
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Trace gas: A minor constituent of the atmosphere. The most important trace gases contributing to the greenhouse effect
arewater vapour, CO,, O,, CH,, NH;, NO, NO,, N,O, ethylene, sulphur dioxide, dichlorofluormethane or Freon 12,
trichlorofluoromethane of Freon 11, methyl chloride, carbon monoxide, and carbon tetrachloride [1].

Topology: The way in which geographical elements are linked together [4].

Tropopause: The boundary between the troposphere and the stratosphere (about 8 km in polar regions and about 15 km
intropical regions), usually characterized by an abrupt change of lapserate. Theregions abovethetroposphere have
higher atmospheric stability than those below. The tropopause marks the vertical limit of most clouds and storms
[1].

Troposphere: The inner layer of the atmosphere below about 15 km, within which there is normally a steady decrease
of temperature with increasing atitude. Nearly all clouds form and weather conditions manifest themselves within
this region, and its thermal structure is caused primarily by the heating of the Earth's surface by solar radiation,
followed by heat transfer by turbulent mixing and convection [1].

Vector: A quantity having both magnitude and direction [4].

ISRIC Technical Paper 23 197 NRP Project 851039



| SBN 90-6672-048-4



