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CONFERENCE PAPERS 18, 1993
Geography of organic matter production and decay

Preface

The Szymbark seminar was held at the Szymbark Field Station of the Institute
of Geography and Spatial Organization, Polish Academy of Sciences in the days
18-22 August 1991. The aim of this meeting was to analyse the informaticn col-
lected on terrestrial organic matter processes in a broad geographic scale.

The predicted change of the global climate will affect especially the ter-
restrial ecosystems of the temperate and northern zones. The belts of temperate
and northern vegetation will move northwards; organic matter budgets in these
ecosystems should change as the rates of such ecosystem processes as production
and decomposition will be accelerated by higher temperatures. These changes
can be predicted to some degree from presently occurring ranges of rates of these
processes in different thermoclimates.

Comparative analysis of this type of ecological results enables realistic
evaluation of natural variability of presently existing ecosystems on the Globe.
The expected warming of climate on Northern Hemisphere fits the range of
present thermic conditions on the Earth. Studying the behaviour of ecosystems
in these ranges one can predict the eventual modifications caused in the inner
structure/function of ecosystem by the change of climate or, at least, one can use
these data in the modeling assumptions to correlate ecosystem-climate features.

Szymbark SCOPE seminar belongs to the series of meetings related to the
realization of the SCOPE project on "Organic matter budgets in terrestrial
ecosystems”. The project originally entitled "Comparative ecology of terrestrial
ecosystems: production/decomposition budgets” was proposed by signed below
on behalf of Polish SCOPE Committee at VI SCOPE General Assembly. After
some re-claborations it was approved by SCOPE Executive Committee at its
Delft meeting (November 11-12, 1987) under the title "Production/decomposition
budget of organic matter”, Alicja Breymeyer (Poland) and Jerry Melillo (USA)
were invited to co-chair this project; Scientific Advisory Committee (SAC) of six
was established including J.Landsberg, M. Swift, D. Hall, G. Agren and 2 co-
chairing persons. After some time J.C.Menaut was invited to join SAC. IGBP —
Global Change stimulated some re-shaping of the project to meet the expected
global warming influence.

Beginning from 1989 several meetings were organized in the frame of the
project:

— "Ecosystem response to climate change: the effects of climate change on
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production and decomposition in coniferous forests and grasslands”". Workshop at
Woods Hole, USA, April 9-14.1989, hosted by Jerry Melillo, SAC member and
co-chair person.

— Grasslands and forests modeling groups meeting, Woods Hole January 1990.

— "The effects of climate change on production and decomposition of coniferous
forests and grasslands”. Workshop at Kings College, London, September 17-22.1990,
hosted by David Hall, SAC member.

— Grasslands modeling group meeting, Kings College, March 18-21.1991.

— "Geography of organic matter budgets in terrestrial ecosystems”. Seminar at
Szymbark, Poland, hosted by Alicja Breymeyer, SAC member and co-chair per-
son.

The presented proceedings involve the information collected in broad scale net-
works and transects. Several global scale maps and numerous tabulations cre-
ate additional value of this volume which, I hope, will satisfy our small group.
Even more satisfying are news on development of the idea of organic matter
budgets between ecologists: the new SCOPE project proposed by French SCOPE
Committee "Tree-grass dynamics: driving forces and consequences on organic
matter budgets” is accepted; English TIGER (Terrestrial Initiative in Global En-
vironmental Research) involves the studies of organic budgets in various
projects. I believe, that this is a fruitful way to face global changes in our planet.

Alicja Breymeyer
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GLOBAL MAPS OF ORGANIC MATTER STRUCTURE
IN TERRESTRIAL ECOSYSTEMS

ROMAN L.ZLOTIN, NATALIA 1. BAZILEVICH

Abstract. Organic matter distribution through all continents was analysed for follow-
ing reservoirs: humus, phytomass alive and dead, microorganisms, wild and domesticated
animals and biomass of human population. Geographical patterns of different organic
matter fractions are shown on the maps. The global structure of organic matter can be ex-
pressed as following row of OM fractions measured in 10'2 kg: 2040 kg humus, 2400 kg

phytomass, 600 kg mortmass, 20 kg microbial mass, 1.0 kg wild biomass, 0.3 kg domestic
biomass, 0.1 homomass.

Key words: organic matter reservoirs, maps, models; global maps.

INTRODUCTION

The key issue in the problems of global environmental change is the carbon
budget. The available quantitative assessments of carbon flows between reser-
voirs are still few and contradictory. It is noteworthy, however, that not only the
flows intensity is disputed today, but even the general direction of the carbon
flow is still uncertain. It is still not clear whether the biota is a source or sink for
the atmospheric CO2 (Kobak 1988).

There exist several assessments of global standing crop and structure of the
organic matter (OM). Evaluations by different authors of the absolute values and
ratios of OM amounts differ significantly but the general pattern is rather constant.
Evaluations of OM storage which are produced by N.I. Bazilevich (1979) are
an outcome of a synthesis of numerous publications and original calculations (Table 1).

Continents are the main reservoir of the OM. The terrestrial ecosystems con-
centrate over 98% of alive OM and nearly 30% of dead OM. A lot of the dead
OM (44%) is buried in oceanic silts.

Huge amounts of dead OM are buried in geological layers; this is production of
the past biospheres. The continental desposits are twice as big as the oceanic ones.

The main aim of this paper is presentation of OM distribution through all continents
and in all reservoirs of OM. These reservoirs are: OM of soil (humus), vegetation
(alive phytomass, dead phytomass or mortmass), microorganisms (microbialmass),
animals, both wild and domestic (zoomass), biomass of man (homomass).

All maps demonstrated in this paper were developed in the Institute of Geo-
graphy, Russian Academy of Sciences (IGRAS). IGRAS has the good traditions
in thematic geographic mapping and acquired large empirical data bases of the
OM distribution pattern in the terrestrial ecosystems.
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Table 1. Global content of organic matter (OM) and organic carbon (C)
in the earth reservoirs (after Bazilevich 1979)

Components OM in C
of OM ton
bln. t. in %
Alive OM, total 2429 975 100
Continents, total 2425 973 99.8
Phytomass 2402 961 98.6
Zoomass and microbialmass 23 12 1.2
Ocean, total 4 2 0.2
Phytomass 0.2 0.05 0.0
Zoomass and microbialmass 33 1.7 0.2
Dead OM, total 11060 5656 100
Continents, total 3262 1593 28
Humus 2042 1021 18
Mortmass 574 249 4
River alluvium 300 150 3
Peat 220 110 2
Sapropel 116 58 1
Others 10 5 0.1
Ocean, total 7791 4058 772/
Slime (Holocene) 4456 2228 39
Dissolved OM 3275 1800 32
Weighed OM 60 30 0.5
Atmosphere, total 8 6 0.1
Dead OM in the geological sediments, total 15048 100
Continets 10000 - 66
Ocean 5000 33
Coal 30 0.2
QOil 2.5 0.0
Others 16 0.1

GEOGRAPHICAL PATTERN OF SOIL OM STRUCTURE

The main component of OM in soils is humus. The peat and organic debris of
plant and animal tissue are an essential parts of soil OM also.

Humus usually accounts for about 90% of total OM in soils. It concentrates
about one third of all alive and dead organic matter of terrestrial ecosystems. As-
sessments by different sources of total global storage of carbon in humus can fre-
quently vary; this is because the authors use different data on organic carbon
concentrations in the same soil types, and also take different areas for the same
soil types. Kobak (1988) has studied 15 publications, mostly of Western authors, and
has found that global humus storage ranges from 700 - 1012 kg C up to 3000 - 10'2 kg C.

Amounts of organic carbon stored in humus are shown in Table 2 in accord-
ance to different climatic zones and regions. The highest index of humus storage

8
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is in the boreal zone (1/3 of the global sum), though this zone itself accounts for
only 17% of total Earth surface. About 20% of humus are in the tropical zone
(40% of surface of land). The subtropical and subboreal zones show a gradual
reduction. The arctic zone has the lowest C storage (7%), but is next to the boreal
zone in C concentration per area unit.

Table 2. Distribution of soil carbon in different thermic belts, geographical regions and biomes (after
Kobak 1988)

Thermic belts, regions, biomes Surface C org. content

min. km? % kg - m> bin .t %
TROPICAL 56.3 42.1 103 579 215
moist 259 194 13.5 349 16.6
draughty and dry 17.4 13.0 8.9 155; 13
semidesert and desert 13.0 9.7 547, 15 3.6
SUBTROPICAL 257 12.9 12.9 330 15.7
moist 6.5 203 103 133 6.4
draughty and dry 8.6 16.0 16.0 138 6.5
semidesert and desert 10.6 5.6 5.6 59 28
SUBBOREAL 219 16.5 14.6 320 15.2
forest 6.0 45 18.1 109 52
steppe 1.9 6.0 21.3 169 8.0
semidesert and desert 19 6.0 5.3 42 2.0
BOREAL 23.7 17.8 31.1 739 35.1
taiga 154 11.5 358 549 26.1
permafrost — taiga 83 6.3 22,6 190 9.0
POLAR 547/ 43 239 136 6.5

TOTAL 133.4 100 15.8 2104 100

Mapping humus storage in soil is a difficult task, because of the big diversity
of soil types and of humus components. Hence, it turned out impossible to present on
such a map the whole variety of the soil types that are in the FAO/UNESCO
map (1987), where 106 soil types have been shown.

The map "Organoprofiles of natural soils of the world” was compiled by A.E.
Cherkinsky and O.A. Chichagova (1991) in the Laboratory of Soil Geography of
the IGRAS. It presents a distribution pattern of the types of "organoprofiles" —
the term suggested by the Russian pedologist-ccologist L.A. Grishina (1986).
Classification of organoprofiles of the natural soils in the World by A.E.
Cherkinsky and O.A. Chichagova is based on several groups of diagnostic in-
dexes: morphological, physical-chemical, and temporal (Table 3).

The morphological humus types correspond with classification of P. Duchau-
four (1982): 1 — peat, anmoor — on-surface accumulation of weakly decom-
posed OM practically unaggregated with inorganic part of soil; 2 — moor, moder
-— accumulation of organic detritus on surface is less clear than in the previous
type, humus is distributed in the profile by migration processes, it is weakly ag-

9
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gregated with the mineral material; 3 — forest moder, mull — humus is pre-
dominantly accumulated within the profile, on-surface accumulation of organic
matter detritus is low, humus is formed in situ as well as by migration processes,
ions of iron, aluminium, and calcium aggregate it with the inorganic mineral sub-
stratum; 4 — steppe mull — soft humus formed in situ, strongly aggregated with
the inorganic part of soil via calcium ions.

Features of the main types of global organoprofiles and their distribution pat-
tern in the terrestrial biomes are shown in Table 3.

The accumulative-detrital type of organoprofile is formed in overmoistened
conditions and is found mostly in the swamp ecosystems of the boreal and arctic
zones, as well as of marsh areas. Radiocarbon age is several thousands of years
(the Holocene), rates of decomposition, mineralization, and humification are low.
High content of OM (humus + litter): up to 100 kg per sq.m.

The accumulative-detrital-humus type is associated with boreal coniferous
forests high level of primary production, high litter biomass and eluvial water
regime leading to the formation of intra-profile humus. Period of litter and
humus regeneration is very short: few hundreds of years for litter and 2-3
thousand years for humus. Humus storage is moderate, 10-15 kg-m™2-

The accumulative-isohumus type occur under steppe vegetation and broad-
leaved forests. High rate of plant fall humification, and low rate of humus
mineralization. Period of litter regeneration is from several years to tens of years;
the absolute age of humus is several thousands of years. Humus and litter storage
is high: 15-30 kg:m2,

Eluvial-illuvial-humus type occur under mixed forests with high amount of
precipitation and moderate level of air temperature. Accumulation of OM is
mostly in the upper soil horizons; high rate of humification. Litter and humus
storage is 10-15 kg-m*2,

Eluvial-humus type occur under seasonal and wet rain tropical forests; very
high year-round rate of decomposition, low content of humus: 5-10 kg-m-2, most-
ly in the upper horizons of the soil profile.

Mineralized-isohumus type is formed in the areas of sharp seasonal type of
climate with one and more dry seasons — steppes and dry subtropical forests.
Humus storage is low — 5-10 kg-m~2,

Low-humus type is formed in the area where one or several factors are strong-
ly limiting vegetation. Humus and litter storage is below 5 kg-m2,

- The global map of distribution pattern of organoprofiles was compiled on the
basis of the "World Soil Map", edited by V.M. Fridland and M.A. Glazovskaya,
1982. The total number of contours of organoprofiles identified in the world soil
cover is over 150, the map is availabe in IGRAS, Moscow.
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Table 3. The characteristics of the main organo-profile types (after Cherkinsky, Chichagova 1991)

Type Humus, litter, OM distribution in profile Type of humus Ecosystems
of organo-profile kg-m?
Morphotype C humic/ CN
C fulvic
Accumulative — detrital above 30 | shallow peat, moor 0.3-1 above 20 | bogs, wet tundra
Accumulative 10-15 shallow inside-profilic, moor 0.05-1 14-17 wet tundra, boreal forest
detrital — humus sharp decreasing with depth moor-moder
Eluvial - illuvial — humus 10-30 inside-profilic, bimodal, moder 0.2-2 10-15 temperate
proportional decreasing mull and subtropical forest
Accumulative — isohumus 10-30 inside-profilic, mull 1 10 steppe, savannas, subtropical
proportional decreasing moist forest, temperate forest
Eluvial humus 5-10 inside-profilic, sharp moder 0.5 20 tropical and subtropical rain and
decreasing with depth moist forest
Mineralized— isohumus 5-10 same mull 0.5-2 10 dry steppe,
subtropical & tropical forests
Low — humus lower dispersal, moder 0.3-1 10 semidesert, desert
proportional decreasing
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GLOBAL STRUCTURE OF STANDING CROP AND PRODUCTIVITY
OF OM IN THE "VEGETATION" RESERVOIR

In the terrestrial ecosystems the plant matter occurs in two forms — alive and dead.
The alive matter (or phytomass) accounted for over 40% of total terrestrial storage of
OM. Dead plant matter (or mortmass) is only 6% of the global terrestrial OM.

N.I. Bazilevich has carried out mapping of standing crop and production of
phytomass and mortmass in the terrestrial ecosystems using a global data base,
which is prepared in the Laboratory of Biogeography of IGRAS under her sur-
veillance for about 500 sites. Each site has published data or original evaluated
data on the standing crop structure of phytomass and mortmass, and primary
production of OM. All assessments of primary productivity were carried out with
unified techniques and methods (Bazilevich and al. 1978).

The maps of phytomass, mortmass, and annual primary production (Figs. 1, 2, 3%)
were compiled on the basis of the global map of potential vegetation, and cover over
200 categories of plant formations (Physical-Geographical Atlas of the World, 1964).
All indexes consist 10 categories of biomass from minimal to maximal ones (see
Table 1 in paper of Bazilevich, Drozdov, Zlotin published in this volume).

Geography of standing crops of phytomass and mortmass and of primary produc-
tion follows generally the same pattern. First, they are maximal in the tropical and
subtropical thermal zones, and in the oceanic and suboceanic sectors of continents.
Minimal indexes are registered for the arctic and subarctic zones, for regions with
sharp and extreme continental climates, and also in subboreal, subtropical and tropi-
cal deserts. Second, the areas of high mortmass accumulation are clearly situated in
high latitudes, unlike the areas of high phytomass storage and maximum primary
production that are situated in the tropical or temperate latitudes.

The map of primary production compiled by N.I.Bazilevich (Fig.2) and the
world maps of radiation balance (R gr J - m2 . y'!) (Uchijima, Seino 1987) and
radiation drougth index (Henning, Flohm 1977) were used by Varlygin to estab-
lish the correlations of phytomass annual production indexes with the solar radia-
tion factors (Varlygin, Bazilevich 1992). The conclusion was that the maximum
values of production in each thermal belt do not form linear graphs, as it was as-
sumed before (Bazilevich et. al., 1978; Efimova 1976), but form a broken line
with an extremum of R within 1.5-2.0 and of drought index (R/Lr) from 1.0 to
1.5 located in the subboreal belt roughly between broad-leaved forests and the
forest-steppe zone (compare Varlygin, Bazilevich 1992).

It was also confirmed that in all regions of the boreal, subpolar, and polar belts with
the exception of arid ones, primary production of the zonal ecosystems increases with
the rise of heat inflow, while in deserts the tendency is inverse. In the subboreal, sub-
tropical and tropical belts primary production increases with moisture increasing.

An important conclusion for prognosis of the position of the natural zones in
response to global climate change is that changes in radiation balance lead to

* All figures of this article are enclosed at the end of the volume.
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shifting of the zonal boundaries. The shift becomes significant in the polar belt if
radiaticn balance changes by 0.1 grJ - m'2 - y1 in the boreal belt — by 0.2. The
corsresponding increase of primary production is 1.5-2 times. In other thermal
belts changes are visible if R goes up by 05.-1.2 grJ - m*2 - y'! with increasing
production about 1.2 times.

Varlygin (Varlygin, Bazilevich 1992) has suggested 4 hydrothermal areas
(Table 4) that can be usefully employed for modeling dynamics of primary
production on global level with the above discussed climatic parameters: radia-
tion balance and radiation drought index.

Table. 4. Global hydrothermal areas (after Varlygin, Bazilevich 1992)

# Areas R R/Ls R/LE Evaporation Primary
mm production
t- hat.y?

1 | Sufficient moistening, <ItS <1 2.1 100-550 <14
insufficient warming

2 | Sufficient moistening, >1.5 <1.5 2.1 >550 14-30
sufficient warnming

3 | Insufficient moistening, >1.5 1.5-7 2.1-6 200-550 4-20
sufficient warming

4 | Limited moistening, >2 >7 >6 <200 <4
surplus warming

Other parameters important for modeling the OM changes in the "Vegetation"
reservoir are distribution of standing crop and production of phytomass in the main
terrestrial biomes. Let us take for this purpose the assessments produced by K.I.
Kobak (1988) using generalized data of Ajtay and Co. 1979, Olson 1963, Olson 1983,
— Table 5. According to these calculations, the maximum standing crop and produc-
tion of OM phytomass are in tropical rain forests, they are high enough in savannas and
in boreal forests, and also in forests of the temperate zone and open woodlands.

Table 5. Carbon (C) storage in the Phytomass (Phm), Annual Net Primary Production (NPP) and car-
bon mobility (NPP/Phm) in the main terrestrial biomes (after Kobak 1988)

BIOME uare Phm NPP NPP/Phm
10%m? [ % 10"kg % 10"%kg %
Tropical rain forest 11.2 715 178.6 320 9.9 16.5 0.06
Tropical monsoon forest 5.1 34 4.6 8.0 72 5.3 0.07
Temperate zone forest 7.8 5.2 76.6 13.7 47 7.8 0.06
Boreal forest 10.6 751 111.6 19.9 34 517 0.03
Open forest 8.6 5.8 40.5 72 4.6 1.7 0.11
Savanna 235 15.9 57.6 10.3 14.2 236 0.25
Steppe 109 73 10.0 1.8 215) 5.8 0.35
Tundra, alpine meadows 11.6 1.7 9.5 1.7 13 22 0.14
Desert, semidesert 39.3 26.4 6.5 1.2 1.4 298 0.22
Cultivated lands 14.6 9.8 12.5 22 9.4 15.7 0.75
Bogs 3.2 2'2 115 2.0 4.0 6.7 0.35
Lakes, streams 2.6 17/ 0.5 0.1 0.4 0.7 0.80
TOTAL 149.2 100 560 100 60 100 0.11
13
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MICROORGANISMS RESERVOIR

Data on geography of density and biomass of microorganisms, i.e. bacteria
and fungi are rather fragmentary. These parameters were defined for some types
of ecosystems and zonal biomes in the period of research under the International
Biological Programme. This is sufficient for the preparation of the so-called
general "OM formula” (e.g., see French et al., 1979) for selected ecosystems, but
not enough for global mapping of the microbe biomass and microbiological
processes. The "OM formula" states the ratio of OM amounts in the following
reservoirs — humus, phytomass, microbialmass and zoomass. Hence, this OM
formula in oak-forest of the forest-steppe zone of the temperate belt is
1600:500:8:1, and the same for meadow steppe is 1800:100:5:1.

The main pool of microorganisms is associated with soil. An integrated in-
dicator of activity, and consequently, of density of microorganisms can be
provided by CO2 output from soil to atmosphere, if we identify in this flow the
microbiological component. The available data, though fragmentary, allow for
such an attempt. One can assume that microorganisms account for about 30% in
the total CO2 flow from soils (Coleman 1973; Zlotin, Khodashova 1980).

Total CO2 flow from soil surface is presented in Table 6. One can notice that
the range of fluctuations is small: 3-7 times from zonal tundra and desert soils to
soils of humid tropical forests. Given the energy equivalent of CO2 and P/R ratio
in microorganisms, one can approximately assess the amounts of global microbe
biomass and production: they are 20 and 60 kg-10!2 respectively.

Table 6. Global CO3 flow from soil surface (after Kobak 1988)

SOIL Square CO2 output CO; output CO; flow
% kg.ha'! .day™ duration days 10'%kg C
per year
Podzol 9 50-80 150 6.7
Chemozem, tropical black soil 6 100-130 150-200 124
Gray and brown forest soil 7 40-80 150 6.8
Chestnut soil, red-brown soil 7 40 150 4.6
Desen 17 5-10 200-300 2.5-3.8
Red soil, laterit 19 150 360 17.5
Alluvial 4 60 200 1.0
Mountain 16 5-33 150 1.8
Tundra 4 20 50 39
Glacier 11 - - -
TOTAL 100 60

Herewith listed are also parameters of the microbe biomass in some types of
zonal ecosystems evaluated by the experimental technique of direct count (Table 7).

14

http://rcin.orqg.pl



Table 7. Microbial biomass [g per sq.m] in zonal types of soil of the former USSR (after Mirchink,
Panikov 198S5; Parinkina 1989)

Zone, site, soil Fungi Bacteria
Tundra, moss-sedge-bush, tundra gley soil, Yakutia 98.1 no data
Tundra, dryas-sedge-moss, tundra gley soil, Taymyr peninsula
spot 50.3 41.8
border 7.4 7}
Taiga, boreal picea forest, soddy podzolic soil, Novgorod distr. 87112 373
Mixed forest, temperate picea-herbs forest, soddy podzolic soil,
Moscow distr. 202.6 40.5
Forest-steppe, chemozem soil, Kursk distr.
meadow steppe, reserve 157.7 94.0
meadow steppe, mowed 79.5 66.7
ocak forest 1242 47.0
Moist subtropical forest, beech-hombeam-hardwood forest, red soil,
Adjaria, Caucasus 111.0 18.5
Subtropical sandy desert, Haloxylon woodland, sandy desert soil,
Repetek Biosphere Reserve, Turkmenia 24.6 5.0

GLOBAL STRUCTURE OF WILD ANIMALS BIOMASS

Global assessments of the biomass of animal populations are very rare. The only
source of information is data based on all zoomass components compiled by our own
during the recent 20 years. These materials are mostly original ones. Besides, all
available published information on individual components of zoomass was used.

Table 8 shows the data on zoomass structure arranged by the main types of the
world zonal ecosystems. We have discovered a close correlation of total zoomass
and its individual components with other OM components (Chernov, Khodashova,
Zlotin 1967; Zlotin 1975). Emphasis should be placed on the fact that the correlation
of zoomass with phytomass and primary production, and of the members of trophic
chains (e.g., phytophagans and primary production, saprophagans and plant fall,
predators and their prey, etc.) is very strong. Thus, it is possible to assess the dif-
ferent components of zoomass with data on other components of OM.

This data base was used to produce a global map of zoomass for a potential
ecosystems cover (Fig.4). In accordance with the available information, we have
took as the basis the global vegetation map including 28 categories of plant
cover. The plant formations representing habitats of animal populations are clas-
sified as the northern hemisphere, southern hemisphere and the tropical zone,
mountains and lowlands. Thus, all thermal belts and biomes are represented.

5 categories (or levels) of zoomass have been identified — from very low
ones (less than 10 kg per ha) to very high ones (over 240 kg per ha). Besides,
determined was one group of habitat that practically has no zoomass (glaciers).
The group of very low zoomass includes high-latitude, cold and hot deserts, moun-
tain deserts and mountain tundras. Maximum zoomass is found in broadleaved
forests within the temperate and subtropical belts mostly of the northern hemisphere.

15
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Table 8. Zoomass structure in some zonal biomes

BIOMES Zoomaszs" % of total zoomass
% m inver- verte- under- above meso- micro- nema- sapro- phyto- 200-
dry weight tebrates brates ground ground fauna fauna tods phags phags phags
Arctic tundra (1) 3.0 98 2 97 3 7 78 15 97 1 2
Taiga (2) 8.0 97 3 95 5 89 8 3 98 1 1
Broad-leaved 32.1 99 1 99 1 96 3 1 96 3 1
oak forest (3)
Tropical rain forest (4) 13.3 98 2 96 4 93 4 3 92 4 4
Temperate grasslands
meadow steppe (5) 315 98 2 4 93 1 6 95 4 i
true steppe (6) 83 97 3 88 12 85 10 5) T 20 3
dry steppe (7) 5.8 93 7 90 10 62 20 18 72 24 4
Semidesert (8) 1.3 63 37 58 42 57 12 31 224 73 5
Subtropical savanna (9) 5.4 92 8 88 12 69 25 6 21 74 5
Temperate desert (10) 0.2 87 13 ) 29 34 29 37 68 22 10

* — without protozoans

1 — Norway, Svalbard (Zlotin, 1984a); 2 — Russia, Novgorod dstr., Valday (Glazov, 1979), 3 — Russia, Kursk dstr., Central-Chemozem Zapovednik (Zlotin, Khodashova, 1980); 4 — Fiji,
Viti-Levu J. (Zlotin, 1975); 6 — Ukraine, Streletzkaya steppe Zapovednik (Zlotin, 1975); 7 — Ukraine, Askania Nova Zapovednik (Zlotin, 1975); 8 - Kazakhstan, Dzhanybek LSFR Station
(Zlotin, 1975); 9 — Turkmenia, Mary dstr., Badhyz Zapovednik (Zlotin, 1984b); 10 — Uzbekistan, Bukhara dstr., Kyzyl-Kum desert (Gruznova, Domnikov, Zlotin 1984).



Most of northern hemisphere area is characterized by medium level of zoomass,
in tropics and in southern hemisphere the areas with low zoomass prevail.

The preliminary assessment of total global zoomass carried out with this map
is about 1.1 - 102 kg. The actual zoomass values of the current ecosystem cover
is lower by about 20% due to of anthropogenic transformation of ecosystems.
Currently, about 30-40% of land surface is being transformed by economic ac-
tivities in different scales (Krenke 1989).

As a general rule, the zoomass structure is absolutely dominated by invertebrate
saprotrophic animals inhabiting the soil stratum and this is repeated in humid
ecosystems independently of their thermic condition. The biological cycling in these
ecosystems is of detritus type and is realized by the saprotrophic organisms.

Arid ecosystems (steppes, savannas, deserts) are characterized by a high
proportion of above-ground zoomass (up to a half and more of total zoomass), in-
cluding the vertebrates. The role of herbivores is significant; therefore, the
biological cycle acquires the so-called "grazing" type.

Summing up the brief analysis of the global map of zoomass, one should em-
phasize that the carrying capacity of this reservoir is more dependent on the
biotic factors, i.e. on the level of production of the OM components, than on the
climatic factors. The correlation of the zoomass level with climatic factors in the
zonal biomes is indirect, via the primary and secondary production.

GLOBAL STRUCTURE OF DOMESTIC ANIMALS BIOMASS

Economic activity and land use significantly modified the biomass structure
of wild animals and reduced its global value. These losses were compensated by
the biomass of domestic animals showing a trend to a constant growth. According
to FAO data of the end of the eighties, the global biomass of domestic animals
oscillates about 0.3 -10'2 kg. This is 3-4 times less than the potential wild zoomass,
or 2-3 times less than its real current value.

The major part of biomass of domestic animals is that of cattle — about 35%,
and of pigs — 30%.

We have compiled a map of distribution of the biomass of domestic animals
(DA) as a first such attempt. We know the computer global maps of stock of dif-
ferent DA produced by NASA Goddard Space Flight Centre for evaluation of
zoogenic methane emission to atmosphere. Our map is based on recent FAO data
(Fig.5). The cartographic base of the map is the World Political Map with ad-
ministrative boundaries of states, provinces, or regions of countries. Unfortunately, it
was impossible yet to get detailed information on distribution of DA within some
countries. We are currently developing a more accurate version of DA biomass map
with the same gradations of biomass, as on the map of biomass of wild animals.

An analysis of this map suggests some general conclusions. First, unlike the
geography of wild animals, that of DA is a driven by the socio-economic not by
natural factors. The cattle-breeding and its geography have certain historical
traditions. One can observe that by the levels of the DA biomass the countries
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are differentiated into the developed and developing ones; with very low DA
level in poor African countries, and high in Western Europe. Second, mean
global level of biomass of DA is by about 1 rank below the biomass of wild
animals. Third, one can trace certain geographical patterns of DA biomass by
continents. In the western hemisphere the biomass is generally low. In Africa
about one half of the territory has a low biomass, and the other half — a very low
one. Very low DA biomass occurs in Australia, but in the eastern, more popu-
lated part of this continent the biomass is one rank higher.

Large amplitude of DA values is observed in the European countries — from
very high to very low biomass, the average level is medium-high. The second
region with a very high DA biomass concentration is the south-eastern Asia and
India. Eastern Europe and Western Siberia have mostly low biomass, and the
arctic, boreal and temperate zones of Asia — very low biomass.

GEOGRAPHY OF BIOMASS OF THE HUMAN KIND (HOMOMASS)

The last important reservoir of OM on our planet is the Homo sapiens popula-
tion. According to the eloquent words of V.I. Vernadsky: "The humanity has be-
come a geological force", it now influences the development of the planet no
less, than the natural factors. The Earth is at a threshold of global changes
provoked by human economic activities.

5 billions inhabitants of the Earth amount to 0,1 - 1012 kg, which is almost
comparable with the DA biomass and only 10 times less than total biomass of
wild animals (WA). The ratio of homomass and WA biomass is extremely low: if
one assumes that man is mostly a predator, the ratio of his biomass to the
biomass of his prey should be 1:100-200. Otherwise, the reproductive potential
of the prey is undermined, and this is what is actually being observed. The func-
tion of animals, (including man), as heterotrophs is controlling the ecosystem
processes, and the production-destruction equilibrium. In view of the technologi-
cal power of humanity and its aggression to nature, as well as the rather low level
of its environmental culture, the future of the biosphere arouses grave concern.

The map of homomass distribution (Fig.6), similarly to the maps of biomass
of wild and domestic animals, depicts geography of the biomass in 6 categories.
The map is compiled on the basis of the map of population density in the
eighties, with particular attention to differences of mean body weight and age
structure of the population.

One can easily notice a good agreement of the contours on the homomass map
and on the map of DA biomass, and also, though to a smaller extent, on maps of
productivity of the potential vegetation and of biomass of wild animals. This cor-
relation is especially clear in the Old World. In the western hemisphere con-
centrations of homomass are associated with settlement contours, being attracted,
in particular, to the coastal zone. The continental sectors of North and South
America are significantly less populated. Maximum homomass is observed in
south-eastern Asia and Europe, i.e. in the areas of ancient civilizations.
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FORMULA OF OM

The global structure of OM can be represented by its ratio in all reservoirs,
arranged in the order of reduction of OM amounts:

humus : phytomass : mortmass : microbialmass : wild zoomass : domestic
zoomass : homomass

2040 :2400:600:20:1.0:0.3:0.1 x 1012kg 1)

If one tries to interpret the structure of annual OM increment as its ratio in all
reservoirs, the formula will become as follows:

humus : phytomass : mortmass : microbialmass : wild zoomass : domestic
zoomass : homomass

5:120:130:60:1.5:0.2:0.02 x 10!2 kg )

The transformation of formula 1 into formula 2 is explained by different rates
of OM regeneration in different reservoirs.

The rates of the production and destruction processes follow their own pat-
terns, they change in accordance with the hydrothermal and socio-historical fac-
tors. The latter refers to the reservoirs of DA and homomass.

According to assessments of Kobak (1988) with our amendments, the rates of
regeneration of litter in the mortmass reservoir, dec ease from the tropical to the
polar thermal zones in the following way: tropical zone — 0.5 year, subtropical
— 1-2 years, subboreal — 2-3 years, boreal — 10-20 years, polar — 25-50 years.

In conclusion, in order to define the global budget of carbon and its dynamics
under climate and land use change, it is necessary to produce a reliable assess-
ment of the OM amounts and it production in all reservoirs for the current
ecosystems cover.
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SOIL CARBON DIOXIDE EVOLUTION:
ENVIRONMENTAL CONTROLS, WORLD PATTERNS
AND AMOUNTS

ELGENE O. BOX
VERNON MEENTEMEYER

Abstract. The general relationships between climate and soil CO; evolution, major
flux in the global carbon budget, are analysed. The models predicting world-wide CO2
evolution are proposed. Actual evapotranspiration (AET) was used as a measure of simul-
taneous supply of warmth and wetness to the site. The data-base of 48 sites represents all
main world climate types. Temperature and AET seems to be the primary controls of soil
COz evalution.

Key words: CO2 evolution, global maps, AET, predictive models.

INTRODUCTION

The flux of carbon dioxide from the soil surface to the atmosphere, called soil
COz evolution, is a major flux in the global carbon budget. It involves both biotic
and abiotic processes. Soil CO2 evolution and autotrophic respiration together
account for most of the CO2 returned by natural processes to the atmosphere
from the Earth’s land areas. Other natural carbon fluxes from land involve physi-
cal and anaerobic processes and other carbon species. Better estimates of the
determinants, amounts, and geography of these processes are needed.

The study of COz2 evolution began with the pioneer work of E.G. Russell and
A. Appleyard (1915), H. Lundegardh (1924, 1927), and L.G. Romell (1927). CO2
evolution has been studied from the perspective of soil microbial processes
(Macfayden 1970, Billes et al. 1971, Upadhyaya and Singh 1981), root respira-
tion (Wiant 1969, Coleman 1973, Anderson 1973, Herman 1977), soil chemical
properties (Jorgensen and Wells 1973), and carbon balance (Lieth and Ouellette
1962, Reiners 1973b, Edwards and Harris 1977, Schlesinger 1977). Other studies
have examined soil moisture and temperature control over CO2 evolution rates
(Witkamp 1966a, 1966b, Wiant 1967a, 1967b, Wildung et al. 1975, Edwards
1975, Kowalenko et al. 1978), the CO2 content of the soil atmosphere (Brook et
al. 1983), and the role of soil COz in denudation of karst landscapes (Drake
1980). J.S. Singh and S.R. Gupta (1977) have reviewed additional factors which
affect respiration rates, especially in agricultural settings.
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Soil COz2 evolution, sometimes called "total soil respiration,” is derived from
at least four sources: 1) decomposition of soil and surface organic matter
(detritus) by soil microorganisms and animals; 2) respiration by living roots; 3)
abiotic loss of COz from warming soil water, displacement of soil CO2 by water,
and barometric pressure changes; and 4) some photorespiration, depending on
measurement procedures (Billings et al., 1977). Most of these processes are
directly or indirectly controlled by temperature and moisture. Correlations be-
tween CO2 evolution and these factors have often been investigated at specific
sites (e.g. Reiners 1968).

The purpose of this study is to determine the general relationships between
climate and COz2 evolution, and to produce a predictive model of CO2 evolution
which could be used world-wide to produce an initial geographic inventory of
CO2 evolution. A regional geographic model of detrital decomposition rates
based on climate was produced by V. Meentemeyer (1974), and global inven-
tories have been done for various carbon-balance components such as primary
productivity (Lieth and Box 1972, 1977), soil carbon (Meentemeyer et al. 1982,
1985), and soil CO2 content (Brook et al. 1983). Climatic variables worked well
as predictors of such phenomena, at least at world scale. Soil CO2 evolution,
however, is more intimately involved with soil and topographic factors, and the
environmental relationships appear to be much more complex. This complicates
the construction of a general model; more mechanistic details and more environ-
mental data are needed. As a result, this study developed over several years.
Nevertheless, the goal remains to provide insight and initial global estimates of
CO2 evolution amounts and geography. These results can be compared with es-
timates of net primary production and total litterfall to refine estimates of the
storage and fluxes of terrestrial carbon and its broad-scale geographic patterns,

COz2 EVOLUTION AND SITE CONDITIONS

Working on sites with little variability in soil moisture, W.A. Reiners (1968),
N.T. Edwards (1975), and Y. Takai et al. (1977) found strong correlation between
soil and/or litter temperature and soil CO2 evolution. At sites with considerable
moisture stress, E. De Jong et al. (1974), in a Canadian prairie, and E.D. Schulze
(1967) in the dry season in Costa Rica, found the strongest statistical relation-
ships with soil moisture rather than temperature. J.E. Cowling and S.F. MacLean
(1981) found that soil respiration in a black spruce (Picea mariana) forest in
Alaska was negatively correlated with soil temperature during the frost-free
season and positively correlated with soil moisture. For an oak-hickory (Quer-
cus-Carya) forest in Missouri, H.E.Garret and G.S. Cox (1973) reported that,
"The influence of soil moisture on the released CO2 was obscured since it was
confounded with the effect of temperature." Thus, depending on the degree of
moisture stress, soil CO2 evolution may be controlled by temperature or by
soil/litter moisture or by interactions between these factors.
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R.E. Wildung et al. (1975), working in an arid shrub-steppe in Washington,
found COz2 evolution to be described best by a soil temperature-soil water inter-
action term. E. De Jong et al. (1974), however, found that "... the number of wet-
ting and drying cycles in the soil was mainly responsible for the annual
variations in soil respiration." They believed that soil CO2 evolution in the
Canadian prairies can exceed net primary production in wet years, and that the
reverse is true in dry years. Data collected by E. Fouseki and N.S. Margaris
(1981) for phrygana (mediterranean shrublands) in Greece showed CO2 evolution
rates higher for a dry year than for a preceding wet year.

J.E. Cowling and S.F. MacLean (1981) found precipitation events to stimulate
CO2 production and extended periods of dry weather or rainy weather to retard
COz2 production. R.C. Ellis (1969), working in a Eucalyptus forest in Australia,
believed "precipitation increments” to be more important than soil moisture in
predicting CO2 evolution (cf. Birch 1968).

In general, the literature suggests that soil CO2 evolution has a Q10 (exponen-
tial) relationship with temperature, with Qio values ranging from 1.6 to 3.2
(Schlesinger 1977). At some sites, Q10 values as high as six have been found,
especially at higher latitudes (Schleser, 1983). Moisture control seems to possess
primarily upper and lower thresholds, where CO2 evolution is retarded by a lack
of capillary film needed by decomposer organisms, or by waterlogging, which
restricts oxygen availability. At moisture levels from 100 to 250% of dry weight
for the L and F layers of spruce forests in Alaska, J.E. Cowling and S.F. MacLean
(1981) found that CO? evolution increases with moisture content. The optimum
moisture content was between 200 and 250%.

Virtually all site-specific studies of soil CO2 evolution have found an ex-
ponential relationship with soil or air temperature, especially when the soil is
neither very dry nor waterlogged. K. Van Cleve and V. Alexander (1981) found a
strong exponential relationship between mean annual temperature and soil CO2
evolution rates at sites with mean annual temperatures below 10°C. This
temperature relationship follows the law of Van’t Hoff and Arhenius, as do
various other processes (e.g. autotrophic respiration), but will be bounded by
moisture shortages at many of the warmer places on earth, producing great dif-
ferences in CO2 evolution for a given mean annual temperature. Since both litter
production (Meentemeyer et al. 1982) and decomposition rate (Meentemeyer
1974, 1978) increase with increasing actual evapotranspiration (AET), it seems
reasonable to expect that CO2 evolution may also increase with increases in this
useful interaction variable AET, a measure of the simultaneous supply of warmth
and wetness.

The environmental models produced by the above authors are site-specific
and cannot be used worldwide. The results, however, suggest that the combined
effects of moisture and temperature may be used to produce a general climatic
model, based on full-year CO2 evolution data as well as climatic data, from as
many experimental sites worldwide as possible.
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MEASUREMENT OF SOIL CO2 EVOLUTION

When our study began (1981), three general methods had been developed for
measuring CO2 evolution in the field:

1. a "theoretical” method, by which CO2 is measured in the soil profile and
CO2 evolution is estimated based on CO2 gradients and theoretical diffusion
equations (e.g. De Jong and Schappert 1972).

2. a "dynamic" method, which uses some type of gas analyzer (often infra-
red) to monitor the flow of air through an inverted box (e.g. Edwards 1975,
Reiners 1968, Schleser 1983).

3. a "static" or alkali-absorption method (Haber 1959, Macfadyen 1970), in
which a dish of KOH or (NaOH) is placed inside a chamber or inverted cylinder
driven into the soil, with the absorbed CO2 then determined by titration.

Sometimes a vacuum is applied in the dynamic method, and flow rate may be
a problem with this method (Reiners 1968, Schwartzkopf 1978). CO2 detection at
the lowest flow rates possible is important so that CO2 evolution will not be
overestimated (Schleser 1983). The most common method, the static method
using KOH, is simple but may understatement the amount of CO2 evolved, espe-
cially if more than 20% of the alkali is neutralized (Kirita and Hozumi 1966,
Haber 1959) claimed that the KOH method gives values of only 75% + 4.65% of
the actual respiration rate and suggested adjustment of such results by multiply-
ing by the factor 1.33. As a result, many studies using this method routinely "ad-
just" the results accordingly (e.g. Wanner et al. 1973).

These measurement methods were compared and evaluated by V.N. Mina
(1962), A. Macfadyen (1970), and E. De Jong et al. (1979). A. Macfadyen warns
against stimulation of CO2 evolution by the operator, and J.E. Cowling and S.F.
MacLean (1981) warn against altered arthropod density and soil moisture and
temperature inside cylinders. W.A. Reiners (1973b) suggests that relationships
between soil temperature and CO2 evolution may in part be caused by the in-
creased diffusion rates at higher temperatures and not by increased microbial ac-
tivity. These studies in general support underestimation by static, alkali-
absorption methods.

THE COz EVOLUTION DATA-BASE

To estimate CO2 evolution worldwide, data are needed from as many different
climatic and ecosystem types as possible. Review articles by W.H. Schlesinger
(1977), 1.S. Singh and S.R. Gupta (1977), and K. Van Cleve and V. Alexander
(1981) provided many references. It became readily evident, however, that many
of the data reported could not be used because of extremely short measurement
periods, unusual situations, because the data were collected in a laboratory or on
plants grown in boxes, or for other reasons (e.g. Minderman and Vuito 1973,
Salonius 1978). Annual CO2 evolution, when not given by the authors, could
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sometimes be read from graphs or tables, or acquired by contacting the authors.
In some cold environments, CO2 evolution was not measured during the winter
but could be assumed to be near zero at this time, although various authors report
that some CO2 can be evolved through a snow cover (e.g. Kelley et al. 1968).

Data from studies up to 1983, based on all forms of measurement, were collected
to produce an initial data-base of 34 sites. The dynamic methods showed much
higher values than those based on static methods, but there is reason to believe flow-
based measurements may be more accurate. The KOH method was the most common
and apparently the most consistent from site to site and author to author. We use both
types of data and adjust the static-method values by 1.33, as suggested by W. Haber.
Where multi-year data were available for a site, these were averaged to produce a
single annual value. Similarly, values for different but similar sites at the same sta-
tion were also averaged, unless the vegetation cover was different.

Monthly temperature and precipitation data were also obtained or estimated
for each of the sites with useable soil CO2 evolution data. Several studies
reported site temperature and precipitation during the measurement period, plus
some climatic data from a nearby station. In other cases monthly climatic data
during the measurement period were obtained from C.J. Willmott et al. (1981a,
1981b) for two or three surrounding stations. The site climate was then estimated
by customary interpolation and triangulation procedures. At some sites the
weather data for the time of measurement were not available, so average monthly
values were refined from an available computerized world climatic data-base
(Box 1981) or from C.J. Wilmott et al. (1981a). Monthly water-balance variables
(potential and actual evapotranspiration, soil moisture surplus and deficit, etc.)
were calculated from the primary climatic data, based on the procedures
developed by C.W. Thornthwaite and J.R. Mather (1957). To test the effects of
seasonality on CO2 evolution, the seasonal ranges of mean monthly temperature
and precipitation were included, since these have already been related to CO2
evolution (Schlesinger 1977) and to litter production (Bray and Gorham 1964), a
source of carbon for CO2 evolution.

This data-base of 34 sites was used for some initial statistical analyses. Tropi-
cal situations, however, were not well represented, especially the possibility of
low CO2 evolution over large tropical areas, as suggested by some low CO2
values measured at humid tropical sites (e.g. Wanner 1970, Medina et al. 1980).
As a result, more tropical data were sought. Fourteen measurements were added,
mostly tropical, including both long-term studies (Anderson et al. 1983) and very
short-duration measurements (Wanner et al. 1973); some involved more unusual
topographic situations (e.g. floodplains, coastal strand, gley) and/or vegetation
(e.g. "heath” forest). This yielded a total data-base of 48 sites, but without
averaging the additional, tropical sites, in order to represent better the different
edaphic and/or topographic situations involved.

For each site in this world data-base (n=48), the soil type and A-horizon soil
pH were recorded (if provided) or estimated from FAO (1974) and other soil
maps and descriptions. Vegetation/landscape type and topographic situation were

25

http://rcin.org.p



&

Table 1. Soil CO; evolution sites, data and sources

Site Country | Latitude | Elevation | Climate AET Vegetation Measur- | Measuring Raw Adjusted Source
ing duration CO; CO2
method
Pasoh Malaysia 3.0°N 110 I 1548 | rainforest S 1 year 5212 6932 Ogawa 1978
Khao Chong Thailand 9.0°N 160 1 1642 | minforest S 19 days 5422 7212 Yoda &
Kira 1969
Ariuau Brazl 1.4°S 40 I 1512 | rainforest S 2 weeks 1060 1410 Coutinho &
(Amazonas) (August- Lamberti 1971
September)
San Caros de Venezuela 1.2°s 119 I 1295 | laterite forest S 2 1/2 years 753 1002 Medina et al.
Negro (seasonal) podzol forest (tall 1089 1449 1980
Amazon caatinga)
Gunung Sarawak 4.0°N 170 I 1584 | heath forest S 1 year 2689 3576 Anderson,
National (bimonthly) Proctor Vallack
Park 50 1620 | alluvial forest S 1 year 1629 2167 1983
(bimonthly)
250 1575 | dipterocarp forest S 1 year 2120 2820
(bimonthly)
300 1470 | forest on S June & 2317 3082
limestone August
Bako National Sarawak 1.5°N 26 I 1698 | dipterocarp forest S days 1805 2400 Wanner et al.
Park (coastal) heath forest 5 days 1666 2216 1973
(June)
Pangandaran S. Java 7538 13 I 1525 | rainforest S 3 days 1286 1710 Wanner et al.
Nature Reserve strand forest (April) 1973
Tjibodas (Java) | Indonesia 6.8°N 1400 I 835 | mtn. rainforest S 2 weeks 1679 2233 Wanner et al.
I (montane) 1973
Rancho Grande | Venezuela 9.0°N | 1126 I 801 | cloud forest S 1 year 788 1048 | Medina &
(montane) Zelwer 1972
Calabozo Venezucla 9.0°N 150 II 1281 |forest patches in S 1year 2190 2913 Medina &
sav Zelwer 1972
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Site Country |{ Latitude | Elevation | Climate AET Vegetation Measur- | Measuring Raw Adjusted Source
ing duration CO; CO,
method
Baluran Nature | E. Java 7.8°S 930 11X 855 grassland S 10 days 1416 1883 Wanner et al.
Reserve savanna grove 4 days 1554 2067 1973
May)
Kurukshetra India 30.0°N 250 I 722 grass S 1 year 1633 2172 Gupta & Singh
1981
Ujjain India 23.2°N 492 II 928 grass S 1 year 2297 3055 Upadhyaya &
Singh 1981
Chakia/Varanasi | India 25.0°N 350 If 973 deciduous forest S 1 year 1174 1561 Singh 1979
Rouguet France 43.7°N 180 v 700 oak woodland S 3 years 1552 2064 Billes et al. 1971
Mt Hymettus Greece 38.0°N 400 v 343 phyrgana S 2 years 1386 1843 Fouseki &
Margaris 1981
Monte Tabumo | Italy 41.1°N | 1050 v 542 beech forest S 14 months 1168 1553 Virzo De Santo
(montane 1976
Tifton/Georgia | U.S.A. 31.5°N 113 Ve 991 crops S 1 year 3312 4405 Hendricson 1981
Melboume/ Australia 38.0°S 5 Ve 700 eucalyptus D 15 months 3444 3444 Ellis 1969
/Victoria
Landsburg/Wash. | US.A. 47.4°N 163 Vm-VII 608 Douglas fir S 1 year 2037 2709 Vogt et al. 1980
Stampede US.A. 473°N | 1150 Vm 438 fir forest S 1'year 2277 3028 Vogt et al. 1980
Pass/Wash.
Shigayama Japan 36.7°N 1790 VI (sub- 463 conifers S 1 summer 460 612 Takai et al. 1977
(Honshu) alpine)
Virelles Belgium 50.1°N 245 VI 609 deciduous forest S 34 months 692 920 Froment 1972
London England 51.2°N 45 VI 561 deciduous forest S 1 year 2269 3017 Anderson 1973
Oxford England 51.7°N 63 VI 613 beech forest S 10 months 470 625 Phillipson et al.
1975
Rothamsted England 51.8°N 129 VI 613 crops S June- 1404 1867 Monteith et al.
September 1964
Aiken/SC US.A. 33.6°N 161 VI 822 tall grass S 2 years 1428 1899 Coleman 1973
Aiken/SC US.A. 33.6°N 161 VI 865 pine forest S 1 year 1865 2480 Reinke et al. 1981
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Site Country | Latitude | Elevation| Climate AET Vegetation Measur- | Measuring Raw Adjusted Source
ing duration CO2 CO;
method
Oak Ridge/Tenn. | US.A. 36.0°N 305 VI 764 deciduous forest D 1 year 3800 3800 Edwards &
Sollins 1973
Oak Ridge/Tenn. |U.S.A. 36.0°N 305 VI 911 pine & deciduous S 1 year 1526 2030 Witkamp 1966a
forest 1966b
CedarCk./Minn. [U.S.A. 45.0°N 900 VI 576 forest fen swamp D 1 year 2909 2909 Reiners 1968
Columbia/ USA. 39.0°N 237 VI-VII 735 tall grass D 22 months 1652 1652 Kucera &
/Missouri Kirkham 1971
Jomada/N. US.A. 32°N 1350 VII-III 225 grassland S 9 months 1102 1465 Parker et al. 1983
Mexico
Pawnee US.A. 42.5°N | 1650 VII 317 short grass S February- 511 680 Klein 1977
Grassland/ November
/Colorado 1972
Moxee US.A. 47.0°N 472 Vila 203 shrub steppe with S 19 months 135 180 Wildung et al.
City/Wash. grass 1975
Matador/Sask. Canada 50.8°N 680 vII 394 grass i 3 growing 1095 1095 De Jong et al.
seasons 1979
Murmansk Russia 67.0°N 22 VIII 328 open pine % May-July 500 500 Repnevskaya
woodland 1964-65 1967
Maurset Norway 60.4°N 778 VIII 301 birch D 1 summer 2530 2530 Van Cleve &
Alexander 1981
Hardangervida | Norway 60.3°N | 1320 VIII 165 snow valley D 1 summer 650 650 Van Cleve &
Alexander 1981
Abisko Sweden 68.4°N 388 VII-IX 263 alpine raised bog D 1 summer 184 184 Svensson et al.
1980
Barmrow Alaska 71.3°N 10 X .94 tundra D June- 140 140 Peterson &
August 1973 Billings 1975
The sites are armanged by bioclimate type according to the g ystem of Walter and Lieth (1960-67):
I = equatorial; II = tropical s rain; I = subtropical arid; IV = medi Ve = wam-temp (cast-coast); Vm = marine west-coast; VI = typical temperate; VII = tempenate

continental (VIIa = temperate semi-desert); VIII =boreal; IX = polar.
ion (AET), veg

Also shown are average annual actual evap

L3

type, and the CO; data. CO; evolution was measured by four methods (sec main text), denoted here by S (static), D
(dynamic), T (theoretical), and ? (not described). For the static method, all raw values were adjusted by a factor of 1.33, as suggested by Haber (1959).
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also recorded for each site. This data-base is shown in Table 1 and covers almost
the entire range of climates on earth. Shown in Table 1 are site location, vegeta-
tion type, bioclimatic type (Walter and Box 1976) and selected climatic data,
some aspects of CO2 measurement, raw and adjusted CO2 evolution, and the
source for the CO2 data.

More sites are available for the northern temperate zone than for other regions,
but all main world climate types are represented except subtropical deserts. A very
few CO2 measurements were excluded from the analysis due to poor site description,
but most questionable situations involve severe environmental and/or measurement
problems. One site in Venezuela (Medina et al. 1980), for example, involved an ex-
ceptionally nutrient-poor, podzolized sand substrate (with low CO2 evolution), while
other sites represent situations with varying degrees of poor drainage. These sites
may not reflect climatic relationships with CO2 evolution but are included in the
data-base, at least initially, in order to have more complete geographical coverage
and representation of the factors which may control CO2 evolution. The environmen-
tal variables available at each site and their correlation coefficients (r) relative to an-
nual CO2 evolution (n = 48) are given in Table 2.

Table 2. Site environmental variables and correlation coefficients (r) versus raw and adjusted annual
CO2 evolution

Factor Symbol Raw CO2 Adjusted CO2
evolution evolution
mean annual temperature TY 0.37 0.45
warm-month mean temperature TMAX 0.35 0.41
cold-month mean temperature TMIN 0.35 0.44
mean-temperature range (TMAX-TMIN) TRANGE -0.26 - 0.35
annual precipitation PY 0.18 0.25
precipitation in driest month PMIN 0.12 0.15
precipitation range (PMAX-PMIN) PRANGE 0.14 0.22
annual potential evapotranspiration PETY 0.35 0.43
annual moisture index (PY/PETY) MIY 0.001 0.04
lowest monthly P/PET MIMIN -0.08 0.07
annual actual evapotranspiration AETY 0.38 0.45
climatic water deficit DEFY -0.08 -0.06
climatic water surplus SURPY 0.08 0.13
humidity index (SURPY/PETY) IHY -0.04 -0.01
andity index (DEFY/PETY) T1AY -0.26 0.25
soil pH (estimated) PH -0.10 -0.12

INITIAL STATISTICAL ANALYSIS

As a first step in data analysis, correlations and bivariate plots were produced
for all independent variables against raw and adjusted CO2 evolution rates, in
order to examine the nature of possible relationships. These results (cf Table 2)
suggest that temperature and AET (actual evapotranspiration) may be the primary
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controls but that secondary factors are also important in many situations.
Latitude is not a climatic variable but was used by W.H. Schlesinger (1977) in
one of the few existing studies of the global dimensions of soil CO2 evolution.
This study produced a good statistical fit with annual CO2 evolution rates (r2 = 0.60),
but the data-base did not include aberrant tropical sites. As can be seen in Table
2, no single environmental variable has a strong statistical correlation with CO2
evolution. Since AET combines temperature effects and simultaneous water
availability in one variable, it is a useful geographic index of climatic
"favourableness" and thus provides a good initial basis for examining the global
behavior of climate-related processes. In order to check the global behaviour of
annual CO2 evolution, including raw versus adjusted measurement values, these
data are plotted against annual AET in Figure 1. The higher values obtained by
the "dynamic" measurement methods appear to suggest a trend of increasing
potential CO2 evolution with increasing annual AET. Adjustment of the CO?
evolution values from "static" measurement methods seems to bring the higher
"static” values in line with this suggested trend (corroborating W. Haber’s 1.33
correction factor). The fact that many values fall well below the suggested poten-
tial, however, suggests that non-climatic factors, especially soil and topographic
conditions, are important at many sites.

Possible bias of CO2 evolution estimates by longer or shorter periods of
measurement is examined in Figure 2, using the adjusted CO2 data only. In no
part of the scattergram does there seem to be any consistent difference between
values from short-term versus long-term measurements, and in fact these data
seem generally to coincide. Short-duration measurements can be extrapolated to
annual estimates perhaps only in the ascasonal humid tropics (i.e. the data of
Wanner et al. 1973), but full-year and some multi-year tropical studies gave
similar, both high and anomalously low CO2 totals.

Simple correlation-regression analysis with the initial data-base (n=34) sug-
gested a power-function relationship between annual AET and CO2 evolution (r =
= 0.47), of the form

CO, evol.= 0.643AET 12274 (1)

where AET is in mm/year and CO2 is in g CO2/m?/year. This equation was ap-
plied to a world mapping system coupled to a large world climatic data-base
(Box 1981) in order to produce a preliminary "research map" of CO2 evolution.
Such maps can be quantified by computerized planimetry (Box 1975), yielding
estimates of global totals which can be compared with global estimates of other
carbon-balance components. Volumetry of this map produced an estimate of
230.3 x 10° metric tons of CO2 evolved annually by the world’s land areas,
which is equivalent to 125.5 x 109 t dry matter (1g C = 2.0 g dry matter). These
values are about the same as estimates of world terrestrial net primary produc-
tivity based on the same mapping system and climatic data (Box 1975, 1978),
which range from about 105 to 125 x 10? t dry matter/year. This result with the
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Fig. 1. Raw and adjusted values of measured annual soil CO, evolution from various biomes and
topographic-edaphic situations worldwide plotted against annual actual evapotranspiration (AET)

The measurement method (see main text) is indicated for the particular site values as follows:

S = static method (raw); * = adjusted static method; D = dynamic mcthod (not adjusted); T = theoretical
method (not adjusted).

The dynamic values and highest adjusted static values together suggest a trend of increasing CO, evolution
with AET, but with numerous aberrations.

earlier data-base, however, does not treat the question of possibly quite low CO2
evolution values over larger tropical areas. This initial estimate of annual ter-
restrial CO2 evolution was presented (Box et al. 1983) but does not represent a
geographically reliable world model and was not published.

The full data-base (n=48) was used for all subsequent analyses. The data for ad-
justed annual CO? evolution are plotted in Figure 3 against annual AET, with sym-
bolism representing the respective vegetation/landscape types. This type of
scattergram yields a more geographic overview of the behaviour of a geographically
varying phenomenon. The data plot in Figure 3 shows large deviations throughout.
In the 500-800 mm AET range, measured CO2 evolution has nearly a four-fold
range. The birch forest at Hardangervidda (see Table 1), for example, has CO2
evolution much higher than might be expected. This could be the result of infrequent
sampling at this site and the use of a suction device to sample the soil atmosphere. In
the humid tropics, many sites show CO2 evolution values far lower than expected.

The full data-base was analyzed by correlation-regression procedures, includ-
ing tests for linear, saturation-curve, and sigmoid relationships between adjusted
CO2 evolution and environmental factors, especially AET. Due mainly to the
aberrant tropical sites, however, all correlation coefficients were low, with little
difference between different curve shapes (see top part of Table 3).
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Table 3. Correlation coefficients (r) for soil CO2 evolution models without an aeration factor

all sites unsaturated sites climatically
controlled sites

Number of sites 48 30 87
(a) Regressions based on all 48 sites
linear 0.45 - -
saturation-curve 0.46 - o
sigmoid 0.42 - =
(b) Statistical models (regressions) based on unsaturated sites (n=30)
linear 0.45 0.80 0.57
saturation-curve 0.47 0.76 0.58
sigmoid 0.42 0.83 0.55
(c) Models of climatic potential CO2 evolution based on highest values
linear 0.45 0.80 0.57
saturation-curve 0.48 0.73 0.58
sigmoid 0.44 0.81 0.56

Regression models were attempted for all sites (n=48) and for subset (n=30) involving only unsatumated sites. Models were also
produced by fitting a curve through the highest CO2-evolution values, representing an estimate of potential CO; evolution at
the well aenated, climatically controlled sites (n=30). The models of (b) and (c) were also applied to the full data-set (n=48) and
1o a subset (n=37) involving only climatically controlled sites (i.c. excluding unusual topogenic or edaphic situations).
Correlation coefficients are highest for the unsaturated, better aerated sites but show very little variation between different
curve shapes or positions,
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Fig. 2. Adjusted annual CO, evolution data and measurement duration (plotted against annual AET)

The duration of CO,-cvolution measurements is indicated as follows:

1, 2, 3 = no. of complete years of measurement; G = complete growing season; M = several months (less
than complete year or growing season); W = few wecks (generally about 2, only tropical); D = few days (3-
10, only in tropical Asia). There does not appear to be any systematic difference between values from short-
term versus long-term measurcments.
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Fig.3. Adjusted annual CO, evolution for landscapes worldwide, plotted against annual AET

The landscapes involved are indicatzd by the following symbolism (numbers from Walter climatic af-
finities):

1 = tropical rainforest; I = tropical "heath” forest, etc.; 2 = tropical deciduous forest; F = tropical cloud
forest; 4 = mediterrancan scrub; E = evergreen broad-icaved forest (including tropical montane); 6 =
temperate deciduous forest; 7 = temperate semi-desert; N = ncedle-leaved evergreen forest (non-boreal); 8 =
boreal birch woods; B = boreal necdle-lcaved forest; M = mixed forest; V = tropical savanna; T = tundra;

G = grassland (mainly tcmperalc), C = cropland; A = alpine vegetation.

CO, evolution scems to increase with increasing warmth and wetness (AET), but many sites fall below this
suggcﬂcd potential (upper dashed curve), especially the group of equatorial forests at AET 1400 mm.
Various grassland (G, V), deciduous forests (2, 6), and some conifer forests (N, B) also fall well below the
suggested potential. The lower dashed line represents only the apparent gencral lower limit of CO, evolu-
tion. Only the perhumid tropical cloud forest (F) at AET=977 mm falls below this line.

CO2 EVOLUTION AND SOIL FACTORS

Procedural problems in measuring CO2 evolution are legendary, so it is likely
that some of the remaining unaccounted variance is error variance. Also, it was
not possible to include short-term wetting and drying phenomena in this study or
to relate CO2 evolution to measured site productivity or adequate soil descrip-
tions. Tight clay soils, for example, could restrict CO? diffusion (Schlesinger
1977). The most striking suggestion from Figures 1-3, however, is that of a major
divergence of CO2 evolution in warmer, wetter climates, especially the humid
tropics. This "tropical question” in attempts to find global relationships between
biosphere processes and environmental factors is not new but was also seen in
some data for primary production, decomposition rate, and other processes. Soil
types, soil nutrient status, and other factors may vary more widely and become
more patchy in the tropics, confounding simple climatic relationships. E. Medina
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and M. Zelwer (1972) quote H. Walter as suggesting that CO2 evolution should
be lower in the equatorial region, due to the rapid actions of detritivores and
nutrient scavengers.

In order to gain some insight into this problem, we looked more closely at the
available tropical CO2-evolution data, upon which this study seems to be strong-
ly dependent. Unfortunately, soil type and nutrient status were not reported for
most sites, especially those of H. Wanner et al. (1973). Soil pH appeared to be
the only relevant soil variable for which data or even estimates could be gotten
for all sites. One might expect some influence of low pH (and presumably as-
sociated low nutrient status) on CO2 evolution, as stated for example by E. Medina
et al. (1980) for their low-COz sites at San Carlos.

The soil pH (estimated) at each CO2 evolution measurement site is shown in
Figure 4. The scattergram shows some indication of lower CO2 evolution on
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Fig. 4. Estimated soil pH and annual CO, evolution

Annual adjusted CO, evolution is plotted against annual AET, with soil pH estimates shown for the in-
dividual measurement sites. The hand-drawn curve represents the suggested climatic potential CO, evolu-
tion, with many sites falling below this line, perhaps duc to unusual substrate conditions which retard CO
cvolution. Most of the equatorial forest sites (circled) show low pH values, but onc is high and these values
are not conclusively lower than the soil pH values of the two rainforest sitcs which have much higher CO
evolution (on the curve).

more acidic soils, but the pattern is not consistent. In particular, the low
equatorial sites (circled) do not have soil pH values drastically lower than those
of the two equatorial sites with high CO2 evolution.

A similar comparison was made using the difference between estimated soil
pH and that expected by a climate-based, global soil-pH trend curve. There was a
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somewhat stronger suggestion of low CO2 evolution from more acidic soils, but
such pH "data" and trends are too speculative for model construction.

An attempt to represent the low nutrient status of tropical soils was also made
by means of a climate-based index of potential leaching. This leaching index did
show some relationship to CO2 evolution but cannot differentiate high and low
CO2 evolution rates for sites with roughly the same climate. Further statistical
analyses using soil pH or the leaching index were not performed.

If one looks closely at Figure 3, one sees not only that the scatter becomes
much greater in the humid equatorial region, but also that some CO2 values ac-
tually appear to decrease with greater AET. As a result, the relationship between
annual CO2 evolution measurements and annual water balance, as expressed by
the annual moisture index (MI), was plotted as shown in Figure 5. The equatorial
forest sites with very low CO2 evolution have MI values above 2.0 (except one
site), whereas the two tropical rainforest sites with higher CO2 evolution have
not such high total rainfall and may thus have better soil aeration. Some extra-
tropical sites are also very wet (MI > 1.0), but most of these are in mountains,
with perhaps better drainage.

Not only the total rainfall but also its seasonality may be important. Annual
CO: evolution is plotted against the lowest average monthly precipitation amount
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Fig. 5. Annual CO, evolution and annual water balance
Annual CO, evolution is plotted against annual AET, as in Figure 4, but with individual sites shown by the
integer portion of their moisture index (MI, precipitation divided by PET). Mountain sitez ofien arc wetter
and are indicated by triangles. The anomalous equatorial forest sites (circled), with low CO, evolution, all

have MI values above 1.33, whereas the two rainforest sites with higher CO2 evolution (on !‘le curve) have
MI values of only 1.30 and 1.34.
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(Pmin) in Figure 6. In this data-base only tropical forest sites have more than 90
mm of precipitation in their driest months, and for these sites there is a clear sug-
gestion of decreasing CO2 evolution with the disappearance of a drier season
sometime during the year. This can be interpreted as increasing soil saturation
and poor soil aeration. The two tropical rainforest sites with high CO2 evolution,
on the other hand, have less precipitation (59 and 80 mm) in their driest months,
and less total precipitation (cf. Figure 5).

Soil aeration may be a major factor controlling soil CO2 evolution, perhaps
especially in the humid tropics. Thus, statistical analyses were repeated for a
data-subset (n=30) involving only those sites which did not appear to have
saturated soil (climatic or topogenic) or saturated atmospheric conditions (i.e. the
tropical cloud forest). Correlation coefficients increased to around r = 0.80 for
these sites (n=30) and yielded regression equations which seem more acceptable
from a modeling perspective. (When applied to the full data-base, of course, the
r-values are no better than before, only the curves climb to higher CO2 evolution
levels.)
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Fig. 6. Annual CO, evolution and seasonal minimum precipitation

Annual CO, cvolution is plotted against the average precipitation in the driest month (P_ ), with individual
sites shown by landscape symbolism (as in Figure 3). With increasing P__, CO, evolution increascs at first
as the dry scason is amcliorated. Above about 60 mm however, CO2 ev'::rulion scems to decline, as wetter
and wetter conditions lead to saturated, poorly aerated soil.

Finally, these regressions were also performed on a data-subset involving
only those sites (n=37) which can be considered to be under climatic control.
This includes all unsaturated sites (n=30) plus some moderately saturated sites,
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but excludes sites strongly influenced by topography and/or very nutrient-poor
soil. These regressions for climatically controlled sites yield r-values around r =
0.57; results are summarized in part (b) of Table 3.

POTENTIAL CO2 EVOLUTION

With this potential explanation for the low CO2 evolution values in ever-wet
tropical forests, one can now see the suggestion of a linear, or possibly saturation
or sigmoid, relationship between climatic potential CO2 evolution and AET at the
remaining, climatically controlled sites (cf. Fig. 3 or 5). A final model might take
the form of some function of annual AET, modified by the effect of aeration.
With a theoretical basis and hypothetical mathematical form provided, relatively
few data are needed for parameterization, primarily those for end-points and
general curvature. Thus, in addition to statistics-based models, models for
climatic potential CO2 evolution were produced by fitting curves are fit directly
through the origin and the highest CO2 evolution values, in particular the maxi-
mum value, 7212 g CO2/m?/year at the Khao Chong Forest Reserve in Thailand
(Yoda and Kira 1969), which also has the highest AET value, at 1644 mm. This
apparent heresy is justified by the fact that the lower CO2 values in the wide
scatter do not represent potential CO2 evolution. A linear model through this
highest CO2 value has the form

CO,= m- AET (2)

where m = 7212/1644. Such a straight line from the origin to the highest CO2
point would be exceeded by some site data, suggesting a slight saturation effect.
A saturation curve fit through this same extreme value and with an asymptote of
9 kg CO2/m? (based on statistical trials) has the form

CO, = 9000[ 1 - ¢~ AET] 3)

where o = 1/1644 loge (1- 7212/9000). A sigmoid model was fit similarly
through the highest CO? value, with inflection at AET = 1000 mm/year and the
same asymptote, and has the form

. 9000
CO= T ea-pamr @

where o = [1/(1-1644/1000)] loge [(9000/7212) - 1) and B = o / 1000
Correlations were next run between measured CO2 evolution and that
predicted by equations (2-4), for the full data-set (n=48) and the subsets for un-
saturated sites (n=30) and climatically controlled sites (n=37). These results are
shown in part (c) of Table 3. The residuals (n=48) between measured CO2 evolu-
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tion and that estimated by equations (2-4) were also plotted (not shown),
separately with symbolisms for soil pH, total wetness (MI), and the landscape
type. There was no consistent relationship between soil pH and model residuals,
but negative residuals (i.e. lower CO2 evolution than expected) became greater as
MI increased beyond about 1.5.

SOIL AERATION AND A FINAL MODEL

Equations (2-4) represent models for climatic potential CO2 evolution. In
order to represent the effect of soil aeration, an aeration index (aer) was
developed, expressed by

aer= ¢~ %Minip-09 (but never> 1.0) 5)

where Mlmin is the moisture index of the driest month, and is such that aer = 0.5
at MImin = 0.6 (based on the CO2 evolution data). This artificial index represents
the hypothesis that the soil has a sufficient period for aeration and CO2 evolution
if MImin < 0.6, but that aeration decreases toward permanently saturated condi-
tions, with consequent re-duction of CO2 evolution, as MImin increases beyond
0.6. In reality, MImin only represents precipitation, and much water may remain
in the soil during periods when the monthly MI is not far below one. The cloud
forest at Rancho Grande (Vene-zuela) was given the value aer = 0.25 and the
raised bog at Abisko (northern Sweden) the value aer = 0.125, based on their
measured versus expected CO2 evolution. (This logic is somewhat circular but
does permit reasonable geographic extrapolation to similar sites elsewhere.)

The utility of this aeration index can be seen in Figure 7, in which residuals
of the linear CO2 model (equation 2) are plotted against Pmin, with symbolism
representing tenths of the value of the aeration index (equation 5). The plot sug-
gests a threshold effect, by which CO2 evolution is re-tarded by poor soil aera-
tion for driest-month pre-cipitation levels above about 80 mm. This is interpreted
as the lack of any drier season during which accumulated soil organic matter
might decompose and release CO2.

Given the apparent relationship to soil aeration, final global models for an-
nual CO? evolution may take the form

CO2 evol. =f (AET) - X (1 - aer) - f(AET)]

where f(AET) is a model for soil CO2 evolution (i.e. equations 2-4), aer is the
aeration index, and X is a coefficient for the strength of the soil-aeration effect
on CO2. This coefficient X is calculated so that the resulting estimate of CO2
evolution will coincide with the lowest measured CO2 evolution among the high-
AET (equatorial) sites. Using the extremely low CO2 evolution of 1002 g/m? on
plinthitic laterite at San Carlos de Rio Negro (Medina et al. 1980), X would have
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a value of roughly 1.40 for all three curve shapes. Global models for annual CO2
evolution derived from the above assumptions and procedure would thus have the
form

CO, evol.= dbz— 1.4[(1 - aer)dbz] (6)

where aer is from equation (5) and (f\()z from any model for climatic poten-
tial CO2 evolution (e.g. equations 2-4).
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Fig. 7. Residuals of a model of potential CO, evolution, as related to poor soil aeration
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The residuals represent measured CO, evolution minus the potential CO, evolution predicted by the satura-
tion-curve model of equation (3) (i.c. retarded CO, evolution falls below the horizontal line). Individual
sites arc indicated by values of the soil acration injex (tenths), as calculated using cquation S in the main
text. Soil CO2 evolution becomes lower and lower, below otherwise expected levels, as Pmln increases and
soil acration values fall below 8 tenths.

FINAL RESULTS

The above aeration correction was applied to the previously derived statistical
equations (part b of Table 3) and equations (2-4) for potential CO2 evolution
(part c of Table 3), and correlation coefficients (r) and residuals were calculated.
The effect of the aeration correction on the linear CO2 evolution models is shown
in Table 4. The aeration factor alone improves r from 0.45 to 0.69 for both linear
models when they are applied to the full data-base (n=48).
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Table 4. Correlation coefficients (r) for linear soil CO2 evolution models without and with an aeration
factor

No aeration Models with aeration factor
all sites all sites climatic sites climatic sites
(n=48) (n=48) (n=37) questionable
CO, deleted
(n=35)
Statistical model based on 0.45 0.69 0.71 0.80
unsaturated sites
Model for potential CO2 0.45 0.69 0.71 0.80
based on highest values

Both models show much better results with an acration correction added. Results are improved further if unusual
topographic-edaphic situations (11 sites) and questionable, older CO2 measurements (2 sites — perhaps more) are deleted. The
correlation coefficients of the two models are identical (as are almost all those for the other curve shapes). The distribution of
residuals, however, varies dramatically (see Table 5). Arivau and Oxford were deleted from the “climatic” subset with 35 sites
(see Table 6).

The distribution of the residuals for the two linear models, applied to all sites
(n=48), however, differs considerably, as shown in Table 5. The potential model
(cf. equation 6) overpredicts many more sites, some badly, than does the statisti-
cal model, but these are often sites with unusual topogenic and/or edaphic condi-
tions. Even the data sub-set for unsaturated sites (n=30), however, shows
significant scatter, suggesting that factors other than poor aeration may also be
limiting CO2 evolution (e.g. poor nutrient status, as mentioned by Medina et al.
1980 for white, podzolized sand at an Amazonian site with "Amazon caatinga"
scrub vegetation). Deletion of non-climatic sites and two questionable CO2 mea-
surements increases r further to 0.80 (n=35).

Table 5. Residuals of the "statistical” linear model and the linear model based on potential soil CO2
evolution, with aeration correction

Total <20% 20-50% 50-100% > 100%
Statistical linear model 48
overpredicted 25 5 9 6 5
underpredicted 23 4 19 0
Scaled potential model 48
overpredicted 31 6 4 11 10
underpredicted 17 11 6 0 0

The numbers represent sites over- or underpredicted in the full data-base (n=48) used to develop the model., based on
standardized residuals of the form:

A =(C0O;-C0y) / CO;
The "statistical” model splits the datum-cloud fairly evenly, while the model based on potential CO2 overestimates more sites
(many of which, unusual microclimatic, soil, or topogen situations). Both models show the same correlation coefficient (r=0.69
for all 48 sites, sce Table 4).

Those sites which show consistently large residuals for all or most model
forms are listed in Table 6. Of these, Ariuau (Brazilian Amazon) and Oxford
(U.K.) are the most problematic, but both involve relatively older measurements
and values which could not be completely understood from the original papers.
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Of the remaining 11 sites, about half represent unusual substrates (e.g. gley, or-
ganic soil, plinthite), topogenic situations (e.g. strand, alluvial), or vegetation
(e.g. secondary grasstand in a forest climate).

Table 6. Largest residuals of (linear) models for soil CO2 evolution, with acration factor

Site AET Soil Vegetation Measured Standardized | Residuals

CO2 "statistical” | model for

model "potential”

CO2

Arivau (Brazil) 1517 latosol rainforest 1410 -2.06 -2.91
Oxford (England) 551 thin/lime deciduous forest 758 -1.49 2.19
Pangandaran 1524 gley strand forest 1710 -1.16 -1.76
Gunung Mulu 1662 podzol/gley | alluvial forest 2167 -1.14 -1.74
Chakia (Varanasi) 933 7 raingreen forest 1561 -1.05 -1.62
San Carlos/Rio Negro | 1696 plinthite rainforest 1002 -0.93 -1.46
Pawnee (Colorado) 369 sandy loam | short grass 680 -0.86 -1.38
Virelles 598 rendzina deciduous forest 920 .86 -1.37
Panganduran 1524 latosol rainforest 2136 0.73 -1.21
Baluran 876 ? savanna 1883 0.60 -1.04
Point Barrow 101 organic tundra 230 -0.50 0.92
Columbia (Missouri) 722 loess/till tall grass 1652 -0.50 0.92
Aiken (S.Carolina) 949 sandy clay 2° grass 1899 -0.48 -0.89

Standardized residuals (see legend of Table S) are shown for the lincar "statistical” model and for the potential-based lincar
model for soil CO; evolution, both with the acration correction. The residuals of the potential-based model are greater (at the
high end of the scale only), but most represent unusual situations and/or questionable CO; measurements.

MODEL RESULTS AND MORE RECENT MEASUREMENTS

Since the original CO2 data-base was compiled (1983), measurements of CO2
evolution have continued, with improved techniques. One major advance involves
analysis of soil efflux by infra-red gas analysis or chromatography, without air
pumps or chemical operations. Other improvements involve the use of NaOH in-
stead of KOH in the "static" method (requiring no adjustment of raw values, see
Nakane et al. 1983) and the use of hybrid, combination methodologies (e.g. Dorr
and Miinnich 1987).

Although there was no exhaustive scarch for validation sites, various newer COz2-
evolution studies had been collected since 1983 and provided the basis for a valida-
tion data-base. From these studies, all those newer studies which readily yielded
annual, understandable estimates of CO2 evolution were kept for validation of the
above models. No studies which could be readily understood were excluded. This
procedure yielded 10 validation sites, ranging from the equatorial to subarctic, in-
cluding additional results from some regions in the original data-base. The climates
for these 10 validation sites were estimated, water balances were run, and CO?
evolution was calculated from the final model (equation 6). One of these sites
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Table 7. Measured and estimated annual CO2 evolution at validation sites, plus site environmental data

Elevation [ Climate AET Pmin Soil Vegetation Method | Measured | Calculated Data & Source
(m) @m) | (mm) (g COm”) | (g CO2m”)

Barro Colorado 80 I 1423 9 oxisol/alfisol moist forest A 5300 6410 Kursar 1989
Island
Lake 800 II-1 1051 22 red clayey moist forest Z 5134 4612 Maggs & Hewett
Eacham/N.Qld. 1990
Lansdown res. 50 II 852 7 sandy clay Eucalyptus woods A 3800 3738 Holt et al. 1990
Stn./Qld.
Naini Tal/N. India | 2050 II 856 7 limestone Quercus- conifer S 4417 3772 Tewary et al. 1982
Fuchu/Japan 300 Ve 873 47 sandy loam pine forest (2°) VA 4767 3638 Nakane et al. 1983
Bradford 60 Ve 1206 48 humic sand pine plantation Z 4767 5292 Ewel et al. 1987
Co./Florida
Ashland 200 VI 712 48 loess/limestone Quercus-Carya D 3715 3125 Garrett & Cox
Wildlife/Missouri 1973
Heidelberg/ 120 VI 605 42 loamy/sandy grass/Fagus forest H 2310 2480 Dérr & Miinnich
/Germany 1987
Schefferville/ 490 VII 356 23 peat sedge fen (wetland) S 638 1109 Moore 1986
Quebec
Bonanza 130 VIII 291 6 loess Picea glauca Z 1536 1277 Gordon et al. 1987
Creck/Alaska

Soil CO; is estimated by the linear hand-fit model (potential CO; evolution) with acration factor, as described in the main text (equation 9). Measurement methods are as before

(S = alkali "static”

had D-..‘.,

ic" pump

cthod) with the addition of the following new methods and/or variants:

A = atmospheric sampling (from inside a chamber placed over the soil), analyzed by infra-red gas analysis, chromatography, etc. (no adjustment of mw values);
Z = alkali method but using NaOH instead of KOH (no adjustment of raw values, cf. Nakane et al. 1983);
H = hybrid methodology involving more than one method (usually improvements on earlier “static” method, often with IRGA or other non-chemical analysis — no adjustment of raw values).

Raw CO; values were adjusted only for the classic "static” method (sites Naini Tal and Scheiferville).

fallal
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(Schefferville) is a sedge-fen wetland, but the other nine sites can be considered
unsaturated and not controlled by topography or unusual substrate. These sites,
with the calculated and measured annual CO2 evolution, are shown in Table 7.

Scattergrams and correlation analyses, as described above, were re-run with
the validation data, for the linear, saturation-curve, and sigmoid "final" models
(i.e equation 6). These results are summarized in Table 8. The very high correla-
tion coefficients may be influenced partly by the smaller size of the validation
data-base. Nevertheless, these results suggest that the models are relatively good
for unsaturated, climatically controlled sites. The results suggest further that the
newer CO2 measurement methods may be more accurate, since none of the
residuals (Table 7) is greater than 25% of the actual value, except for the wetland
site.

Table 8. Correlation coefficients (r) of the potential-based models for soil CO2 evolution (with aera-
tion factors), for both the development and validation data-bases

Model development Model validation
all sites valid sites & CO; all sites
(n=48) (n=35) (n=10)
linear 0.69 0.80 0.92
saturation 0.66 0.73 0.96
sigmoid 0.67 0.79 0.90

The three models are from equation (8), with lincar, saturation-curve and sigmoid forms. Such models represent estimates of
climatic potential s0il CO; evolution modified by the degree of soil acration. The data-set with 35 sites excludes 13 sites with
obvious soil problems (wetlands, very low nutrient status, etc.) and/or questionable CO2 ts, as explained in the
main text. The even better results with the validation data than with the original data supports the logic and calibration of these
models.

The models for climatic potential CO2 evolution (i.e. equation 6, cf Table 8)
seem preferable to the purely statistical models, since the models for CO2 poten-
tial represent a clearer theoretical basis, i.e. a potential CO2 flux modified
(decreased) by inhibiting soil factors. In choosing among the three curve forms,
though, the correlation coefficients are less important than the balance between
positive and negative residuals and between large and small residuals. For the
validation sites (Table 8), for example, the saturation curve has the highest r-
value but may be the worst model for those 10 sites, since all 10 sites were over-
estimated, one by almost 200% (though small in absolute measure). The best
model appears to be the linear form (cf Tables 5-6) since it is simplest in concept,
has high r-values, and for normal sites has balanced residuals and no unusually
large (unexplainable) residuals in any particular biome. Residuals of this model
are shown graphically in Figure 8, with landscape symbolism. The final model
for global soil CO2 evolution is thus given by equation (6), with CO2 from the
linear model of equation (2).
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Fig. 8. Residuals of the "Final” potential-based model for soil CO,— evolution

Predicted CO2 evolution (equation 8, lincar form), with acration correction, is plotted (vertically) against
measured CO, cvolution (horizontally), for all 48 sites (with biome symbolism, see Figure 3). Overpredic-
tions (above t;ne diagonal line) are more numerous than underpredictions, but this results mainly from the 11
sites at which CO, cvolution is retarded by topographic or edaphic factors (cf. Table 6)

WORLD PATTERNS

In order to estimate the global terrestrial soil CO2 flux to the atmosphere,
world maps were produced by applying the linear, saturation-curve, and sigmoid
models for potential CO2 evolution (equations 2-4), with aeration correction (i.e.
equation 6), to a world climatic data-base of 1600 sites, as has been done for
other geoecological predictive models (e.g. Box 1978, Brook et al. 1983, Lieth
and Box 1972, 1977; Meentemeyer et al. 1982). AET and other water-balance
values for these 1600 climatic sites were calculated by SOLWAT (Box 1982). The
linear model identified as "best" in the previous section still appears to be the best
when mapped globally, since its few larger residuals do not cover large areas.

Fig. 9. Estimated annual soil CO2 evolution, based on climatic potential CO2 evolution and a soil-aeration
factor

The potential-based model for CO, evolution, with the acration correction (i.c. equation 8, lincar form), was
applied to a global climatic dau-éasc involving 1600 sites. Soil CO, evolution is generally expected to be
high in the humid tropics but is lower in certain very wet areas which have no dry scason at all (e.g. western
Amazonia, Borneo). These arcas may be dramatically lower but are also relatively small and have little ef-
fect on estimates of global total CO, evolution.
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This world map, representing climatic potential annual soil CO2 evolution
modified by soil aeration, is shown in Figure 9. It shows highest evolution rates
in the humid tropics and low values in both desert and polar environments, where
dryness and cold, respectively, limit both biomass production and decomposer
activity. The zero-intercept of the model correctly depicts low rates across the
large areas of polar and arid environments on earth. The effect of poor soil aera-
tion is evident in the wettest tropical areas (especially Bormeo and western
Amazonia). These regions, however, represent relatively small areas and will not
greatly affect estimates of global total even if model estimates are most tenuous
here.

The map for soil CO2 evoelution is similar to a climate-based map of average
soil CO2 content (log pCO2) produced by Brook et al. (1983). It is also similar to
climate-based maps of predicted primary production produced by H. Lieth and
E.O. Box (1972, 1977) and appears to represent the "throughput” geographic pat-
tern of E.O. Box and V. Meentemeyer (1991).

The global total annual CO2 evolution represented by Figure 9 is about 275 x
10° mt CO2 (approximately 75 x 10% mtC or about 150 x 10% mt dry matter). This
is larger than our earlier estimate of about 230 x 10° mt dry matter, but this is
due probably to the linear rather than power-function curve form. It also exceeds
many estimates of annual terrestrial net primary production (e.g. about 125 x
10%mt dry matter). Since respiration by living roots, as well as metabolism of
mycorrhizal fungi, can make important contributions to measured soil CO2
evolution, direct comparisons with metabolic activity in soil and litter are dif-
ficult. CO2 from strictly physical processes cannot be entirely excluded; never-
theless, most of the CO2 must come from decomposition of dead biomass.

It is also interesting to compare the form of this relationship with other AET-
based models. G.A. Brook et al. (1983) produced a world model of the CO2 con-
tent of the soil atmosphere, which takes the form of a saturation curve, relative to
AET. H. Lieth and E.O. Box (1972) found a saturation-curve relationship be-
tween annual net primary production (NPP) and AET, with an upper asymptote at
3000 g dry matter per square metre per year. Litter decomposition rates worl-
dwide generally show a linear relationship between annual percentage weight
loss and annual AET (Dyer 1986), but there is much scatter of the observations
from the tropics. These results for litter decay mirror our results for CO2 evolu-
tion; observations at tropical sites appear to be greatly controlled by local aera-
tion and the effects of nutrient status. Indeed the very diversity in species
composition seems to be matched by site diversity in carbon balance dynamics.

The strong relationship between our model and the measured values in the
validation data set, observations recently conducted, suggests that measurement
procedures are becoming more standardized. It suggests a stronger relationship
with climate than shown by the earlier observations. Many errors persist, how-
ever, and need to be corrected or adjusted. Soil CO2 evolution also needs to be
sampled at landscape scales to determine the time-space variability in measured
rates. Once this natural variability is determined, the models in this study can be
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given a stronger context. The complexity of the year-to-year variation in evolu-
tion rates and the variability in the tropics suggest that no simple conclusions
regarding the net effects of global warming will be forthcoming soon.
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CONFERENCE PAPERS 18, 1993
Geography of organic matter production and decay

GEOGRAPHICAL PECULIARITIES OF THE
PRODUCTION — DESTRUCTION — PROCESSES
IN NORTHERN EURASIA

NATALIA 1. BAZILEVICH, ALEKSANDER V. DROZDOYV,
ROMAN L. ZLOTIN

Abstract. The new maps based on descriptions of 126 plant formations are intro-
duced showing the patterns of phytomass, mortmass, net primary production and the ratio
of mortmass to production in territory of Northern Eurasia. Geography of decomposition
is explained in tables and the role of biotic and abiotic factors in this process rate is dis-
cussed. Two of analysed indexes, mortmass reserves and mortmass-productivity ratio
response strong to meridional (west-east) climatic gradient in Northern Eurasia.

Key words: distribution of organic matter, latitudinal-meridional gradients, decom-
position, primary production

The issue of productivity of the major landscapes of Eurasia and of the part of
this largest continent that is within the former USSR was discussed in its general
aspects in several monographs as early as in the 1960-es (Rodin, Bazilevich
1965), and introduced in form of small-scale maps (Bazilevich, Rodin 1971),
However, in the recent two decades many new publications were issued; some of
them were summarized in a volume specially devoted to this issue (Bazilevich,
Grebenshikov, Tyshkov 1986), some — in the form of 4 maps compiled by N.I.
Bazilevich in scale 1:8 000 000.

These new, not published maps include 126 plant formations found on the
USSR territory, demonstrate the amount of phytomass and mortmass, net primary
production and the ratio of mortmass-production. These maps were based on the
vegetation map compiled by V.B. Sochava (1964) and modified by N.I.
Bazilevich. All parameters were arranged in a 1-10 scale (Table 1) for better per-
ception and comparison of the patterns.

Thanks to the more detailed scales and legends, the new maps show the zonal
ecosystems widely spread over lowlands of Northern Eurasia (tundras, various
forests, steppes, deserts), as well as the intrazonal formations, such as swamps,
meadows, and also the major mountain ecosystems. For the first time total
amount of dead phytomass (mortmass), i.e. the amount of vegetation debris in the
aboveground and ground strata of ecosystems is mapped. A map showing the
ratio of mortmass to net primary production gives a new understanding of the
main features of the destruction phase in the biological cycle. More comprehen-
sive information is provided on ecosystems of the polar zone, new data obtained
with modern techniques are introduced on productivity of grasslands.
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Table 1. Ten-level scale of productivity indices used in maps construction

Indices of Phytomass Mortmass Annual Ratio of mortmass
productivity t- ha! t-ha™! production ANP to annual
Levels t-haly?! production
(points)
I 25 2.5 1.0 1.0
i 2.5-5.0 2.5-5.0 1.0-2.5 0.1-0.2
m 5.1-12.5 5.1-125 2.64.0 0.30.7
v 12.6-25 12.6-25 4.1-6.0 0.8-1.5
\' 26-50 26-50 6.1-8.0 1.65.0
Vi 51-150 51-150 8.1-11.0 6.0-10.0
Vil 151-300 151-300 11.1-16.0 11-15
v 301-400 301-400 16.1-30.0 16-20
X 401-500 401-500 30.1-50.0 21-50
X 500 500 50.0 50

To give a generalized description of productivity of 126 plant formations,
published and original data were collected for nearly 2000 sites. Comprehensive
analysis of this huge mass of data is a task for nature. In this paper, we will limit
ourselves to a general review of the above mentioned maps and comparison with
the cartographic representation of the major factors of landscape differentiation
in Northern Eurasia. Besides, we shall practically leave out mountain areas and
shall only generally mention intrazonal ecosystems.

Geographical analysis of productivity of vast territories using small-scale
maps is typically performed within the boundaries of large belts and zonal
vegetation subdivisions. We will use here a grid of landscape zones and sectors
(Fig.1) compiled on the basis of papers by F.N. Milkov (1977), A.G. Isachenko
(1988), N.N. Rozov and M.N. Stroganova (1979) workers and subsequently com-
bined with the vegetation map of V.B. Sochava (1964).

First, let us schematically describe salient features in the distribution of
productivity indices, as presented in the four above-mentioned maps.

Highest phytomass reserves (Fig.2) are concentrated in broadleaved — con-
iferous and south-taiga forests in the west of the Russian Plain. All other forests!
have higher-than-normal values, while typical and southern tundras, meadow-and
true-steppes and northern deserts have medium-size reserves. Low values are
typical for dry steppes, semi-deserts, true and southern (subtropical) deserts,
while Arctic deserts have lowest phytomass reserves.

Highest reserves of mortmass (Fig.3) are accumulated in peat bogs which are
mostly concentrated in Western Siberia, as well as in dwarf cedar and alder
forests in Chukotka, Kamchatka and other mountaneous eastern regions. Higher-
than-normal reserves are observed in all forests in the Pacific sector, northern
taiga on the Kolyma, southern taiga in Central Siberia, as well as in the forest
band on the Russian Plain and in Western Siberia, from central taiga to broad-

! With the exception of subtropical and all mountain forests which are not discussed in this or any
other section of the article.
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Fig.1. Pattern of landscapes differentiation in the Northem Eurasia (in the boundries of the former Soviet
Union)

Landscape sectors: 1. East-European, II. West-Siberian, II1. Central- and East-Siberian, I'V. Pacific.

Main landscape zones: 1 - Arctic deserts; 2 — Tundra including arctic, typical and southern tundra;

3 — Forest tundra; 4 — Taiga forests (coniferous forests), including northern, middle and southern taiga;

S — Broadleaved and coniferous forests (subtaiga); 6 — Forest steppe, including broad-and needle-leaved
forests and meadow steppe; 7 — Steppe, including true and dry steppe; 8 — Semideserts; 9 — Northern
(subboreal) deserts; 10 — Southern (subtropical) deserts.

leaved forests. Medium-size mortmass reserves are typical of all other forests, as
well as meadow and true steppes, low values characterize Arctic deserts, dry
steppes, semi-deserts and northern deserts, while the lowest values pertain to true
and southern (subtropical) deserts.

Annual production (Fig.4) reaches highest values in meadow steppes of the
forest-steppe zone and in true steppes. Higher-ithan-normal values are typical for
southern taiga, broad-leaved-coniferous and broad-leaved forests, as well as for
dry steppes; medium-size values characterize northern and central taiga on the
Russian Plain, central and southern taiga in Siberia and semi-deserts. Low values
are typically observed in tundras, all other forests, true and southern (subtropi-
cal) deserts, while Polar deserts and northern deserts have the lowest values.

It is the ratio between mortmass and annual production (Fig.5) that exhibits
the smallest spacial variation. The ratio is the highest in Vasyuganye peat bogs in
Western Siberia, higher-than-normal in Siberian forest-tundra and northern taiga,
moderate values are observed in typical and southern tundras, forest-tundra and
northern taiga on the Russian Plain, in middle taiga, as well as in southern taiga
of Central Siberia and Pacific sector. The ratio has low values in Arctic deserts
and typical tundras of Siberia, in southern taiga in the European sector, in all
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Fig.2. Geographical differentiation of phytomass reserves in Northern Eurasia (t-ha™")

Fig.3. Geographical differentiation of mortmass reserves in Northem Eurasia (t-ha™")
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broadleaved-coniferous and broadleaved forests, as well as in Trans-Baikal step-
pes, while the lowest values pertain to vast steppes (except in the Trans-Baikal
region), semi-deserts and deserts.

Thus, besides the wellknown north-south or latitudinal gradient of produc-
tivity indices, these rather generalized maps are clearly demonstrating another,
west-east, or meridional gradient. This is most obviously shown in distribution of
mortmass and of the ratios of mortmass to net primary production.

One can also trace a belt or axis common for all four maps that stretches from
the Baltic Sea via the Southern Urals to the Western Altai, or approximatley
along the southern edge of the taiga. South of this edge, there is a most clear
latitudinal gradient of all parameters of productivity under discussion, while
north of this axis the meridional gradient is more pronounced. Besides, south of
this axis on all maps the gradients are generally sharper that north of it.

Does this rather generalized pattern agree with the general features of nature
of Northern Eurasia and with its landscape differentiation? The answer generally
is yes, it does. The above described features registered on the maps of the con-
tinent reflect, first and foremost, the latitudinal zonality of landscapes, clear con-
tinentality of Northern Eurasia, and oceanic regimes of its eastern margins.
Division of landscapes into humid and arid is also clear; they are separated by a tran-
sitional zone of forest steppes coinciding with the above mentioned gradient axes.

Therefore, a more detailed geographical analysis of productivity parameters
should be carried out for the network of landscape zones within individual
meridional sectors, and also for groups of humid and arid landscapes. Let us start
this analysis with the most important climatic group of factors.

Usually, the cartographic comparisons of climate with productivity cf vegeta-
tion at the level of landscape zones give preference to the elements of radiation
balance and to one of many indices of humidity. At the global level the measures
of air temperature and precipitation are taken into consideration as the most
widely observed climatic parameters. These parameters are assumed to be the driv-
ing factors of productivity of phytocenoses in the global models. Therefore, we will
undertake a review of the respective general climatic maps (Mjatschkova 1983).

Over most of the continent the annual values of radiation balance are regular-
ly corresponding to the latitudinal zones (Fig.6). The meridional gradient is only
marked in Eastern Siberia and the Far East. Air temperatures of July also follow
the latitudinal pattern (Fig.7). The meridional pattern of the July isotherm is only
observed along the Pacific margin of the continent.

Isotherms of January follow quite a different pattern (Fig.8): in the stretch
from western boundaries of the former USSR to the Pacific coast they have a
predominantly meridional orientation that changes for the latitudinal one only in
the south of the Russian Plain, south of Siberia, and the Turan Lowland. In
winter three areas of sharp gradient of the temperature are clearly identified:
from the Barents Sea across the Northern Urals to central regions of Siberia,
north of the Caspian, and along the Pacific coast. Thus, the influence of warm
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Fig.6. Annual values of solar radiation balance in Northem Eurasia (KcaLcm'z-y")

sea water masses is very clear in the winter thermal patterns over Northern
Eurasia.

The precipitation over the territory (Fig.9) shows both the latitudinal and
meridional gradients. The absolute minimum of precipitation (less than 200 mm
per year) is associated with the zone of southern deserts. The other relative mini-
mum (200-400 mm per year) occurs over the vast space of Central and East
Siberian taiga and tundra. The eastern margin of the continent, the Western
Siberia and the Russian Plain get 600-1000, 400-600 and 600-800 mm per year of
precipitation, respectivelly. Thus, the field of precipitation over the territory
north of 50 NL, with exclusion of a narrow tundra stripe, shows clear meridional
sectors (see Figs 1 and 9).

Despite significant contrasts in the 4 sectors north of the forest steppe zone,
the values of evapotranspiration are close (Fig.10). Forest steppes coincide with
maximum of evaporation, while semideserts located further south have the
highest gradients of the evaporation ficld.

The zone of forest steppe is also coinciding with the line of zero difference
between precipitation and potential evaporation (Fig. 11). South of it is the area
of moisture deficiency (up to 1500 mm per year in southern deserts), northward
is the area of excessive moistening. The only exception is the vast taiga-grown
South-Yakut depression with the summer moisture deficiency of about 100 mm
per year. In combination with extremely low winter temperatures, this accounts
for high continentality of climate in this area.

These are the general features of spatial climatic patterns in Northern Eurasia
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within the former USSR. These peculiarities essentially account for the spatial
patterns of the vegetation cover and productivity in the area. There are some
quite successful attempts to employ these explanations for constructing the map-
models of productivity (Yefimowa, 1977; Zubov 1978). The map-model of S.M.
Zubov (1978) constructed on the basis of correlations of plant communities
production, radiation balance and precipitation, showed no strong sectoral pattern
of productivity or special patterns in arid landscapes. Obviously, besides these
climatic factors, other characteristics should be taken into account, including the
specific climatic parameters determining the spatial patterns of productivity. One
of such parameters relevant for the extremely continental cold Northern Eurasia
is soil temperature (Fig. 12).

In relation to the other two western meridional sectors, the taiga forests of
Central and Eastern Siberia are characterized by lower annual production of
living phytomass (Fig. 13). The reasons for this are, on the one hand, extremely
low winter temperatures and the negative mean annual temperatures of the soil,
and, on the other hand, arid climate of the summer months.

In general, the sectoral changes of all the parameters of productivity within the
major landscape zones, shown on Figs 13 and 14 may be explained by climatic char-
acteristics of the sectors. The peculiarity of the Pacific sector should be noted first of
all. Here the oceanic influence on the cold and moderately cold climate substantially
reduces the zonal contrasts. A contrary picture is characteristic of the European sec-
tor, where in accordance with the high climatic changeability, the greatest inter-zonal
contrasts of the productivity parameters are being observed.

The intersectoral changes of these parameters within the boundaries of
separate zones are also peculiar. In this context two landscape zones particularly
stand out — the forest tundra and the forest steppe (the latter is characterized by
the productivity of the meadow steppes, situated within its boundaries, on Figure
13 and 14). They both are notable for very low inter-zonal changes of the living
phytomass and mortmass volumes, of the annual production and the relation of
the mortmass to the production. In the forest zone, situated between the forest
tundra and forest steppe ecotones, some general tendencies of change become ap-
parent from west to east: a decrease of living phytomass volume and annual
production with the increase of the relation of mortmass to production. A dif-
ferent general tendency reveales itself in the typical dry steppes and in the
tundra; in the Central Siberian sector these zones are characterized by elevated
volumes of the living phytomass. It would be interesting to reveal the reaction of
other ecotone ecosystems to climatic changes — probably, all the ecotones are
characterized by a certain permanency of the productivity parameters.

It is necessary to note, that the semidesert and desert zones are not repre-
sented on Fig. 13 and 14, because within their boundaries the intersectoral changes
of the productivity parameters are far from obvious. The reason is that these ex-
tremely arid zones are almost equally continental along their whole length. The
role of the spatial diversity of climate here seems to be less important, than the
role of other factors. So, the subboreal Kazakhstan semideserts by all the produc-

63

http://rcin.org.pl



Fig.12. Mcan annual soil temperatures (°C) measured at the depth 20 cm (After V.N. Dymo 1967)
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tivity parameters in question are practically identical to the subtropical semi-
deserts of Azerbaijan, even though they are situated in different climatic zones?.
But the subboreal arid deserts with clay and sand soils differ drastically (Table 2).

Table 2. Productivity of hot deserts on clayey and sandy soils

Vegetation formations Productivity indices evaluated by numbers
alive phytomass mortmass annual primary | ratio "mortmass:
volume volume production production”
Artemisia kemrudica I I I v
Anabasis salsa clay
Halaoxylon persicum I I II m
Calligonum, Ephedra, sand

Along with the substratum, the other important factors regulating arid
landscape productivity are the underground water, the mineralization of the water
and also the salinization of the soil and ground. In general, the role of the
bedrock and the soils conditioning the mineral supply of the vegetation is very
important in many regions. Volcanic regions or oceanic coasts with their special
geochemical conditions may serve as examples (Bazilevich 1981).

The climate should be considered a leading factor of vegetation productivity
only on certain scale investigation (first of all, global and continental), and by far
not in all types of environment.

The data analysed earlier by M.V. Udalkina, N.I. Bazilevich and others
(1988), make it possible to illustrate the relative role of climate in the change of
productivity of various plant communities in the taiga zone (Table 3). As shown
in the table, within the taiga landscape zone the change of air temperature in-
fluences forest productivity more, than the change of percipitation. At the same
time the sensitivity of different coinmunities is not equal. The pine has the
lowest, the larch — the greatest; the sensitivity to temperature change is higher
in the poly-dominant forests, while spruce forests react relatively faintly only to
the change in percipitations.

In this context it is interesting to observe the change of productivity with the
zonality gradient in pine — cowberry communities (Pinus silvestris — Vacci-
nium myrtillus). Compiled with the use of materials from the monograph of V.N.
Gabeev (1990), table 4 contains the data on the main parameters of productivity
of pine forests of Western Siberia, situated in the zones of taiga, forest steppe and
steppe. In all the cases these pine forests grow in well drained habitats and only
in the steppe zone they probably get additional ground moisture. It is rather easy
to notice that the zonal distribition of the productivity indices: the annual produc-
tion and annual needle fall of these pine forests, corresponds in general to the
laws of all the other forest communities.

TItis necessary to recognize a certain vagueness of the borders between climatic zones. That is why
in this article, in accordance with the scale of the undertaken cartographic analysis, we deal mainly with
the zonal division of landscapes.
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Table 3. Annual production changes (%) of the taiga forests with the change of air temperature and

precipitation
Taiga forest types Production change
with 1°C of mean annual air with 1% of annual total
temperature change precipitation change
Spruce (Picea) no considerable change 2155/
Pine (Pinus) no considerable change 0.45
Larch (Larix) 9.4 no considerable change
Coniferous polydominant 10.1 0.67
(Picea + Abies + Pinus)
Table 4. Productivity of the pine forests of Western Siberia (after Gabeev 1990)
Zone and Productivity indices in ton per ha Ratio
subzone Alive Mortmass Annual Annual needle "mortmass;
phytomass production fall production”
Taiga
north 849.3 243.4 28.8 219 8.4
middle 2083.4 270.9 499 3752 5.4
south 2960.4 404.9 56.4 40.8 32
Forest steppe 2001.7 437.7 46.4 35.8 9.4
Steppe 1313.8 626.4 37.0 23.1 16.9

A relatively wide range of inter-zonal changeability of parameters sometimes
reaching 200 to 300% also attracts attention. It is true, however, that the annual
climatic characteristics change greatly in this zonal row also — the radiation
balance varies from 30 to 40 kcal - cm2, the precipitation from 600 to 350 mm,
the difference between precipitation and potential evaporation from +200 to -200 mm.

Apparently this does not contradict the conclusion about the relatively poor
sensitivity of the pine to climatic changes; it only demonstrates the complexity
of the connections between the productivity and the regulating factors and also
the necessity to study them closely.

The geographical approach to such an investigation should consist first of all,
in the re-evaluation of universal connections between the productivity of ecosys-
tems and the main, directly acting factors of physical, chemical and biological
nature — all these on different analysis scale and in different types of environ-
ment. On the other hand, it is necessary to reveal indirect factors, which deter-
mine the conditions and the character of the universal connections.

One of the means of revealing general relations of the "productivity —
climate" phenomena could probably be the analysis of the zonal catena diversity
on the slopes of northern and southern exposition.

The general mechanism of the influence of the heat and moisture on the
phytocenosis productivity, corresponding to the principle of the limiting factor of
Libich, reveals itself not only on the global — regional scale of the landscape
zones, but also on the local scale of catenas. A different mechanism of the in-
fluence of these factors is characteristic of the forest steppe zone — here on the
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slopes of different exposition the heat and moisture become not limiting, but
compensating factors (Drozdov 1983).

Another aspect of the catena productivity analysis is the comparison of the in-
terzonal changeability of watershed and bog habitats, the latter being the last ele-
ment of a catena. As we could see from Fig. 15 (Bazilevich at al. 1986), bog
production increases with the growth of radiation balance in the cold-humid and
warm-arid landscape zones.
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Fig.15. Zonal and azonal geographical pattem of the annual production in landscape zones
P — polar; B — boreal; SBB — subboreal; SBT — subtropical 1— bogs; 2 — watersheds

In accordance with the widespread interpretation of the productivity concept,
and as it follows from the context this article, mortmass volume is one of the
productivity parameters. Describing the relation between productivity, mortmass
volume and environmental factors we in general describe the production and
destruction processes. All the more, previously discussed spatial distribution of
the ratio mortmass volume to annual production, is in fact the character reflect-
ing the speed of the destruction processes.

In the distribution of this character, the west to east gradient is the most ap-
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parent (Fig. 5), even though it does not seem to be directly linked with the
climatic factors. However, more detailed data presented in Fig. 16 and 17 suggest
of noticeable differences in the two columns of plant formations. One of those
has similar values of the mortmass production ratio for different values of
production. In Fig. 16 this vertical column consists of desert, semi-desert and
steppe formations, including meadow steppes in the forest-steppe zone. In the
other column (from broad-leaved forests to forest-tundra and tundra formations)
the ratio grows with the decline in production values. Forest steppe occupies a
place of its own, since it seems to belong to both columns.

The same can be seen in Figure 17 which is to demonstrate differences be-
tween forest, forest-tundra and tundra landscapes.

Both, Figure 16 and 17 clearly suggest that the analysis of links between
productivity features and environmental factors should be performed separately
for humid landscaped and semi-arid and arid landscapes. In humid forests forma-
tions the rate of destruction is highest in warmest broad-leaved communities and
lowest in the coldest larch forests of Siberia, while in semi-arid and arid
landscapes the rate of destruction remains constant in all zones from true steppes,
with the annual radiation budget of about 40 Kcal - cm2, to subtropical deserts,
where the annual radiation budget averages to 50 Kcal - cm*2.

The role played by climatic factors is indirectly manifested in a link between
the mortmass/production ratio and absclute values of annual production (Fig.
16): the higher the production in humid landscapes, the higher the rate of
destruction processes, since both, the production and destruction limbs of the
biological cycle are dependent on energy in ecosystem processes.

Is the hydrothermal axis which roughly follows the southern forest-steppe
boundary an important landmark separating landscapes with totally different
development of destruction processes?

We are going to supplement this general cartographic analysis of the intensity
of destruction processes with a description of field experiments whose results
show specific rates of organic matter decomposition in different landscapes.

We distinguish two groups of factors controlling destruction processes in ter-
restrial ecosystems: biotic and abiotic. Biotic factors include above all different
saprotrophic organisms (invertebrate and vertebrate animals, microorganisms)
mostly inhabiting soil and litter, as well soil-enzyme reactions. Interestingly,
many typically phytophagic animals, such as ungulates and certain rodents can
be regarded as saprophagous in the cold season, when, in absence of green fod-
der, they turn to standing dead plant material and litter. Microbial-zoological interac-
tions frequently stimulate the intensity of organic matter destruction processes.

Abiotic factors include leaching, photochemical oxidation and mechanical
reactions brought about by the freezing and melting of organic matter.

One can discover certain regular features in the ratio between, and the degree
of manifestation of various abiotic and biotic factors (Zlotin 1979; Zlotin,
Khodashova 1980). Traditionally, the destruction processes in the biological
cycling are believed to be controlled by biota. Hovever, one should bear in mind
that abiotic factors are most effective in above ground layers, while biotic factors
are more effective in underground ones.
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Photochemical oxidation caused by direct short-wave solar radiation is an
important factor of abiotic destruction. Consequently, in conditions of long dura-
tion and high intensity of solar radiation, including the short-wave part of its
spectrum, photochemical reactions prevail in destructive processes. This applies
to arid and semi-arid landscapes (deserts, steppes), to continental uplands and
Polar regions. In humid forests, leaching becomes predominant among abiotic
factors. Mechanical destruction plays an important role in areas with an insig-
nificant snow-cover and with highly variable weather resulting in alternate freez-
ing and melting of soil. The share of water soluble compounds in mortmass is not
high, therefore the amount of annual leaching does not exceed several per cent.
Mechanical destruction might have but a slight direct impact, but it facilitates
decomposition when in conjunction with other abiotic and biotic factors.

One of the most simple, universal and widely used field methods for assess-
ing the rate of destructive processes consists in burying cotton stripes (cellulose)
in soil and in subsequent assessment of the degree of its decomposition through
loss of weight or strength. This method allows, above all, to determine the
microbiological activity in the underground layer of ecosystems (Zlotin,
Chukanova 1973). Usually this process plays a substantial and, in certain cases, a
prevailing role in destructive processes. Therefore, relevant experimental data
provide convincing evidence for geographical analysis.
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Fig.18. Geography of the rate of cellulose decomposition (% monthly, 0-30 cm soil depth)

1 — warm season; II — cold season; 1[I — year; A — arctic tundra; B — southern taiga; C — forest-steppe:
C1 — oak forest; C2 — meadow steppe; D — true steppe: D1 — true steppe at the wastershed: D2 — oak
forest in the ravins; E — desert: E1 — under Artemisia; E2 — open site; F — north savanna (pistachio open
woodland): F1 — under pistachio; F2 — open site
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Fig. 18 shows seasonal and annual variation in the decomposition of cellulose
from the Polar to the Subtropical belt, presenting averaged results of field experi-
ments conducted in each of the landscape zones in question for several years. In
arctic tundra and in true deserts the experiment covered the entire year cycle,
while in other zones the warm and the cold seasons were covered separately. In
this last case annual values were calculated.

In contrast to zonal variations in the "mortmass/production ratio” whose
values constantly decline from Polar ecosystems to subtropical ecosystems, cel-
lulose decomposition in soil change in a slightly different manner along the
north-south gradient.

In the warm season, highest destruction rates are observed in forest-steppe
(primarily in oak forest) landscapes, while lower values are typical both for more
humid (south taiga), and more arid (steppe and xerophytic light forests) land-
scapes. This might be attributed to the optimal moistening conditions in forest-
steppe and lack of moisture in steppes and pistachio — light forests. As for south
taiga, it must be lack of heat which comes into play.

In the cold season, the lowest values of destruction intensity are observed in
true steppes, while meadow steppes and forest landscapes have higher values.
One can suggest that such differences are caused by the low temperature of soil
in winter, which freezes deep enough in open steppe landscapes and remains al-
most unfrozen in oak forests in forest-steppe and in south taiga.

On the whole, the values of destruction in winter are everywhere much lower
than in summer. The only exception is xerophytic pistachio — light forests which
are characterized by typically subtropical Mediterranean pattern of precipitations
— dry summer and moist winter with rare and short cold spells against the
above-zero background.

As for zonal series of annual destruction cycle, this exhibits two areas with
minimal values. They are arctic tundras and north deserts. The lowest microbial
activity and destruction of the both landscapes must be attributed to lack of heat
in the first case and to lack of moisture — in the second case. The value of cel-
lulose destruction is high in south taiga and in oak forests of forests-steppe, both
in the annual and in the two seasonal cycles. In general, the distribution of an-
nual destruction values along the north-south gradient is very much similar to
those of annual primary production.

One should also note that the values of destruction under the cover of oak
forests are typically higher than on open grasslands in forest-steppes and true
steppes; the same is observed in the north deserts, where the rate of decomposi-
tion is much higher under Artemisia bushes than on open exposed sites. This
must be due to higher degree of soil moistening under the cover of the forest be-
cause of snow accumulation,

A more detailed pattern of seasonal variations in cellulose decomposition rate
in different soil layers and on the litter in East European forest steppe landscapes
(Fig. 19) also highlights the primary role played by hydrothermal factors in this
mainly microbiological process. The rates of destruction in the warm and cold
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seasons differ by a factor of 4-5 in oak forests and by a factor of 5-6 (Fig. 19) in

meadow steppes, which corresponds to seasonal contrasts of temperature in those
forest-steppe ecosystems.
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Fig.19. Scasonal rate of cellulose decomposition in the ecosystems of the Central Forest-steppe (%, mean
in a month)

Thus, the presented materials clearly suggest that there exists a certain
similarity in the way the principal hydrothermal factors affect both the produc-
tional and destructional processes in North Eurasian landscapes. As for differences,
they are attributed firstly to the climatic impact affecting destruction in a more
indirect way as compared with production, and, secondly, to the fact that the
analyzed values characterizing destruction are qualitatively different. While the
mortmass/production ratio depicts the process of destruction in an integral way,
the destruction of cellulose applies only to that portion of total destruction which
depends on the activity of microorganisms.

Now it is time to return to the problem of relationship between the role of
biotic and abiotic factors in destruction. It is well-known that ecologists stick to
the idea of the predominating role of bionts in all destructional processes. How-
ever, some of our experiments (Zlotin 1979; Zlotin, Khodashova 1980), while
supporting the phenomenon of biological decomposition of organic matter, also
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highlight the substantial role of abiotic factors, solar radiation in particular, in
the decomposition of dead organic mass (Table 5).

Table 5. Rate of decomposition of litter fall (aspen and cercals, May-September) in field experiments
with selective screens, meadow-steppe zone (after Zlotin, 1979)

Treatments Control Light screens
blue colourless red sheet of
(polyeth. plywood (full
Decomposition measure film) shade)
Grasses: dead leaves, initial weight 8 g
Left by the end of 6.04£ 0.06 | 6.22+0.03 | 634+ 0.02 | 645£0.05 | 6.50% 0.03
exposition, g
Decomposed, % of initial 13.7 11.1 9.4 19 71
weight
Decomposed, % of the 100 81 69 57 52
control
Aspen: dead leaves, initial weight S g
Left by the end of 3.4910.04 395t 0.02 | 405£005 | 425¢£0.03 | 4.2910.03
exposition, g
Decomposed, % of initial 30.2 21.0 19.0 15.0 14.2
weight
Decomposed, % of control 100 70 62 50 47

The experiments were conducted in meadow steppes of the Central Cher-
nozem Biosphere Reserve in Kursk region, 500 km south of Moscow. Fallen
alder leaves and above-ground parts of steppe cereals were placed in containers
with open tops for rain and sunlight. The experiment was repeated 4 times, with
five degrees of light intensity controlled by special screens. Three screens were
made of transparent synthetic polymers of various colours, while the fourth was
made of a thin sheet of plywood impermeable to direct sunlight. The fifth (con-
trol) container had no screen.

The first blue screen let through about 80% of rays in the short-wave part of
solar spectrum (shorten than 600 nm), but retained about 70% of thermal long-
wave radiation. The red screen let through about 85% of long-wave radiation and
retained 80% of short-wave radiation. The third, colourless screen made of a
polyethylene film had no selective properties, but weakened all solar radiation
flow by 50% as compared to the control variant. The fourth, plywood screen
provided total shading from direct solar radiation. These conditions were main-
tained throughout the entire growing season, from May till September, by chang-
ing the angle of inclination of the screens and their sizes to reflect seasonal
variations in sun elevation.

Results presented in Table 5 show that the degree of decomposition of the lit-
ter fall gradually declines with decrease of solar radiation intensity and decreas-
ing of short waves part of its spectrum. Thus, only 47-52% of exposed leaves
decomposed under the plywood screen with complete shading, as compared with
the control sample. The other figures are: 50-57% under the red screen, 62-69%
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under the neutral polyethylene screen and 70-81% under the blue screen. The
reliability of this differences is rather high (P=0.01) for all variants, except of
"polyethylene-red"” and "red-plywood”. Thus, the rays from the short-wave part
of the solar spectrum are most effective in terms of destruction. The shading of
plant fall nearly halves the rate of decomposition.

Field experiments with complete shading of litter fall by plywood screens
were reproduced in true steppe, 700 km south of Moscow (50°N, 36°E) and in
subtropical xerophytic pistachio forests (the State Badkhyz Reserve, 35°N,
62°E). The results received there also support the great role of direct solar radia-
tion in the decomposition of above-ground plant fall (Zlotin 1979).

Field experiments on decomposition of different parts of litter and roots
(Zlotin 1975, 1979) conducted in the warm and cold seasons allowed us to assess
the role of various natural factors in the decomposition of total annual plant fall
(Table 6): in an oak forest the share of abiotic factors is 15%, the share of
microorganisms — 45%, invertebrates — 40%; in meadow steppe — 30, 55 and 15
%, respectively. Thus, the ratio of the four factors driving decomposition: 1)
macrofauna, 2) mesofauna, 3) microorganisms, 4) abiotic factors can be
presented as 6:1:1:2 in the oak-forest ecosystem and 1:1:1:7 in the meadow-
steppe ecosystem,

Table 6. Rate of decomposition of dead plant parts (%) in two ecosystems of forest-
steppe zone (Central-Chernozem Biosphere Reserve). Various acting factors, litter
fractions and scasons were differentiated

Factors T Oak forest I Meadow steppe
Warm season
Above-ground plant fall (green parts)

Abiotic 14 72
Biotic

microorganisms 10 11

mesofauna 30

macrofauna 46

Below-ground dead plant parts (roots)

Abiotic about § about 3
Biotic

microorganisms 86 83

mesofauna 3 9

macrofauna 6 S

Whole year
Total plant fall (above and below-ground)

Abiotic 15 30
Biotic

microorganisms 45 55

invertebrates (meso- 40 15

and macrofauna)
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MAJOR CONCLUSIONS

1. Along with the well-known latitudinal (north-south) gradient of different
productivity parameters, there also exists a meridional (west-east) gradient in
Northern Eurasia, which is mostly pronouced in the distribution of mortmass
reserves and the values of the mortmass/annual productivity ratio.

The former is in good agreement with the zonal landscape differentiation,
while the latter reflects its sectoral features, such as low precipitation totals and
extremely low temperature of air and soil in winter.

2. Intersectoral (west-cast) variations of productivity in forest and open
landscapes are often in contrast. Thus, in Central Siberia, as compared with other
sectors, phytomass and annual production in forests decline, while growing in
tundras and steppes.

3. The role of well-known hydro-thermal boundary which roughly follows the
southern boundary of the forest-steppe zone and separates humid landscapes
from semi-arid landscapes is fairly well manifested in the spacial distribution of
both, the productional and destructional parameters. Meridional gradients of
nearly all productivity parameters are most pronounced to the north of this
boundary, while latitudinal gradients are most pronounced to the south of it. Be-
sides, the overall gradients in the fields of these parameters are much higher to
the south of the forest-steppe and lower to the north of it.

4. In arid landscapes, interzonal i.e. climate-induced variations of produc-
tivity are less important than edaphic differences (for instance, between clay and
sandy deserts) within a zone,

5. In humid landscapes, temperature predetermines difference in productivity
both, between landscapes of different zones, and between north-and south- facing
mesorelief slopes within one zone. The contrast between productivity indices on
opposite slopes is highest in the tundra and forest-tundra zones, it declines south-
wards, nearly disappearing in the forest-steppe zone, where the temperature fac-
tor no longer predetermines the level of primary production.

6. Productivity of taiga landscapes with different ediphicators reacts in a dif-
ferent way to changes in the same climatic factors. For instance, larch forests are
mos! sensitive to changes of the temperature, while pine forests are least sensi-
tive.

7. In steppes, semi-deserts and deserts, i.e. in semi-arid and arid landscapes,
the mortmass/production ratio varies slightly and is hardly related to phytomass
reserves and annual production. In humid forest landscapes the ratio varies
within a wide range which indicate corresponding variability of the biological
cycle. Thus, this ratio is low in the warmest and most productive broad-leaved
forests and highest in the coldest and least productive larch forests.

8. The rate of microbiological destruction of organic matter assessed through
the rate of destruction of cellulose in soil is highest in oak - forest ecosystems of
the forest-steppe zone and declines northwards and southwards, reaching its min-
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imum in Arctic tundras and southern (subtropical) deserts. Thus, forest
landscapes generally have higher destruction indices than open landscapes.

9. The intensity of destruction processes, like that of production processes,
depends on the combination of heat and moisture availability. The low intensity
of organic matter destruction in Northern ecosystems is caused by lack of heat,
while in arid ecosystems — by lack of moisture. At the same time, one can ob-
serve certain geographical features in the proportion of destructional factors,
namely, increased share of organic matter decomposed under the impact of short-
waye solar radiation in open landscapes, as compared with the preferentially zoo-
microbiological destruction in humid forest landscapes.

INFERENCE. A few words about tasks for the future. We consider it to be im-
portant to develop global and regional geographical analysis of production-
destruction processes. It is important to distinguish regions in which productivity
is regulated by specific combinations of environmental factors. Hierarchy of
these factors should be fixed. It is necessary to reveal such territories, different
in type and rate of ecosystems response to the same changes of environmental
factors. At the same time, research not only of spatial connection between
production — destruction processes and climate (or other parameters) but also
their dynamics due to long data is required. Specific features of mountain and in-
trazonal landscapes should be analysed in detail.
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LITTER MASS LOSS IN PINE FORESTS OF EUROPE:
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AND LITTER QUALITY
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Abstract. Decomposition of pine litter was studied in network of 37 sites (32 in
Europe, 5 in US); climatic conditions were described as North European, Central
European, Atlantic and Mediterranean. The effects of substrate quality and climate on
decomposition were analysed. AET is the leading climatic constrain on mass loss rate (66
percent of variability of decomposition can be explained by climatic factors); for 11
selected sites over 90% in mass loss rates can be explained by litter quality variables,
mainly nitrogen and phosphorous.
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INTRODUCTION

F.G. Tenney and S.A. Waksman (1929) postulated that decomposition rates of
soil organic matter are controlled by four distinct factors: 1) the chemical com-
position of the substrate, 2) a sufficient supply of nitrogen for the decomposer or-
ganisms, 3) the nature of the microorganisms involved, and 4) environmental
conditions, especially aeration, moisture supply, pH and temperature.

At a given site and climate, one should expect mass-loss rates by a litter
species to be related primarily to its chemical and physical properties. Indeed
many studies have demonstrated such relationships (e.g. Upadhyay and Singh
1985, McClaugherty et al. 1985, Fogel and Cromack 1977, Aber and Melillo
1982, and Dyer 1986). As the decay of litter progresses through time, the con-
stituents which regulate mass loss rates can change. A schematic model of these
litter decay stages was presented by B. Berg and T.H. Staaf (1980). The early
stages are regulated primarily by nitrogen and phosphorus concentrations
whereas lignin concentration exerts the dominant control in the latter stages.

Climate, especially the heat and moisture delivery to the litter is no doubt a
control of the rate at which the decay phases postulated by B. Berg and H. Staaf
(1980) can proceed. Thus in one climatic regime the early, nutrient controlled phase
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could persist while in other regimes this phase could be quickly passed (Dyer et
al. 1990).

Because analyses of decay dynamics have been conducted using widely dif-
ferent litter types, and at sites in different climatic regimes and in different forest
types, control by climate versus litter quality controls can confound our under-
standing. At broad regional scales the observed spatial patterns of mass-loss rates
"appear” to be dominated by climatic variables, whereas litter properties appear
to be relatively insensitive indicators of these macroscale patterns (Meentemeyer
1984). When the analysis is confined, however, to one or a few sites with similar
climates, the influence of litter quality becomes apparent. With the recent in-
creasing emphasis on understanding the impact of climate changes, climatic
models and broad scale patterns of biological processes, the issues of model sen-
sitivity and geographic scale become critical.

It is the primary purpose of this study to investigate for Western and Central
Europe (and a few sites in eastern USA) the regional relationships between mass-
loss rates and (i) climate, and (ii) initial litter concentrations of nitrogen, phos-
phorus and water soluble substances. These relationships will be examined using
data from 37 sites of which 32 sites were located in Europe and 5 in the eastern
part of the United States. At all sites a unified (or standard) needle litter was in-
cubated in pine forests of different species. Also a set of experimental litters of
different substrate qualities was incubated at selected Scots pine sites in northern
Europe. The experimental design was nearly identical at all sites. A secondary
purpose involves the creation of regional subsets of data from the 37 sites to
identify differences in mass-loss dynamics that are not readily explained by the
climatic and litter quality variables used in this study. The sites are to be divided
into North-European, Central-European, "Atlantic” climate and -Mediterranean
climate sites. Finally these sites will be compared to identify unique regional
responses in decay processes.

EXPERIMENTAL SITES

All experimental sites for the incubation of litter in litter bags were pine
forests. Figure 1 gives the approximate location of the sites and Table 1 presents
summarized information on the sites including geographic location and elevation,
mean temperature and precipitation and pine forest type. Most of the sites in our
investigation were Scots pine monocultures. Exceptions include Stone pine,
Maritime pine, Radiata pine, Austrian pine and Corsican pine, which were used
in Europe and sites with Red pine and Loblolly pine in North America, for a total
of 8 different pine forest species. In all, 37 different sites spanning subarctic to
subtropical and Mediterranean climates are represented. This is perhaps the
largest network of directly comparable experimental sites ever devised for the
study of biogeochemical processes. Descriptions of each site are provided in Ap-
pendix I, as well as references for more complete site descriptions.
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Fig 1. Approximate locations of experimental sites. Identification of site numbers and summarized site information are provided in Table 1. Appendix I provides
additional, more complete site descriptions.
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Table 1. List of sites used in this investigation, their geographic location and some site data

Site name Site No Lat/long Altitude Ann Ann Pine species Lit.
(m) mean mean ref.
prec. temp.
(mm) o
Kevo 1 |69°45°N; 27°01'E 90 443 -1.7 [Scots pine (1)
Harads 2 [66°08'N; 20°53'E 58 470 0.6 {Scots pine (¢))
Manjirv 3:1 |65°47°N; 20°37T°E 135 516 0.2 | Scots pine ®
Norrliden 423 |64°21°N; 19°46’E 260 595 1.2 | Scots pine (1,3)
Grané 26 | 64°19°N; 19°02'E 300 527 1.5 [Scots pine 2)
Jidrads 6:51 |60°49°N; 16°01’'E 185 609 3.8 | Scots pine 1,4
Brattforsheden 7 59°38°N; 14°S8’E 178 850 5.2 [Scots pine 0))
Nennesmo 8 |[58°16'N; 13°35’E 155 930 6.2 [Scots pine ()]
Mililla 9 |57°25°N; 15°40°E 105 670 6.2 | Scots pine (1)
Mistocka 10:1 |56°35°'N; 13°15'E 135 1070 6.8 | Scots pine 1)
Vomb 12 |55°39°N; 13°19°E 46 770 7.0 | Scots pine 1)
Roggebotzand 300 |52°34'N; 05°47'E -5 826 10.3 | Austrian pine
Ehrhom 13 |53°00°N; 09°57°E 81 730 8.0 " | Scots pine (0))
Czerlonka 23 |52°41'N; 23°47°E 165 594 5.7 |Scots pine 1)
Mierzwice 24 | 52°20°N: 22°S9’E 142 569 7.2 | Scots pine 1)
Pificzéw 25 [50°31°N;20°38’E 191 689 7.6 | Scots pine ()
Ede 14 |52°02°N; 05°42’E 45 765 9.3 | Scots pine 1)
Olobok 28 [52°22'N; 14°36’E 60 604 8.1 |Scots pine (0))
Wilkéw 22 {52°24'N;20°33’E 74 500 7.8 | Scots pine 1)
La Gileppe 302 |50°34°N; 05°59°E 370 1200 6.9 |Scots pine
La Viale 304 |44°11°N; 03°24’E 920 793 8.2 |Scots pine
Bois de la 303 [48°17°N; 02°41'E 83 677 11.0 |Scots pine
Commanderie
Albarese 309 |42°40°N; 11°10°E 11 650 15.0 |Stone pine,
Capelada 305 |[43°40°N; 07°58'W 447 1062 12.9 |Radiata pine
Aguas Santas 306 |42°44°N; 08°45°'W 530 1500 12.5 | Maritime pine
El Raso 307:1 {41°47'N; 05%26'W 760 402 12.4 | Maritime pine
El Raso 307:2 |41°47°N; 05726'W 760 402 12.4 | Stone pine
Terzigno 310 |{40°49°N; 14°29’E: 250 960 13.2 | Stone pine ®)
Golia Forest 311 |39°20°N; 16"27°E 1210 1225 9.0 |Corsicanpine {(S5)
Dofiana 29 |37°07'N; 06°12'W 2 557 16.6 | Stone pine 1)
Furadouro 308:1 |43°58°N; 09°15'W 80 607 15.2 | Maritime pine
Furadouro 308:2 | 43°S8°N; 09°15'W 80 7 15.2 | Mixed pine
forest

Athens in USA 16 |33°53°N; 83°22'W 207 1049 16.5 |Loblolly pine | (1)
Mohican 401 |40°36°N; 82°17°'W 390 970 10.3 |Red pine
Blue Rock 402 (39°36°N; 81°51'W 275 990 11.9 |Red pine
Ball's 403 |40°41'N; 81°18'W 300 960 9.7 |Red pine
Tifton 15:2 [31°28'N; 83°32'W 101 1540 19.3 | Loblolly pine | (1)

(1) Breg ct al. (1991); (2) Berg (1990); (3) B&dth et al. (1980); (4) Axelsson and Brikenhielm (1980); (5) Virzo de Santo et al.
s'\n manuscript)
50% Radista pine, S0% Maritime pine

http://rcin.org.pl



Some a priori restrictions were applied to the site characteristics before the
start of the decomposition measurements to insure plots with as much uniformity
as possible. All sites were located on flat ground, and for most of the sites on
nutrient-poor sediment soil. Care was taken to select sites with either none or
very low understory. The sizes of the experimental plots varied but all of them
had a minimum size to account for local conditions, e.g. canopy covers. Thus plot
# 6:51 had an area of 100 m X 300 m. The other plots measured at least 50 m x 50 m,
or, if irregular in shape covering a corresponding area (2500 m2).

Even if there were some obvious differences in the sites’ regional soils and
landuse history, care was taken to select nutrient poor sandy sites. For the sites
north of the Alps and the Carpatians the sites were on sandy sediment soils. The
more northern sites had well developed litter and humus layers; however, some
sites in the south had virtually no organic layer (e.g. El Raso and Terzigno). As a
contrast, some sites (Capelada and Aguas Santas) had very thick organic layers
(about 1 to 1.5 m).

MATERIALS AND METHODS

To meet the goals of this study, data were collected from 37 sites in 8 dif-
ferent types of pine forests which span a large range of climatic regimes. The ex-
perimental design was almost identical at all sites. Litter bag and litter sample
preparation and handling procedures were standardized and conducted in one
laboratory as well as all subsequent analyses. For each litter sample the initial
concentrations of nitrogen, phosphorus, and water-soluble substances were
measured. The concentrations of these nutrients and of water soluble substances
have been shown to be good indicators of decomposition rates in early versus lat-
ter stages of decay (Berg et al. 1987; McClaugherty and Berg 1987).

Several studies have attempted to evaluate litter mass-loss data from litter-
bags as compared to other methods (Witkamp and Olson 1963; Lousier and
Parkinson 1976; Johansson 1986). S.N. Rogers (1986) has shown that fractional
decay constants based on litter-bag observations overestimate the decay rates of
the entire litter layer because this layer includes much material in advanced
stages of decay. This overestimation is, apparently, constant from one climatic
regime to another. Measurements made by the litterbag method cover relatively
early stages of litter decomposition in which the mass-loss rates are higher than
in the more recalcitrant humus layers. Extrapolation to late stages of decay may
not be possible but the measurements are clearly useful in the search for a
climatic signal in decay dynamics.

Two main kinds of litter have been used in the present investigation, namely a
"unified” Scots pine needle litter and different sets of experimental needle litter.
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THE LITTER SAMPLES

Unified needle litter; The Scots pine needle litter was collected at the
Jidrais site (the old site of the Swedish Coniferous Forest Project in east central
Sweden) in early September from the branches of trees in a stand that was about
15 years old in 1973 when samples were first collected. The trees sampled were
located within an area of about 100 m x 100 m. Annual variation in the quality
of this litter is shown in Table 2.

Table 2. Annual variation in organic and inorganic chemical composition of Scots pine (P. silvestris)
needle litter. Needle litter was collected at the time of needle abscission in September of each year
(at a stand about 15 years old in 1973). Standard deviation within parenthesis. Part of the data are
from B. Berg (1986)

Sampling Concentration (mg - g™)
om)
Solubles Lignin| N P S Ca K Mg Mn | Ash
water ethanol

1973 92 120 223 38| 019 042 65| 073| 038) 155| 23
1974 145 84 276 421 022 029 54| 071) 049 nd. | 24
1975 172 107 238 34{ 020| 0.32 47| 061] 039 nd 19
1976 151 89 255 40( 021 0.36 49| 053| 042| nd | nd
1977 202 102 224 411 019} 0.38 60| 087 042 1.02| nd
1978 164 96 257 38| 021] 033 55| 062| 055§ 100| 20
1979 129 95 288 104 029] 0.78 23| 097| 039 031} 12
1980 180 102 246 38| 0.18| 0.50 61| 1721 053] 077 | 17
1981 213 94 231 39} 0.28} 061 7.1) 1.02| 058| 1.17] 23
1982 164 113 231 48| 033 0.5S 44| 107| 049 079| 19
1983 178 112 229 38| 030 045 59| 09| 039 108| 26
1984 82 116 288 37| 021 047 63| 082| 044 | 112} 22
1985 182 94 241 29| 019 045 48| 052 038] 124) 18
1986 170 89 257 40| 023 0.44 56| 058| 057 1.13| 20
1987 162 100 250 38| 021 042 49| 055| 041} 118 18
1988 165 94 247 38| 021 039 0| 067 038 118} 19
1989 nd. nd. n.d. 361 017 038 40| 059{ 042 092 nd

Experimental needle litter; The needle litter from fertilized Scots pine
stands was collected at the site of an optimum nutrition experiment at Lisselbo
(Tamm et al. 1974). Litters from this site have been described earlier by B. Berg
and H. Staaf (1980). The natural brown and green needle litter also was collected
at the Jidrais site and brown Lodgepole pine needle litier was collected at a
Lodgepole pine forest described by B. Berg and J.E. Lundmark (1987). The
chemical composition of this litter is shown in Table 3.



Table 3. Chemical composition of four experimental Scots pine and Lodgepole pine needle litters in-
cubated at sites numbered 1-14

Litter type Concentration (mg - g")
water ethanol lignin N P S Mg | Ca | Mn K
solubles | solubles

Scots pine

— brown natural 164.2 112.6 2314| 48| 033 055| 049 | 442 | 079 | 1.07
— brown fentilized 1349 914 2649 704033 | nd | 037 25 | 070 | 1.02
— green natural 198.6 63.3 2842 134 147 | 0981 0.85| 2.82| 041 ] 490
Lodgepole pine

— brown natural 102.5 41.7 380.5] 39| 034 | 062 095 6.35| 0.95| 0.56

Brown needles from the current generation of needles to be shed, were
abscissed from the trees by shaking their limbs. After collection the litter was
dried at room temperature and stored until sample preparation. The experimental
green Scots pine needles were picked from the branches and were selected to be
third year generation (C+2) needles.

The dry mass of the litter to be placed into litterbags was determined on 25
samples at 85°C. The largest difference in moisture content among samples was
less than £ 0.5 percent of the average.

Litter-bags, (8 cm x 8 cm) were made of terylene net with a mesh size of about 1
mm. For each type of litter, 0.6-1.0 g of needles was placed in separate litter bags.
At each site the bags were placed on the litter (L) layer in a measurement plot (1 m X
1 m) in each of 25 "spots” in a randomized design within a larger plot. Bags were
fastened to the ground by 10-15 cm long metal pegs; a new placement of bags for in-
cubation was made whenever retrieval of samples was made. Retrieval of litter bags
took place between once to six times annually. At a given site on each occasion one
litter bag of each litter type was collected from each of the 25 spots.

LABORATORY ANALYSES

DETERMINATION OF MASS- LOSS

After collection and drying at a laboratory near each site, the 25 litter bag
samples of each type were sent to one common laboratory and cleaned. Plant
remains, such as mosses, grass and shrub materials were removed. The loss of
dry mass was then determined by drying the samples to a constant mass at 85°C.
Mean values of mass loss were calculated for each sample set of 25 bags.

CHEMICAL ANALYSES

Chemical analyses were carried out on the fresh, initial litter samples only.
The samples were ground in a laboratory mill equipped with a filter allowing par-
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ticles of less than 1 mm to pass. The amounts of water-soluble and ethanol
soluble substances were determined by sonicating the milled samples three times
in a sonicator bath and weighing the samples after filtration and drying. The
analysis for sulfuric-acid lignin and soluble substances in the needle litter were
carried out according to P.O. Bethge et al. (1971)(see also Berg et al., 1982). The
milled samples were further analyzed for total contents of the elements nitrogen,
phosphorus, sulfur, potassium, calcium, magnesium, manganese, and total ash.

Elemental nitrogen was determined by combustion (Elemental Analyzer NA
1500; Carlo Erba, Strumentazione, 20090 Rodano, Milan, Italy). For the analysis
of phosphorus, magnesium, potassium, calcium and manganese, samples were
digested for 2 days in a 2.5:1 (v/v) mixture of nitric and perchloric acid. The
analyses were performed by plasma atomic emission spectrometry ICP-AES
(Jobin YVON JY-70 Plus 16-18, rue du Canal 91163, Longjumeau, France). Ash
concentration was determined by combustion at 550°C for 2h.

ChEMICAL C OMPOSITION OF LITTER TYPES

All of the unified Scots pine needle litter was collected at one location at the
Jidrads site. Collections were made annually and the chemical composition
varied somewhat among years (cf Berg 1986). The chemical composition of the
litter preparations used in this study are given in Table 2.

INCUBATIONS OF DIFFERENT COMBINATIONS OF LITTER TYPES

The unified litter was incubated either annually, twice or three times a year
at the different sites. Although the litter originated from the same site there were
some differences in chemical composition among years. The nitrogen concentra-
tion ranged from 4.8 to 2.9, phosphorus from 0.33 to 0.19. Sulfur varied from
0.21 to 0.61 and calcium from 7.1 to 4.4 mg-g-l. Ash concentrations were com-
paratively low going from about 20 to 26 mg-g-!. Also the more mobile ions, in-
cluding K and Mn had a variation of the same magnitude as phosphorus;
concentrations ranged from 1.02 to 0.52 and 1.55 to 0.79 mg-g-! respectively.

Of the experimental litters, one set of four different litters was incubated at
11 sites in northern Europe (cf Table 4). For the site 6:51 (Jidrais) additional
data sets used in previous studies were also available. Thus for the Jidrads site
10 additional observations could be taken from a paper by B. Berg and H. Staaf
(1980) and four values from B. Berg and G. Ekbohm (1991).

CLIMATIC DATA

For some of the experimental sites the collaborating authors provided excel-
Ient site descriptions as well as some summarized weather data. These data were

88

http://rcin.ol



used whenever possible to assist in the calculation of a suite of climatic and
water balance variables. For most of the sites the monthly temperature and
precipitation had to be estimated on the basis of data from surrounding weather
stations. For all of the sites long term, average climatic data were based on world
climatic data records collected by C.J. Willmott et al., (1981 a, b). In addition to
interpolation among surrounding stations, adjustments were also made for the
site’s elevation. The climatic data were in turn used to calculate the water
balance variables of each site based on the procedures of C.W. Thornthwaite and
J.R. Mather (1957). A computer program (WATERBUD) designed by D.M.
Sharpe and C.W. Prowse (1983) was used to calculate monthly and annual values
of potential evapotranspiration (PET), actual evapotranspiration (AET), soil
moisture deficit (DEF) and soil moisture surplus (SUR). For each site a soil
moisture storage value of 300 mm was assumed for the root zone to make the
results of the present study comparable with previous work (e.g. Meentemeyer
1978, 1984; Meentemeyer and Berg 1986; Dyer et al. 1990). The temperature,
precipitation, and water budget and litter quality variables used in this study, as
well as a short code used for each variable, are presented in Table 4.

Table 4. List of variables and their computer codes

LOSS Mass loss in the first-year of decomposition (%)
NITR Initial nitrogen concentration (mg - g'l)
PHOS Initial phosphorus concentration (mg A ‘y'l)
WSOL Initial water solubles concentration (mg - g")
JULT Average temperature for July (°C)

AVGT Average annual temperature (°C)

RNG Annual temperature range (°C)

PRECIP Total annual precipitation (mm)

PRANGE Annual precipitation range (mm)

PET Potential evapotranspiration (mm)

AET Actual evapotranspiration (mm)

SUR Soil moisture surplus (mm)

DEF Soil moisture deficit (mm)

RESULTS AND DISCUSSION

All needle litters were incubated in regions with AET ranging from more than 300
to less than 1000 mm and all sites had a first-year mass-loss of less than 56 percent.

The sites representing the entire data set had differing numbers of observa-
tions, ranging from 19 1st-year mass-loss values for site 6:51 (J4drais) to just
one for ten sites. Some of the sites with only one observation have just recently
started operation. Because long-term climatic average values were used, the
average for mass-loss, and the substrate quality variables were used for the sites
that had more than one year of observation. Even before statistical analyses were
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started, patterns based on the regional origin of data were apparent. This sug-
gested that separate analyses of subsets of the data could provide additional in-
formation.

As the unified litter had some variation in chemical composition among
years, we selected for analysis those incubations at each site that had litter with
identical chemical composition. Thus the litter collected in 1985 had been in-
cubated at 18 sites, the litter collected in 1984 at 16 sites and the litter collected
in 1982 incubated at 12 sites. These sets were used for a special analysis of the
effect of substrate quality on mass-loss rate.

ANALYSIS OF THE WHOLE DATA SET

In a first step to determine the degree of relationship among the climatic vari-
ables, litter quality variables and mass-loss rates, a correlation matrix was
created using data from all 37 sites. Potential variables for use in a broad-scale
climatic/litter quality model were selected based on degree of relationship and
minimization of multicolinearity (cf Appendix II).

SIMPLE CORRELATION AND REGRESSION

All of the independent variables selected were individually plotted and
regressed against annual mass-loss rates (LOSS) for the 37 sites to check for cur-
vilinear relationships. None was found so the linear form was deemed adequate.
Regression coefficients were then examined to narrow the list of potential ex-
planatory variables.

Of the suite of climatic variables, the best correlations obtained using single
variables were positive for the relationship between LOSS and actual evapo-
transpiration (AET), the total precipitation (PRECIP), and average temperature
(AVGT) with R? values of 0.489, 0.316 and 0.192 respectively, all statistically
significant at p < 0.01 (Table 5). Potential evapotranspiration (PET) gave a sig-
nificant relation at the p < 0.05 level. Water deficit (DEF) also gave a significant
relation even if barely so. This factor was considered of interest for regional
comparisons since some sites clearly had high values for water deficit.

The best single variable (AET) was plotted against first year mass-loss and
each site was located on the plot (Figure 2). The progression in rates from the
subarctic (site # 1) to the subtropical (site # 15) is readily apparent. Some of the
scatter in Figure 2 can be attributed to the use of long-term climatic normals
rather than information about the weather during incubation. The Georgia sites (#
15 and 16) should be expected, for example, to have higher rates of mass-loss
(than those shown) in normal years because incubation occurred in an extremely
dry year. Some of the variation must also be caused by variations in litter quality
and local site conditions. As will be seen later, stratification of the data sets can
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Fig. 2A. Bivariate plot of average first-year litter mass-loss vs actual annual evapotranspiration. All sites
used, (n=37).
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(e ) Scots pine sites in an intensively studied Scandinavian-NW-continental transect ranging from northern
Finland to central Holland; (*) pine sites close to the European west coast or sites relatively exposed to At-
lantic climate; (A) pinc sites around the Mediterrancan; (O) Central European Scots pine sites
(Poland) with characteristics of inland climate; () pine sites in the eastern inland of the United States.

A. Sitc numbers identify the mass-loss values for each site
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lead to much stronger relationships. The use of additional climatic variables can
greatly improve the explained variance in some cases.

Table 5. Annual mass loss (LOSS) of litter at a broad regional scale as a function of some single
climatic factors as well as multiple ones, (n=37)

Eq. [ R? I r T P Comments
Single linear regression
LOSS =f (AET) 0.489 0.699 <0.001
LOSS =f (PRECIP) 0.316 0.562 <0.001
LOSS =f (AVGT) 0.192 0.439 <0.01
LOSS =f (PET) 0.172 0.415 <0.05
LOSS = f (DEF) 0.108 -0.329 <0.05

Stepwise multiple linear regression
All sites (n=37)

LOSS =f (AET) 0.489 0.699 <0.001

LOSS =f (AET) + f JULT) 0.665 0.809 <0.001 Jult gave a neg rel.
LOSS =f (AET) + f JULT) + 0.737 0.859 <0.001

f (AVGT)

All sites with lower summer temperatures (n=28)

LOSS =f (AET) 0.662 0.814 <0.001

LOSS = f (AET) + f (PRECIP) 0.713 0.833 <0.001

LOSS = f (AET) + f (PRECIP) + 0.761 0.873 <0.001

f (WSOL)

MULTIPLE VARIABLE RELATIONSHIPS

In a multiple linear regression procedure, it appeared that the climatic factors
AET and JULT (temperature in July) gave the best regression equation using two
climatic variables (Table 5). This equation can account for 66.5 percent of the
variability in mass-loss rates, a clear improvement over the best single-variable
relationships. Considering the differences among the sites and the different years
of litter bag placement this is a good relationship with climate.

With three climatic factors (AET, JULT and AVGT) in the regression procedure
an R2 value of 0.737 was obtained (Table 5). Because of the high N size, this is a
stable relationship. We may note that in this analysis using all of the sites, climatic
factors were selected by the statistical routine rather than the litter quality variables.

Within the whole data set it was possible, however, to distinguish regional
differences. In a first approach to the study of different climatic situations, the
sites with high summer temperatures JULT > 20°C) were excluded meaning that
all North American sites and the low-altitude Mediterranean ones were left out giving
28 sites for analysis. As in the previous analyses the climatic factor AET was the lead-
ing variable with an R2 value of 0.662. As a second factor the program selected annual
precipitation (PRECIP) resulting in an R2 value of 0.713. In this analysis a substrate

o2

http://rcin.org.pl



quality factor was included by the program as a third variable viz. water soluble
substances (WSOL), resulting in an increase in the R2 value to 0.761.

For the sites with JULT above 20°C a separate analysis was run using 11
sites. The best climatic variable was again AET with an R2 value of 0.777. Water
deficit (DEF) the next best variable gave a negative relationship with an R2 of
0.372. JULT gave an R2 of 0.369. This demonstrates again the power of AET as a
predictor of mass loss rates. But it also shows that the mix of useful climatic
variables can change with the region and its climatic regime. Because of the
small sample size no further analyses using multiple variables were used.

ANALYSIS OF THE SCOTS PINE SITES

Special attention was given to the Scots pine sites because many of the sites in
Europe represent this kind of ecosystem. The geographical range presented here
covers almost the entire north-south range of this species in Europe; the north-
ernmost site is in Northern Finland close to Barents Sea and the southernmost (La
Viale) in Southern France. The sites also are relatively homogeneous with respect to
thickness of the soil organic matter layer and ground vegetation.

In a special analysis for the Scots pine sites north of the Alps and the Car-
patians (N=21), AET as a single variable gave a highly significant relationship
(R2=0.656). The addition of WSOL as a substrate quality index increased the R2
value to 0.740, whereas the concentrations of N and P (NITR and PHOS) did not
improve the fit. Within this group, the Polish sites could be seen to form a group
with lower than expected mass-loss rates (Fig. 2; see the Central-European sites).

A special set of sites with numerous observations was investigated, a set of 13
sites in Scandinavia and the northwestern part of the continent. These sites had
mass-loss measurements over a period which varied between 6 and 19 years. Of
the single factors, AET gave a highly significant relationship with an R? value of
0.878. It is likely that the multiple years of observations caused an average calcu-
lated mass-loss rate more representative of the climatic norms used in this study.
The addition of substrate quality factors such as WSOL, NITR, and PHOS did
not improve the fit, probably because the variation in this set of litters was rela-
tively small. At each of these sites, however, a special set of experimental litters
was incubated (Table 3) which permitted an attempt to model the unique in-
fluence of litter quality in early decomposition stages.

THE EFFECT OF SUBSTRATE QUALITY ON MASS-LOSS RATES

At a particular site it has been shown that litter materials decay at rates dic-
tated mostly by their chemical and physical properties. These relationships ap-
pear to be unique to the site and its decomposer organisms and prevailing
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microclimate. Predictions of decay rates for other sites cannot therefore be made
with confidence. Nevertheless the decay dynamics at a site must include the com-
bined effects of both climate and litter quality variables. A separate analysis to
produce models of this combined effect was performed.

Data from 11 sites, for which at least four litters of different properties were
incubated were selected. These sites occur in Germany, The Netherlands, Sweden
and Finland (Table 1). For each site the litter quality variables (nitrogen, phos-
phorus and water soluble constituents) were regressed against annual mass loss.
Most of the regressions, even considering the small N-size at each site, were sig-
nificant (at p<0.1). Examination of the alpha and beta coefficients for each
regression equation at each of the 11 sites suggested a regularity in coefficients
which is influenced by climate. This is in agreement with patterns in alpha and
beta coefficients found by M.L. Dyer (1986). In earlier work. V. Meentemeyer
(1978) demonstrated a geographically and climatically varying influence by lig-
nin concentration on mass-loss rate.

A new data set of alpha (intercept) and beta (slope) coefficients for the 11
sites was devised and a second order regression analysis performed using each of
the climatic variables to determine the degree to which the coefficients vary with
climate. For both nitrogen and phosphorus the alpha coefficients for the sites
were strongly and positively related to annual potential evapotranspiration (PET)
and the beta coefficients were related to the site’s precipitation (PRECIP). Thus
the intercepts appear to be driven mostly by climatic heat and the slopes of the
relationship (mass loss versus quality) by the gross water supply (PRECIP). The
relationships using coefficients for water solubles (WSOL) were very weak and
deemed inadequate for modelling purposes.

The "expanded” model for the influence of initial phosphorus concentration at
any particular site may be written as:

mass-1oss pyos = (-29.3 + 0.111(PET))+(0.749+0.013(PRECIP))(PHOS) (1)

where the first statement in parenthesis is in reality a new alpha coefficient deter-
mined by a site’s PET (mm) and the sccond term is a new beta coefficient driven
by annual precipitation (mm). The third term is the individual litter’s phosphorus
concentration.

For nitrogen control of mass-loss the expanded model may be written as:

mass-loss p;,, =(127.3+0.100(PET))+(-0.067+0.0022)(PRECIP))(NITR)  (2)

where the first statement is again determined by site PET, the second by
precipitation and the third by the litter’s nitrogen concentration.

Figure 3 is a nomogram constructed from equation 1 (phosphorus). Selected
PET values are shown on the left vertical axis, annual precipitation {PRECIP) on
the horizontal axis and predicted mass-loss rates on the right vertical axis. The
figure provides predicted loss rates for PET values of 400 mm and 600 mm, vari-
able precipitation (from 200-650 mm) and initial phosphorus concentration of
0.15(a), 0.30(b), 0.60(c) and 1.20(d). Thus PET selects the intercept, precipita-
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tion, the slope and initial phosphorus concentration then predicts the loss rate for
a given site’s PET and precipitation.

These relationships also suggest that most of the regional variation in loss
rates across northern European Scots Pine forests is driven by temperature/heat
constraints. As precipitation increases the differences in loss rates for litters of
differing phosphorous concentrations became larger.
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Fig. 3. Nomogram constructed from equation( 1)

Seclected PET values arc shown on the left vertical axis, annual precipitation (PRECIP) on the horizontal
axis and predicted mass-loss rates on the right vertical axis. The figure provides predicted loss rates for
PET values of 400 mm (lower set of graphs) and 600 mm (upper set of graphs) and four initial phosphorus
concentrations (PHOS) of 0.15 mg-g"* (a), 0.30 mg-g”' (b), 0.60 mg-g"'(c), and 1.20 mg-g"* (d).

This figure shows in a different way our conclusion regarding climate versus
litter quality influences drawn from analyses of observations of mass-loss rates
covering large geographical areas. Even small changes in climate, can produce
greater changes in early-stage decay rates than rather large differences in litter
quality. Thus it should not be surprising that quality variables are important at
local scales but their influences are "apparently” less significant when viewed at
broad spatial scales. Nevertheless the equations presented here should permit
predictions of the influence of litter quality across a broad area of Northern
European pine forests, especially Scots pine forests.

95
http://rcin.org.pl



REGIONS AND REGIONAL COMPARISONS

Within the whole data set it was possible to distinguish differences in mass
loss patterns among regions, data sets that tended to deviate from the general
AET model. Based on climatic data and the results from the analysis of the whole
data set (cf Figure 2) we made an attempt to distinguish groups of sites at which
the decomposition followed certain patterns. The grouping was based on annual
mass loss and climate factors that could explain the rate. The terminology of the
regions does not fully coincide with the traditional one for climatic regions but
has been used in a looser sense. We also combined some regions which had some
characteristics in common (cf Table 6).

ALL SCOTS PINE SITES NORTH OF THE ALPS AND THE CARPATHIANS

Special attention was given to the Scots pine sites in the northern half of
Europe viz. north of the Alps and the Carpathians. This region was selected be-
cause of the high density of measurements in both time and space. The analysis
comprised all sites of the region as well as groups of sites.

In an analysis of data from this region a good fit was obtained for LOSS as
dependent on AET (N=21); the R2 value obtained was 0.656 with p < 0.001
(Table 6). It was clear that the Polish sites (cf Figure 2; Central-European sites)
with a generally higher AET but relatively low mass-loss rates separated out as
compared to the other Scots pine sites. Substrate quality factors alone did not
give significant relationships but the addition of WSOL to AET improved the R2
value to 0.740 (p< 0.001). '

ANALYSIS OF THE SCANDINAVIAN-NORTHWEST-EUROPEAN SITES

An analysis was conducted using data from a transect in which long-term
studies had been carried out for at least about 10 years, thus giving good long-
term average values for litter mass-loss. Using all 13 sites a regression using
AET alone gave an R2 value of 0.878 and p < 0.001. The addition of other
climatic factors added very little to tke explained variance. Substrate quality fac-
tors alone did not give any significant relationship but the inclusion of NITR or
WSOL as a substrate quality index improved the relation somewhat; for NITR an
R2 value of 0.895 was obtained.

Part of this transect was placed in Scots pine standardized forests on flat
ground and sediment soils. Thus it appeared that the "standard transect” of 10
Scots pine sites on sandy, nutrient-poor sites gave a fit to AET at nearly the same
level as all the 13 sites (n=10; R?=0.878; p < 0.001).
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Table 6. Linear correlations and regressions between litter mass loss (LOSS) and selected climatic
factors, as well as some substrate quality factors. Sites were grouped and labeled; groups were inves-
tigated separately as well as in combinations of groups

Eq. | T e
Scots pine sites north of the Alps and the Carpathians (n=21)
LOSS =f (AET) 0.656 <0.001
LOSS = (AET) + f (WSOL) 0.740 <0.001
Scandinavian-Northwest European sites (n=13)
LOSS =f (AET) 0.878 <0.001
LOSS =f (AET) + f (NITR) 0.895 <0.001
Central European sites (n=5)
LOSS =f (AET) 0.003 n.s.
LOSS = f (NITR) 0.045 n.s.
Atlantic sites (n=7)
LOSS = f (AET) 0.543 <0.1
LOSS =f (NITR) n.s.
LOSS =f (AET) + f (NITR) 0.572 <0.1
LOSS =f (AET) + f (DEF) 0.566 <0.1
Mediterranean sites (n=7)
LOSS =f (AET) 0.466 <0.1
LOSS = f (DEF) 0.511 <0.1
LOSS =f JULT) 0.006 n.s.
LOSS = f (AET) + f (NITR) 0.509 n.s.
LOSS = f (AET) + f (DEF) 0.645 <0.05
North American sites (n=5)
LOSS =f (AET) 0.650 <0.1
LOSS = f (NITR) 0.374 n.s.
LOSS =f (DEF) 0.000 n.s.
LOSS =f JULT) 0.476 n.s.
LOSS =f (AET) + f (NITR) 0.803 n.s.
LOSS =f (AET) + f JULT) 0.748 n.s.
Combinations of groups of sites
Scandinavian-NW-European plus Atlantic sites (n=20)

LOSS =f (AET) 0.913 <0.001
LOSS =f (NITR) 0.055 n.s.
LOSS = f (AET) + f (NITR) 0.915 <0.001
Mediterranean sites plus Central European ones plus North American sites (n=17)
LOSS =f (AET) 0.753 <0.001
LOSS = f (NITR) 0.063 n.s.
LOSS =f (AET) + f (NITR) 0.057 <0.001
LOSS = f (AET) + f (DEF) 0.766 <0.001
LOSS =f (AET) + f JULT) 0.761 <0.001
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CENTRAL-EUROPEAN SITES

There were few European sites that would have a clear inland climate. The
sites # 22-25 and 28, all in Poland seemed to have, however, the most
pronounced continental climate. The range in mass loss as well as in AET was
narrow (Figure 2) and it was not possible to find any significant relationships be-
tween LOSS and climatic or substrate quality factors. These loss rates appear
slower than might be expected using all the sites as a comparison and the
climatic variables selected for this study. They are, however, more similar to
other inland sites in this study.

ATLANTIC SITES

Seven sites were located either very close to the European west coast or so
close that they could be expected to be influenced by the Atlantic climate (please
see * symbol in Figures 1 and 4A). This selection was, of course not unequivo-
cal, and some alternative approaches were tested. When comparing litter mass
loss to AET the R2 value became 0.543 which was not significant (p < 0.1). No
combinations with other climatic factors or litter quality improved this relation-
ship (Table 6). There were five sites in the Scandinavian transect (viz. # 8, 10:1,
12, 13, and 14) that could be classified as being under Atlantic influence and in
one approach these were included which improved the relation AET vs LOSS to
reach the significance level of p.

MEDITERRANEAN SITES

The Mediterranean sites fell into two groups as it appeared that the decom-
position was higher at four of them at comparable AET values, whereas seven of
them had high water deficits for the summer months. The most characteristic
Mediterranean sites viz. # 29, 304, 307, and 309-311 had clearly lower mass-loss
rates than had the more Atlantic sites at the same latitude (# 305, 306, 308:1 and
308:2) (Figure 2). The high DEF apparently retarded the decomposition rates and
AET alone did not give any significant relation to LOSS whereas a multiple
linear regression with AET and DEF gave a better fit (p < 0.05)(Table 6).

NORTH AMERICAN SITES

Five sites (Figure 2) were situated in the inland of the Eastern United States.
These sites had relatively high AET values whereas the measured mass-loss
values were relatively low. A linear regression using these sites gave a weak
relationship between LOSS and AET (p < 0.1; Table 6) whereas attempts to in-
clude JULT and DEF gave nonsignificant results.

98



THE SCANDINAVIAN-NORTHWEST BUROPEAN SITES PLUS THOSE WITH ATLANTIC CLIMATE

The sites in the Scandinavian transect (n=13) and the sites with an Atlantic
climate (n=7) had similar responses between LOSS and AET (Figure 2). They
had low DEF with the exception of site # 308 that is, however, located very close
to the coast. As they seemed to have similar responses an attempt was made to
combine them for an analysis. Using all 20 values and comparing AET and LOSS
gave a very good fit with an R? value of 0.913 (Table 6; Figure 4A). This
relationship which explained 91 percent of ihe variance in the decomposition
rates was not improved by the addition of other climatic factors or substrate
quality.

SITES WITH DRY AND WARM SUMMER CLIMATE

We may note that the mass-loss values from the five North American sites
fitted well to the linear regression that was used for all data although all five of
them were relatively low as compared to the other data. This may be due to the
fact that these sites all had just one mass-loss value each and that long-term
climatic data were used. For example at sites # 15 and 16 the year for which
mass-loss was measured was extremely dry, thus giving very low values.

Mass-loss values for the sites characterized by dry and warm summers were
combined into a linear regression encompassing sites called "Mediterranean”,
"Central European”, and "North American” thus allowing us to investigate the ef-
fect of a main climate type on 17 sites on a broad geographical range.

A linear regression of LOSS vs AET gave a clearly significant relationship
(R2=0.753; p < 0.001) (Table 6; Figure 4B). Attempts to include DEF or JULT,
which indicate seasonality did not improve the relationship nor did substrate
quality factors. It may be worth forwarding that on a comparison to the relation-
ship obtained for the combined Scandinavian and Atlantic sites it was seen that
the two relations were significantly different.

REGIONAL COMPARISONS

These results show that general broad-scale models of climatic control of loss
rates of pine needle litters can be devised. As in previous work annual AET is a
particularly useful variable, but the results also show that regions have differing
responses. Although R2 values can be similar the slopes and intercepts of the
relationship can vary. The question remains whether this is a truly differing
response or due to unknown errors or biases. Perhaps the forest floor environ-
ments are indeed different under pine forests of different regions even though
macroclimatic AET values are similar. We included climatic variables which
respond to seasonality and continentality, but none of these variables could help
explain lower rates in Mediterranean and Inland sites. The mix of years and sites
used suggest this is not an experimental error. Furthermore, the results using the
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A. Scots pine sites in a Scandinavian-NW-continental transect and pine sites close to the European west
coast or sites relatively exposed to Atlantic climate (n=20)
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Fig. 4. Bivariate plot of average first-year litter mass-loss vs actual evapotranspiration. Denominations
as in Fig. 2
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ennoscandian and Atlantic sites are very similar to those found by V. Meen-
meyer and B. Berg (1986) using earlier data sets for Fennoscandia and weather

ords for the actual incubation period. Regressions using AET versus LOSS
ad alpha and beta coefficients and R? values similar to those found here. Other
ariables must be in operation at more continental sites.

SUMMARY AND CONCLUSIONS

It was the purpose of this study to stress regional variation in litter mass-loss
ates (first year) across a large, continental scale area, dominated by pine forests.
Chis variation could be analyzed on the basis of 37 experimental sites spanning
limatic regions from the subarctic to subtropical and Mediterranean: the
atitudinal gradient ranged from 31°N to 70°N and may represent the largest
jeographical area that has ever been sampled and observed for the purpose of
tudying biogeochemical processes. Because of stratification procedures and
iniform laboratory procedures, data from all sites are directly comparable. These
yrocedures also permitted a determination of the relative influence of climate
rersus substrate quality viewed from the perspective of broad regional scales.

The observations of litter mass-loss, initial litter quality and a suite of
:limatic variables for each site permitted analyses of the entire data set as well as
egional subsets. Tests of stratification procedures and litter quality permitted
ieparate analyses. Simple correlation-regression procedures applied to the entire
lata set indicated that annual actual evapotranspiration (AET) should be the lead-
ng climatic constraint on mass-loss rates (R? = 0.489). The combination of AET,
iverage July temperature (JULT) and average annual temperature (AVGT) could
ixplain over 66 percent of the sites’ variability on litter mass-loss. In an analysis
)f 21 Scots pine sites north of the Alps and Carpathians, AET alone could ac-
tount for about 66 percent of the variation and the addition of a substrate quality
rariable was sufficiently significant to be used in a model.

In an attempt to "force" the influence of litter quality into a model, data from
{1 sites at which litters of different quality had been incubated was selected.
hese sites are found in Germany, the Netherlands, Sweden and Finland. At any
yne site most (= 90 percent) of the variation in mass-loss rates could be ex-
ylained by one of the litter quality variables (NITR, PHOS, WSOL). These
nodels are based on either NITR or PHOS, and PET and AET; they show that
tven small changes in PET (and to a lesser degree precipitation) can result in
arge changes in early-phase decay rates.

Further regional subdivision of the data set, resulted in a range of strength in
he relationship between climatic variables, from very weak in Central Europe to
ftrong for the Scandinavian and Atlantic coast sites (R2 = 0.913, AET versus
.OSS). Much of the variation in observed loss rates could be related to continen-
al versus marine/Atlantic influences. "Inland” locations had mass-loss rates
ower than should be expected on the basis of for example AET alone. Attempts
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to include seasonality variables were not successful. It is clear that either u
known errors and biases, or, unknown variables are causing these regional dif:
ferences in response to climatic variables. Nevertheless these results show th
powerful influence of climate as a control of the broad-scale geography of mass
loss rates and substrate quality at the stand level.

Some of these relationships between mass-loss and climatic variables a
among the highest ever reported, probably because of the care taken to selec
uniform sites and experimental methods. This suggest that superior, base lin
maps of predicted mass loss rates could be produced using climatic data. The
models should be useful to predict the changing equilibrium litter dynamic
resulting from climatic change.
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APPENDIX I.
Site Descriptions, including summarized climatic data and references
for more complete descriptions

Site Kevo (No 1), northernmost Finland in Kevo Natural Concervancy, about
120 km north of the town Ivalo, is located at 69°45°N; 27°01’E, at an altitude of
90 m. The average annual temperature is 2.4°C and average annual precipitation
420 mm. The stand has a Scots pine (Pinus silvestris) monoculture and a very
low and sparse understory composed mainly of lichens. The soil is nutrient poor
sandy sediment and the humus type is a mor.

Site Harads (No 2), north Sweden, about 100 km north-west of the city Lulea
is located at 66°08°N; 20°53’E at an altitude of 58 m. This site has a Scots pine
monoculture and an understory composed primarily of cowberry (V. vifis-idaea L.)
and lichens. The soil profile is a podzol and the humus form is a mor. The soil is
nutrient-poor sediment soil and the soil texture is fine sand. The Scots pine
monoculture was 119 years old in 1980. Annual mean temperature is 1.3°C and
annual mean precipitation is 650 mm.

Site Manjirv (No 3:1), north Sweden, about 70 km west of the city Luled lo-
cated at 65°47°N; 20°37’E at an altitude of 135 m. The stand has a Scots pine
monocultures (46 years old in 1980) located on sediment soil. The stand has an
understory composed mainly of cowberry and lichens. The humus form is mor
and the soil profile a podzol. The soil texture is fine sand. Annual mean tempera-
ture is 1.0°C and annual mean precipitation is 700 mm.

Site Norrliden (No 4), in north-west Sweden about 100 km north-west of
UmeaA is located at 64°21'N; 19°46’E at an altitude of 260 m. The site has a
Scots pine monoculture (33 years old in 1986) with an understory composed
mainly of bilberry (Vaccinium myrtillus) and heather (Calluna vulgaris), located
on till. Annual mean temperature is 1.3°C and annual mean precipitation is 595 mm.

Site Grand (No 26), in north Sweden about 100 km northwest of the city of
Umea is located at 64°19° N; 19°02’E at an altitude of 300 m. The site has a
Scots pine monoculture (41 years old in 1990) with an understory composed
mainly of bilberry.

Site Jadrads (No 6:51) in Central Sweden, about 200 km north of Stockholm
has a Scots pine monoculture. The plot (No 6:51) is sometimes also called Ih 5. It
has a forest about 130 years old (in 1980) located at 60°49°N; 16°30’E at an al-
titude of 185 m. The forest is situated on a very nutrient-poor sediment soil. The
annual mean precipitation is, 609 mm and the long-term average temperature is
3.8°C. The understory is composed mainly of bilberry, cowberry, heather, mosses
and lichens. The humus form is mor and the soil profile a podzol. The soil texture
is fine sand. Additional information on this site provided by B. Axelsson and S.
Brikenhielm (1980).

Site Brattforsheden (No 7) in central west Sweden, is located at 59°38°N;
145°8’E at an altitude of 178 m. The site has a mature Scots pine monoculture
on a sandy sediment soil with a low understory composed mainly of bilberry,
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heather and cowberry. Annual mean temperature is 5.2°C and mean annual
precipitation 850 mm.

Site Nennesmo (No 8), in south-west Sweden, is located at 57°12°N; 13°35'E
at an altitude of 155 m. The site has a mature Scots pine monoculture with a low
understory composed mainly of bilberry, heather and cowberry. Annual mean
temperature is 6.2°C and annual mean precipitation is 930 mm.

Site Malilla (No 9), in south-east Sweden is located at 57°25’N; 15°40’E at
an altitude of 105 m. The site has a mature Scots pine monoculture with a low
understory composed mainly of bilberry, heather and cowberry. Annual mean
temperature is 6.2°C and annual mean precipitation is 670 mm.

Site Mistocka (No 10:1) is located in south-west Sweden (56°36°N; 13°15’E
and 135 m) has a Scots pine monoculture with a low understory of mainly bil-
berry. The soil texture is sandy till and the humus type is a more. Annual mean
temperature was 6.8°C and annual mean precipitation is 1070 mm.

Site Vomb (No 12) is located in south Sweden (55°39°N; 13°19’E and 46 m)
has a Scots pine monoculture with a low understory of mainly low grasses. The
soil is sand and the humus type is a mor. Annual mean temperature is 7.0°C and
annual mean precipitation is 770 mm.

Site Roggebotzand (No 300) at 52°34°N; 05°47’E and at an altitude of 5 m
below s.1. is located on Flevoland in northern Netherlands. Annual temperature
was 10.3°C and annual mean precipitation was 826 mm (average for 1988 and
1989). The site has a monoculture of Austrian pine (Pinus nigra) with a closed
canopy and no understory. The organic layer is a podzol.

Site Ehrhorn (No 13) about 50 km south of Hamburg is located at 53°00’N;
09°57°E at an altitude of 81 m. The site has a mature Scots pine monoculture
with an understory composed mainly of bilberry, heather and low grasses. Annual
mean temperature was 8.7°C and annual mean precipitation was 644 mm.

Site Czerlonka (No 23) in east Poland is located at 52°41°’N; 23°47’E at an
altitude of 165 m. The site has a Scots pine monoculture with an understory com-
posed mainly of bilberry and grasses. and the humus type is a mor. Annual mean
temperature was 6.7°C and annual mean precipitation was 594 mm.

Site Mierzwice (No 24) in east Poland is located at 52°20°N; 22°59’E at an
altitude of 142 m. The site has a mature Scots pine monoculture with a very
sparse understory composed mainly of some grasses and some bilberry. Annual
mean temperature was 7.2°C and annual mean precipitation was 569 mm.

Site Pificzéw (No 25) in south Poland about 100 km north of Cracow is lo-
cated at 50°31°N; 20°38’E at an altitude of 191 m. The site has a mature Scots
pine monoculture with an uneven and sparse understory composed mainly of low
grasses and some low herbs. The stand is located on nutrient poor sediment soil
of granite origin. Annual mean temperature was 7.6°C and annual mean
precipitation was 689 mm.

Site Ede (No 14) in central Netherlands is located at 52°02’N; 05°42’E at an
altitude of 45 m. The site has a mature forest of Scots pine mixed with some oak
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with an understory composed mainly of low grasses and low herbs. Annual mean
temperature was 9.3°C and annual mean precipitation was 765 mm.

Site La Gileppe (No 302) in the Ardennes in east Belgium is located at
50°34’N; 05°59’E at an altitude of 370 m. The site has a mature Scots pine
monoculture with an understory composed mainly of grasses. Annual mean
temperature was 6.9°C and annual mean precipitation was 1200 mm.

Site Wilkéw (No 22) just north of Warsaw is located at 52°24°N; 20°33’E at
an altitude of 74 m. The site has a mature Scots pine monoculture with a sparse
understory composed mainly of bilberry. Annual mean temperature was 7.8°C
and annual mean precipitation was 500 mm.

Site Otobok (No 28) in west Poland just south of the town Swiebodzin is lo-
cated at 52°22°N; 14°36’E at an altitude of 60 m. The site has a mature Scots
pine monoculture with an understory composed mainly of bilberry and low grass.
Annual mean temperature was 8.1°C and annual mean precipitation was 604 mm.

Site Bois de 1a Commenderie (No 303) is located in north-central France
south-east of Paris at 48°17°N; 02°41’E at an altitude of 83 m. The site has a ma-
ture Scots pine monoculture (30 years old in 1984). Annual mean temperature
was 11°C and annual mean precipitation was 607 mm.

Site La Viale (No 304) is located in south France (Massif Central) at
44°11’N; 03°24’E at an altitude of 920 m. The site has a Scots pine monoculture
(20-25 years old in 1991) with an understory composed mainly of low sparse grass.
Annual mean temperature was 8.2°C and annual mean precipitation was 793 mm.

Site Capelada (No 305) is located in north-west Spain (Galicia) at 43°40’N;
07°58’W at an altitude of 447 m. The site has a mature Radiata pine (Pinus
radiata) monoculture with an understory composed mainly of grass. Annual
mean temperature was 12.9°C and annual mean precipitation was 1062 mm.

Site Aguas Santas (No 306) is located in north-west Spain (Galicia) at
42°44°N; 08°45°’W at an altitude of 530 m. The site has a Maritime pine (Pinus
pinaster) monoculture with an understory composed mainly of grass. Annual
mean temperature was 12.5°C and annual mean precipitation was 1500 mm.

Site El Raso (No 307) is located in west Spain about 120 km north of
Salamanca at 41°47°N; 05°26°W at an altitude of 760 m. The site has two plots,
one with a Maritime pine monoculture (No 307:1) the other with a Stone pine
monoculture (No 307:2) (both of them about 30-40 years old in 1990) with a very
sparse understory composed mainly of grasses such as Agrostis castellana. Other
species are Tolpis barbata, Thymus mastichina, Echium vulgare, and Lupinus an-
gustifolium. The soils are chromic luvisols. Annual mean temperature was
12.1°C and annual mean precipitation was 402 mm.

Site Furadouro (No 308) in west central Portugal is located at 43°58’N;
09°15°W and at an altitude of 80 m.a.s.l. The site has a Maritime pine monocul-
ture (No 308:1) and a mixed pine stand with Radiata pine and Maritime pine in
proportions of about 1:1 (No 308:2). The plot has a scattered understory of low
bushes of Ulex spp. Annual mean temperature was 15.2°C and annual mean
precipitation was 607 mm.
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The site Albarese (No 309) is located on the westcoast of central Italy, in
Maremma Nature Reserve in Tuscany at 42°40°N; 11°10’E at an altitude of 11 m.
The site has a mature Stone pine (Pinus pinea) monoculture with an understory
composed mainly of grasses and herbs. Annual mean temperature was 15.0°C
and annual mean precipitation was 650 mm.

The Terzigno site (No 310) (40°49°N; 142°9°E), located on the southeastern
slope of Mount Vesuve, and 20 km southeast of Naples (Campania) has a forest
of Stone pine, aged about 40 years (in 1990) planted on volcanic lapillus. The
forest has a very sparse understory. At the latest eruption in 1944 the actual area
was covered with a lapillus layer about 1 m thick which covers the soil of a
former mixed forest. The altitude is 250 m.a.s.1., the annual mean temperature is
13.2°C and the annual mean precipitation 960 mm. The climatic data refer to the
nearest meteorological station "Osservatorio Vesuviano” at an altitude of 612
m.a.s.l. (1926-1950).

The site Golia Forest (No 311) with a 50-80-year-old Corsican pine (Pinus
nigra var. laricio) forest is almost completely dominated by this tree species. It is
located in the Sila mountains (Calabria) at an altitude of 1210 m at 39°20°N;
16°27°E. The annual mean temperature is 9.0°C and the annual mean precipita-
tion is 1225 mm. The climate data refer to the meteorological station of Cecita at
the same altitude but 3 km distant from the Golia forest (1921-1950). The plot is
situated on a weak slope to the south and the forest has an understory of ad-
derspit (Pteridium aquilinum), and herbs in a lower frequency. It has a shallow,
sandy soil on granite as parent material. The humus type is moder.

Site Dofiana (No 29) in south-west Spain at 38°07°N; 06°12’W and an al-
titude of 2 m is located close to the coastline in the Dofiana National Park. An-
nual mean temperature was 16.6°C and annual mean precipitation was 557 mm.
The site has a mature Stone pine mono-culture and the ground is without under-
story.

The site Mohican (No 401) is located in north-east Ohio, USA at 40°36’N;
82°17°W and an altitude of 390 m a.s.l. The site has a Red pine (Pinus resinosa
Ait.) monoculture about 43 years old (in 1991). The number of stems ha'! was
869 and the trees’ basal area was 41 m2 ha™! (in 1991). The soil was a Lordstown
series sandy glacial till. Average annual temperature was 10.3°C and annual
average precipitation 970 mm.

The site Blue Rock (No 402) is located in north-east Ohio, USA at 39°36’N;
81°51°’W, and an altitude of 275 m a.s.l. The site has a Red pine monoculture
about 40 years old (in 1991). The number of stems ha"! was 891 and the trees
basal area was 42 m2 ha'! (in 1991). The soil was a Berks silt. Average annual
temperature was 11.9C and annual average precipitation 990 mm.

The site Balls (No 403) is located in north-east Ohio, USA at 40°41’N;
81°18’W and an altitude of 300 m a.s.l. The site has a Red pine monoculture
about 33 years old (in 1991). The soil was a Muskingum silt loam. Average an-
nual temperature was 9.7°C and annual average precipitation 960 mm.

The site Athens (No 16) is located just outside the town Athens in northeast
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Georgia, USA at 33°53’N; 83°22°W and at an altitude of 207 m. The site has a
Loblolly pine (Pinus taeda) monoculture about 19 years old (in 1986) and an un-
derstory of Sweet gum (Liquidambar styraziflua) and Flowering dogwood (Cor-
nus florida). The soil was a cecil sandy clay loam. Average annual temperature
was 16.5°C and annual mean precipitation 1049 mm.

The site Tifton (No 16:2) is located just outside the town of Tifton in south
Georgia, USA at 31°28’N; 83°32°W at an altitude of 101 m. The site has a
Loblolly pine monoculture about 30 years old (in 1986) and an understory of
some Southern Magnolia (Magnoliagrandiflora). The soil was an Alapaha loamy
sand with 90 percent sand. Average annual temperature was 19.3°C and annual
mean precipitation 1540 mm.



APPENDIX II
Correlation matrix based on all variables selected for use in regional analysis portion of this study
(37 sites and subsets). Coefficients within parentheses are not significant on the p < 0.05 level

LOSS PET | PRECIP | AET DEF SUR JULT RNG AVGT | NITR PHOS | WSOL
LOSS * 42 56 70 -38 33 0.19) (.08) 44 (-.00) (14) (19)
PET 42 . 35 78 47 (.00) 91 (20) 97 (11) (.01) 32
PRECIP 56 35 v 69 -43 91 (26) 44 34 (07) (13) 27
AET 70 78 69 . -19) 33 70 (12) 72 (10) (19) )
DEF -33 47 -43 -19) . -46 44 (14) 51 (03) (-25) (20)
SUR 33 (.00) 91 33 -46 . (-.06) 50 03 (04) (05) 23
JULT 19 91 (26) 70 44 (-.06) . (.08) 85 (15) (06) (24
RNG (08) (20) 44 (12) (14 50 (08) . (29) (29) (-.04) (01)
AVGT 44 97 34 72 51 (03) 85 (25) * (09) -.09) 34
NITR (-.00) 11 07 (10) (03) (04) (15) (29) (09) * 53 -36
PHOS (19 (o1 (13) (.19) (-25) (05) (.06) (04) (09) 53 . (-.06)
WSOL (19) 32 27 (21 (:20) (23) (24) (01) 34 -36 (-.06) .
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SOIL ORGANIC MATTER IN SOME EUROPEAN
CONIFEROUS FORESTS
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ANTONIO GALLARDO, MAJ-BRITT JOHANSSON, MANUEL MADEIRA,
AMALIA VIRZO DE SANTO

Abstract. The amounts of total soil organic matter accumulated in the upper soil
layers (the L+F+H layers) were sampled in coniferous forests, mainly pine forests in
western Europe. Exactly the same techniques were used in most cases. The amounts of
ash-free soil organic matter varied between 947 and 3227 g-m2 for pine forests with the
average value of 1977 g-m2, A Norway spruce forest had 5665 g-m2, and a Silver fir
forest the extreme amount of about 110 000 g-m™2.

Comparisons were made between amounts of soil organic matter and latitude for pine
forests and a clearly significant relation was seen. When the ash-free amounts and total
precipitation were compared for all sites a relation was seen with p < 0.1.

Key words: Soil organic matter, transect, pine forests coniferous forests, humus.

INTRODUCTION

Soil organic matter is in many soils the main carrier and the source of readily
available nutrients and is also of importance for the soil’s water balance. It fur-
ther provides the soil organisms with an energy source for their activity, which is
the basis for nutrient release.

The main inflow of organic matter to the soil is through litterfall and in forest
systems that from the trees normally dominates. The chemical composition of
these materials plus the temperature and moisture of soil are the main factors for
the turnover rates of the organic layers and as regards both quantity and quality
of nutrient release. These factors together plus the composition of the soil
microbial population determine the rate of soil layer turnover and the magnitude
of a net storage of organic material.

For a long time there was a relatively low interest in the quantities of soil or-
ganic matter and until the period of the International Biological Program in the
1970-ies comparatively few measured values were published. In that period when
larger ecosystem projects involved several branches of science into combined ef-
forts, several critical study areas were revealed. As a consequence scveral quan-
titative measurements of the amounts of soil organic matter were carried out as
well as of amounts of falling litter.

The aim of this report has been to present some data about the current knowledge
of the amounts of soil organic matter in forest systems. The present study gives
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data on the upper organic soil layers from some differing European coniferous

fores

t types.

SITE DESCRIPTIONS

The approximate locations for the sites are given on a map (Figure 1). The
site numbers 2 to 109 given on the map and in the text and tables are the same as
those used by B. Berg et al. (1986; 1991). Some site data are given in Table 1.

Table 1. Some data for the investigated sites

Site No/Name Tree species Lat./ Altitude Mean annual Understory
; Long. [(ma.s.1)| precip. | temp.
(mm) o
2 Harads Scots pine 66°08'N; 58 650 1.3 | V. vifis-idaea,
20°53'E lichens
6:51 |Jadrads Scots pine 60°49'N; 185 609 3.8 |V.vitis-idaea,
16°30'E V. myrtillus,
lichens, mosses,
C.vulgaris
109 Garpenberg Norway spruce | 60°16'N; 185 650 4 V. myrtillus,
16°15’E C. vulgaris
300 Roggebotzand | Austrian pine 52°34'N; -5 826 103 |None
05°47'E
307:1 |[ElRaso Stone pine 41°47'N; 760 400 11.4 | Thin grass
05°26°'W
307:2 |ElRaso Maritime pine | 41°47°N; 760 400 11.4 | Thin grass
05°26'W
29 Dofiana Stone pine 38°07°N; 2 557 16.6 |None
06°12°'W
312 Monte Taburo | Silver fir 41°05°N; 1100 2166 7.9 |Some herbs
12°2T’E
308:1 |Furadouro Maritime pine | 39°25°N; 607 152 |None
09°15°'W
308:2 | Furadouro Monterey pine | 39°25°N; 80 607 152 {None
09°15'W
313 | Vallgorguina Monterey pine | 41°40°'N; 736 13.6 |Some young
02°30°E oaks
314 |SantaColoma |{Monterey pine | 41°52'N; 200 750 15.6 |Some young
02°38°E oaks and
chestnuts,
some grass

Site Harads (No 2) is located at 66°08°'N; 20°53’E at an altitude of 58 m.
This site with an 129-year-old (in 1990) forest of Scots pine (Pinus silvestris) has
an understory composed primarily of cowberry (V. vitis-idaea L.) and lichens.
The annual mean temperature was 1.3°C and the annual mean precipitation 650
mm. The soil profile is a podzol and the humus form is a mor. The soil is
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Fig 1. Map of Europe giving the approximate positions for the sites used (cf Table 1)

nutrient-poor sediment and the soil texture is fine sand. The Scots pine monocul-
ture was 129 years old (in 1990).

Site Garpenberg (No 109) is located at 60°16’N; 16°15’E at an altitude of 185 m.
The annual mean temperature and precipitation are 4°C and 650 mm resp. (measured
at the station Risfallet, 20 km to the S.W. at the same altitude). The Norway spruce
(Picea abies) monoculture has an understory of bilberry (Vaccinium myrtillus) and
heather (Calluna vulgaris). The humus form is moder, the soil profile a podzol and
the soil texture clayey till. The forest stand was 123 years old in 1990.

Site Jadrads (No 6:51) in Central Sweden has a Scots pine monoculture
about 140 years old (in 1990) and is located at 60°49°N; 16°30’E at an altitude of
185 m. The forest is situated on a very nutrient-poor sediment soil. The annual
mean precipitation is 609 mm and the long-term average temperature is 3.8°C.
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The understory is composed mainly of bilberry, cowberry, heather, mosses and
lichens. The humus form is a mor and the soil profile a podzol. The soil texture is
fine sand. Further site data are given by B, Axelsson and S. Brikenhielm (1980).

Site Roggebotzand (No 300) at 52°34°N; 05°47’E and at an altitude of 5 m
below s.l. is located on Flevoland in the northern Netherlands. The annual
average precipitation is 826 mm and the annual mean temperature 10.3°C. The
site has a monoculture of Austrian pine (Pinus nigra ) 33 years old (in 1990) and
no understory. Tree density was 1600 ha-!. Canopy cover was 80 percent. The
forest is located on recently reclaimed polderland. The organic layer is a mor.
The litter layer was 2.8 cm thick and the humus layer which was 2.7 cm deep on
the average (25 measurement points) had a pH of 6.4 (0-2 cm). Soil type is un-
known and soil texture is sand. Formation of a podzolic soil has just started.

Site El Raso (No 307) is located the western part of Spain on a high plateau
at 41°47°N; 05°26°W and at an altitude of 760 m a.s.l. Annual mean temperature
is 12.1°C and annual mean precipitation 402 mm. The annual actual eva-
potranspiration is 391 mm and the annual potential evapotranspiration 700 mm.
The site is divided into two plots each measuring 50 m x 50 m. One of the plots
has a plantation of Maritime pine (Pinus pinaster) about 30-40 years old (in
1990) with a canopy cover of 59 percent (as measured by Cajanus tube, cf.
Lindroth and Perttu, 1981). The other plot planted with Stone pine (Pinus pinea)
had a stand of about the same age with a canopy cover of about 43 percent
(Cajanus tube). The plots have both a sparse understory dominated by grass such
as Agrostis castellana. Other species found are Tolpis barbata, Thymus mas-
tichina, Echium vulgare, and Lupinus angustifolium. The litter layers were 0-0.5 cm
and 0-0.2 cm on the average for the Maritime pine and the Stone pine stands
respectively and humus layers were not formed. '

Site Furadouro (No 308) in west central Portugal is located at 39°25°N;
09°15°W and at an altitude of 80 m a.s.l. The site corresponds to a field trial which
was established to follow the above-ground biomass production of eucalypt and pine
species and includes four plots (50 m x 50 m) planted with Maritime pine (Pinus
pinaster) and four planted with Monterey pine (Pinus radiata). Both plantations
were 23 years old in 1990 and without any understory (some low Ulex bushes were
removed in 1989). The site is located on Cretacic sandstones covered by Pleiocenic
sand. The soils are mostly Spodosols with a sandy texture. The clay content is lower
than 5 percent down to 60 cm depth. The pH and the organic carbon content in the
upper 15 cm layer varies, respectively in the range of 4.6 to 5.6 and of 0.56 and 2.02
percent. Annual mean temperature and precipitation are respectively 15.2°C and
607 mm, with the dry season from June to September having an average of less than
10 percent of the annual precipitation. The climate is Mediterranean, tempered by
the oceanic influence. Climatic data refer to the nearest meteorological station "Cal-
das da Rainha" (1941-1970) located at an altitude of 70 m a.s.l. and 10 km from the
site. The spacing of the plantation was 3 m.

Site Donana (No 29) in southwesiern Spain at 38°07°N; 06°12°W and at an
altitude of 2 m a.s.1. is located close to the coastline in the Dofiana National Park.
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The annual average temperature is 16.6°C and the annual mean precipitation 557
mm. The annual actual evapotranspiration is 479 mm and annual potential evapo-
transpiration 871 mm. The site has a Stone pine monoculture and the ground is
without any understory. The stand was about 44 years old (in 1990).

Site Monte Taburno (No 312) in southern Italy (41°05’N; 12°27°E) has an
80-t0-100-year-old forest of Silver fir (Abies alba), planted on a site formerly
covered by a forest of common beech (Fagus sylvatica) is located at an altitude
of 1100 m a.s.l. about 42 km northeast of Naples (in the province of Campania).
The forest has a dense canopy cover with about 91 percent coverage as measured
by the Cajanus tube (Lindroth and Perttu, 1981). The annual mean temperature
is 7.9°C and the annual mean precipitation is 2166 mm. The plot is situated
on a weak slope to the west. The ground, which has a poor understory of herbs
has a mull soil with an organic layer estimated to be more than 1 m thick. The
upper organic layer has a pH of about 6, a C-to-N ratio of 12 and the organic
matter content is 35.3 percent in the upper 0-5 cm and 25.2 in the 5-10 cm layer.
The parent material is limestone and the deeper profile for this site has been
described for a nearby beech forest by A. Virzo de Santo et al. (1976). The
climatic data refer to the nearest meteorological station on Mount Montevergine
(1921-1963) at 1270 m altitude and about 10 km from the site.

Site Vallgorguina (plot No 313:RO0) is located about 54 km north of Bar-
celona in northeastern Spain at 41°40°N; 02°30’E at an altitude of 260 m a.s.l.
The annual mean precipitation is 736 mm and annual mean temperature 13.6°C.
The forest, 31 years old (in 1990) is a Monterey pine monoculture with a sparse
and low understory of oak (Quercus ilex) and Arbutus unedo. The former use of
this plot was a vineyard. The parent rock is granodiorite.

Site Santa Coloma de Farners (plot No 314:MA) is located about 100 km
north of Barcelona in northeastern Spain at 41°52’N; 02°38’E at an altitude of
200 m a.s.l. The annual mean precipitation is 750 mm and annual mean tempera-
ture 15.6°C. The forest, 19 years old (in 1990) is a Monterey pine monoculture
with a sparse and low understory of oak (Quercus ilex), chestnut (Castanea
sativa), Pteridium aquilinum and Hedera helix. The former use of this plot was
for cultivation of chestnut. The parent rock is granite.

MATERIALS AND METHODS
SAMPLING METHOD AND EXPERIMENTAL DESIGN

The basic soil sampling units were the litter (L) layer and humus (F plus H)
layers, which make up the forest floor. All live plant material such as mosses,
lichens, shrubs and root material were not considered as part of the forest floor.
The fine root material, however, was not removed from the sampled F and H
layers for practical reasons.

The sampled plots had the following dimensions; site Harads 10m x 30 m,
site Garpenberg 40 mx 40 m, site Jidrais 100 m x 200 m, sites Roggebotzand, El
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Raso, Dofiana, and Monte Taburno, 50 m x 50 m. The sites Vallegor-guina and
Santa Coloma measured 20 m x 20 m. At site Terzigno an irregular area of about
2500 m? was sampled. At the Furadouro site the samples were collected in a
block design, namely three plots each measuring 30 m x 30 m.

The litter and humus layers were sampled using square soil corers which for the
sites Harads, Garpenberg and JidraAs measured 14.2 cm x 14.2 cm giving a surface
of 201.4 cm2. For the sites Roggebotzand, El Raso, Dofiana the sampler measured
20 cm x 20 cm giving a surface area of 400 cm?, at the site Furadouro 50 cm x 50
cm giving a surface of 2500 cm2. At the sites Vallgorguina and Santa Coloma a cir-
cular sampler was used with a diameter of 21 cm thus giving a surface of 346.2 cmZ2.
At site Furadouro 15 samples were taken in a block design; at the other sites the
number of replicates was 20-25. The site Monte Taburno which had an extremely
thick organic layer had 4 replicate samples, taken with a soil corer measuring 10 cm
x 4 cm, Two replicate samples were analyzed for bulk density (see below).

TREATMENT OF SAMPLES

Both the litter layer and the humus layer were normally collected together. At
the sites Jidrads, Furadouro, Santa Coloma and Vallgorguina these two layers
were, however, collected separately. The maierial was sorted by hand and all
living biomass removed. All material was dried at 85°C or 105°C and weighed,
after which ash was determined.

At the sites Monte Taburno and Terzigno samples were analysed by loss-on-
ignition and bulk density was measured to be 0.68 g-cm-3 for the upper 0-11 cm
and assumed to be the same in the whole profile.

CARBON ANALYSIS

At the sites Vallgorguina and Santa Coloma no ash determination was made

but the soil samples were analysed for carbon.
ASH DETERMINATION

Each single sample was ground individually in a laboratory mill equipped
with a screen allowing particles of less than 1 mm to pass. Ash was determined
by heating subsamples at 600°C for 2 h.

TERMINOLOGY
For the purpose of this paper we have adopted the terminology "soil organic

matter” (S.0.M.) to mean the total sampled dead organic material in the forest
floor unless there is a clearly stated subdivision into litter and humus.
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For the pine species Pinus radiata we have used the the correct English name
viz. Monterey pine, although a commonly used name is also Radiata pine.

RESULTS AND DISCUSSION

GENERAL COMMENTS

The sites had forests of very different ages and the site history was often little
known, facts that may prevent some comparisons and conclusions about the
material. The comments below are therefore mainly restricted to presentation of
data. All values given are on an ash-free basis.

INDIVIDUAL SITES

Site Harads (No 2). In spite of its age (129 years) this Scots pine stand had a
relatively thin layer of soil organic matter, about 1.4 cm with a mass of 2529.3 g-m2
above the mineral soil (Table 2). As this site was subject to a fire about 140 years
ago the present amount of soil organic matter has accumulated from litter of the
present stand.

Site Jidrads (No 6:51). This site, with a Scots pine forest that was about 120

Table 2. Amounts of ash-free soil organic matter in the organic soil layer (forest floor) in some con-
iferous forest systems. Standard deviations are given within parenthesis

CIIE n

Site name Tree Stand | Amount | S.D. :
species age? | @m?d (95%)
(years)

Pine
Harads Scots pine cal29 | 2529.3 1601.9 23]
Jidrads Scots pine 130 2262 <740 24
Roggebotzand Austrian pine 33 2595.6 | 11115 25
ElRaso Stone pine 3040 | 1496.1' [ 1107.4' 25
El Raso Maritime pine 30-40 1749.3 938.8 24
Dofiana Stone pine 45 1155.0 679.4 25
Furadouro Maritime pine 23 2831 924 15
Furadouro Monterey pine 23 3232 806 15
Vallgorguina Monterey pine 32 2010.2 1250 20
Santa Colomade | Monterey pine 20 1633 440 20
Famers
Spruce
Garpenberg Norway spruce 123 5664.7 | 1463.3 25
Fir
Monte Tabumo Silver fir 80-100 | 108 800

! With an extreme value exclud d, the b 1304 m™? and SD $95.8

?In 1990

117

http://rcin.org.pl



811

Amount
(g/m2)
”
6000
al09
5000 |-
4000 |
0308:2
3000 }-
0308:1
0300 2
0651
2000 |- °313
03072
0314
30710
10002
38 a2 L0 5 54 58 62 66

Latitude

Fig 2.A. The amount of soil organic matter compared to the site’s latitude
(o) pine forests, ( A ) Norway spruce site, (Q) Silver fir tilh ttp 0 / /r Ci n d'Fgmﬁ rites at which a unified sampling technique was applied

Amount
(gim2)

4000 +

38 42 46 S0 54 58 62 66
Latitude

Fig. 2B. Linear regression between latitude and amount of soil organic matter



years old at sampling of the soil organic matter, was completely burnt around
1850 and the remaining coal was to be found in the lowest part of the soil profile.
We might therefore consider this layer as being built up exclusively by the
present stand. The total amount was 2262 g-m*2 with 95 percent confidence limits
of 740. A smaller part came from the litter layer (715 g-m-2) and a higher amount
from the humus layer (1540 g-m™2) of which layers the latter was on the average
4.5 cm thick and relatively even (Table 2). Data presented earlier by H. Staaf and
B. Berg (1977).

Site Roggebotzand (No 300). This site with a monoculture of Austrian pine
had a soil organic matter layer about 5.5 cm deep and the total amount of dead
organic matter accumulated in the forest floor was 2595.6 g-m2 (Table 2). This
stand was planted on the mineral soil of a reclaimed land and also in this case the
amount of soil organic matter originates from litter of the present stand.

Site El Raso (No 307). At site El Raso two plots were sampled, one with
Stone pine and one with Maritime pine. The soil organic matter of the forest floor
was very sparse and no real humus layer could be seen in either case. The two
sites had amounts of organic matter that were similar in magnitude with 1496 and
1749 g-m-2 (Table 2). There was no significant difference between them.

Site Furadouro (No 308). At site Furadouro six plots were sampled in a
block experiment, with three plots of each of Maritime pine and Monterey pine.
The soil organic matter layer had an overall thickness of 2 to 5 cm. Both litter
and humus layers were present and easily distinguished. The latter had a dense
mycelium framework and significant amounts of pine fine roots. The litter layers
consisted exclusively of finer litter components.

The forest floor in the stand of Maritime pine had an amount of soil organic
matter of 2831.3 g-m2 (Table 2). This amount came partly from the litter layer
(1031 g-m-2) and the humus layer (1800.3 g-m-2). The amount of soil organic
matter in the forest floor of the Monterey pine stand was 3232.3 g-m2. This
amount came from the litter layer (549.9 g-m2) and partly from the humus layer
(2682.4 g-m2). There was no significant difference between the two stands as
regards the total amounts of soil organic matter. There was, in contrast, a sig-
nificant difference when the amounts of the litter layers were compared. For the
Maritime pine the litter layer was no less than 36.4 percent of the total soil or-
ganic matter, while in the Radiata pine stand it was 17 percent.

Site Donana (No 29). This site had a Stone pine monoculture and a litter layer
consisting exclusively of pine litter. No humus layer had been formed. The amount
of organic material was 1155 g-m2 (Table 2). It appears from the standard deviation
that this site had the most evenly distributed organic layer of the sites investigated.

Site Vallgorguina (No 313). This site with Monterey pine on an old vineyard
soil had an amount of soil organic matter of 1166 g-m-2 (Table 2).

Site Santa Coloma (No 314). This site with a Montercy pine monoculture on
the land of a former chestnut plantation had a total amount of soil organic matter
of 947 g-m-2 (Table 2).
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Site Garpenberg (No 109). This site with Norway spruce had an amount of
soil organic matter of 5665 g-m'2 (Table 2).

Site Monte Taburno (No 312). The site Monte Taburno was in terms of soil
organic matter an extreme site with a soil organic matter layer of more than 100
cm depth and the sampling design had to be adapted to this and was thus dif-
ferent from that of the other sites. A direct comparison therefore may seem not to
be entirely correct. However, the value of about 110 000 g:m2 (down to 1 m
depth) was very high (Table 2; Figs 2a, 3a). We may, therefore, with respect to
the fact that the value was extreme, make some comparisons. As the soil was a
mull the ash content was relatively high. The layer investigated could in part
have been formed by earlier stands of beech.

COMPARISON OF SITES

Some attempts to compare the amounts of S.0.M. to available environmental
parameters were made although there are severe limitations to such comparisons.
The different ages of the stands and the often lacking site history as well as the
varying sampling design restricts the possibilities to analyse the data. However,
on a crude scale some intersite comparisons may be made. Assuming that the
genus Pinus may have some properties in common across the species we com-
pared the amounts in pine forests to the annual mean precipitation, and to the
latitude. These two comparisons did not give any significant relation.

In another comparison the pine sites were compared at which an identical
sampling technique was used, viz. the sites Nos 2, 6:51, 300, 307:1, 307:2 and
29. When compared to latitude a significant positive linear relation was seen
(r=0.876; n=6; p < 0.05) suggesting more soil organic matter further to the north
within this region. In a comparison to precipitation a positive linear relation
(r=0.751; n=6; p < 0.1) was seen. Although this relation is not really significant it
still hints that sites with a higher precipitation should have higher amounts of
soil organic matter. In support of this it may be added that this extreme site (No
312) with a Silver fir forest also had an extremely high amount of soil organic
matter (cf Table 2; Fig 3).

CONCLUDING REMARKS

The number of sites investigated in the present study is really too small to allow
any good conclusions to be drawn. One comment that is justified is that the driest
sites appear to have low values, irrespective of stand age. The site with an estimated
extreme amount of soil organic matter — Monte Taburno, appeared also to have a
very high precipitation. Such a connection may be reasonable. A high precipitation
may support a higher biomass and litter production and may further slow down litter
and humus decomposition. A high precipitation may also prevent forest fires from
burning up the the organic material, a phenomenon known to have happened fre-
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quently in e.g. northern Scandinavia. We may speculate upon whether the ob-
served high amount for the Monte Taburno site would be common in those parts
of Europe that have a high precipitation e.g. the west coast of Spain, Scotland, or
the Appenines. Also the amount found at site Garpenberg was higher than the

average value for pine.
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Fig 3A. The amount of soil organic matter compared to
the site’s annual precipitation: (o) pine sites, ( A)
Norway spruce site, (QQ) ) Silver fir site
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AMOUNTS OF LITTERFALL IN SOME EUROPEAN
CONIFEROUS FORESTS
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-ELLIS, ANTONIO GALLARDO, MAJ-BRITT JOHANSSON,
J-E. LUNDMARK, MANUEL MADEIRA

Abstract. Litterfall data, mainly needle litter were available for 33 sites in Scan-
dinavia and for a further six sites in Western Europe mainly for needle litter were avail-
able. Regressions were calculated for total litterfall and needle litterfall. The best simple
regression relationships were obtained with latitude, site index and basal area as predictor
variables, whereas the regression on stand age was significant only for the fraction "other
litter".

Multiple regression relationships including that between needle litterfall and latitude
plus basal area and that including site index plus basal area plus latitude, were highly sig-
nificant. For total litterfall, the r? values were 0.71 and 0.77 respectively and for needle
litter, the r? values were 0.81 and 0.82 respectively.

When all available data for Scandinavia were used, latitude and site index were high-
ly significant (n=33 with r2 values of 0.428 and 0.426 respectively). In multiple linear
regressions all of the combined factors gave highly significant relation with r? values
from 0.491 for site index plus basal area and 0.539 for latitude plus basal area. A three-
factor model, using the above variables gave an r? value of 0.528, but this still explains
only a little more than half of the variation.

When using all European data we obtained a highly significant linear relatlonshxp for
needle litterfall and latitude and for a multiple linear relationship using age, altitude and
latitude was highly significant with an r2 value of 0.55 (n=38).

Key words: litterfall, pine, Scandinavia, Europe, stand age, site index, latitude, basal
area.

INTRODUCTION

Litterfall, in north European forest systems dominated by litter from the trees,
is the largest source for the inflow of organic material and nutrients to the forest
floor. The chemical composition of this material, and the temperature and mois-
ture content of the upper soil layers, are the main factors which control the turn-
over rates of the organic layers, as well as determining both the quantity and
quality of nutrient release.

These factors, together with the composition of the soil microbial population,
determine both the rate of turnover of soil layers, and whether or not net storage
of organic material will occur. Today, it is possible to predict for a single ecosys-
tem how a certain litter will change chemically during the course of decomposi-

123



tion. Given information on the initial chemical composition, and on chemical
changes during decomposition, it is possible to predict how the mass-loss rate
will change during the decomposition process.

For a long period, there was comparatively little interest in the chemical com-
position of litterfail, and until the time of the International Biological Programme
(IBP) in the 1970s, rather few measured values were published. When major
ecosystem projects integrated different scientific disciplines into a combined ef-
fort, several weak points were revealed in our knowledge of ecosystems: among
these were the amount of litterfall and its chemical composition.

The aim of this paper is to identify and present the state of knowledge concern-
ing the amounts of litterfall in European pine forest systems. The study has focussed
on North-European forest types but Mediterranean sites are also included.

SITE DESCRIPTIONS

Additional data are given in Table 1.

The site Skiallarimsheden (No. 100), the northernmost in this series (66°32°N;
20°11’E), is situated immediately south of the Arctic circle at an altitude of 280 m
above sea level (a.s.l.). The annual mean temperature is -0.5°C, the annual mean
precipitation 500 mm. The site carries a Scots pine (Pinus silvestris L.) monoculture,
about 98 years old (in 1980), growing on a nutrient-poor sediment. The soil is a pod-
zol with mor as the humus form; the soil texture is sandy till. The field and bottom
layer consist of cowberry (Vaccinium vitis-idaea L.) and lichens.

The site Harads (No. 2) is situated at 66°08’N; 20°53’E, 58 m a.s.l. This site
carries a Scots pine monoculture, with a field and bottom layer composed
primarily of cowberry and lichens. The soil type is a podzol and the humus form
is mor. The soil has developed on a nutrient-poor sediment, fine sand in texture.
The Scots pine monocuiture was 119 years old in 1980. The annual mean
temperature is 1.3 °C and the annual mean precipitation, 650 mm.

The site Manjarv (No. 3), situated at 65°47’N; 20°37°E, 135 m a.s.l., has
been subdivided into three plots (cf. Table 1) of differing nutrient status. All plots
carry Scots pine monocultures, growing on sediment of varying richness and par-
ticle size distribution (Berg et al. 1991a). The most nutrient-poor plot (No. 3:1)
has a Scots pine monoculture, about 46 years old (in 1980), with a field and bot-
tom layer consisting mainly of cowberry and lichens. The humus form is mor and
the soil type is a podzol. The soil texture is fine sand. Plot No. 3:2, intermediate
in soil fertility, has a field layer consisting mainly of bilberry (Vaccinium myrtil-
lus L.). The Scots pine monoculture was 49 years old (in 1980). The soil texture
is silty, the soil type a podzol and the humus form a mor. The most nutrient-rich
piot (No. 3:3) also carries a Scots pine monoculture, 48 years old (in 1980), with
grass and herbs forming the field layer. The soil texture is silty, the humus form a
mor and the soil type a podzol. The annual mean temperature is 1.0 °C and the
annual mean precipitation, 700 mm.
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Table 1. Some data for the sites used

Site No. Name Humus foorm Soil texture Sa%nd Basal Site
agc” (y) area index
@hl)] O
100 Skillanmsheden |mor sandy till 97 17.5 17
2 Harads mor fine sand 118 9.7 12
31 Manjirv mor fine sand 45 16.1 24
39 Manjirv mor silt 48 23 23
33 Manjirv mor silt 47 18.6 26
101 Vistbyn' mor clayey till 70 36.0 24
6:51 Jidrads mor fine sand 125 15.0 16
6:1h4 3 mor fine sand 60 20.0 17
6:1h3 % mor fine sand 22 5.0 21
102 Tomta mor-moder glacial clay 50 328 27
103 Kungs-Husby mull glacial clay 69 31.0 23
104 Dimbo moder fine 53 27.8 25
sand-medium
sand
105 Grensholm mull glacial clay 58 28.1 29
106 Remningstorp mull-like moder | glacifluvial 60 230 27
gravelly sand
107 Tveten mor sandy till 58 23.8 28
108 Sénksjon mor fine 68 18.3 16
sand-medium
sand
10:1 Meistocka® mor sandy till s7 20.0 26
300 Roggebotzand 33
308:1 Furadouro 24
308:2 Furadouro 24
29 Dofiana 45
313 Vallgorguina 18 209
314 Santa Coloma de 20 31.0
Famers

1. Site sometimes denominated Frisdn (cf Johansson 1986); 2. Site sometimes denominated Kullaviigen (cf Johansson 1986);
3.In 1979

The site Vistbyn (No. 101), with a Scots pine monoculture, 71 years old in
1980, is situated at 63°. 13’N; 14°28’E, 325 m a.s.l. The annual mean tempera-
ture is 2.0 °C and the annual mean precipitation, 455 mm. The field layer con-
sists of bilberry, and the soil is a Dystric Cambisol. The humus form is mor. The
texture is clayey till.

The site Jadrads (No. 6), in Central Sweden, carries a Scots pine monocul-
ture. The site has three plots: No. 6:51 (also called Ih 5) has a stand about 130
years old (in 1980), a younger stand ca 62 years old (in 1980; also called Ih 4)
and a stand ca 25 years old (in 1980; also called 1h 3). The site is situated at
60°49°N; 16°30’E, 185 m a.s.l. The stands are growing on a very nutrient-poor
glacifluvial sediment. The annual mean precipitation is 609 mm and the long-

125

http://rcin.org.pl



term annual mean temperature is 3.8°C. The field and bottom layer consist main-
ly of bilberry, cowberry, heather (Calluna vulgaris (L.) Hull.), mosses and
lichens. The humus form is mor and the soil type a podzol. The soil texture is
fine sand. Further site data are given by Axelsson and Brikenhielm (1980).

The site Tomta (No. 102), situated in Central Sweden (59°49°N; 16°33’E) on
a Eutric Cambisol with a mor-moder as humus form, carries a monoculture of
Scots pine, 54 years old in 1980. The site lies at an altitude of 63 m a.s.l. and has
a field layer of grass and bilberry. The annual mean temperature is 5.0 °C and the
annual mean precipitation, 500 mm.

The site Kungs-Husby (No. 103) is situated in Central Sweden (59°31°N;
17°16’E), 30 m a.s.l., on a Eutric Cambisol with mull as humus form, and carries
a 70-year-old (in 1980) monoculture of Scots pine. The soil texture is glacial clay
and the field layer is composed of grasses and bilberry. The annual mean tempera-
ture is 5.3°C, the annual mean precipitation, 470 mm.

The site Dimbo (No. 104), at 59°07°N; 15°44’E, 70 m a.s.l., is situated on a
podzol soil with moder as humus type. The site carries a Scots pine monoculture
(54 years old in 1980) with a field layer of grass. The soil texture is fine sand to
medium sand. The annual mean temperature is 5.5°C and the annual mean
precipitation, 550 mm.

The site Grensholm (No. 105), situated in southern Sweden at 58°33°N;
15°51'E, 58 m a.s.l., has a 59-year-old monoculture of Scots pine growing on a
Eutric Cambisol with mull as the humus form. The soil texture is glacial clay and
the field layer consists of tall herbs and grass. Annual mean temperature is 6.1°C
and the annual mean precipitation, 525 mm.

The site Remningstorp (No. 106), situated in southern Sweden at 58°24°N;
13°39°E, 128 m a.s.l., carries a Scots pine monoculture (61 years old in 1980)
with a field layer of low herbs and dwarf shrubs. The soil texture is glacifluvial
gravelly sand, the humus form moder to mull-like moder and the soil type is a podzol.
The annual mean temperature is 5.4°C and the annual mean precipitation, 550 mm.

The site Tveten (No. 107) in south Sweden (58°06’N; 13°17°E; 170 m a.s.1.)
carries a monoculture of Scots pine, with a field layer of bilberry. The soil tex-
ture is sandy till, the humus form a mor and the soil type a podzol. The forest
stand was 60 years old in 1980. The annual mean temperature is 5.4°C and the
annual mean precipitation, 600 mm.

The site Sinksjon (No. 108), situated at 58°04’N; 14°08°E, 245 m a.s.l., car-
ries a Scots pine monoculture (69 years old in 1980), with a bottom layer mainly
consisting of lichens. The soil texture is fine sand to medium sand, the humus
form a mor and the soil type a podzol. The annual mean temperature is 5.1°C and
the annual mean precipitation, 595 mm,

The site Misiocka (No.10:1), situated at 56°36°N; 13°15’E, 135 m a.s.1., car-
ries a Scots pine monoculture (54 years old in 1980), with a field layer mainly of
bilberry. The soil texture is sandy till and the humus type is a mor. The annual
mean temperature was 6.8°C and the annual mean precipitation, 1070 mm.

The site Roggebotzand (N0.300), at 52°34°N; 05°47’E, altitude 5 m below
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sea level, is situated on Flevoland in the northern Netherlands. The annual mean
temperature is 10.3°C and the annual mean precipitation, 826 mm (average for
the years 1988 and 1989). The site carries a monoculture of Austrian pine (Pinus
nigra Arnold var. nigra), 33 years old (in 1990) with no field or bottom layer.
Tree density was 1600 ha'l. The canopy cover, as determined by Cajanus tube
(Lindroth and Perttu, 1981) was 81 per cent in 1988. The forest is situated on
recently reclaimed polderland. The formation of a podzolic organic layer has just
started. The litter layer had a thickness of 2.8 cm and the humus layer 2.7 cm on
the average (as measured in 25 places within the plot) and a pH of 6.4 (0-2 cm
depth). Soil type is unknown and soil texture is sand.

Site Furadouro (No 308) in west central Portugal is situated at 39°25’N;
09°15’W, 80 m a.s.1. The site corresponds to a field trial established to follow the
above-ground biomass production of eucalypt and pine species, and includes four
plots (50 m x 50 m) planted with Maritime (Pinus pinaster Ait.) pine and four
planted with Monterey pine (Pinus radiata D. Don). Both plantations were 23
years old in 1990 and without any understorey (some low Ulex sp. bushes were
removed in 1989). The site is situated on Cretaceous sandstones covered by
Pleistocene sand. The soils are mostly Spodosols with a sandy texture. The clay
content is lower than 5 per cent down to 60 cm depth. pH and the organic carbon
content in the upper 15 cm layer vary, in the range 4.6 to 5.6 and 0.56 and 2.02
per cent, respectively. Annual mean temperature and precipitation are 15.2°C and
607 mm, respectively, the dry season from June to September having an average
of less than 10 per cent of the annual precipitation. The climate is Mediterranean,
tempered by oceanic influence. Climatic data refer to the nearest meteorological
station "Caldas da Rainha" (1941-1970) situated at an altitude of 70 m a.s.l., 10
km from the site. In the present study two plots were used; 308:1 with a mono-
culture of Maritime pine and plot No 308:2, with a mixed culture of Maritime
pine and Monterey pine in the proportions 1:1.

Site Dofana (No 29) in southwestern Spain at 38°07°N; 06°12°W and an al-
titude of 2 m a.s.l. is situated near the coastline in the Dofiana National Park. The
temperature is 16.6°C, and the mean annual precipitation 557 mm. The actual an-
nual evapotranspiration is 479 mm and the potential annual evapotranspiration
871 mm. The site has a Stone pine (Pinus pinea L.) monoculture and the ground
is without an understorey. The stand was about 44 years old (in 1990).

The site Vallgorguina (No.313:MI) is situated about 54 km north of Bar-
celona in northeast Spain (41°40°N; 02°30’E, 230 m a.s.l.). The annual mean
precipitation is 736 mm and the annual mean temperature, 13.6°C. The forest, 18
years old (in 1991), is a Monterey pine monoculture with a sparse and low under-
storey of Holm oak (Quercus ilex L.), Vitis spp., Rubus ulmifolius and Hedera
helix L. This plot was formerly a vineyard. The parent rock is granodiorite.

The site Santa Coloma de Farners plot No. (314:MA) is situated about 100
km northwest of Barcelona in northeast Spain (41°52°N; 02°33’E, 200 m a.s.L.).
The annual mean precipitation is 750 mm and the annual mean temperature,
15.6°C. The forest, 22 years old (in 1991), is a Monterey pine monoculture with
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a sparse and low understorey of Holm oak, Vitis spp., Rubus ulmifolius and
Hedera helix. This plot was formerly used for growing sweet chestnut (Castanea
sativa Mill.). The parent rock is granite.

Sites Nos. 2, 3, 100-108 and 10:1 have also been described by Johansson (1986).
All site numbers below 109 are the same as those used by Berg et al. (1991).

A further 16 sites in Sweden, studied by A. Albrektson (1988), are included in
this material. These sites are distributed between 56°N and 67°N (Albrektson,
1988; Fig 1) and are yield trials in Scots pine stands belonging to the Department
of Forest Yield Research, Swedish University of Agricultural Sciences (Anon.,
1974). Site descriptions are given in A. Albrektson (1988).

BERLIN
®

®MUNICH

Fig 1. Map giving the approximate position of sampling sites for litterfall
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MATERIALS AND METHODS

PLOT SIZE AND DESIGN

The size and shape of the plots varied: at site No. 2 plot size was 10 x 30 m;
at site No. 6, (plots 6:51 and 6Ih4), it was 50 x 50 m; plots Nos. 313 and 314
measured 20 x 20 m; the other plots measured at least 40 x 40 m or covered a
correspondingly large area.

SAMPLING METHOD

Atall sites, circular litter traps were used, with a nominal sampling area of 0.25 m?
cf. Newbould, (1967). Traps were mounted at a height of ca 1 m above ground. The
Terylene net used had a mesh size of ca 1 mm. At sites Nos. 313 and 314, the nominal
sampling area of each trap was 0.283 m2. In the young stand at site 6Ih3, the sampling
area of each trap was 0.0294 m2 J.G K. Flower-Ellis and L. Olsson (1978).

DISTRIBUTION PRINCIPLES FOR LITTER TRAPS

The litter traps were laid out randomly in all plots.

NUMBER OF REPLICATES

The number of replicate traps varied among the plots. Thus plot No. 6:51 (Ih
5) had 32 traps, No. 6:(Ih 4) 16 and No. 6:(Ih 3) had 32 traps initially, increased
to 40 from September 1975, following inspection of the variance. Plots Nos. 300,
29, and 308 had 20 replicate litter traps. Plots Nos. 313 and 314 had 6 replicate
traps and the other plots 10 replicate traps each.

SAMPLING FREQUENCY

The sampling frequency varied among the plots. At sites Nos. 2, 3, 100-108
and 10:1, traps were emptied three times a year, whereas at site No. 6, they were
emptied 16-18 times during the snow-free period, i.e. at intervals of 7-14 days,
depending on season. At plots Nos. 29, 300 and 308, traps were emptied 4, 5, and
6 times a year, respectively. At plots Nos. 313 and 314, traps were emptied 6
times a year.
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TREATMENT OF SAMPLES

At site 6, samples were sorted into the following fractions: needles, bark,
cones, twigs, branches and a fine fraction cf. J.G.K. Flower-Ellis and L. Olsson
(1978). At the other sites, litter was sorted into two fractions: needles, and a
composite fraction consisting of all the above components. The fractions were
then dried separately. All material from all sites was dried at 85°C for 2 days.
After drying, the fractions were weighed individually.

RESULTS AND DISCUSSION
COMMENTS TO THE SAMPLED FRACTIONS

The method used at all sites, namely the circular litter traps of 0.25 m2, could
be expected to give reliable values for needle litter, whereas cone and branch lit-
ter is less reliably sampled using that method. In no case could the amount of
plate bark be estimated.

RESULTS FROM A LONG-TERM MEASUREMENT SERIES AT ONE SITE
WITH SCOTS PINE

TRENDS IN TOTAL LITTERFALL

At the site Jddrals, litterfall was observed for seven years in three Scots pine
stands, initially 18, 55 and 120 years of age. Sampling was discontinued in the
youngest stand after the year 1979/80, but is still in progress in the two older
stands cf. J.G.K. Flower-Ellis (1985). Some trends with time were evident within
stands, and there were clear differences between them.

The series of observations revealed an increase in total litterfall in all thrce
stands (Appendix 1). The increasing trend in litterfall in the young stand may be
attributed, to some extent, to an increase with tree size in a stand which was 18
years old at the start of the study, and 25 years old when it ceased. A similar
trend was observed in the two older stands, suggesting that a common (environ-
mental) cause also underlay the increase. The marked decrease in total litterfall
observed in the 55-year-old stand in the period 1973/74 to 1974/75 was reversed
in 1976/77, to an increase which culminated in 1981/82 (Figure 2). The mean
total litterfall in the period 1976/77 to 1982/83 was about 142 per cent of that in
the first three years of the series cf. J.G.K. Flower-Ellis and L. Olsson (1978). A
less marked increase in total litterfall appeared in the old stand a year later, but
nevertheless lay, during the period 1977/78 to 1982/83, at 127 per cent of the
mean for the early years of the series.
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Fig. 2. Total, needle and cone littesfall
during the period 1973/74-1979/80, for the
stands at the Jidrais site

Denominations (o) total litterfall, (A) needle
litterfall, (Q) cone litterfall. A — the 18-ycar-

73- 74- 75- 76- 77- 78- 79-
old stand, B — 55-year-old stand, and C —
" 7 ee 77 } 78 79 8a the 120-years-old stand
Sampling year
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