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Preface

The preliminary work on this book goes back to lectures and seminars which
I held on the subject of an ecological division of the world at the Geographical
Department of the Aachen University of Technology (RWTH Aachen). The idea
of presenting this material in book form arose as I became aware that no
modern compendium exists, in either German or English (or in any other
language, as far as I know), which could have aided me in preparing these
courses or would have helped the participating students to review the material
presented in the classroom.

Existing studies on major land ecosystems, some of which are highly de-
tailed, have been published over the past 15 years by firms such as the Springer-
Verlag (Ecological Studies), the Cambridge University Press (International
Biological Programme) and the Elsevier Scientific Publishing Company
(Ecosystems of the World); all suffer from the fact that individual aspects (mainly
botanical-ecological ones) are given the utmost consideration, while other
aspects (often pedological and geomorphological ones) are almost entirely
neglected.

Furthermore, it is most aggravating that the various studies have failed to
establish consistent terminology, units of measurement, and organization of the
data for all of the global ecosystems, thus making it difficult even for the
knowledgeable reader to make comparisons. The individual nature of each
ecozone therefore remains unclear, since it is precisely these differences that
allow those characteristics peculiar to a specific ecozone to be unmistakably
recognized.

Moreover, the book series mentioned (as well as those not mentioned here)
deal with only a selection of the major geographical regions. None of them really
attempts to give a more or less comprehensive introduction to the great
ecozonal divisions of the geosphere.

It is a premise of this book that the large geographical regions of the world
should be treated as geozonal ecosystems, using quantitative characteristics as
far as possible. A rich source of background material for this approach is
represented by the large number of regional ecological studies, which have since
become available - particularly those published as part of the International
Biological Programme. The present book also strives to give those readers who
have less knowledge of modern ecological research a brief introduction to a few
of the terms and methods applied in quantitative ecosystem analysis (in particu-
lar, cf. Chap. 2.5).



VI Preface

Nine terrestrial ecozones are distinguished and described in separate chap-
ters. Each of these regional chapters is subdivided by the same headings, i.e.
distribution, climate, relief and hydrology, soil, vegetation and animal life, and
land use. The contents of the corresponding subdivisions have similar organiza-
tions and use consistent terminology and units of measurement. This should
help the reader greatly in finding and comparing information which especially
interests him; e.g. he can easily find which soil units are characteristic for each of
the ecozones or how ecozones differ with respect to soil units. Other features and
processes handled in this way include weathering of rocks, erosion and sedi-
mentation processes, soil formation, solar radiation, growing seasons, moisture
regime, vegetation structure and dynamics, nutrient cycling, energy fluxes,
ecosystem models, agricultural use and potential.

Soil types are classified and named in accordance with the FAO-UNESCO
classification system, which has been utilized in preparing a unique detailed soil
map of the entire earth (and an even more detailed one covering the European
Economic Community). With this map, internationally applicable soil terminol-
ogy has been made available for the first time. The terminology may sound
somewhat foreign to unaccustomed ears, but this will not be the case for long.
The reader should not let himself be put off by foreign-sounding soil names —he
will have to learn them sooner or later anyway!

This book was conceived mainly to serve students of geography. I would be
pleased if others also find interest in it — students of biology, agricultural sciences
or forestry, and geography or biology teachers striving to further their know-
ledge, and all those interested in ecology and geography who would like more
information on the specific characteristics of the major regions of the earth, if
only for the purpose of preparing themselves for a journey to another part of our
planet. During my stays in foreign regions, I have at times wished for a book
which-as is the intended purpose of the present volume —could have provided in
concentrated form a summary and explanation of the most significant charac-
teristics of the major regions of the earth and their interactions with one
another.

I wish to thank my colleague at the Geographical Department, Prof.
F. Ahnert, for critical commentaries on the sections on relief, and Dr. R. Schmidt-
Lorenz from the Institut fiir Weltforstwirtschaft (World Forestry Institute) in
Hamburg for his comments on the sections on soil. Prof. H. Beringer from the
Landwirtschaftliche Forschungsanstalt Biintehof (Biintehof Agricultural Insti-
tute) in Hanover provided many valuable suggestions. Recognition should also
go to my students Peter Breuer, Olaf Franken, Susanne Rebig and Anne Salber
for the active support they provided. Each of them in his/her own way made
important contributions to the completion of this book. The final drawings for
the figures were made by our cartographer, Mr. A. Ehrig. I thank all those who
helped me in preparing this book, including the many who cannot be mentioned
here by name.

Aachen, July 1994 Jurgen Schultz
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1 Introduction: on the Methodology
of Dividing the World into Ecozones

Ecozones are global divisions which have their own characteristic interplay of
climatic factors, morphodynamics, soil-forming processes, living conditions for
plants and animals, and production potentials for agriculture and forestry. Cor-
respondingly, they are distinguished by different climates, landforms, soil units,
plant formations and biomes, and land use systems.

As regards their delimitation and the purpose behind it, namely to cre-
ate a system for classifying natural (and, to a certain extent, cultural) regions
of the earth, the ecozones of the world are comparable to those regions re-
ferred to by other authors (e.g. Passarge 1929; Maull 1954; Miiller-Hohenstein
1981; Bramer 1982; Haggett 1990) as “landscape belts” (Landschaftsgiirtel),
“geographic zones”, “geozones”, etc. The former differ from the latter in con-
tent, however, in that the ecozones are more distinctly described as geozonal
ecosystems.

This means that the (more qualitative) description of single-feature complexes
such as soils, vegetation and relief is supplemented by the (more quantitative and
integrative) analysis of matter and energy reserves and turnovers within and be-
tween different ecosystem compartments. The matter reserves dealt with include,
for instance, the biomass of plants and animals, dead soil organic matter, and
mineral nutrients in vegetation and soil; the matter turnovers dealt with are those
of primary production, animal consumption, secondary production, litter fall, de-
composition of organic wastes, and mineral and water cycling; with regard to
organic substances and transfers, the energetic aspects are also considered. This
way of representing ecozonal characteristics has become possible since modern
ecological research has provided rich and profound data on a large variety of
regional ecosystems.

The term ecozone is being used here for the first time. In the (hierarchi-
cal) system of natural regions, whose basic unit is the ecotope, this new term
represents the highest-class heading. Its advantages over the other terms already
mentioned lie in the fact that it is brief, it can be used adjectivally, it is related
to the basic term ecotope, and its meaning is self-evident. The prefix eco is un-
derstood from its usage in terms such as ecology and ecosystem, while zone,
which appears in the terms climatic zone, vegetation zone etc., is understood as
the highest (global) level of regional (planetary) classification (particularly when,
as in the present case, the words “of the world” are appended). Most readers will
be surprised less at the fact that the term ecozone is being introduced here than
at the fact that it did not already exist.



2 Introduction

The attempt to subdivide the world into a few ecological regions, i.e. eco-
zones, which are highly uniform as regards their abiotic and biotic factors, the
processes controlling their ecosystems, and their limits and prospects for human
exploitation, is difficult for several reasons and has therefore been subject to crit-
icism from some sides (e.g. Hard 1982). The problems, which are difficult to
solve and whose existence should not be denied, include the following:

a) The wide range of small-scale variations in environmental conditions,
which exist everywhere on earth, can only be fitted into an ecozonal classification
by applying many constraints and by accepting considerable blurring of the data
as a result.

b) A number of phenomena cannot be classified at all due to the lack of
distinguishable environmental influences; this group includes, for example, the
land/sea interface, the overall relief of the earth, the distribution of rock types
and mineral resources and many historically related phenomena (classification
according to national boundaries, languages and so-called cultural groups). These
characteristics and the effects they have, e.g. on the climate or the use of the
land, disrupt the process of ecozonal classification, or they fail to fit into such a
system at all.

¢) The remaining geographical elements, which are more or less dependent
on the surrounding environment (and thus form part of the ecozonal web),
seldom have distinct boundaries. Typically, the changeover from one region to
another is gradual and takes place over broad regions, in some cases along very
different parameters (exceptions to this are the land/sea interfaces and boundaries
formed by mountain ranges). The drawing of boundaries as distinct lines must,
therefore, remain a questionable practice; all the more so when, as in the present
case, they claim to be the boundaries delineating entire groups of characteristics.

d) Many phenomena found on earth have developed over long periods of
time. For this reason their present form is the result of various environmental
conditions to which the areas were subjected. Such regions can either not be
classified at all or only with severe constraints.!

As a result of the problems just discussed:

1. ecozonal boundaries must to a certain extent be drawn arbitrarily (for example,
along climatic thresholds) and are applicable only for a certain number of
geographic characteristics; and

! Particularly in the case of landforms, the number of phenomena originating from the geological
past is large. A morphogenetic explanation based on the processes predominating today is only
possible on a very limited scale. Many soils also exhibit characteristics which have resulted over
long periods (paleosoils); and most agricultural practices have strong historical roots.

Much less prevalent are long-term characteristics in vegetation, since changes in environmental
conditions cause rapid, sweeping changes in plant life (the postglacial changes of the forests in central
Europe are a good example of this); and the climate is completely independent of elements from the
past: the present climatic conditions are dictated solely by the global differentiation in energy supply
from the sun, the earth’s rotation and the existing tellurian and orographic conditions.
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2. regardless of how the zonal boundaries are drawn, the variation in conditions
in each of the zones must naturally remain large.
_Nevertheless, an ecozonal classification of the world is possible and useful—
that is the thesis of this book; however, it is subject to the following premises
and concessions:

a) Variations within the ecozones cannot be viewed as being inconsistent
with their boundaries. The decisive point is that at least some highly significant
common elements do exist within each of the ecozones. Significance is measured
in the case of characteristic factors according to their scale and functional domi-
nance, and in the case of characteristic forms according to their distribution and
conspicuousness. Significant factors and form characteristics in this sense are, for
example, inhibited decomposition of organic matter and thick raw humus layers
on the ground in the Boreal Zone or winter rain and sclerophyllous (hard-leaved)
vegetation in the Mediterranean-Type Subtropics. To recognize common elements
within zones, an adequate (global) yardstick is the most important prerequisite.
When this tool is applied, many discrepancies disappear on their own accord. A
figurative comparison may be able to clarify this point: when a small section of
a small-scale world map is compared to a detailed, large-scale map of the same
area, the former is found to be inexact and incomplete, and generalized to the
point of being erroneous; but no one would argue that this map is of no value.

b) Ecozones can only be characterized by the average conditions that pre-
dominate in them. “Average” conditions are found in areas, which

— have no excessive runoff (erosion and denudation),

— exhibit neither considerable input (sedimentation) nor waterlogging,
— are at sea level or slightly above,

— have neither a distinctly continental nor a distinctly maritime climate.

Special cases in an orographic or edaphic sense can be included in the char-
acterization if they are typical for a zone; this applies, for example, to vertisols,
saline soils or histosols, which are typical final links in relief-related soil se-
quences (catenas) of the Seasonal Tropics, the arid lands and the Boreal Zone,
respectively.

¢) The drawing of boundaries between the ecozones is of secondary impor-
tance. The main emphasis must be placed on determining the (average conditions
of the) core areas.

d) All quantitative data can only be viewed as guidelines (even when ranges
are indicated, these do not reflect the actual extremes but rather the ends of
the spectrum within which most data lie). The data are intended to make the
global differences between the ecozones clearer and can serve as a measure for
determining local deviations within each zone.

The major aim of this book, by listing and characterizing the ecozones in the
manner described, is to aid in establishing a kind of global classification system
(orientation guide) which
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— allows immediate listing of several important characteristics of any area on
earth; and

— is suitable as a basis for further detailed investigation (starting with the ques-
tion: in what way does a certain area in an ecozone differ from the overall
characteristics of the ecozone in which it is found?).

The ecozonal approach, in principle, follows a line of research which is of
quintessential geographical importance, i.e. it describes and assesses the charac-
teristic features and processes, and their interaction, in a particular area, in this
case an ecozone.
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2 General: the Treatment of the Ecozones
and Global Overviews of Selected Characteristics

Only the terrestrial regions of the world are considered; marine ecozones are
ignored. The land portion is divided into nine ecozones, although an even larger
number of ecozones might be justified. For instance, the subdivisions within some
of the ecozones could be elevated to the status of ecozones themselves.

Ecozonal classification is performed according to natural criteria. Cultural
elements are included only insofar as they evidently depend on natural conditions.
Such dependencies, are of course present in the case of land use, for instance,
otherwise they are the exception or of only negligible importance.

Each of the nine (terrestrial) ecozones is described in a separate chapter
(Chaps. 3.1-3.9). The order of their appearance is roughly comparable to their
order on the earth from the poles to the equator.

For the sake of consistency, each ecozone description is subdivided by the
same headings, and the contents of the corresponding subchapters are based in
each case on the same selection of features, to the extent that the latter reflect
the individuality of each zone.

Chapters 2.1-2.7 describe these selected features in general, providing global
overviews for some of them, and explaining abbreviations and special termi-
nology, particularly those taken from biology and soil science. Terminological
explanations are meant to serve not only as an aid in understanding the regional
chapters which follow, but also as a stepping stone to the extensive biologi-
cal/ecological and soil science/ecological literature available.

This “rigid” structuring of the way in which the individual ecozones are
handled was chosen in order to make it easier for the reader to find and compare
information on the various types of features. The reader will thus be better able to
verify differences between the ecozones and, I hope, recognize their most salient
characteristics.

2.1 Distribution

Location on Earth. Figure 1 gives an overview of the ecozonal division of the
world. In addition, each ecozone is shown on its own distribution map at the start
of the corresponding regional chapters (3.1-3.9). Where applicable, geographic
designations such as taiga, Great Plains, Namib or Sahel are noted. The climatic
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General: the Treatment of the Ecozones and Global Overviews

Fig. 1. The ecozonal divisions of the world
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diagrams included (from Walter and Lieth 1960-1967) are intended both to show
the conditions typical of the zone and to make clear any differences exhibited by
the subdivisions; they do not show extreme variations occurring only in small
areas. It should be noted that the diagrams of the Southern Hemisphere are trans-
posed by 6 months, i.e. they begin with July rather than with January (see Fig. 3
for further explanations to these diagrams).

Boundaries. The ecozonal boundaries drawn on the distribution maps follow the
subdivision of the earth into climatic zones established by Troll and Paffen (1964)
in their map on Seasonal Climates of the Earth. This is a stopgap measure,
but in view of the already-mentioned fact that this book is interested first and
foremost in describing the average or most common features and processes in
the core areas of the ecozones, the outer borders can be considered of secondary
importance.

Some geographical regions are difficult to integrate into one ecozone. These
are indicated as transitional regions.

Given the uncertainities prevailing with respect to the boundaries, the data
on surface area (from Paffen 1980) should be viewed merely as rough estimates
(Table 1).

A few of the ecozones are subdivided into comparatively independent sub-
regions, such as the Polar/Subpolar Zone, which is divided into the glacier-

Table 1. Ecozones of the world

Ecozones of the world Approximations to the climatic Surface area? Proportion of
zones according to landmass?
- (Paffen 1980)
Troll /Paffen® Walter/Lieth
(1964) (1960-1967) Mio km? %
1 Polar/Subpolar Zone Ii—4 X 22.1 14.8
1.1 Tundras and frost debris zone Ip_4 5.8 3.9
1.2 Ice deserts I, 16.3 10.9
2 Boreal Zone I _3 VIII 19.5 13.0
3 Humid Mid-Latitudes Il g VI 14.5 9.7
4 Arid Mid-Latitudes Ilg_y, Vil 16.4 11.0
4.1 Grass steppes Mlg_y; 11.9 8.0
4.2 Deserts and semi-deserts 11, 4.5 3.0
5 Tropical/Subtropical Arid Lands Va_s+IVa_3 5 III 312 20.9
5.1 Thornbush and thornscrub savannas
and subtropical thorn steppes V4+1Vy_3 13.6 9.2
5.2 Deserts and semi-deserts Vs5+1Vs 17.6 11.7
6 Mediterranean-Type Subtropics Vi(IVi_3) v 2.7 (6.2) 1.8 (4.2)
7 Seasonal Tropics Va_3(Va—g+1V3_4) 11 244 (36.1) 16.3 (24.2)
8 Humid Subtropics V4 6-7 \'% 6.1 4.1
9 Humid Tropics Vi(Vi=2) I 12.5 (26.6) 83 (17.7)

2 Values in parentheses refer to extended ecozonal delimitations (i.e. including transitional areas whose
classification is not definite).
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covered regions (ice deserts), the frost debris regions and the tundras, or the
Tropical/Subtropical Arid Lands, which are further subdivided into the deserts/
semi-deserts, and semi-arid shrublands (including the tropical Sahel-type scrubs
and the subtropical thorn steppes). The distribution maps show the more impor-
tant of these regional subdivisions.
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2.2 Climate

The climates are described on the basis of those elements having a recognizable
influence on other environmental factors, for instance, on the processes of mor-
phogenesis, soil formation, biological fixation of solar energy, or of agricultural
and forestry production; that is to say, mainly those elements belonging to the
morphoclimate, soil climate, bioclimate, agroclimate, etc. Such climatic proper-
ties can be defined only to a limited extent by quoting the average values of
the individual climatic elements; information on the frequency and magnitude of
individual meteorological events (e.g. frequency of freeze-thaw cycles, temper-
ature amplitudes, variability of precipitation) is at least equally necessary. The
descriptions of climates attempt to do justice to these needs (cf. also Chap. 2.3).

Solar Radiation

In general, this refers only to the short-wavelength (290-3000 nm) solar radiation
which reaches the earth’s surface as direct radiation or as diffuse skylight and
cloudlight after penetrating the atmosphere, i.e. the total incoming (short-wave)
radiation or global radiation.

This must be distinguished from two other types of radiation which are some-
times confused with the term incoming radiation. These are calculated from the
geographical coordinates of a location; one type completely ignores atmospheric
factors (solar climate radiation), and the other excludes the major disruptive fac-
tor, namely cloud cover (incoming radiation under cloudless conditions). Neither
of these can be used for geoecological investigations because, in contrast to the
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actual incoming radiation (which can be measured at the earth’s surface), they
are not clearly correlated with an ecozone’s energy and heat budgets. It is the ac-
tual incoming radiation that is the direct source of energy input and that dictates
thermal processes (heating, evaporation) and photoenergetic processes (photo-
synthesis) which are possible in an ecosystem.

Sometimes the radiation data mentioned in climatological/ecological studies
refer only to particular portions of the incoming radiation, i.e. the absorbed ra-
diation, net radiation (radiation balance) or the photosynthetically active (ex-
ploitable) radiation (PAR). The latter covers the narrower band of the solar
spectrum which can be used by green plants for photosynthesis. It lies between
380 and 710 nm and thus is more or less equivalent to the spectrum of visible
light. About half the energy input through incoming radiation belongs to this
spectrum.

The definition of the two other radiation parameters can best be illustrated
by a (simplified) radiation (or energy) balance equation (Box 1). Excess energy
present in the case of a positive radiation balance leads to a sensible heat flux
(increase in temperature) and (if water is present in solid or liquid form) to a
latent heat flux, i.e. a transfer of heat-energy required for melting ice (heat of
fusion) or for evaporation (heat of evaporation). In the case of a negative radi-
ation balance, namely when outgoing (long-wave) radiation outweighs incoming
(absorbed) radiation, which is the case at night or in many areas during the win-
ter months, the latent and sensible heat transfer mechanisms are reversed: the
condensation of water vapour and the freezing of liquid water can lead to the
release of latent heat of condensation and latent heat of fusion and at the same
time to the withdrawal of sensible heat and thus, as is always the case in the
long run with negative radiation balances, to a drop in temperature.

Radiation data presented in the climatological-ecological literature are diffi-
cult to compare, not only because of the variation in the type of radiation men-
tioned, but also due to the different units of measure used (calories or joules;
conversion formula: 1J = 0.239cal, 1 cal = 4.1868J) and the different relation-
ships to space and time (cm™2, m™2, ha=!, and s~!, min~!, d~!, mon~!, a~ 1),
which in some cases are given special names, e.g. langley (1ly = 1 calecm™2),
watt (1W = 1Js™!) or lux (1 klx equals about 4-10 Wm™—2, depending on the
light source). Where possible and appropriate, all radiation data given in this
book have been converted to the uniform units of measure kJ ha=! and
kJ ha—! a—!. This unit of measure is recommended because solar energy is
then seen as the supplier of energy for photosynthesis, and thus for the primary
production of natural vegetation, as well as of agricultural crops and forests. The
latter are usually measured in terms of hectares and years.

To determine the radiation energy input in each of the ecozones, i.e. the
solar climate, world maps of annual or monthly totals for incoming radiation
published by Budyko (1963a); Landsberg (1963); Lof et al. (1966) and De Jong
(1973) were used. The results are shown in Fig. 2a and Table 7.

The peak solar radiation (highest monthly averages) is similar in all the zones.
The differences are due to the unequal length of periods with high radiation gains
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Fig. 2b. Extra-atmospheric solar radiation (S) and global radiation at the surface of the earth (G)
throughout the year at stations representative for five ecozones. (After Galoux et al. 1981)

and of periods with thermal/hygric conditions which allow the plants to exploit
the radiation energy input (Fig. 2b).

Growing Season

The period during which climatic conditions allow plant growth is termed the
growing season. Its range varies worldwide from year-round to zero. Limitations
are dictated by the lack of heat or water, or both.

The assumption is made here that all months with an average temperature
(tm) of at least +5°C form the growing season as far as heat requirement is
concerned. The monthly average of +5 °C has been shown through experience in
many plant communities to represent the minimum requirement for any notable
amount of plant production (growth). In individual cases, the species and growth
stages of the plants present can lead to considerable differences in requirements
and tolerances.

The temperature +5 °C was selected as the threshold value for practical rea-
sons as well: it makes it possible to determine growing seasons worldwide from
the climatic data available much more quickly than would be the case using daily
temperature data (of the same or similar level), as is usually done in regional
studies.

There are a great number of more or less complex methods of calculating a
hygric threshold (cf. Giese 1974). This book uses one of the “physically ques-
tionable” (Weischet 1983, p. 152) methods of determining humidity which were
developed on a purely empirical basis by De Martonne (1926); Lauer (1952);
Jatzold (1962) and Walter and Lieth (1960—1967), among others. For practical
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reasons, the method developed by the last two authors is preferable: their two-
volume world atlas of climatic diagrams provides the user with a rapid overview
of the significant differences in humidity, in terms of magnitude, between the
earth’s various regions. This is certainly adequate for the ecozonal dimension.

In principle, the other methods of calculation could also satisfy our purposes.
On a global scale they all provide similar guidelines for the length of humid
periods; the differences in any given region are for the most part less than half a
month and at the most one month, and therefore remain within the range which
normally applies to the differences in humidity within the individual ecozones.

The climatic diagram from Walter (Fig. 3) shows the curves for average
monthly precipitation (in mm) versus the average monthly temperatures (in °C),
in the ratio of 1:2; this means, for instance, that the distance along the ordinates
is the same for 40 mm precipitation as it is for 20 °C air temperature. At this
ratio, times during which the precipitation curve is above the temperature curve,
are considered humid, the remaining periods as arid. Climatic diagrams of this
type have come into use worldwide in ecological investigations covering large
areas.

The growing season, then, is the sum of those months in the year in which
the average temperature t,, > 5 °C and the precipitation level is in the order of
P (in mm) > 2t (in °C). The period during which these conditions prevail can
be quickly and accurately determined using the climatic diagrams. The data on
growing seasons given for the various ecozones in this book are derived from
measurements of many such diagrams.

Not only the length of the growing season and the radiation energy available
(during this period), but also the air temperature, are of importance to plant
production. In the tropics, the average monthly temperature exceeds +18 °C in

STATION (altitude above sea level) Mean annual Mean total annual
[number of years of observation] temperature (T) precipitation (P)

\ \

OSMANIYE (120m) 18.0°C 765()

Curve of mean monthly  (°C) (8] mm)
precipitation (py,) 50 - 100
(1.graduation of
scale = 20 mm); scale |s\ |
reduced to 1/10 when - 80 Humid period
values exceed 100 mm
|| I—
(black area) 304 60 (rainy season)
Curve of mean monthly ——— I
temperature (tp,) 20 - 40 Arid period
(1 graduation of Sl (dry season)
scale =10 °C) 104 - 20
Mean daily minimum of e
coldest month ~—25 Months with absolute
9 S 0 minimum below 0 °C;

Absolute minimum —— 10.0 T black areas: months with

NORTHERN HEMISPHERE JFMAMJ JASOND g‘;g;‘v%agg minimum
SOUTHERN HEMISPHERE JASONDJ FMAMJ

Fig. 3. Explanation of Walter’s climatic diagrams (from 1955 onwards)
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all months; this is also true for the subtropics during at least 4 months of the year,
but at the tree line in the Boreal Zone only 1 month has an average temperature
which reaches 10 °C.

Hygrothermic Growth Conditions in the Ecozones

In all ecozones outside the Tropics, i.e. ecozones 1-4 (see Table 1), the air
temperatures during the winter months drop to levels (at least 1 month with
tm < 5°C) which cause an interruption of plant growth. In the tropics and
subtropics, i.e. ecozones 5-9 (see Table 1), plant growth can be interrupted due
to dryness. The hygrothermic growth conditions in each of the nine ecozones can
be characterized as follows:

1. Polar/Subpolar Zone. Brief warming in summer allows plant growth dur-
ing, at most, 3 months; but, even then, the air temperatures remain far below the
optimum level for life processes.

2. Boreal Zone. The summer growing season lies between 4 and 6 months,
with air temperatures which still for the most part (except in areas with distinctly
continental climates) remain well below the optimum.

3. Humid Mid-Latitudes. The shorter and less severe drep in temperature
during winter limits the growing season to only 7-11 months; summer tempera-
tures are somewhat below optimum levels.

4. Arid Mid-Latitudes. Low winter temperatures and aridity in the summer
both limit the growing season to 5 (5.5) months or less. Air temperatures in
summer are very high.

5. TropicallSubtropical Arid Lands. Growth conditions are usually limited
all the year round by aridity (at most 5 mildly humid months); summer temper-
atures are very high and winter temperatures either remain above the freezing
point (tropical deserts, semi-deserts, and semi-arid shrublands) or fall slightly
below it (subtropical deserts, semi-deserts and thorn steppes).

6. Mediterranean-Type Subtropics. Summer dryness limits the growing sea-
son period to 5-9 (winter) months or at least significantly restricts plant growth
during the summer. Air temperatures during the winter growing season remain
well below the optimum levels for life processes.

7. Seasonal Tropics. Aridity in winter limits the growing season to 5-9 (9.5)
months or at least considerably reduces plant growth during the winter. Air tempe-
ratures during the growing season are optimal (at least as high as in ecozone 9).

8. Humid Subtropics. The temperature drop in winter is severe enough (frost
at regular intervals) for plant growth to be limited for 1-2 months (even though
the monthly averages usually remain above +5 °C). Air temperatures in the sum-
mer, on the other hand, are as high as in ecozone 9.

9. Humid Tropics. Unlimited growth conditions all the year round or slight
water stress for at most 1-2 months.
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2.3 Relief and Hydrology

Relief is treated by describing the characteristic (currently active), exogenous
morphological processes in each ecozone and the land surface components formed
by them. Landforms stemming from tectonic movement and structures or from
earlier morphoclimatic conditions (see below) are mentioned only to complement
the other data. Such landforms are always azonal. They usually dominate because
of the amount of current relief for which they are responsible.

Geomorphic Processes and Landforms

Most of the factors (= conditions acting on the morphogenesis of an area)
on which land forming (= morphodynamic processes) is based are (in the final
analysis) of climatic origin. A classification of the earth into regions of similar
morphodynamic processes (forming mechanisms) thus follows roughly the same
scheme as a global classification of climates and can therefore be included in
the ecozonal classification method (cf. morphogenetic maps by Stoddart 1969;
Wilson 1969; Biidel 1971; Tricart and Cailleux 1972; Hagedorn and Poser 1974;
Wilhelmy 1974). This means that many of the ecozones have their own landform
characteristics and are, therefore, also morphoclimatic zones.?
Morphogenesis varies between the zones according to:

1. Type and rate of weathering (= breakdown of rock or mineral components
of the soil) whether due to

2 There are climatically induced landforms in every ecozone whose presence cannot be explained by
the morphodynamics of the prevailing macroclimate (or zonal climate). These have either developed
in the geological past under other climatic conditions (paleoclimate), or they are special forms deter-
mined by edaphic (microclimatic) conditions. Such extraneous landforms are referred to in the first
case as fossil or relict landforms and, in the second, as azonal landforms. In describing the various
ecozones, the presence of relict and azonal landforms is noted only where they cover large areas
(e.g. ice age formations in the Boreal Zone and the Humid Mid-Latitudes).
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a) physical (mechanical) weathering, €.g.
— frost splitting,
— temperature weathering,
— salt cracking; and/or
b) chemical weathering, e.g.
— dissolution,
— oxidation,
— hydration and/or
— hydrolysis.
2. Type and rate of material transport (erosion/denudation and sedimentation
processes) whether due to
a) gravitational mass movement,
b) sheet erosion (hill wash, rill erosion),
¢) fluvial erosion,
d) glacial action and/or
¢) eolian erosion.

Which of these exogenous morphological processes predominates, and thus,
which forms/products — if any — of weathering, removal and/or sedimentation
result, depends in the final analysis on the moisture conditions (including those
in the soil) and on the temperature. Figure 4 shows in a (very schematic) profile
from the pole to the equator how the depths and structures of the weathered
mantle differ as a function of climates.

Morphodynamic processes are frequently modified to varying degrees by the
vegetation cover which, in turn, is also mainly dictated by the climate. In contrast
to the climate, which changes continuously throughout the zones, the vegetation
boundaries can be much more distinctly drawn along defined climatic thresh-
olds (e.g. polar and mountain tree lines or various boundaries of arid regions);
therefore, linear demarcations between climatic-morphological zones are more
likely than might have been expected from the climatic/morphological relation-
ship-alone.

Not all of the ecozones, which are delimited mainly according to climatic
criteria, can claim their own characteristic morphogenesis. All deserts and semi-
deserts are morphogenetically similar, for instance, regardless of whether they
lie in the tropics/subtropics or the mid-latitudes; the same applies to the humid
climates of the tropics and subtropics.

As a rule, hygric differences produce stronger morphological effects than ther-
mal ones. Thermal climatic factors are important, however, in humid areas where
the temperature drops below the freezing point, either often or for extended peri-
ods of time, namely in the Polar/Subpolar Zone, the Boreal Zone and the Humid
Mid-Latitudes, as well as in mountain ranges outside these zones. The frequency
and intensity of freeze-thaw cycles in these zones and at high altitudes differ
widely and therefore have quite distinct effects.

Climatic effects on morphogenesis are seldom the result of average climatic
conditions. The average values, provided by climatologists, are therefore often
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Fig. 4. Schematic depth and structures of the weathered mantle (regolith and saprolite) in different
climates. (After Strakhov 1967)

of little assistance to geomorphologists, or even to ecologists and agricultural
scientists etc. More meaningful is information on extreme conditions and their
frequency, such as the frequency of heavy precipitation, long dry periods, strong
winds, deep frosts or freeze-thaw cycles. Such frequency data, which indicate the
probability of recurrence, can be calculated by means of magnitude-frequency
analyses (e.g. Gumbel 1958; Ahnert 1982, 1987).
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Ahnert’s method takes the data to be investigated, for example daily precip-
itation values over a specific time period, and “first classifies them according to
their magnitude (the highest value receives the ranking 1) and the recurrence
interval (RI) for all the other values is calculated. This is the period most likely
to pass before an event of equal or greater magnitude than the one observed can
be expected to occur” (Ahnert et al. 1982, p. 23). The recurrence interval can
be calculated using the equation:

N+1

RI = R
r

where N = the total number of time units (days in this example) and r = the
ranking of the event in question (a certain amount of daily precipitation in this
example). The values thus calculated are presented in the way shown in the
example for Aachen, Germany (which indicates typical conditions in the Hu-
mid Mid-Latitudes), using a logarithmic scale for the time data along the x-axis
and a linear scale for the precipitation data along the y-axis. The regression
line is calculated using the regression formula P,y = Y + AlogoRly. In this
equation P,4 = the daily precipitation; Rly = the recurrence interval in years;
Y = a constant for daily precipitation (P,4) with recurrence interval Rly =
1 year (logoRly = 0.0), A = the coefficient Y + A = Py4 with Rly = 10 years
(logioRly = 1.0); Y + 2A = Py with RIy = 100 years (log;oRly = 2.0).

When combined, the two values Y and A give the magnitude-frequency index
(MFI). The MFI (29.6, 17.9) for our example indicates that at least once a
year daily precipitation of 29.6 mm, once every 10 years daily precipitation of
47.5mm (29.6 + 17.9), and once every 100 years a daily precipitation of 65.4
(29.6 + 2 x 17.9), can be expected to occur.

Hydrology

The amount of precipitation which enters the rivers depends on the water balance
i.e. (in its simplest form) on the difference between precipitation and evaporation.
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Table 2. Annual coefficients and amounts of runoff in the ecozones. (Based on UNESCO data 1978)

Ecozones/plant formations Runoff Amount of
coefficient Q/P? runoff

1. Polar/Subpolar Zone: Tundra 0.55 220
2. Boreal Zone: Taiga 043 300
3. Humid Mid-Latitudes: Temperate deciduous forest 0.34 350
4. Arid Mid-Latitudes: Moist steppe (prairie) 0.25 200
Dry steppe 0.12 60
Desert/semi-desert <0.03 10
5. Tropical/Subtropical Arid Lands: Thorn savanna 0.08 50
Desert/semi-desert <0.03 K
6. Mediterranean-Type Subtropics: Sclerophyllous vegetation 0.15 150
7. Seasonal Tropics: Dry savanna 0.25 250
Moist savanna 0.35 450
8. Humid Subtropics: Rain forest 043 650
9. Humid Tropics: Rain forest 0.52 1200

2 Q = annual runoff (mm); P = annual precipitation (mm).

The left-hand diagram in Fig. 5 shows the global differentiation for both these
parameters and their assignment according to ecozones/plant formations (it should
be noted, however, that the precipitation data do not take account of the variations
in seasonal distribution which, particularly in the case of the seasonal tropics and
subtropics, are of considerable significance to the water budget; the evaporation
data do not reflect actual evaporation, but rather potential values). The right-
hand diagram in Fig. 5 shows the relationships between precipitation and runoff
coefficients for the same zones. These data allow the absolute amounts of runoff
to be estimated. Table 2 provides guideline values for the individual ecozones.
(See Fig. 82 for an evaluation of water cycles in ecosystems.)
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2.4 Soils

The classification and nomenclature of soil units (types) follows the FAO-
UNESCO Soil Classification System. This system was designed primarily for
the legends of the Soil Map of the World, drawn on a scale of 1 : 5 million
(18 multi-coloured sheets) and published between 1971 and 1981. “One of the
most important results of the world soil map project is the creation of an in-
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ternationally recognized (!) soil nomenclature and thus of a worldwide unified,
common soil language. The terminology has already become the international
standard for supraregional soil comparison” (Schmidt-Lorenz 1986, p. 53). This
is reason enough for us to give the FAO-UNESCO system pre-eminence over
other classification systems.

Soil Units and Soil Zones

For the sake of clarity, all major soil groupings (first-level soil units) and
some of the soil units (level 2) of the FAO-UNESCO system are described
very briefly in Box 2; in addition, equivalents in some other classifications are
shown. The latter can be only approximations since the criteria applied in different
classification systems are not fully identical.

For the second-level soil units a binary nomenclature is used: the first element
(adjective) indicates this second level, whereas the second element (noun) indi-
cates the major first-level soil grouping to which the soil unit belongs. A separate
list in Box 2 explains the meaning of the more common formative elements used
for naming (second-level) soil units.

The original legend was revised in 1988 (FAO Rome). With the revision,
some major soil groupings and soil units were deleted, whereas others were
added. In general, this book follows the new classification and nomenclature, but
includes the original version wherever this applies. The original version is needed
for understanding the Soil Map of the World which has not yet been revised
and —most likely — will not be revised in the foreseeable future.

The compilation of the map on soil zones of the world (Fig. 6) resulted from
a comparison of the FAO-UNESCO maps with the Troll-Paffen map on seasonal
climates of the earth. The individual soil units were first grouped according to
their ability to fit the given climatic and ecozonal systems, and then the dis-
tribution limits of these soil associations, as indicated on the FAO-UNESCO
maps, were transferred onto the soil zone map. This means that the soil zones
are defined according to climatic coincidence, but their spatial delineation fol-
lows solely the existing pedological boundaries. Table 3 shows the relationships
between the soil zones and the ecozones.

Regional chapters on soil (Chaps. 3.1.4, 3.2.4, 3.3.4 etc.) deal with the char-
acteristic factors and processes of soil formation and describe the major properties
of the resulting zonal, and to a lesser extent intrazonal, soils. Additionally, infor-
mation on soil fertility (suitability for plant growth) is included.

Soil Fertility
In this context, the term soil fertility refers primarily to the soil nutrient

supply (quantity of mineral nutrients and their availability to plants). Such physi-
cal properties as soil temp