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ABSTRACT

The problem of the fate of C, N, P, K, Ca, Mg and S in the biosphere under natural conditions
and under man's impact is discussed for tundra and forest-tundra, forest, forest-steppe, and steppe
zones of the European USSR. Phytomass reserves, together with the annual phytomass increment
and transfer into litter, are given in addition to figures for precipitation and runoff for all systems.
Prehistoric and present time patterns have been estimated in order to visualize the role of man's ac-
tivities. The inputs and outputs of biophilic elements have been balanced for the different zones to
see whether they are accumulating or losing any component.

An attempt is also made to compare the rate of drawing elements into the biological and geo-
logical cycles for all zones. In the tundra zone the ratios of the two cycles are closer to each other
for most elements than in plant communities of other zones. Cultivation of virgin and forest areas
has increased the supply of elements to the geological cycle.

INTRODUCTION

The continuously rapid growth of the earth's population and the ever increasingre-
quirement of food for human consumption are problems of the utmost importance,
calling for a sharp increase in the productivity of cultivated lands and an expansion of
agricultural lands by developingnew land resources. The latter inevitably results in the
impact of man and technology on stable natural ecosystems and disrupts the equilibrium
between organisms and the environment. This changes not only the direction of biogeo-
chemical process in the soil-plant-watersystem, but also the amount of matter and ener-
gy exchange.
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This report discusses the problem of the fate of some biophile elements in the
biosphere under man's impact on natural ecosystems. On the basis of a literature
search and a review undertaken by the authors, an approximate estimate of the bio-
geochemical cycles of important biophile elements has been made for the main nat-
ural zones of the European USSR. Similar natural conditions may be found in north-
ern areas of the Western Hemisphere, which enables a quantitative comparison to be
made of results of investigations for the entire Northern Hemisphere.

The subjects for discussion are the tundra and forest-tundra, forest, forest-steppe
and steppe zones. Quantitative estimates are presented of the capacity of the bio-
logical cycle in natural and agricultural biogeocenoses, the balance of principal elements
(biophiles), and the relative rates of drawing biophile elements into the biological and
geologicalcycles, and on the replacement of natural biogeocenosis by agricultural bio-
geocenosis. The geologicalcycles is taken by the authors to be migration of matter
with liquid and solid runoff and its accumulation in recent sediments. The reserves of
chemical elements in the invertebrates and vertebrates have not been taken into account
as the animal role in the overall balance of matter is still poorly studied.

TUNDRA AND FOREST TUNDRA ZONE

Tundra and forest-tundra landscapes cover a small area of the European USSR (about
5.5 % or 27,000,000 ha). In comparison with other natural zones, tundra land resources
have been cultivated and industrially utilized to a relatively small extent. The natural
course of the biogeochemicalmigration of elements is only slightly changed and may
therefore be traced most distinctly here. Within this zone, the natural vegetation in-
cludes moss-lichenand shrub tundra, and pretundra thin forests of spruce, larch and
birch. Tundra gley, gley podzolic and podzolic illuvialhumus soils predominate among
the soils. Characteristics of the biological cycle are presented in Table I (after Manakov,
1972; Ignatenko et al., 1973).

As calculations show (Table 1), carbon (181.4 kg ha-1) and nitrogen (96 kg ha-1)
are accumulated in the phytomass in the largest amounts. The potassium and calcium
contents are approximately equal (31 and 36 kg ha-1). The magnesium and phospho-
rus reserves do not exceed 11-12 kg ha-1. The sulphur reservesare the smallest (5.8 kg
ha-1). About one-fourth of the total reserves of elements in the phytomass is drawn
annually into the biological cycle in tundra landscapes. The largest portion of this
amount returns into and onto the soil with the annual litter-fall. Thus the annual
increment of an element amounts to about 1{15-1{30 of its total content in the
plant biomass.

The amounts of elements falling on the soil surface with precipitation are commen-
surate with values of their annual biological turnover (Table 2). For example, the con-
tribution of potassium, calcium, magnesium and particularly sulphur by precipitation
even exceeds their reserves in the true phytomass increment (Bobritskaya, 1962; Droz-
dova et al., 1964; Ponomareva & Sotnikova, 1972; Shachova & Zhilova, 1974). The
phosphorus content in precipitation is insignificant and was therefore not consider-
ed.

Unlike the great majority of biophile elements entering the plant directly from the
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Table l. Biological cycle of elements in the tundra zone. Rates are given per hectare and year and in Tg (terra gram =106 metric tons) per year for the entire

area. Carbon is regarded to account for SO % of phytomass.

Cycle com- Phytomass N P K Ca Mg S

ponents
kga-I Tgyr-I kgha-I Tg yr-I kg ha-I Tg yr-I kg_a -I Tg yr-I kgha-I Tgyr-I kgha-I Tg yr-I kg_a -I Tg yr-I
yr- .102 yr-I yr-I yr yr-I yr-I yr

Phytomass reserve 181.4a 489.8b 96.0c 2.59b 11.0c 0.30b 31.0c 0.84b 36.0c O.97b 12.0c O.32b 5.8c 0.16b
Increment 21.2 57.2 21.7 0.59 2.8 0.08 8.4 0.23 8.6 0.23 3.0 0.08 1.4 0.04

Litter production 17.1 46.2 14.1 0.39 2.4 0.07 6.3 0.17 7.5 0.20 2.5 0.07 Ll 0.03
Accumulation 4.1 ILl 7.6 0.20 0.4 0001 2.1 0.06 1.1 0.03 0.5 0.01 0.3 0.01

a Dimension is kg ha-1 . 102
b Dimension is Tg (l06 metric tons)
c Dimension is kg ha-1

Table 2. Balance of chemical elements in the tundra zone.

Balance com- C N P K Ca Mg S

ponent -1
Tgyr-l kg ha-l Tg yr-1 kg_a -1 Tgyr-I kg_a-l Tgyr-I kg_a-I Tg yr-l kg_a-I Tgyr-I kg ha-1 Tg yr-lkg_a -I

yr-lyr yr yr yr yr yr

Supply:
Photosynthesis 1 060.0 28.62
Precipitation 1.5 0.04 4.0 0.11 3.5 0.09 4.0 0.11 2.0 0.05 10.0 0.27

Total supply 1 061.5 28.66 4.0 0.11 3.5 0.09 4.0 0.11 2.0 0.05 10.0 0.27

Removal:

Decomposition of
plant remains 850.0 23.00
Surface runoff 11.2 0.30 2.9 0.08 0.06 0.0016 6.3 0.17 28.5 0.77 7.1 0.19 5.2 0.14
Subsurface runoff 7.0 0.19 1.0 0.03 0.02 0.0005 2.1 0.06 9.5 0.26 2.4 0.06 1.8 0.05

Total removal 868.2 23.49 3.9 0.11 0.08 0.0021 8.4 0.23 38.0 1.03 9.5 0.25 7.0 0.19
...... Total +193.3 +5.17 +0.1 <0.01 -0.08 -0.0021 -4.9 -0.14 -34.0 -0.92 -7.5 -0.20 +3.0 +0.08IN
-..j



soil, carbon is derived mainly from the atmosphere. The annual supply of carbon to
plants from the atmosphere was assumed to be equal to its accumulation in the annual
biomass increment (Table 2). Correspondingly, the annual loss of carbon is equal to its
reserves in the-annual plant litter-fall.

Mineral nutrients released as a result of the decomposition of plant remains and the
presence of mobile forms in the soil are transported from the landscape by surface and
subsurface runoff. All elements apart from nitrogen and sulphur are removed from the
landscape faster than the rate at which they enter it with precipitation (Alekin & Brazh-
nikova, 1964; Manakov, 1969; Lvovich, 1971). It should be mentioned that the solid
runoff in the tundras was not taken into consideration by the authors. According to
the data of Lvovich(1971), the discharge of suspended sediments in northern rivers is
less than 5 000 kg km-2 yr-l - about one-eighth of the ionic runoff. The problem of
the sulphur balance remains uncertain. The author's calculations show that the supply
of sulphur with precipitation rather considerably exceeds its outflow with the ionic
runoff. The supply of nitrogen with precipitation is approximately equal to its removal
with runoff.

The positive carbon balance in tundra landscapes should be particularly noted. The
gradual accumulation of carbon in soil humus, tundra tomentum and total phytomass
of plants leads to conservation of tundra organic matter in large amounts, and tundra
may be considered as a genuine storehouse of carbon on the global scale.

FOREST ZONE

The forest zone of the European USSR is the largest (242,000,000 ha). The soils
are mainly of the podzolic type; podzolic soils proper cover about 26 % of the total
area, soddy podzolic soils about 42 %, swampy soils about 14 %, and soddy and
flood-plain soils cover about 18 % of the total area of the forest zone.

In the prehistoric period, all the area, excluding the drainage system area, was cov-
ered by forests having a higher productivity. At present, forests cover about 150,000,000
ha, arable land about 30,000,000 ha, meadows and pastures 38,000,000 ha, and the
drainage system, cities, towns, settlements, roads, etc., 24,000,000 ha (Maksimov, 1962;
Levin, 1973).

The forest areas include spruce (55,000,000 ha), pine (65,000,000 ha) and small-
leaved forest areas (30,000,000 ha; Pozdnyakov, 1973). The analysis of the age struc-
ture of the forests has shown that mature and ripening stands dominate among conif-
erous forests, and middle-aged and mature stands predominate among the small-leaved
forests (Pozdnyakov, 1973; Forest Economy of the USSR during 50 Years, 1967).

The distribution according to quality classesshows that Class III prevails, other qual-
ity classesbeing equally represented. The mature pine forest of Class II with Hyloco-
mium, Dicranum, Rhytidiadelphus species (L.A. Grishina's data), bilberry spruce forest
of class IV (Parshevnikov,1962) and great birch forest of ClassII (Smirnova& Gorodent-
seva, 1958) have been accepted as a standard for evaluatingthe balance of elements based
on the speciescomposition of forests and availabledata on plant chemical composition. In
the calculations it is assumedthat the qualitative composition of prehistoric forests and
their productivity are similar to those of present-day forests and that the forest-covered
areas are different.
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In arablelands,the largestarea - about 50 % - is coveredby cereals,about 20 %
by potato, and about 30 % by annual and perennial grasses, root crops, maize for silage,
vegetables and other crops (Levin et al., 1972).

Analysis of values characterizing the biological cycle of important plant nutrients
(Table 3) in the forest zone shows that nitrogen and calcium are accumulated in largest
quantities in the phytomass of both prehistoric and present-day forest associations. The
proportion of calcium of the total of all ash elements amounts to over 50 %.The high-
est content of nitrogen and calcium is observed in the annual increment of phytomass
(87.0 kg ha-l of nitrogen and 38.0 kg ha-l of calcium). Potassium, sulphur, phospho-
rus and magnesium are drawn into the cycle in smaller amounts. The value of elements
returning to the soil with litter-fall accounts for about 50 % of the amount of elements
taken by the annual biomass increment.

The character of the biological cycle of elements in the arable land, meadows
and pastures is different from that in forests. For example, here, large amounts of
nitrogen (up to 160 kg ha-l) and potassium (up to 140 kg ha-l) are drawn into the
cycle. Calcium holds only the third place (up to 53 kg ha-l). The proportion of potas-
sium of the ash-elementsunder conside~ationis about 60 %.The proportion of elements
withdrawn with crops from the arable land is fairly large and amounts to 50-55 % for
calcium, magnesiumand sulphur, and 65-70 % for nitrogen, phosphorus and potassium.

The further destiny of elements in various ecosystemsof the forest zone is governed
not only by the character of the latter, but also by man's treatment of them. Flowingwa-
ter massesplay an important part in the movement of elements in the landscape. At pre-
sent, with the considerable increase of soil erosional processes,large amounts of nutrients
are remoed by surface runoff from the landscape. Fairly large amounts of nutrient ele-
ments are removedwith intrasoil and groundwater runoff.

In estimating the balance of elements, the authors conditionally took the value
of surface liquid runoff for forest-covered areas to be 100 mm. The surface runoff
in arable land is taken to be 200 mm (Lvovich, 1971). The solid runoff value aver-
ages 1 000 kg ha-l. The removal of elements with intrasoil flow has been estimated
from the data of Bobritskaya (1963), Ponomareva & Sotnikova (1972), Yushkevich
(1972) and Turbas & Hins (1972).

As regards the components of the element balance in the forest (Table 4), the prin-
cipal outflow component is element withdrawal by the removal of wood from the land-
scape, The amount of nitrogen, phosphorus and potassium withdrawn by wood removal
is at least 5-10 times greater than that withdrawn with surface and subsurface runoff.
The amount of calcium withdrawn with the total runoff is the same as that in forest
biomass withdrawal, and the amount of magnesium and sulphur transported by the to-
tal runoff from the landscape is about ten times as large as their withdrawal with wood.
On the whole, all elements have a negativebalance in those forests where wood is removed
every year.

The amount of elements entering the landscape with precipitation does not compen-
sate for the total outflow of elements even to the extent of 10 % (Drozdova et al., 1964).
The exception is sulphur, of which the inflow with precipitation regionally may com-
pensate for its outflow with runoff and wood removal by 50 %. Nitrogen and calcium
have the hugest deficit.

If forest areas are ploughed, the inflow and outflow components of the element
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Table 3. Biological cycle of biophile elements in the forest zone. A prehistoric picture is given for the entire zone while the forest zone is divided into forest,

0
arable land and meadows for the present period.

Phytomass N P K Ca Mg S

Cycle com- kg ha-l Tg yr-l kg_a-l Tg yr-l kg_a-l Tg yr-I kg ha-I Tgyr-I kg_a-I Tgyr-I kg ha-l . Tg yr-l kg_a-l Tg yr-l
Land type ponents yr-l'102 yr yr yr-I yr yr-I yr

Forest Phytomass
Prehistoric period

(entire zone) reserve 2 440a 48600b 972.0c 235.2b 113.3c 27.4 b 341.0c 82.6b 790.0c 191.2b 82.0c 19.8b 126.6c 30.6b
Increment 82.3 1992 87.3 2Ll 8.0 1.9 22.6 5.5 38.0 9.2 6.0 1.5 6.0 1.5
Litter
production 43.3 1048 45.3 11.0 3.3 0.8 8.0 2.0 21.0 5.2 4.0 0.8 2.6 0.6

Accumula-
tion 39.0 944 42.0 10.1 4.7 1.1 14.6 3.5 17.0 4.0 2.0 0.7 3.4 0.9

Present period
Forest Phytomass

36 600 b 145.8b 17.0b 51.2b 118.5b 12.3b 19.0breserve 2 400a 972.0c 113.3c 341.0c 790.0c 82.0c 126.6c
Increment 86.6 1 235 87.3 13.1 8.0 1.2 22.6 3.4 38.0 5.7 6.0 0.9 6.0 0.9

Litter
production 46.6 650.0 45.3 6.8 3.3 0.5 8.0 1.2 21.0 3.2 4.0 0.6 2.6 0.4

Accumula-
tion 40.0 558.0 42.0 6.3 4.7 0.7 14.6 2.2 17.0 2.5 2.0 0.3 3.4 0.5

Arable land Increment lOLl 300.0 160.0 4.8 26.0 0.78 140.0 4.3 53.0 1.6 24.5 0.7 12.0 0.4
Harvest 60.0 180.0 100.0 3.0 18.0 0.55 90.0 2.8 30.0 0.9 p.O 0.4 6.0 0.2

Return to
soil 41.0 120.0 59.0 1.7 8.0 0.23 60.0 1.8 25.0 0.7 11.0 0.3 6.0 0.2

Meadows Phytomass
228.0b 4.6b 3.8b l.3band reserve 60.0a 120.0c 18.0c 0.7b 100.0c 36.0c 12.0c 0.5b 9.0c 0.3b

pastures Increment 35.0 133.0 70.0 2.7 10.5 0.4 58.0 2.2 21.0 0.8 7.0 0.2 5.2 0.2
Harvest 16.0 61.0 32.0 1.2 4.8 0.2 27.1 1.0 9.6 0.3 3.2 0.1 2.4 0.1
Return to
soil 19.0 72.0 38.0 1.4 5.7 0.2 30.9 1.2 11.4 0.4 3.8 0.1 2.8 0.1

a Dimension is kg ha-1 . 102
b Dimcnsion is Tg (l06 metric tons)
c Dimension is kg ha-l
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Table 4. Balance of chemical elements in the forest zone for the present period (see Table 3).

N P K Ca Mg S
Balance

components kg ha-I Tg yr-I kg ha-I Tg yr-I kg ha-l Tg yr-I kg ha-I Tg yr-I kg ha-I Tg yr-I kg ha-I Tg yr-I
yr-I yr-I yr-I yr-I yr-I yr-I

Forest
Supply:
Precipitation 4.0 0.60 0.15 0.02 5.0 0.75 7.0 1.05 2.0 0.30 12.0 1.80

Removal:
Harvest 55.3 8.30 3.00 0.56 15.0 1.74 29.0 4.40 1.5 0.22 2.8 0.42
Surface runoff 3.0 0.45 0.66 0.10 8.6 1.30 15.0 2.20 7.0 1.06 14.0 2.10
Subsurface runoff 0.5 0.08 0.00 1.0 0.16 16.0 2.40 10.0 1.60 9.0 1.40

Total removal 58.8 8.83 3.66 0.66 24.6 3.20 60.0 9.00 18.5 2.88 25.8 3.92

Balance -54.8 -8.23 -3.51 -0.64 -19.6 -2.45 -53.0 -7.95 -16.5 -2.58 -13.8 -2.12

Arable land

Supply:
Precipitation 4.0 0.12 0.1 0.004 5.0 0.15 7.0 0.2 2.0 0.06 12.0 0.36
Fertilizers 20.0 0.60 6.00 0.18 15.0 0.45 400.0 12.0 15.0 0.45 10.0 0.30

Total 24.0 0.72 6.1 0.18 20.0 0.60 407.0 12.2 17.0 0.51 22.0 0.66



balance change considerably. One of the principal inflow components consists of fertilizers
(Peterburgskij,1972),lime and dolomitic meal. In application of larger fertilizer doses, not
only the supply of elements to the soil increases,but also their outflow with surface and
subsurface runoff (Yushkevich, 1972; Turbas & Hins, 1972). Nitrogen and phosphorus
are mainly withdrawn with crop yield; and potassium, calcium, magnesiumand sulphur
are largelyremoved with the surface solid and liquid runoff. A huge amount of calcium
(up to 140 kg ha-l) is withdrawn with the intrasoil runoff from limed fields. The neglect
of elementary agrotechnicalrules in ploughingslopes causeserosion and a sharp increase
in the removal of important nutrients by solid and liquid runoff. The deficit of important
nutrients becomes more acute in arable land than in forest areas. The supply of nitrogen
with precipitation and fertilizers compensates for only 25 %of its withdrawal with crops
and runoff. The potassium deficit is still larger, its supply compensatingfor only 10 % of
its withdrawal. The potassium contribution to the yield of cerealsand other crops is one
and a half times as smallas the amount of potassium withdrawal by surface runoff.

Dry meadows and pastures cover a fairly large area in the forest zone of the Euro-
pean USSR. Their productivity is relatively small (1.6-2.0 t ha-l). The value obtained
by Evdokimova & Rudina (1958) has been used in estimating the content of elements
in meadow plants and determining the type of biological cycle.

As the data presented in Table 3 show, the type of the biological cycle in dry mead-
ow and pasture areas is similar to that of agrocenoses, that is, it has a nitrogen-potassi-
um character. The total removal of elements with liquid and solid runoff here as com-
pared with arable land is somewhat less owing to considerable sodding of the soil sur-
face. However, under conditions of intensive pasturage and sod destruction, the rate of
element removal may increase substantially. The rate of nitrogen, phosphorus and po-
tassium removal is tens of times less than that from arable land. Calcium, magnesium
and sulphur are also removed to a smaller extent.

In view of the complexity and versatility of the transformation processes of carbon,
its dynamics and balance in the landscape are best dealt with as a separate topic. A gen-
eral characterization of redistribution in landscapes of various natural zones of the Euro-
pean USSR was given by Evdokimovaet ai. (1974) and by Kovda et al. (1974).

Erosional control of the soil and improvement of cultivation methods are urgent prob-
lems in the arable areas of the forest zone. Planned cultivation of soils, observance of
agrotechnical rules and judicious application of chemicals in agriculture will help man to
regulate the biogeochemicalprocesses.

THE FOREST -STEPPE ZONE

The area of the forest-steppe zone of the European USSR amounts to 78,000,000 ha.
The soils include gray forest soils formed in broad-leavedforest conditions (about 40 %
of the zone area), podzolic, leached and ordinary chernozems (35 %), meadow cherno-
zems and chernozem meadow soils (about 15 %) and other soils (about 10 %). Cherno-
zems, meadow chernozems and chernozem meadow soils were formed under the canopy
of meadow steppes, meadows and steppe meadows. In the prehistoric period, about
70 % of the area was covered by forests. 5 % by the drainage network, and the rest by
meadow steppe (25 %; Grin, 1969). The forest area increased from south to north.

142



At present, 51 % of the area is cultivated, 28 % is covered by forest, II % is cover-
ed by hay-making fields and pastures, 6 % by the drainage network and 4 % by cit-
ies, towns, settlements, roads, etc. (Geographical Soil Distribution of the USSR, 1962;
Grin, 1969; Levin, 1973).

The following assumptions were made in calculating the size of the biological cycle.
The amounts of annual biomass increment of elements in the biological cycle and their
return to soils in forests of the same age in prehistoric and present periods were con-
sidered equal. The authors assumed that, at present, forests are composed of equal portions
of 50-200-year old oak and linden wood and in the prehistoric period the forest con-
sisted of secular oak-groves. The values of the biological cycle in forests were taken
from works by Mina (1955), Remezov et al. (1959) and Rodin & Bazilevich (1965). It
was also assumed that the biological cycle in prehistoric grass associations was the same
as in present-day reservation areas.

As, according to the author's data, the biological cycle in meadow steppe and steppe
meadows is practically the same as regards both chemical composition and quantities,
the results of studies in the Central Chernozem Reservation (Afanaseva, 1966) were
taken in evaluating the area covered by grass associations in prehistoric times. In keep-
ing with new data obtained in this reservation, the annual increment of green biomass
is 1.8 times as large as the amount of hay cut in the period of maximum grass stand
development. The increment of roots is commonly considered to be equal to one-third
of their reserve at the moment of maximum growth (Rodin & Bazilevich, 1965).

The authors supposed the annual plant increment on pastures and hay fields to com-
pose a third of the virgin steppe biomass increment, 80 % of the green biomass incre-
ment being withdrawn annually.

In evaluating the biological cycle of elements in arable land, it was assumed that the
rotation and yield of crops (in dry weight) over the entire area of the forest-steppe zone
are as follows (Levin, 1969; 1973): cereals cover 50 % of arable land with a yield of
2.4 t ha-I, maize for silage covers 18 % of arable land with a yield of 9.8 t ha-I (46 t

ha-I of green mass), sugar beet covers 5 % of arable land with a yield of 6 t ha-I F5 t
ha-I of raw root mass), potato covers 7 % of arable land with a yield of 5.9 t ha-

(24 t ha-I of raw tuber mass), annual ~rasses including cereal and legumes cover 14 %
of arable land with a yield qf 4.6 t ha- ,and perennial grasses cover 3 % of arable
land with a yield of 5 t ha-I. The following conclusions were drawn on the basis of
calculations using the above data.

Prior to the development of the forest-steppe zone, a somewhat larger (by 2 %) an-
nual biomass was created here as compared with the present volume of biomass (Table
5). Larger quantities of all ash elements, excluding phosphorus and potassium, were
drawn into the cycle. At present, phosphorus and potassium are being drawn into the
cycle in larger quantities than before. The consumption of nitrogen exceeded the present
level by 10 %; that of calcium was twice and that of sulphur one and a half time as

high. The consumption of nitrogen and sulphur was reduced largely owing to plough-
ing of steppe areas; the consumption of calcium and magnesium was reduced owing to
forest cutting. The biological cycle was narrowed. The return of elements to the soil

(Table 5) with litter-fall was substantially reduced. The supply of organic matter and
mineral elements was reduced by more than half.

The sharp decrease in the return of organic matter and chemical elements to the
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; Table 5. Biological cycle of biophile elements in the forest-steppe zone for prehistoric and present period.

Phytomass N P K Ca Mg S

Cycle com-
kg a-I 2 Tg yr-I kg_a -I Tg yr-I kg_a-I Tgyr-I kg_a-I Tg yr -I kg_a-I Tgyr-I

-I
Tgyr-I kg_a-I

-I
kg_a Tg yr

Land type ponents yr- .10 yr yr yr yr yr yr

Prehistoric period
Forest Phytomass

5 038a 26 198b 107b 14.2b 100b 154breserve 2 060c 273c I 923c 2 960c 415c 21.6b 246c 12_8b
Increment 63 327.6 87 4.5 10.0 0.52 77 4.0 95 4.9 15.2 0.79 6.2 0.32
Litter
production 61 317.2 61 3.2 8.0 0.41 63 3.3 93 4.8 13.0 0.68 1.2 0.06
Accumula.
tion 2 10.4 26 1.3 2.0 0.10 14 0.7 2 0.1 2.2 0.11 5.0 0.26

Steppe Phytomass
297a 499.4b 1O.2b 1.20b 214c 4.7b 331 c 7.3b 1.8b I.l0breserve 466c 53c 84.6c 52.4c

Increment 140 308.0 230 5.1 24 0.53 130 2.9 140 3.1 39 0.85 23.0 0.51
Litter
production 140 308.0 230 5.1 24 0.53 130 2.9 140 3.1 39 0.85 23.0 0.51

Present period
Forest Phytomass

2608a 5 738b 20.9b l1.7b 2.10breserve 952c 107c 2.35b 532c 1409c 31.0b 112c 2.5b 97c
Increment 70 154 100 2.2 10 0.22 80 1.6 100 2.1 18 0.36 7 0.15
Litter
production 40 88 70 1.5 9 0.20 58 1.3 95 2.0 15 0.33 6 0.13
Accumula-
tion 30 66 30 0.7 I 0.02 22 0.3 5 0.1 3 0.03 I 0.02

Arable land Increment 105 420 150 6.0 23 0.92 140 5.6 44 1.76 23 0.92 11 0.44
Harvest 67 268 110 4.4 17 0.68 90 3.6 26 1.04 13 0.52 7 0.28
Return to
soil 38 152 40 1.6 6 0.24 50 2.0 18 0.72 10 0.40 4 0.16

Hay field Phytomass
99b 1.35b 0.64b 0.99b 0.25band reserve 1I0a 150c 17c 0.15b 71c 1I0c 28 18c 0.16b

pasture Increment 50 45 70 0.63 8.0 0.07 43 0.39 48 0.43 13 0.12 8.0 0.07
Harvest 16 14 28 0.25 1.3 0.02 23 0.21 13 0.12 4 0.03 1.3 0.02
Return to
soil 34 31 42 0.38 6.7 0.05 20 0.18 35 0.31 9 0.09 6.7 0.05

a Dimension is kg ha-I . 102
b Dimension is Tg (106 metric tons)
c Dimension is kg ha-I



soil is due to the fact that an appreciable part of annual production is withdrawn by
man, while in prehistoric times the withdrawal was small and the withdrawn elements
were returned to the same landscape along with other compounds.

At present, the largest part of the mass annually produced by crops, and practically
all the increment of forest wood, are withdrawn at some time @rother from densely
populated forest-steppe. Standing timber and even shrubs are felled and removed to
meet economic needs.

At present, withdrawal accounts for about 50 % of the biomass increment of organic
matter and about half the consumption of potassium, phosphorus and nitrogen; for the
rest of the elements the withdrawal percentage is smaller.Ploughingof the soils of the for-
est-steppe zone has led to a substantial change in the ratio of the biologicaland geological
cycles there. The geologicalcycle increased many times because of soil erosion.

About 200,000,000 tons of fertile soil is annually removed as a result of erosion
from the watersheds of the forest-steppe zone and about 20,000,000 tons of this amount
is taken away by streamflow from the area (Sobolev, 1948-1960; Braude, 1965).

Watershedslose elements in varying amounts because of erosion. The loss of nitro-
gen amounts to 16 % of the nitrogen withdrawn with yield. Potassium and sulphur los-
ses through erosion are approximately equal to the removal with yield, and calcium
and magnesium losses are three to four times greater than their withdrawal with yield.
The watersheds of the forest-steppezone annually loose 3,500,000 tons of potassium,
5,500,000 tons of calcium, about 2,000,000 tons of magnesium, and up to 12,000,000
tons of humus.

The losses of ash elements through liquid surface and subsurface runoff (Table 6)
are smaller by one to two orders of magnitude than the value of the biological cycle
and the amount withdrawn.

To judge the amount of liquid runoff, the authors took the data of Grin (1969) and
Lvovich (1971) on the moisture balance in the forest-steppe zone and the data of Vo-
ronkov (1963), Pogrebnyak & Vol'vach (1972) and Grati et af. (1972) on the chemical
composition of lysimeter and surface waters of the forest-steppe zone. According to
Grin (1969), the surface runoff in prehistoric times amounted to 28 mm and the sub-
surface runoff to 32 mm. According to Lvovich (1971), the present-day surface runoff
in the forest-steppe amounts to 70 mm and the subsurface runoff to 30 mm. The com-
position of liquid runoff at present and in prehistoric times was assumed to be the
same.

The question of the amount of carbon passing from the soil to the atmosphere as a
result of humus destruction by ploughing is of interest. It is known that in ploughing
of virgin land humus is lost at rapid rates, then slower. Chernozems lose an averageof
30 % of humus for 100 years of utilization. The annual amount of nutrients lost by
the soil as a result of cultivation is insufficiently compensated by fertilization (Table 6;
Peterburgskij et af., 1972) and precipitation (Bobritskaya, 1962; Drozdova et af., 1964).

Nitrogen losses through erosion and removal with yield are compensated only by
30 %, potassium losses by 12 %, and phosphorus by 40 %. The supply of these elements
with precipitation does not substantially change these values.The supply of sulphur with
precipitation and fertilizers is regionallyvery large as compared with its removal by the
surface and subsurface runoff and with yield. The inflow components of its balance are
three times greater tnan the outflow components, though the latter might be underesti-

145



.... Table 6. Balance of biophile elements in the forest-steppe zone for the present period (see Table 5)
0\

N P K Ca Mg S
Balance
components kg ha-I Tg yr-I kg ha-I Tg yr-I kg ha-I Tg yr-I kg ha-I Tg yr-I kg ha-I Tg yr-I kg ha-I Tg yr-I

yr-I yr-I yr-I yr-I yr-I yr-I

Supply:
Precipitation 4.0 0.30 8.0 0.60 33.0 2.50 4.0 0.30 15.0 1.10
Fertilizers 24.0 1.70 5.7 0.40 13.0 0.90 23.0 1.60 26.0 1.80

Total 28.0 2.00 5.7 0.40 21.0 1.50 56.0 4.10 4.0 0.30 41.0 2.90

Removal:
Harvest 71.0 5.00 10.0 0.70 57.0 4.00 17.0 1.20 8.0 0.58 4.3 0.30
Surface runoff 12.0 0.83 4.3 0.30 49.0 3.47 78.0 5.45 26.0 1.81 6.4 0.45
Subsurface runoff 0.6 0.04 0.1 0.01 1.0 0.07 0.1 0.01 2.8 0.20

Total 83.6 5.90 14.3 1.00 106.1 7.48 96.0 6.70 34.1 2.40 13.5 1.00

Zone balance -55.6 -3.90 -8.6 -0.60 -85.1 -5.98 -40.0 -2.60 -30.1 -2.10 +27.5 +1.90

Removal:
Yield 100.0 3.00 18.0 0.55 90.0 2.80 30.0 0.91 13.0 0.39 6.0 0.18
Surface runoff 20.0 0.63 1.7 0.05 127.0 3.80 110.0 3.30 23.0 0.69 9.0 0.27
Subsurface runoff 1.8 0.05 0.1 0.00 10.0 0.30 140.0 4.20 7.0 0.22 7.0 0.21

Total 121.8 3.68 19.8 0.60 227.0 6.90 280.0 8.41 43.0 1.30 22.0 0.66

Balance -97.8 -2.96 -13.6 -0.42 -207.0 -6.30 +127.0 +4.21 -26.0 -0.79 0.0 0.00

Meadow and pasture
Supply:
Precipitation 4.0 0.15 0.2 0.006 5.0 0.19 7.0 0.27 2.0 0.07 12.0 0.45

Removal:
Harvest 32.0 1.20 4.8 0.20 27.1 1.00 9.2 0.30 3.2 0.10 2.4 0.10
Surface runoff 0.2 0.06 0.1 0.03 21.0 0.80 59.0 2.25 10.5 0.40 10.5 0.40
Subsurface runoff 0.2 0.05 0.0 0.00 1.0 0.04 63.0 2.40 5.3 0.22 5.3 0.21

Total 32.4 1.30 4.9 0.20 49.1 1.84 131.2 4.90 18.0 0.70 18.2 0.70

Balance -28.4 -1.15 -4.7 -0.19 -44.1 -1.65 -124.2 -4.63 -16.0 -0.63 -6.2 -0.25

Zone balance

Supply 6.7 1.47 0.1 0.03 5.0 1.10 62.0 13.53 4.0 0.88 13.3 2.90
Removal 63.3 13.80 6.6 1.45 56.4 12.30 102.7 22.40 22.4 4.90 24.3 5.30

Total -56.6 -12.33 -6.5 -1.42 -51.4 -11.20 -40.7 -8.87 -18.4 -4.02 -11.0 -2.40



mated as the authors have no dat&on sulphur withdrawal from fertilized fields. The calci-
um lossesof the soil are compen~atedby 60 %by precipitation.

Thus, in the prehistoric period, the amount of biophile elements drawn into the bio-
logical cycle in the forest-steppe zone was 30 times greater than that drawn into the
geological cycle, and the amount of nitrogen, phosphorus and potassium joining the
geological cycle was hundreds of times less than that in the biological cycle.

At present, the amount of biophile elements in the biological cycle is only double
that in the geological cycle, and the ratio between the nitrogen, phosphorus and potas-
sium amounts entering the biological and geologicalcycles has sharply narrowed owing
to solid runoff. The watershed soHsof the forest-steppe zone annually lose approximate-
ly the same quantity of mineral elements as is drawn into the biological cycle owing to
erosion and withdrawal with yi~ld. Tpese losses are not fully compensated by fertiliza-
tion.

TlfE ~TEPPE ZONE

Only the subzones of ordinary ang Prjazovsky chernozems, covered by motley sheep's
fescue/feather grass steppes in prehistoric times, are discussedhere. The total area of the
zone amounts to about 33,000,000 ha of which 5-6 % is covered by drainage sys-
tems. The area of prehistoric motley sheep's fescue/feather grass steppes proper may be
assumed to be equal to 31,000,000 ha. Within the grass stand of virgin steppes, peren-
nial grasses(feather grass and sheep's fescue) account for 70 % and motley grass for
30 %.

The phytomass of virgin steppes from the results obtained in the Khomutovskaya
§t~ppe of the Priazovye area (Bystritskaya & Osychnok, 1975) is 3.4 t ha-l for the be-
low-ground part and 30 t ha-l for the roots (roots down to a depth of 1 m).

In our calculation, the value of the annual root increment is assumed to be equal to
one-third of the total root phytomass reserve (10.0 t ha-1). Thus the annual biomass
increment in the motley sheep's fescue/feather grassvirgin steppe amounts to 13.4 t
ha-l. The biological cycle of important biophile elements for the given conditions was
calculated on the basis of the data on the annual increment and ash composition of
principal plant species (Table 7).

In the present period, natural ecosystems have been replaced almost entirely by agri-
cultural systems. For example, agricultural lands cover 80 % of the total area of the
zone (25,000,000 ha), of which arable lands account for 70 % (22,000,000 ha) and hay
fields and pastures for only 10 % (3,000,000 ha); cities and settlements cover 5 %, and
roads, industrial enterprises, outfalls, quarries, etc., 15 % (4,400,000 ha).

According to Agricultural in the USSR (1970) the structure of cultivated areas

within the region under study is as follows: cereals 50 %, sugar beet 5 %, sunflower
9 %, maize for silage 17 %, perennial grasses 5 %, annual grasses 9 %, and clean fallow
land 6 %.

The averageyields of crops (in raw form) for the past 10 years are: cereals 2.5 t ha-l
(grain). sugar beet 20.0 t ha-l, sunflower 2.0 t ha-l (seeds), maize for silage 16.0 t ha-l
and grasses 2.5 t ha-l (hay).

The average annual phytomass increment of crops was 5.0 t ha-l (dry weight). The
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Table 7. Biological cycle of biophile elements in the zone of motley fescue grass/feather grass steppes for prehistoric and present period.

00

Phytomass N P K Ca Mg S

Cycle com. kg ha-I Tg yr-I kg_a-I Tg yr-I kg ha-I Tg yr -I kg ha-I Tg yr-I kg ha-I Tg yr-I kg ha-I Tg yr-I kg_a-I Tg yr-I
Land typ ponents yr-I.\02 yr-I

-I -I
yr-Iyr yr yr yr

Prehistoric period

Steppe Phytomass
334a 1035b 16.4b 18c 0.60b 1.5b 14.8b 3.2b I.2breserve 528c 47c 477c 102c 39c

Increment 134 425 208 6.5 8 0.25 27 0.7 177 5.5 36 1.1 15 0.5

Litter
production 134 425 208 6.5 8 0.25 27 0.7 177 5.5 36 1.1 15 0.5

Present period
Arable land Increment 50 110 80 1.8 15 0.33 35 0.77 25 0.55 5 0.11 3.5 0.08

Harvest 40 90 64 1.3 12 0.26 28 0.62 20 0.44 4 0.09 2.8 0.06

Return to
soil 10 20 16 0.5 3 0.07 7 0.15 5 0.11 1 0.02 0.7 0.02

Hay fields Phytomass
l11a 33b 0.020b 0.05b 0.5b O.\OOb 0.040band reserve 176 5.2 6 16c 159c 34c 13c

pastures Increment 45 13.5 70 0.21 3.0 0.009 9 0.03 60 0.18 12 0.040 5 0.015
Harvest 15 4.5 20 0.06 1.2 0.004 7 0.02 12 0.04 2 0.066 1 0.003

Return to
soil 30 9.0 50 0.15 1.8 0.005 2 0.01 48 0.14 10 0.034 4 0.012

a Dimension is kg ha-1 . \02
b Dimension is Tg (l2 metric tons)
c Dimension is kg ha



amount of annual withdrawal from 1 hectare of conventional cultivated land was 4.0
tons of dry biomass, and the amount returned was 1.0 t ha-1 (~rop residues and roots).
The biological cycles of nitrogen, phosphorus, potassium and other elements were evaluat-
ed on the basis of data on the ash composition and nitrogen content in principal crop
species (Mineral Composition of Forage, 1963; see Table 7).

At present, hay-making fields and pastures are situated on very inconvenient land
slopes with shallow or even pebbly soils, ravine bottoms, and solonetzic dry valleys.
Therefore the productivity of these lands is relatively small. The authors conventionally
assumed that the phytomass reserve of present-day virgin hay fields and pastures is one-
third of the total phytomass reserve in prehistoric steppes. As a rule, the pastures cov-
ering 70 % of the present-day area of hay fields and pastures have an even smaller pro-
ductivity than hay fields.

The analysis of the data, presented in Table 7, enablescertain general conclusions to
be drawn. For example, the largest phytomass reserves and the largest annual increment
are observed in virgin motley feather grass/shepp's fescue steppes; hay fields and pastures
are second, and arable lands third, as regards the productivity value. In the author's opin-
ion, the cause of this lies mainly in the difference in the phytomass structures of crops
and grass stands of virgin steppes: The much larger phytomass of virgin steppes is al-
most entirely due to the very large phytomass of root systems of perennial densely
bushy grasses, which is about 10 times greater than the phytomass reservesof above-
ground organs.

Within the present arable area, perennial grassesaccount for 5 %, clean fallow land
for 6-10 %, and annual crops, mainly producing aboveground phytomass, cover the rest
of the area. Estimates show that the annual increment of the above ground mass on ara-
ble land, amounting to 4.0 t ha-1, is larger than that in virgin steppe (3.4 t ha-1). In
the plant communities in virgin steppes, hay fields and pastures, the biological cycle is
of a nitrogen-calcium character and on arable land of a nitrogen-potassium character.

Comparison of the balances of biophile elements in the same steppe landscapes in
prehistoric times and the present showed that in virgin steppe with an undisturbed
plant cover, the balance of elements was of a positive type (Table 8). This may be fully
explained as the surface and subsurface liquid flow was very small and the losses of ele-
ments from the landscape were compensated by their supply with precipitation.

At present, the balance of elements has sharply changed because of almost complete
ploughing of the area. The supply of elements has increased as a result of fertilization.
At the same time, withdrawal from the landscape, that was practically absent or was
minimal, is very large at present. The removal of elements consists of withdrawal by
cropping, and solid and liquid runqff owing to intensive processes of surface erosion
of soils. The losses of elements through dust storms periodically occurring in the south
of the USSR were not taken into account in our calculations.

The removal of elements with runoff is commensurate with the amount withdrawn
with crop yield. Estimates show that in present-day landscapes of the steppe zone all,
biophiles have a negative balance. For example, the magnesium removal with runoff is
tens of times greater than that with crop yield. Potassium and calcium losses due to
erosion are three times greater than those with yield. The exception is sulphur, the supp1y
of which has substantially increased at present owing to the high content in the atmos-
phere, and its removal is thus completely compensated.
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Table 8. Balance of biophile elements in the steppe zone for prehistoric and present periods.Vt

0

N P K Ca Mg SBalance
components

kg_a -1 Tg yr -1 kg ha-l Tg yr -1 kg ha-l Tg yr-I kg ha-1 Tg yr-1 kgha-l Tg yr-1 kg_a-l
-1

-1 -I -1
yr-l

Tgyr
yr yr yr yr yr

Prehistoric period
Supply:
Precipitation 4 0.124 4 0.124 30 0.93 4 0.124 +15 0.46

Total 4 0.124 4 0.124 30 0.93 4 0.124 15 0.46

Removal:
Surface runoff 0.62 0.02 6.2 0.19 004 0.012 0.93 0.03
Subsurface runoff 0.18 0.006 0.004 0.0001 0.045 0.0014 0.315 0.01 0.09 0.003 0.9 0.03

Total 0.20 0.006 0.004 0.0001 0.7 0.02 6.5 0.2 0.5 0.Dl5 1.8 0.06

Balance +3.80 0.12 +3.3 +0.10 +23.5 +0.73 +3.5 +0.11 +13.2 +0040

Present period
Supply:
Precipitation 4 0.124 4 0.124 30 0.93 4 0.124 22 0.68
Fertilizers 30 0.75 10 0.25 15 0.375

Total 34 0.87 10 0.25 19 0.5 30 0.93. 4 0.124' 22 0.68
Removal:

59 104 11 0.2 26 0.64 19 0.47 3.5 0.08Harvest 0.09 3
Surface runoff 10 0.3 3 0.1 62 2.0 51 1.5 32 l.0 8 0.3
Total 69 I.7 14 0.3 88 2.6 70 2.0 36 1.0 11 0.4
Balance -35 -1.0 -70 -2.0 -40 -1.0 -32 -0.9 +11 +0.3



Studies in the steppe zone (Bystritskaya & Osychnok, 1975) have shown that rain-
water of the sulphate-calcium type is converted to the hydrocarbonate-calcium type in
its movement through soil. Biophiles (mainly calcium, magnesium, and potassium) for
the most part migrate and are removed by liquid runoff mainly in the form of bicarbo-
nates. The negative balance for nitrogen and phosphorus is primarily due to their with-
drawal with crop yield.

The comparison of the rate of elements entering the biological and geologicalcycles
(Table 9) in the prehistoric period and at present showed that in prehistoric steppe
landscapes, elements were drawn into the biological cycle in appreciably larger amounts
than into the geologicalcycle. Phosphorus and nitrogen were drawn into the biological
cycle most intensively. Magnesium,potassium and calcium were drawn at a smaller rate.
Sulphur was drawn into the biological cycle at the lowest rate and therefore it was
most susceptible to removal. On the whole, the rate of entry of biophiles into the bio-
logical cycle was 50 times greater than that into the geologicalcycle.

At present - just as in the past - nitrogen and phosphorus are withdrawn at the
largest rate, the rate of entry of these elements into the biological cycle being 5-10
times higher than their rate of removal. The rate of removal of potassium, calcium, sul-
phur and magnes~umwith surface runoff is 2-5 times higher than their rate of entry in-
to the biological cycle. There exists the danger of a rapid removal of these elements
from the landscape. This process cannot be entirely prevented by fertilization. Another
more effective way exists, namely, by shortening the biological cycle by a complete re-
moval or considerable reduction of the solid and liquid runoff owing to water erosion.
This is the primary task to be undertaken in steppe areas today.

CONCLUSION

Based on the above data, an attempt has been made to compare the rate of drawing
elements into the biological and geologicalcycles for all natural zones. Analysis of the
data presented in Table 9 enables certain conclusions to be drawn.

In the tundra zone, the ratio of the biological cycle value and the geological cycle
value is narrower for most elements than in plant communities of other zones. This is
due both to the relatively small volume of the biological cycle and the high mobility of
elements in tundra landscapes. As compared with potassium, calcium, magnesium and
sulphur, nitrogen and phosphorus are drawn into the biological cycle at a much higher
rate than that at which they are removed to the geologicalcycle.

Man's activities in the present period have resulted in appreciable disturbance of nat-
ural ecosystems and their replacement by agricultural systems, leading to changes in the
biogeochemical cycles of important biophile elements.

For example, the replacement of forest phytocenoses by cultivated phytocenoses led
to an increase of 25 % per unit area in the capacity of the biological cycle in the for-
est zone. This is due to two causes (I) the change in the structure of the areas and an
approximately 30 % replacement of coniferous forest low-ash biomass by agricultural
high-ash plants and grassy vegetation of meadows and pastures, and (2) the larger annu-
al production of biomass in cultivated agrocenosesand the higher rate of element cycling
as compared with forest associations.
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Table 9. Relative rate of drawing elements into the biological and geological cycles.VI

N

N P K Ca Mg S

kg_a -I Tg yr-I kgha-I Tgyr-I kg_a-I Tg yr-I kg ha-I Tg yr-I kg ha-I Tgyr -I kg_a -I Tg yr-I
Land type Cycle components

-I -I
yr-Iyr yr yr yr yr

Tundra and Input to biological cycle 21.7 0.59 2.8 0.08 8.4 0.23 8.6 0.23 3.0 0.08 1.4 0.04
forest Removalto geological
tundra cycle 3.9 0.11 0.08 0.002 8.4 0.23 38.0 1.03 9.5 0.25 7.0 0.19

BC/GCratio 5.5 35 1.0 0.2 0.3 0.2

Prehistoricperiod

Forest Input to biological cycle 87.3 21.1 8.0 1.9 22.6 5.6 38.0 9.2 6.0 1.5 6.0 1.5
(entire Removalto geological
zone) cycle 3.3 0.8 0.7 0.17 8.3 2.0 30.2 7.3 17.7 4.3 22.3 5.4

BC/GCratio 26 11 2.7 1.2 0.3 0.3

Presentperiod

Forest Input to biological cycle 87.3 13.1 8.0 1.2 22.6 3.41 38.0 5.7 6.0 0.9 6.0 0.9
Removalto geological
cycle 3.3 0.5 0.7 0.10 8.3 1.24 30.2 4.5 17.7 2.6 23.3 3.5

BC/GCratio 26 12 2.7 1.3 0.3 0.2

Arable land Input to biological cycle 160.0 4.8 26.0 0.78 140.0 4.3 53.0 1.6 24.5 0.73 12.0 0.36
Removalto geological
cycle 21.8 0.7 1.7 0.05 137.0 4.1 280.0 7.5 30.0 0.92 16.0 0.48

BC/CGratio 7 IS I 0.2 0.8 0.8

Meadows Input to biological cycle 70.0 2.7 10.5 0.4 58.0 2.2 21.0 0.8 7.0 0.2 5.2 0.2
and Removalto geological
pastures cycle 0.4 0.015 0.1 0.003 22.0 0.8 122.0 4.6 15.8 0.6 15.8 0.6

BC/GCratio 175 105 2.7 0.1 0.4 0.4

Entire zone Input to biologicalcycle 94.49 20.6 10.91 2.38 45.45 9.91 37.15 8.1 8.39 1.83 6.69 1.46
Removalto geological
cycle' 5.55 1.21 0.70 0.15 27.79 6.06 76.14 16.6 18.89 4.12 21.01 4.58

BC/CG ratio 17 16 1.6 0.5 0.4 0.3



-
VIIN

Prehistoric period

Forest- Input to biological cycle 140.0 9.6 14.4 1.07 93.2 6.9 108.0 8.0 21.6 1.6 112.0 0.83

steppe Removal to biological
cycle 0.85 0.07 0.01 0.002 0.50 0.04 5.7 0.43 1.3 0.1 4.1 0.32

BC/GC ratio 150 530 200 20 18 3

Present period

Input to biological cycle 125.0 8.8 17.0 1.2 104.0 7.4 60.0 4.2 20.0 1.4 7.0 0.52

Removal to geological
cycle 12.0 0.83 4.3 0.3 50.0 3.5 78.0 5.5 26.0 I.8 9.3 0.63

BC/GC ratio 10.0 4 2 0.8 0.8 0.8

Prehistoric period

Steppe zone Input to biological cycle 208 6.5 8.0 0.25 27.0 0.7 177.0 5.5 36.0 1.1 15.0 0.5

Removal to geological
cycle 0.18 0.006 0.7 0.02 6.5 0.20 0.5 0.01 1.8 0.06

BC/GC ratio 1000 40 27 72 8.4

Present period

Input to biological cycle 80.0 1.6 14.0 0.3 30.0 0.7 30.0 0.5 6.0 0.1 4.0 0.07

Removal to geological
cycle 10.0 0.3 3.0 0.1 62.0 2.0 51.0 1.5 32.0 1.0 8.0 0.3

BC/GC ratio 8 4 0.5 0.5 0.2 0.5



In the forest-steppe and steppe zones, on the contrary, the capacity of the biological
cycle has decreased. In the author's opinion, the main cause lies in the complete disappear-
ance of highly productive virgin steppes and the replacement of a considerable part of
broad-leaved forests and steppes by less productive associations of agricultural plants.

At the same time, cultivation of virgin and forest areas in the forest, forest-steppe
and steppe zones has caused considerable erosion and surface solid and liquid runoff.
The latter sharply increased the supply of elements to the geologicalcycle and their re-
moval from the landscape. In the tundra and forest zones, the main bulk of nutrients
is removed with liquid runoff; in the forest-steppe and steppe zones, elements are main-
ly withdrawn by the solid runoff.

In all the zones discussed, nitrogen and phosphorus, as true biophiles, are drawn into
the biological cycle in larger quantities than into the geologicalcycle. At present, potas-
sium calcium and magnesium are supplied to the geologicalcycle at the largest rate, re-
sulting in their appreciable removal from the landscape.
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