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Preface

The symposium Soil as World Heritage was held in the spring of 2012 to celebrate
the half century of systematic field experiments at Balti, in the north of Moldova.
The experiments monitor and evaluate the impact of crop rotations, monoculture,
fallow, fertilization, tillage and irrigation on crop yields and soil fertility. The
proceedings highlight the importance of such experiments for understanding the
consequences of current farming practices, especially on the famous black earth or
chernozem. But there is more.

Between 1965 and 1980, the green revolution increased crop yields two- to
threefold, transcending differences in soils and climate. For a generation, food
production was carried ahead of population growth, and political attention was
turned away from land, food and agriculture. Policymakers today face new
challenges and bigger challenges:

1. Burgeoning demand means that, by 2050, food production will need to be 70 %
greater than now — double in developing countries. All this production must come
from the same land and water resources or, if present trends continue, much less;
there are no great reserves to draw on, the area under cereals peaked in the 1980s
and diversion of arable to biofuel production intensifies the pressure.

2. We have passed peak soil. On top of historical land degradation, today’s
agricultural practices are driving land degradation, water shortage and contami-
nation, loss of biodiversity and climate change. The last quarter century has
witnessed degradation of one-quarter of the land surface; every continent and
every biome is affected. The issue goes beyond mismanagement: tracts of the
best land are being lost every year to cities and connecting infrastructure, and it
appears inescapable that rising sea level will flood great cities and productive
farmland.

3. The food system is unsustainable. The green revolution depended on cheap fuel,
fertilizer and irrigation applied to new, responsive crop varieties. Fuel and
fertilizer are no longer cheap, water resources are overcommitted and crop yields
have levelled off — in some places they are falling.
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4. Climate change is driven both by burning fossil fuels and by the insidious
destruction of soil organic matter — yet the soil is the only buffer against climate
change that we know how to manage. The symposium highlights the effects of
drought on crop yields across southern and eastern Europe; yet more dramati-
cally, by 2050, half of what is now India’s high-potential wheat-growing land is
likely to be heat-stressed, short-growing-season cropland.

One response is the international land grab where the power lies with the big
players and which does nothing to help the global situation. Contributions to this
symposium indicate a sustainable alternative that combines proven practices of
conservation agriculture or ecological agriculture that retain and rebuild the soil
with precision farming that tailors crops and operations to the natural variability of
the landscape. This is high farming that demands high knowledge at the policy level
and in the field — knowledge that depends on better information on land resources
and relearning much that has been forgotten. We have to grow both the soil and the
knowledge.

Chernozem is, simply, the best arable soil in the world. Historically, it has been
the breadbasket of the Old World and the New. The chernozem of the Balti steppe
was also at the heart of the foundation of soil science. Dokuchaev visited this very
place, collecting material for Russian chernozem, and his first account is a concise
statement of the principles of a new science. He wrote: ‘The chernozem seemed to
me, in 1877, so typical in its thickness, structure and humification that I called it
first class. The analysis showed the content of humus was 5.718 %’. That soil now,
under the plough, has nowhere more than 3.8 % humus and chernozem everywhere
have lost 20-70 % of the humus that binds the soil together and created what
appeared to be inexhaustible fertility. On present trends, by 2026, the humus
content of chernozem across the country will be down to 2.5-3 %, and approaching
a catastrophic shift to a different and unstable ecosystem; the black earth will turn to
dust as it did in the prairies of America and Canada in the 1930s.

Agricultural practices are driving global warming, leaching of nutrients, pollu-
tion of water resources and diversion of rainfall away from replenishment of soil
and groundwater to destructive runoff. These are pressing issues for our generation
and will press harder on future generations. Long-term field experiments, and the
scientific skills and experience that they nurture, will be increasingly valuable as a
foundation and a focus for interdisciplinary teams of specialists studying the effects
of farming practices on the soil and on both above- and below-ground components
of flora, fauna and microorganisms. Experimental data built up over the last
50 years demonstrate the damage caused by human activity to the productivity
and integrity of chernozem and, also, ways to restore its fertility.

For all these reasons, the chernozem of the Balti steppe under the long-term field
experiments has been proposed as the first World Heritage Site for soil and soil
science as an outstanding example of human interaction with the environment that
has become vulnerable under the impact of irreversible change, of significant
ongoing ecological and biological processes in the evolution and development of
terrestrial ecosystems and communities of plants and animals, and containing the
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most important natural habitats for in situ conservation of biological diversity,
including threatened species of outstanding universal value. By safeguarding this
unique ecosystem and testimony to civilization, we may work towards sustainable
development of society — and agriculture in particular. The ongoing scientific work
is also a foundation for public appreciation of soils and soil science which is critical
for wise policy and management.

These proceedings include contributions from 14 countries under headings: The
Soil and Environment, Soil Fertility: Lessons from Long-Term Field Experiments,
Different Ways of Doing Things, and Soil Policy and Communications to Decision
Makers. On the last topic, there has been much wringing of hands by the scientific
community about the lack of effective action to arrest land degradation, loss of
biodiversity and climate change. Inaction is not due to lack of information: inaction
stems from a lack of acceptable courses of action. If acceptable, and effective,
courses of action are to be developed, the scientific community must involve itself
in practical and political developments — even though this means venturing to the
exposed frontiers of its own knowledge and experience. Therefore, at the request of
the President and Government of Moldova, our communications to decision makers
include recommendations of all the participants. These recommendations include
definition of a new research thrust to support more sustainable land use through
crop rotations that can be commercially viable, self-sufficient in energy, and which
restore the stocks of soil organic matter; and a soil resolution that may serve as a
basis for legislation. Important and achievable recommendations include:

1. Initiatives have to be within the framework of national policy for food and water
security. Our first recommendation is to review this policy in the light of present
knowledge of the land and develop a national program for food and water
security and safety worked out at local, regional and state level, including
support for or creation of markets for the required production and services
such as water management and carbon sequestration.

2. Knowing what you want to achieve, it may be useful to set out ground rules in
the form of a soil law. This is our second main recommendation: adoption of a
soil law to secure the services provided by the soil to society and the environ-
ment. This law should be the basis for allocation of payments or other incentives
necessary to achieve the required protection of soil services.

Examples of incentives include green water credits paid to farmers for water
management services (in the shape of approved soil water management and soil
conservation practices). This does not require the government to find new
money; credits are paid for by the direct beneficiaries of this service, the water
users. Also, we may draw on EU experience of integrating soil protection within
the Common Agricultural Policy; to receive support from the EU budget,
farmers should respect standards set nationally to protect the soil against erosion,
maintain soil organic matter and soil structure and avoid degradation of habitats
and landscape features.

3. Application of such policy and compliance with its conditions requires
revitalized state services, working in partnership with land users, to elaborate
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whole-farm and community plans for rational land use, to provide on-farm
support for the adoption of best practice and to monitor the state of soil and
water resources. This recommendation does require new money!

4. The system of landholding goes against the requirement of sustainable land
management, but this is not the time for another upheaval. We recommend
evolution of the system towards something better fitted to the task. Possibilities
include extension of the period of leasehold to, at least, the length of a sustain-
able crop rotation (say 7 or 8 years) or, better allow 99-year leases so that the
leaseholder has incentive to take good care of the land. The final, easy-to-
implement recommendation is: support for cooperation between individual
farmers for purchasing inputs, marketing produce and services, soil and water
conservation at the landscape scale, and mutual exchange of know-how and
support for services to cooperatives by contractors, especially for the purchase
of new equipment needed for conservation farming.

Norwich, January 2013 David Dent
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Part I
The Soil and Environment



Chapter 1
Chernozem: Soil of the Steppe

A. Ursu, A. Overenco, I. Marcov, and S. Curcubat

Abstract Chernozem is the predominant soil of Moldova and the country’s greatest
natural treasure. Its profile is very thick, well humified and well structured —
properties inherited from the steppe. Only grassland with its many-branched and
deeply-ramified root system is able to produce abundant organic matter and humifi-
cation throughout the solum. The underlying horizon, enriched in secondary
carbonates, is a marker of the soil water regime that determines the different subtypes
of chernozem. From north to south, less and less water percolates through the profile;
in phase with the water regime, Leached chernozem gives way to Typical chernozem
which, in turn, gives way to Carbonate chernozem. All chernozem share the thick,
black, granular topsoil — remarkable for its fertility and resilience — but more than a
century of cropping has degraded the chernozem; even where the soil profile is intact,
it has lost half of its native humus and requires different and better treatment if its
productivity is to be sustainable.

1.1 Introduction

Soils constitute the greatest natural treasure of the Republic of Moldova. The
predominant soil is chernozem — described by the founder of the soil science as
‘the king of soils’. Its remarkable fertility is determined by its rich composition,
unique conservatism and resilience to degradation — even after being worked for
centuries. Over millennia, chernozem accumulated and preserved a great store of
energy and nutrients in the form of humus which stabilises the famous granular
structure and endows the soil with great permeability and available water capacity.
The soil is easily worked, maintains its structure and resists erosion by wind and

A. Ursu » A. Overenco ¢ I. Marcov ¢ S. Curcubit (b<)
ASM Institute of Ecology and Geography, Chisinau, Republic of Moldova
e-mail: stelacurcubat@rambler.ru
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water. These attributes were soon appreciated wherever the chernozem is found,
encouraging unlimited exploitation for agriculture but, under intensive exploitation,
even the chernozem has yielded to the processes of degradation.

1.2 Soil-Forming Processes

Chernozem was formed during a long period of soil genesis in the steppe and forest-
steppe zones under herbaceous vegetation rich in grasses (Fig. 1.1). According to
some mineralogical estimates, chernozem pedogenesis lasted for hundreds of
thousands of years (Alekseev 2003).

Chernozem is the result of synthesis and accumulation of enormous quantities of
organic matter subjected, partially, to mineralisation and, partially, to humification.
This organic matter, conserved as humus and acting together with the mineral
parent material, provided conditions for formation of complex, organo-mineral
calcium humate that determines the essential character of chernozem — its blackish
colour — and, together with the root system of the steppe vegetation, creates its
strong granular structure. Humus is found throughout the solum, which may be
80-100 cm thick (Fig. 1.2), although the amount decreases with depth. Such a
deeply humified and well-structured soil can be formed only by steppe vegetation,
which develops a very deep and branching root system. Under forest, by contrast,
herbaceous vegetation is ephemeral and the forest litter and perennial root systems
do not create deeply humified soils.

The temperate seasons drive seasonal and annual rhythms of vegetation. Organic
matter produced by plants (the primary producers) serves as food for animals and is

Fig. 1.1 Feather grass steppe
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Fig. 1.2 Typical chernozem,
moderately humified

further comminuted and decomposed by the soil fauna and microorganisms, ensur-
ing the annual and multiyear cycling of organic matter (and carbon). The balance is
conditioned by the amount of primary organic matter and amount of synthesised
humus. Under natural steppe ecosystems, the balance is positive; humus and
biologically sequestered mineral elements extracted from the regolith accumulate
up to a point that may be called a climax state, when the amount of humus
decomposed to its initial components (water + CO, + minerals) becomes equal to
the newly synthesised humus.

All chernozem share the thick, black, granular topsoil. Within the chernozem
zone, lower taxonomic units may be distinguished by attributes conditioned by
variations of intrazonal pedogenetic factors. Climate plays a decisive role; the
diagnostic horizon for division of chernozems into subtypes is the subsoil horizon
of secondary carbonates (CSRM 1999) which is conditioned by the water regime —
percolative in the north, non-percolative in the south. The depth of the carbonate
horizon is an easily identified characteristic that indicates other soil attributes
conditioned by geographical position and climate — notably humus content, struc-
ture and potential productivity. The more percolative the water regime, the more
deeply carbonates are leached from the soil profile. The Typical chernozem' is the
characteristic soil of the steppe, having all the specific characters of the type: a thick

'In the World reference base for soil resources 2006 (IUSS 2006) Typical and Leached cherno-
zem key out as Haplic chernozem, Carbonate chernozem as Calcic chernozem. Luvic and Vertic
chernozem are as in WRB.
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Table 1.1 Physicochemical
characteristics of a Typical
chernozem, moderately

Humus CaCO; Exchangeable cations
Ca** M g+-¢- z

humified Depth,cm % pH me/100 g
0-10 3.9 7.1 29.7 53 34.9
3040 3.7 72 304 5.1 354
50-60 23 75 285 4.9 333
70-80 1.4 3.8 8.2
90-100 1.0 8.1 8.6 263 7.7 30.1
110-120 13.7 8.6

solum, well humified, granular structure and with the carbonate horizon between
the A and B layers. The solum of Leached chernozem, under a percolative regime,
is leached of carbonates which occur only below the B horizon; the Carbonate
chernozem, under a non-percolative regime, contains carbonates throughout the soil
profile, including the topsoil.

Chernozem includes two further subtypes with a transitional character. Luvic
chernozem is formed at the furthest limit of the type under mixed oak forest and
borders with the grey soil type; it retains all the attributes conditioned by steppe
vegetation but adds some specific characters — a powdering of silica on the
structural elements of the upper horizon and clay accumulation in the lower part
of the solum. Its genesis might be explained by forest invasion into the steppe.
Another opinion is that this subtype is formed in rare cases where woodland has
been succeeded by steppe grassland. Both may be correct. Within the chernozem
zone, Vertisols occur as a lithomorphic soil type on heavy-textured, illite-
montmorillonite parent material. Adjacent to Vertisols, on the same clay parent
material, the transitional subtype of Vertic chernozem may be found. Its topsoil is
typical for chernozem but the B horizon exhibits the vertic characteristics of coarse
polyhedral structure with slickensides.

The chernozem of Moldova is almost entirely cultivated and has been for
centuries. For all its resilience, over time the topsoil has lost its granular structure,
the humus content has decreased, nutrient reserves accumulated over millennia
have been depleted and the topsoil has been compacted and exposed to erosion by
rain-splash and runoff. There is practically no virgin chernozem left in former
steppe regions, so there is no way to check its original composition, except for
Luvic chernozem that is still preserved under forest. Analyses made in the past
show that the humus content of Typical chernozem exceeded 5-7 % (Dokuchaev
1883, 1900; Krupenicov 1967; Krupenicov et al. 1961; Ursu 2005). Currently, the
arable Typical chernozem of the Balti Steppe contains 3.9 % humus (Table 1.1) and
the thickness of the solum (with humus content >1 %) is about 80 cm.

The same soil under an oak shelterbelt, 60 years old, has 6.9 % of humus in the
topsoil. It is difficult to explain such increase within 60 years; possibly, the soil
sample collected in the shelterbelt contained organic residues that are difficult to
remove, as Dokuchaev (1883) mentioned with reference to a soil sample collected
from the forest in Cuhuresti. Nevertheless, the increase of organic matter content in
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Table 1.2 Physicochemical

" Humus CaCO; Exchangeable cations

characteristics of a Leached —_—

chernozem Catt Mg++ 3
Depth,cm % pH me/100 g
0-20 4.6 6.6 26.8 9.6 36.4
3040 4.5 6.8 264 9.6 36.0
45-55 3.6 6.9 252 10.8 36.0
60-70 3.1 7.3 248 10.4 35.2
70-80 2.3 73 236 11.6 352
80-90 1.8 2.8 74 232 33.2
110-120 1.2 11.9 7.8 228 9.6 324

the surface layer of chernozem under a grass sward and forest conditions suggests a
real possibility of restoring the humus balance.

Regional variants of Typical chernozem may be distinguished according to humus
content: in forest-steppe and the Balti Steppe, the humus content of the plough layer
exceeds 3.3-3.5 %; in the Southern Plain the range is 2.5-3.2 % — this lower humus
content is considered to be an indicator of the dryer climate (Krupenicov and Ursu
1985; Ursu 2006). So, within the Typical chernozem subtype, two groups are distin-
guished — moderately humified and weakly humified; the former borders with Leached
chernozem, the latter with Carbonate chernozem. However, assigning quantitative
indices of humus content to these two groups is problematic because humus content
can be conditioned by texture; a clayey Typical weakly humified chernozem may have
a higher humus content than a loamy Typical moderately humified chernozem. Virgin
chernozem of practically all subtypes can be characterised as humified; likewise
chernozem under forest plantations, etc. which may be recovering their original
humus status.

On the Balti steppe and the hilly regions of forest-steppe, Leached chernozem
occurs alongside Typical chernozem; there is no clear transition between the
leached and typical subtypes so the boundary between them is arbitrary. The former
occurs at higher elevation; it has a thick, well-humified and deeply structured solum
(80-120 cm) with a high base saturation but without carbonates, which appear
below 80-85 cm (Table 1.2). The leached subtype is more humified and with a
thicker solum than the typical; the humus content of the arable layer is 4.6 %,
decreasing gradually to 1.2 % at 110-120 cm.

The Carbonate chernozem subtype, formed under xerophytic steppe conditions,
presents the southern boundary of the type.

1.3 Conclusions

The chernozem is the outstanding natural wealth of the country. It created itself
over many thousands of years and accumulated enormous reserves of energy and
nutrients in the form of humus — about 1 billion tons in Moldova alone. This ‘king
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of soils’ has many attributes favourable to agriculture and great natural fertility. But
it is not used properly; it is being degraded and destroyed. The chernozem deserves
better; it deserves respect and requires good husbandry and efficient protection. Soil
science has developed concepts and practical measures that enable sustainable use
of chernozem — but these measures need to be implemented.

Each generation may and should be able to use the soil for food production.
At the same time, it is obliged to maintain and pass on this treasure to future
generations.
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Chapter 2
The Quality of Moldovan Soils: Issues
and Solutions

S. Andries, V. Cerbari, and V. Filipciuc

Abstract From the economic point of view, soil is Moldova’s most valuable natural
resource. Maintaining the productive capacity of the soil over the long term and
increasing its fertility to ensure food security should be primary goals of the whole
nation. Soil investigations are aimed at solving the problem of maintaining the quality
and production capacity of agricultural land in the face of high rates of soil degrada-
tion. Annual direct and indirect losses amount to 4.8 billion lei, including 1.85 billion
lei from the irreversible loss of 26 million tons of fertile topsoil by erosion from
slopes; 878 million lei from the complete destruction of soil cover by landslides,
ravines and excavation for social needs; and 2.07 billion lei in lost agricultural
production. Irreversible losses as a result of total destruction of soil cover over
about 30 years amount to about 36.5 billion lei.

Problems and solutions for the protection, improvement and rational manage-
ment of agricultural soils are listed in state programs elaborated with support of the
Nicolae Dimo Institute.

2.1 Introduction

As support and living environment for people, plants and animals, the soil cover is
the main part of Moldova’s natural capital but it is finite and, on the human time
scale, non-renewable. Soil is the wealth of the entire nation and should be used in the
national interest in accordance with the law, regardless of land ownership. Proper
management of soil resources is a primary social issue; the needed increase of
agricultural production can be achieved only through rational use of soil resources.
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We need to know the productive capacity of the arable land and its resilience under
existing farming systems. Unfortunately, the quality of our arable is far from
satisfactory; areas affected by erosion and landslides continue to expand; processes
of humus loss, structure deterioration and compaction, salinity and sodicity,
waterlogging and drought are intensifying — leading to breakdown of biophysical
cycles, soil deterioration and loss of fertility.

Food and agriculture contribute 15-20 % of GDP. They depend on soil resources
for agricultural and livestock production, environmental services and social welfare,
especially in rural areas. Therefore, proper management of soil fertility is a primary
social issue (National Program for Soil Fertility 2001, 2002, 2004).

State programs for soil conservation and sustainable use and management
require land-use planning for multiple functions. Here we summarise the results
of 60 years of soil investigation by the Nicolae Dimo Institute, the Design Institute
for Land Management and other investigations in soil science conducted in scien-
tific institutions within the country.

2.2 Condition of the Land Resource

The land resource of the Republic of Moldova comprises 3,384,600 ha of which
farmland occupies 2,498,300 ha (73.8 %) including arable, 1,812,730 ha (72.6 %);
perennial crops, 298,780 ha (12.0%); meadows, 352,550 ha (14.1 %); and fallow,
14,210 hectares (0.4 %). Farmland amounts to only 0.5 ha per caput including
0.4 ha of arable. About 1,877,100 ha is held by 1,310,000 private landowners with
the average holding of 1.4 ha divided between two and five individual plots
(Agency for Land Relation and Cadastre 2010).

Scientifically blind land reform fragmented holdings and created up-and-down
slope alignment of plots that has not helped sustainability, fertility or farm produc-
tion. The weighted average bonitat rating of farmland in 2010 was 63 points,
yielding a modest 2.5 t/ha of winter wheat, whereas in the 1970s the rating was
equal to 70 points. The current value of one bonitat point in terms of agricultural
production is $8/ha/year, so recent losses as a result of depreciating soil quality
amount to $56/ha/year, adding up to $105,420,000 per year for all farmland.

2.3 Land Evaluation and Soil Quality Information System

Land evaluation at the broad scale is the responsibility of soil scientists in the Design
Institute for Land Management (DILM). Soil mapping still follows procedures drawn
up prior to the land reform — which do not correspond to the current situation. A better
identification of land quality problems and solutions and planning of measures to
combat land degradation require periodic land evaluation and the creation of an
electronic soil quality information system. A correct cadastre of soil quality requires,
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in turn: (1) improvement of the soil survey investigation system and regular
re-evaluation of the entire country every 20 years and (2) improvement of soil
classification and soil evaluation methods. A prototype methodology for soil investi-
gation and electronic soil quality information system developed by the Nicolae Dimo
Institute and the Agency for Land Relation and Cadastre of Moldova has been tested at
the community level for 17 villages in Teleneshti district (Cerbari et al. 2010).

2.4 Soil Degradation

Krupenikov (2008) describes in detail five types and 40 forms of soil degradation
that lower the productive capacity of the land and, in the worst case, completely
destroy the soil cover. Erosion by runoff water affects 2.5 million ha, loss of soil
nutrients also 2.5 million ha, salinity and sodicity affect 220,000 ha, landslides
81,000 ha and nearly all arable land suffers from loss of soil structure and secondary
compaction (Tables 2.1 and 2.2).

Soil erosion is the main agent of land degradation and contamination of water
resources (Nour 2001). The affected area increased from 594,000 ha in 1965 to
878,000 ha at present — an average annual increase of more than 7,000 ha involving
a reduction of productivity of some 20 % in the slightly eroded category, 40 % for

Table 2.1 Soil quality indices

Index appreciation

Optimum/allowable Actual index
Quality indices limit Actual condition
Erosional
Soil loss t/ha 5 15-20 Extremely high
Humus loss kg/ha 70 700 Extremely high
Nutrient loss (NP) kg/ha 10-12 50 High
Agrophysical
Soil structure (sum of aggregates 60-80 40-45 Unsatisfactory
10-0.25 cm) %

Bulk density g/cm® 1.10-1.22 1.25-1.30  Moderately

compacted
Porosity % 50-55 45-50 Low
Infiltration speed mm/h 42-70 20-30 Very low
Agrochemical
Humus content % at 0-30 cm >4 80% of arable land has less than

Humus balance t/ha/year

Optimum P content at 0-30 cm
mg/100 g soil

Nutrient balance (NPK) kg/ha

Steady or positive
3.0-4.0

Steady or positive

3% humus (low content)
-0.7 Negative
60 % of arable has low soil P

—130 to Extremely
—150 negative
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Table 2.2 Land degradation in Moldova, after National Program for Soil Fertility (2002)
Damage, US$1,000

Affected farmland, By soil

No. Factors and forms of degradation 1,000 ha Annual loss

1 Sheet and rill erosion 878 221,365

2 Gully erosion 8.8 7,622 370,594
3 Landslides 24.1 - 1,014,923
4 Complete destruction of soil by excavation 5 - 210,565
5 Secondary compaction 2,183 39,730 -
6  Salinity in gley soils on slopes and 20 3,640 -

in depressions

7 Salinity in alluvial soils 99 5,405 -
8  Sodicity in steppe soils 25 1,820

9 Humus loss 1,037 18,873 -
10 Low/very low mobile phosphorus content 785 28,574 -
11 Salinity and compaction under irrigation 12.8 699

12 Other factors 1,258 108,751 1,722,422
Total - 436,479 3,318,504

moderately eroded and more than 50 % for highly eroded soils. Sheet, rill and gully
erosion are widespread; over the period 1911-1965, the area of gullies doubled
from 14,434 ha to 24,230 ha. After 1965, some of the gullied land was afforested
and some areas were levelled, reducing the gullied area to 8,800 ha in 1999, but in
2005 the recorded area was 11,800 ha thanks to cessation of controls and feckless
management of the land over recent years.

Landslides: Some 800,000 ha of land is affected by inactive landslides that
are prone to reactivation (Ecopedological Monitoring 1996; Cerbari 2011a); the
area of farmland affected spread from 21,200 ha in 1970 to 24,500 ha in 2010. The
main preventative and control measures are diversion of runoff water, drainage,
land levelling and afforestation. These are costly but it is more costly to neglect and
abandon affected areas.

Humus loss: Humus is a prime index of soil fertility, determining agrophysical,
agrochemical and agrobiological soil attributes. It has been established by experi-
ment that increasing humus content by 1 % yields 1.0 t/ha of maize or 0.8 t/ha of
winter wheat (Andries 2007). Under the plough, Moldovan soils have lost about
40 % their original humus reserves. Over the last 15 years (1994-2009), the
application of farmyard manure has decreased 60-fold; the area sown to perennial
grasses decreased 4-5-fold; and over large areas crop residues are simply burnt in
the fields. As a result, the soil’s humus balance is negative (—0.7 t/ha/year and, with
losses by erosion, —1.1tonnes); every year, our arable loses some 2.4 million tons of
humus. Increased input of organic matter is entirely possible using crop rotations
with more land under perennial and annual legumes, grasses and green manure and
by application of farmyard manure.
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Secondary compaction: Intensive tillage and damage to soil structure have led to
loss of resilience against compaction and formation of a plough pan at a depth of
25-35 cm with a bulk density of 1.7-1.8 g/cm>. Control measures include:

— Use of organic manure and compost, incorporation of plant residues, green
manure, farmyard manure and treated sewage sludge

— In acid soils, addition of sugar-factory sludge at 4—6 t/ha along with organic
manure to create a lime reserve which promotes soil aggregation

— Subsoiling at 35-40 cm once in 3 years to disrupt the plough pan

— Crop rotation with 20-30 % perennial grasses

Business-as-usual will lead to greater humus loss, structural damage and compac-
tion — with serious consequences for farm production. It is necessary to implement
gradually no-till and minimum-till soil conservation systems (Boincean 2011;
Cerbari 2011b), but these need special machinery, skilled application of herbicides
taking account of the peculiarities of crops, soil conditions and local climate and the
use of varieties adapted to the improved soil conditions created by these technologies.
Implementation of these new soil management systems requires testing and local
adaptation in several places, and production or acquisition of the necessary machin-
ery and other inputs.

Depletion of nutrients: In the years 1961-1965, 19 kg/ha of NPK and 1.3 t/ha of
manure were applied annually; the soil nutrient balance was negative and the main
crops yielded 1.6 t/ha of winter wheat, 2.8 t/ha of maize and 19.0 t/ha of sugar beet.
During the era of chemical agriculture (1965—-1990), the use of mineral fertilisers
increased ninefold to 172 kg/ha NPK and manure application also increased to
6.6 t/ha. For the first time, there was a positive nutrient balance and, as a result,
mobile phosphorus content doubled and exchangeable potassium increased by
2-3 mg/100 g of soil. Wheat yields increased to about 4t/ha. The better farms achieved
on average 4.0-5.5 t/ha of wheat, 5.5-7.5 t/ha of corn and 45-50 t/ha of sugar beet.

But over the last 15 years, application of mineral fertilisers has fallen 15-20-fold.
While crops extract 150—180 kg/ha NPK annually from the soil, only 15-20 kg/ha
NPK is added as fertiliser; the nutrient balance is again profoundly negative (National
Program for Soil Fertility 2002; Andries 2007; Boincean 2011). Rebuilding soil
fertility requires a balanced increase in the amount of manure and fertiliser and
their rational application based on soil maps and optimising crop rotations; and
long-term field experiments with fertilisers have a crucial role to play.

Sodicity and salinity affect naturally wet and irrigated soils. In the period
1966-1990, major works were carried out on soil improvement with irrigation,
drainage and gypsum amendment. Irrigation is very beneficial, especially in the
south of Moldova where droughts occur once in 3 years and irrigation will increase
yields 1.5-2-fold. However, local water resources have a high salt content and
sodium adsorption ratio which promote soil salinity and sodicity.

In the 1990s, the irrigated area reached 308,000 ha but has now fallen back to
46,000 ha (Fig. 2.1). Currently, alluvial soils are rated as good —17 %, satisfactory
—34 % and unsatisfactory —49 % (about 90,000 ha). Financial losses from salinity
and waterlogging amount to about 50 million lei (Cerbari 1995).



14 S. Andries et al.

300 th. ha

291
250 263

200 217

150 156

100 115
97

74
50

48

31 g |36 ‘ 36 ‘
0 |
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2008 2012

Fig. 2.1 Changes in the area of irrigated land

In the northern and central parts of the country, there are about 50,000 ha of
poorly drained soils. In the 1970s to 1990s, more than 40,000 ha was improved by
drainage but, over the last 14—16 years, the drains have not been maintained and no
new work has been undertaken.

Management of the 25,000 ha of sodic (solonetz) soils poses special problems on
account of their high exchangeable sodium content. In the years 1965-1990, the
regular application of gypsum and ameliorative fertilisation was undertaken, using
technology developed by the N Dimo Institute, but this has been discontinued and
high sodium levels have returned.

The following State Programs have been developed and adopted to protect,
improve and sustainably use the soil resources of Moldova:

— Complex National Program to increase soil fertility (2001)

— Recovery of Degraded Land and Increase Soil Fertility Complex Program,
Parts 1 and 2 (2004)

— Conservation and improvement of soil fertility for the years 2011-2020 (Gov-
ernment decision no. 626 of 20.08.2011)

Work continues on all these programs.

2.5 Conclusions

1. Exploitative use of the soil, ignoring the need to maintain its biological regener-
ative capacity, has decreased soil fertility. Intensive farming in the years
1970-1990 increased agricultural production but many interventions damaged
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the long-term quality of soil resources; about half of the county’s soils are
degraded — and still degrading.

2. Land reform did not create conditions for soil fertility improvement, rational soil
use and increase of agricultural production. Instead it damaged the national
economy and soil quality.

3. A strategy of step-by-step implementation of sustainable agriculture along with
land consolidation will guarantee soil quality and maintain productivity in the
long term.

4. Systems of soil tillage and fertilisation should ensure a steady-state or positive
humus and nutrient balances and the formation of a biogenic topsoil with a good
soil structure.

5. Field experiments confirm that the cardinal amelioration of the chernozem
topsoil can be achieved only by complex measures which include soil conserva-
tion, radical increase of soil organic matter through the systematic use of green
manure and other available organic fertilisers, and benign systems of mineral
fertilisation and control of weeds and pests.

6. Planning for multiple uses of the land, considering all natural and man-made
components, must go hand in hand with programs of protection, amelioration
and sustainable use.

References

Agency for Land Relation and Cadastre (2010) Land cadastre of the Republic of Moldova,
1 January 2010, ALRC, Chisinau (Romanian)

Andries S (2007) Optimization of nutritional regimes and crops productivity. Pontos, Chisinau
(Romanian)

Boincean B (2011) Soil tillage — trends and perspectives. In: Science and innovation, culture and
arts. Akademos 22(3):61-67 (Romanian)

Cerbari V (1995) Bulletin of ecopedological monitoring (pedoamelioration), 2nd edn.
Agroinformreclama, Chisinau (Romanian)

Cerbari V (1996) Bulletin of ecopedological monitoring (land degraded by erosion).
Agroinformreclama, Chisinau (Romanian)

Cerbari V (2011a) Program of development and implementation of conservative technologies in
agriculture. Moldovan Agric 4-5:7-9 (Romanian)

Cerbari V (2011b) No-till — agricultural system that protects the soil. Moldovan Agric 8-9:9-14
(Romanian)

Cerbari V et al. (2010) Soil quality monitoring (data base, conclusions, prognosis,
recommendations). Pontos, Chisinau (Romanian)

Krupenikov IA (2008) Chernozem, genesis, perfection, tragedy of degradation, conservation and
ways to regeneration. Pontos, Chisinau (Russian)

National Program for Soil Fertility (2001) National complex program for soil fertility increase.
Pontos, Chisinau (Romanian)

National Program for Soil Fertility (2002) National complex program for recovery of degraded
lands and soil fertility increase. Part I: Degraded soils amelioration. Pontos, Chisinau,
Romanian

National Program for Soil Fertility (2004) National complex program for recovery of degraded
lands and soil fertility increase. Part II: Soil fertility increase. Pontos, Chisinau (Romanian)

Nour DD (2001) Soil erosion. The essence of the process: consequence, minimalisation and
stabilisation. Pontos, Chisinau (Russian)



Chapter 3
The State of Soil Erosion in the Republic
of Moldova and the Need for Monitoring

E. Kuharuk and O. Crivova

Abstract Privatisation of land in Moldova, in 1992, created conditions ripe for soil
erosion — and other problems in agricultural management. Systematic survey of soil
erosion, completed in 2008, assessed more than 36 % of farmland as eroded in some
degree, with substantial consequences for crop yields, water resources and the
environment. The social and economic conditions that have favoured erosion in
recent times have not been attended to, and there is pressing need for a national soil
monitoring process and program for soil conservation and improvement.

3.1 Introduction

There is pressing need for soil protection in the Republic of Moldova. First, on
account of the crucial role of soil in the biosphere: it is a powerful energy accumu-
lator, it regulates the water cycle and the composition of the atmosphere and it is a
reliable barrier to the migration of pollutants (Dobrovolski and Nikitin 2006).
Secondly, Moldova has become, once again, an essentially agricultural country.
The soil is its main capital asset but is in a critical condition — suffering significant
degradation, especially from soil erosion. Soil erosion is a constant threat governed
by relief, climate, land cover, soil type and management. In Moldova, beginning in
1987 but, especially from the beginning of land privatisation in 1992, all soil and
water conservation activities came to a halt. At the same time, the conditions were
created for unrestrained soil erosion. The new owners who came into possession —
sometimes of less than hectare of sloping land — neither knew nor cared about soil
and water conservation. Erosion-containment is not the immediate concern of poor
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people in rural areas: much more important for them is to obtain crops from the gift
and profit from it.

Although agriculture is the basis of local and export markets, it has been left to
its own devices — and both soil fertility and productivity have declined. There are
many reasons for this: demographic, economic and social (Kuharuk 2012). Even the
reform of the fiscal system creates perverse incentives: in 2012, farms with an
income not exceeding 25,200 lei (about US$2,100) will be assessed 7 % tax on
income but, if their income exceeds this level, agricultural producers will be taxed
at 18 % (Miheeva 2012).

Land policy should be informed by reliable information. The information
presented here on the extent of soil erosion in the Republic of Moldova is the
most up-to date available but is far from comprehensive.

3.2 Materials and Methods

Qualitative estimation of soil characteristics in the field, soil description and sam-
pling were executed according to the methodology described by Rowell (1994/
1998). Cartometric analysis of the degree of soil erosion was undertaken according
to the procedures detailed by Kuharuk (1991, 2006) using soil maps at scales
1:10,000 and 1:200,000.

3.3 Results and Discussion

A full-profile chernozem with its topsoil intact contains, on average, 3.52 % of
humus in the 0-50 cm layer. At the low level of erosion, average humus content
decreases by 20 %; at the medium level of erosion, the average loss of humus is
42 %; at the high level of erosion, the loss is 64 %. Soil productivity declines along
with soil fertility so that crop losses on highly eroded soils amount to 90 % and for
the medium category up to 60 %! Table 3.1 summarises the condition of the soil

Table 3.1 Erosion of agricultural land in the Republic of Moldova as of 1 January 2008

Erosion level:

Total Total eroded:  Low Medium High
Zones area, ha ha % ha % ha % ha %
Northern 875,176 296,685 34.0 194,340 222 73,515 84 28,881 3.4
Central 696,345 314,748 452 165,730 23.8 102,363 14.7 46,655 6.7
Southern 732,411 285,640 39.0 157,468 21.5 91,551 12,5 36,621 5.0
South-eastern 234,753 51,880 22.1 36,152 154 12442 53 3287 14

Total 2,538,685 949,468 374 553,433 21.8 279,255 11.0 116,780 4.6
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cover of all agricultural lands and their degree of erosion according to the natural
climatic zones of the country (Kuharuk 1991).

According to the data on 1 January 2008, soil erosion afflicted more than one
third of all agricultural land in the country. Annual economic losses from loss of
crop yields, alone, amount to 3.61 billion lei (US$260 million dollars), not includ-
ing Transnistria (Program of Land Management 2005). These losses are surely
dwarfed by the costs to water supply, infrastructure and the environment which are,
as yet, not properly assessed.

It has been proven by experiment in long-term field trials at Lebedenco, in Cahul
Region (and discussed elsewhere in this symposium), that correct and competent
deployment of erosion-containment measures has clear and unambiguous economic
benefits: crop yields have increased by 30—40 % and there are big environmental
benefits from keeping the topsoil on sloping land. But scientific investigation
should not stop with the long-term field experiments; their practical results should
be implemented in other places! When assessing the future perspectives of soil
erosion, we should take account of not only present-day erosion processes but also
likely changes of climatic and agricultural conditions that will affect the intensity of
these processes. Fragmented land ownership and underfinanced management
aggravates the problem of inadequate land cover. Consequently, if present trends
continue, the area of land damaged by erosion will expand and the severity of
erosion will increase.

In the present state of the country, and of the farming community in particular,
erosion-containment measures have to be funded by the government. Otherwise,
even the best policies and plans remain only on paper. At the same time, we know
that without wholehearted and competent involvement of the people, in the first
place by the entire rural population, no government and no authority is able to
tackle this issue effectively. In August 2011 the Government of Moldova ratified a
program for Soil Fertility Conservation and Increase 2011-2020 which stipulates
mitigation measures against soil erosion and landslides and for blocking of gullies.
But the budget for scientific investigation of erosion-containment measures and
new research was cut; development and improvement of technology, taking
account of local natural and agricultural conditions, has been suspended.

3.4 Conclusions

Sound agricultural policy depends on sound information and this should include
information on the status and trends of the soil cover. Equally it is important to be
able to assess the effectiveness of land policy — which can only be done with
accurate and up-to-date data on the ecological and economic effectiveness of
specific erosion-containment measures, technologies and their combined applica-
tion at local and regional level. Therefore, it is necessary to introduce the concept —
and practice — of soil-erosion monitoring as part of a systematic state program of
land quality monitoring.
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Chapter 4
Biota of Typical Chernozem Under Different
Land Uses in Long-Term Field Experiments

L. Senikovskaya

Abstract The influence of land use and management on the biological properties
of Typical chernozem in the north of the Republic of Moldova has been
investigated. The values of most biological indices and the soil organic carbon
content decrease in the sequence: 10-23-year-old lea grassland — arable
— 30-43-year-old black fallow. A stable state of the biota is supported by a topsoil
humus content of 4.9-5.1 %. Inclusion of areas with natural vegetation in a crop
rotation restores the vital activities of the biota that are degraded by long-term
arable use. A scale of biological parameters of Typical chernozem is proposed to
assess the stability of the biota and to develop national soil quality standards.

4.1 Introduction

The soil cover of the Republic of Moldova is suffering intensified degradation and
desertification (Andries et al. 2004). The combination of natural and anthropogenic
factors has created disequilibrium between the accumulation of carbon in the soil
and the loss of soil organic carbon (Banaru and Plamadeala 2010). The carbon
budget is profoundly negative and this has a big impact on the soil biota
(Senikovskaya et al. 2010). Biological degradation accompanies and, sometimes,
exacerbates all kinds of soil deterioration. Therefore, there is a need for ecological
certification of soils and national quality standards.

Soil quality and stability depend on many physical, chemical and biological
attributes, and characterisation requires the selection of the properties most sensitive
to changes in management practices (Cameran et al. 1998; Filip 2002; Paz Jimenez
et al. 2002). Biological properties fulfil this requirement but they vary both seasonally
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and spatially (Trasar-Cepeda et al. 1998; Bending et al. 2004). Therefore, indices
based on a combination of soil properties are needed to reflect the effects of the major
soil processes on soil quality and resilience. An important issue to be resolved is the
selection of reference criteria: in order to evaluate soil quality, it is necessary to
develop individual parameters and scales for different soils and types of soil degra-
dation. In this respect, monitoring and statistical analysis of the results of long-term
field experiments make it possible to produce databases on status of the soil biota
and to develop a system of evaluation of degradation and recovery processes. This
research aims to determine the influence of different land use management on the
biological properties of Typical chernozem' and to develop scale parameters of the
stability of the soil biota.

4.2 Experimental Site and Methods

Research was conducted on the long-term field experiments of the Selectia Research
Institute for Field Crops (Boincean 1999), located in the north of the Republic of
Moldova, in District No. 3 of Typical and Leached Chernozems of the wooded steppe
of the Balti ridges and plains (Ursu 2011). Within the long-term experiments, plots
were selected from lea” established for 1023 years, long-term arable and black
fallow established for 30-43 years. The soil is Typical chernozem with humus
content of 5.06 % under lea, 4.17 % under unfertilised arable crop rotation, and
3.54 % under black fallow. Soil samples were collected from the 0-30 cm layer of the
experimental plots during 1994-1998 and 2006-2007.

Status of invertebrates: The status of invertebrates was identified from test cuts
by manually sampling the soil layers to the depth of soil fauna occurrence (Gilyarov
1965). Diversity at the family level and classification according to feeding habits
were categorised according to Gilyarov and Striganova (1987).

Microbiological properties: Microbial biomass carbon was measured on the
0-30 cm layer by the rehydration method (the difference between carbon extracted
with 0.5 M K,SO, from fresh soil samples and from soil dried at 65-70 °C for 24 h —
Blagodatsky et al. 1987). K,SO4-extractable carbon (C) concentrations in the dried
and fresh soil samples were measured simultaneously by dichromate oxidation;
K,SO4-extractable C was determined at 590 nm using a Specol-221 spectrophotom-
eter. The quantity of K,SOy-extractable C from fresh soil samples was used as a
measure of labile organic C (Graham and Haynes 2006). Counts of culturable
microorganisms (heterotrophic bacteria, humus-mineralising microorganisms, bacte-
ria from the family of the Azotobacter and fungi) were obtained on agar plates
(Zvyagintsev 1991).

Enzymatic activity: Dehydrogenase activity (potential) was determined colorimet-
rically by the presence of triphenylformazan from TTC (2, 3, 5-triphenyltetrazolium

! Haplic chernozem in World reference base for soil resources 2006.
2 Arable land sown to grass or pasture.
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chloride) added to air-dry soil (Haziev 2005). Polyphenol oxidase and peroxidase
activities (potential) were determined colorimetrically using hydroquinone as a sub-
strate (Karyagina and Mikhailovskaya 1986).

Soil chemical properties: Organic carbon was determined by dichromate oxida-
tion; the humus content was estimated using the coefficient 1.724 (Arinushkina
1970).

Microbiological, enzymatic and chemical indices were evaluated by analysis of
variance.

4.3 Results and Discussion

In Typical chernozem, soil organic carbon content and the values of most biological
indices decreased from long-term lea to arable to black fallow (Table 4.1, Fig. 4.1).
The highest numbers, biomass, activity and diversity of invertebrates and
microorganisms, except the humus-mineralising microorganisms, are found under
lea. This regularity is observed in the mean values of indicators as well as their
confidence intervals.

The greatest number and diversity of invertebrates were found under lea; as
many as 12 families were identified. The families of Lumbricidae, Elateridae,
Enchytraeidae, Chilopoda and Formicidae were dominant under lea (Demchenko
2004). Earthworms comprised 33.8 % of the total invertebrates (and 63.1 % of
saprophages), Elateridae 22.4 %, Enchytraeidae 19.0 % and Chilopoda 8.6 %
without taking account of members of the ant family.

Long-term arable contributes to the degradation of soil biota. Simplification of
the structure of faunal communities and diminished biodiversity were registered
during the entire observation period. In the arable soil, the number of invertebrate
families decreased to 8. The family of Lumbricidae occupies a dominant position but
the number of saprophages diminished by a factor of 2.1, predatory species by 3.2
and phytophages by 5.8. This shows the destruction of trophic links in feed circuits.

Similarly, the structure of soil microbial communities was affected. There was a
2.5-fold increase in the number of humus-mineralising microorganisms. The ratio
between bacteria and fungi increased from 190 to 342. Activities of soil enzymes
also diminished: dehydrogenase by 1.4—1.6 and polyphenol oxidase to only 8 %.

The lowest values of biological parameters were observed in the soil under black
fallow — the extreme variant of degradation under the plough. No invertebrates were
found and Azotobacter was absent from the microbial community. Microbial
biomass is 3.3 times lower than under lea and enzymatic activity was very low —
in some years it stood at zero. The peroxidase activity is an exception that
demonstrates the high degree of mineralisation of humus under black fallow.

The indicators of the edaphic fauna varied widely, both seasonally and in
different sampling plots. The highest values of the variables were recorded under
arable. The coefficients of variation increased from 22 to 31 % under lea to 40-52 %
under arable. The largest variations were observed in the abundance and biomass of
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Table 4.1 Soil invertebrates in Typical chernozem under different land management

Indices Average values Confidence intervals V., % n
10-23-year-old lea
Number of invertebrates/m> 356.0 317.0-395.0 22 11
Biomass of invertebrates, g/m2 29.4 24.2-34.6 24 11
Number of Lumbricidae/m? 141.7 112.5-171.0 28 11
Biomass of Lumbricidae, g/m2 23.5 18.1-28.8 31 11
Arable
Number of invertebrates/m2 141.8 118.2-164.6 40 18
Biomass of invertebrates, g/m2 17.8 12.3-23.4 48 18
Number of Lumbricidae/m? 91.1 73.5-108.7 47 18
Biomass of Lumbricidae, g/m2 16.5 11.3-21.7 52 18
30-43-year-old black fallow
Number of invertebrates/m? 0 0 0 12
Biomass of invertebrates, g/rn2 0 0 0 12
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Table 4.2 Organic carbon, K,SO4-extractable C, microbial biomass C and ratios in Typical
chernozem under different management, 0-30 cm (means, n = 9-14, P < 0.05)

Indices Lea Arable Black fallow
Humus content, % 497 4.53 3.63

Corg» % 2.88 2.63 2.11
K,SOy-extractable C, mg C/g soil 2.38 291 3.29
Microbial biomass C, pg C/g soil 355.8 318.4 109.0
Cms/Corg 1.23 1.21 0.52
Cymp/CK,S04 14.94 10.94 3.32

MB microbial biomass = Cy,, — K;SOy-extractable C

Table 4.3 Scale of biological parameters for Typical chernozem (0-30 cm)

Degree  Humus % Humus-mineralising Dehydrogenase,
of content, Number/ Biomass MB, pg microorganisms, CFU/g mg TPF/10 g
stability % m? g/m? C/g soil  soil*10° s0il/24 h
Very >5.1 >395 >35 >487 4.7-5.4 >3.6

high
High 49-51 317-395 24-35 275487 5.4-17.5 2.2-3.6
Moderate 4.4-4.7 118-165 12-23 266-371 15.2-17.3 1.6-2.3
Low 3537 0 0 82-136 2.64.7 0.1-0.4

earthworms. The increase of coefficients of variation in long-term arable cherno-
zem indicates a decline in environmental sustainability. Although the three plots
exhibited different levels of fertility, indicators of microbiological and enzymatic
properties registered moderate and high variability. The coefficient of variation for
microbial biomass C was 26-39 %; for numbers of microorganisms, 14—62 %; and
for enzymatic activities, 14-91 %.

Soil organic carbon enters the soil through exudates from live roots, crop residues
and carbon fixation by autotrophic microorganisms (Boincean 1999; Graham and
Haynes 2006). Root mortality is generally considered to contribute most of the soil
organic matter. As a result, contents of organic C, microbial biomass C and dehydro-
genase activity were much greater under lea than under arable or black fallow
(Fig. 4.1, Table 4.2). The absolute content of K,SOy-extractable C varied widely
during the observation period: it was most constant under lea (2.03-2.76 mg C/g soil),
but there was a tendency to increase under arable and under black fallow — which may
be a result of the activation of autotrophic carbon fixation by soil algae. However, the
ratio Cyp/CK,SO, decreased from 14.94 under lea to 10.94 under arable and 3.32
under black fallow. A similar decrease was apparent in the share of the microbial C in
the total organic carbon; the ratio Cyp/Coyre decreased from 1.23 under lea to 0.52
under black fallow (Table 4.2).

Table 4.3 presents a scale to estimate the stability and quality of Typical
chernozem, grouping the biological parameters of soils according to the humus
content. The stability of the soil biota is greatest under seminatural lea — and least
under black fallow. Arable chernozem under crop rotation, without fertiliser,
occupies an intermediate position.



26 I. Senikovskaya

4.4 Conclusions

Degradation of chernozem under long-term arable is reflected in the decline of the
humus content and soil biological properties in the sequence: 10-23-year-old lea >
arable >30-43-year-old black fallow. The number and biomass of invertebrates
diminished by a factor of 1.7-2.5. In the extreme conditions of black fallow land,
microbial biomass carbon decreased by 3.3 compared with the soil under natural
vegetation. In long-term arable chernozem, dehydrogenase activity went down by 1.5
and humus-destroying microorganisms dominate.

Multiannual fallow under natural vegetation promotes the conservation and
regeneration of invertebrates and microorganisms; they have a high level of bio-
mass and enzyme activity. A stable state of the biota is provided by a topsoil humus
content of 4.9-5.1 %. The incorporation of areas with natural vegetation in a crop
rotation created conditions for the improvement of the vital activity of the soil biota
which had been degraded by long-term arable use.

A scale of biological parameters is proposed for Typical chernozem to assess the
stability of biota and to establish the national soil quality standards.
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Chapter 5
Essential Mass and Structure of Soil
Microorganisms in the Black Earth

N. Frunze

Abstract New data are presented on the microbial biomass in chernozem soil and its
prokaryote and eukaryote components. The essential mass of soil microorganisms
varies between 537 and 705 pgC/g soil under a crop rotation including lucerne and
between 385 and 585 pngC/g under the rotation without lucerne. The highest values of
this index were been registered in the soil receiving long-term applications of
farmyard manure. Fungi accounted for 63-80 % of the microbial biomass. The
soil’s C:N ratio conditioned the fungi to bacteria ratio: 1.8-3.9 under the rotation
with lucerne and 1.7-3.6 under the rotation without lucerne; i.e. fungi to bacteria
ratios were inversely proportional to the C:N ratio in the soil.

5.1 Introduction

The mass of microorganisms is the most active component of soil, responsible for
maintenance and cycling of carbon and nutrients. It is also the most unstable
component in terms of its reserves and structure, or composition. In general,
fungi are thought to predominate (Anderson and Domsch 1975; West 1986; Frey
et al. 1999) although Ananieva et al. (2006, 2008) affirm a preponderance of
bacteria. The fungi to bacteria ratio is the structural parameter reflecting the
humidity gradient in, for instance, soil use and management and the decomposition
of plant residues (Beare et al. 1990; Bailey et al. 2002; Baath and Anderson 2003).
It is sensitive to modifications of the environment such as pH (Baath and Anderson
2003), substrate (Blagodatskaya and Anderson 1998) and soil organic carbon
content (Frey et al. 1999; Bailey et al. 2002) so it is widely used to assess the
impact of management on the soil’s living component. This chapter evaluates
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microbial biomass and structure, in particular the relationship between soil fungi
and bacteria, and the contribution of prokaryotes and eukaryotes to the microbial
biomass.

5.2 Research Site and Methods

Microbial communities were investigated in the topsoil of eight variants of Typical
chernozem within a field experiment at the MAS Biotron Experimental Station,
near Chisinau in Moldova. The variants were a control, soil under long-term
application of mineral fertilisers, soil fertilised with farmyard manure and with
mixed fertilisation (manure + mineral fertiliser + crop residues); apart from the

Table 5.1 Crop rotations and fertiliser application

Mineral

Year Crop fertiliser Organic fertiliser Organic + mineral fertiliser

Crop rotation with lucerne

1995, 1st year NooPs¢Ksss ~ Manure 10 t/ Manure 10 t/ha = NggP»7K535
2002 lucerne ha = N90P27K235

1996, 2nd year NisoP100Kasgs Residual effect Residual effect
2003 lucerne

1997, 3rd year N100P62K236 ” Green manure
2004 lucerne

1998, Winter Ni56PssKo ” Residual effect = NysP1oK47 +
2005 wheat wheat straw

1999, Maize for N85Pg2Ko Manurel0 t/ Manure 10 t/ha = NgoP»7K35
2006 grain ha = N90P27K235

2000, Maize silage Nj45PesKi45 Residual Residual effect = NgoP13K7g
2007 effect = N90P13K70

2001, Winter N156PoKg Residual Residual effect = NysPoKy7 +
2008 wheat effect = NysP;oKy7 wheat straw

Crop rotation without lucerne

1995, Fodder beet N;43P45Ko85 ManurelO t/ Manure 10 t/ha = NggP»7K535
2002 ha = NgoP»7K335

1996, Maize silage NgoP4,Kg; Residual Residual effect = NggP3K7¢
2003 effect = NgoP13K79

1997, Winter Ni41Ps:2Kog  Residual Residual effect = NysPoKy7+
2004 wheat effect = NysP;oKy7 catch crop of

peas = Ny7P34Ko,

1998, Soya beans  Ns4P36Kg0 No residual effect Green manure from
2005 soya = N27P34K22

1999, Spring Ni20P45Kgo  No residual effect Barley straw = N,;P34K5,
2006 barley

2000, Maize for Nis6PsgKi10 Manure 10 t/ Manure 10t/ha = NgoP»7K»35
2007 grain ha = NggP»7K»35

2001, Winter Ni41Ps:Ko9  Residual Residual effect = NggP;3K7g +

2008 wheat effect = NgoP13K7g wheat straw = N,;P34K5,
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control, plots (“sample” in Figs. 5.1 and 5.2) received equivalent amounts of NPK.
Each variant was sampled under crop rotations with and without a perennial
legume. Over the period 2006-2008, soil samples were taken from the 0-20 cm
layer, three times during the growing season, from plots under forage crops
(Table 5.1). While still at field moisture content, the soil samples were passed
through a 2 mm sieve.

The separate contribution of fungi and bacteria to the respiration induced by the
substrate (SIR) was determined by selective inhibition by antibiotics which stopped
growth without inhibiting the respiration of the microorganisms (Anderson and
Domsch 1975). SIR was evaluated against the initial maximum rate of soil respira-
tion after enrichment with glucose: Glucose solution (10 mg/g) was added to 5 g
soil in a flask; the sample was incubated for 4 h at 22 °C then a 2 ml aliquot of air
extracted and analysed in a chromatograph. Antibiotics (cycloheximide, a fungi-
cide, and streptomycin, a bactericide) (2 mg/g), were introduced separately and
together; glucose solution was added and SIR was determined after a further period
of incubation. A soil sample to which only glucose was added served as a control.
All measurements were made on five replicates.

The fungi to bacteria ratio contributing to SIR was determined according to the
formulae: C = (A — V)/(A — D) x 100 % and B = (A — C)/(A — D) x 100 % —
where A is respiration (emission of CO,) of the soil with glucose; B is respiration of
the soil with glucose + fungicide; C is respiration of the soil with glucose + bacteri-
cide; and D is respiration of the soil with glucose + bactericide + fungicide. Micro-
bial mass was calculated as Cp;., pg/g = pgC — CO,/g dry soil/h; i.e. SIR, being
multiplied by the experimentally established value 40.04 + 0.37, was transformed to
microbial mass, expressed in carbon units (Anderson and Domsch 1975). The data
were processed following the procedures given by Comarov et al. (2000).

5.3 Results and Discussion

The mass of the microorganisms varied between 536.97 and 705.07 pgC/g under
the crop rotation with lucerne and between 384.75 and 584.95 pgC/g without
lucerne (Fig. 5.1). The greatest biomass was in the rotation with lucerne under
long-term manuring. There were distinct seasonal changes: Soil microorganisms
metabolised more glucose and achieved their maximum mass in the spring; SIR
slowed down considerably in summer but there was resurgence in autumn — though
not to spring levels.

Differences in functional activity are evidence of metabolic diversity and, also,
different structure within microbial communities. The biggest microbial biomass,
under long-term application of farmyard manure, was conditioned not only by the
high specific metabolic activity (which did not differ from the variant with mineral
fertilisers) but by its great reserves of microbial biomass — confirmed by indepen-
dent determination by the rehydration method (Frunze 2005).

The microbial community under mineral fertilisation was characterised by the
development of microorganisms following addition of glucose — evidence of a
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Fig. 5.1 Microbial biomass of the black earth

Table 5.2 Eukaryote and prokaryote biomass (pgC/g), fungi to bacteria ratio and physicochemi-
cal properties of the typical black earth (average for 3 years)

Biomass, mkg C/g

Variant Humus % C/N pH Fungi Bacteria Fungi/bacteria
Crop rotation with lucerne

Control 3.0 8.60 8.2 340.71 176.55 1.93
Mineral fertiliser 3.0 7.03 8.2 328.70 180.55 1.82
Organic fertiliser 33 4.80 8.2 564.93 156.53 3.61
Organic + mineral 34 4.40 8.3 576.95 148.52 3.88
Crop rotation without lucerne

Control 2.8 7.17 8.2 232.60 136.51 1.70
Mineral fertiliser 2.9 6.10 8.2 264.63 144.51 1.83
Organic fertiliser 32 4.49 8.2 420.79 116.49 3.61
Organic + mineral 3.1 4.20 8.3 416.79 140.51 2.97

predominance of slowly growing microorganisms (k-strategists) able to exploit the
substrate to the utmost. In unfertilised soil, the microbial community is a complex
of microorganisms, most of the time inert but able to grow rapidly to take advantage
of any improvement (r-strategists).

Antibiotics induced differential changes in the structure of the soil microbial
biomass (Table 5.2). The largest mass was registered following administration of
bactericides: 340.71-576.95 pgC/g under the rotation with lucerne and
232.60-416.79 pgC/g without lucerne. This indicates that, in black earth, bacterial
biomass is a minor component: 148.52-176.55 pgC/g in the crop rotation with
lucerne and 116.49-144.51 pgC/g without lucerne. The fungi to bacteria ratio is
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Fig. 5.2 The correlation fungi/bacteria in the microbial mass of typical black earth

1.82—-3.88 under the rotation with lucerne and 1.70-3.61 without lucerne, with the
highest ratios in the manured soil.

Comparison with the literature underlines the great reserves of microbial biomass
in the black earth, which may be considered a factor of stability of the soil ecosystem
(Polianskaia et al. 1995). Our data demonstrate that microbial biomass is diminished in
arable soils; application of manure and fertiliser creates more favourable conditions but
the microbial biomass remains less than in the natural ecosystem (Frunze 2005).
Nevertheless, despite long agricultural usage, the black earth has preserved a pool of
microorganisms with high potency for reactivation. According to Blagodatsky et al.
(1994), it is typical of a small pool of potentially active microorganisms without
pronounced 1- or k-strategists. Blagodatskaya et al. (2003) consider that with the
cultivation on glucose the microbial community possesses at least some of the features
of k-strategists — corresponding to the rule of ecology concerning the interconnection of
the habitat conditions with the characteristics of its biota and Odum’s hypothesis that the
speed of the growth of microorganisms should diminish in the more mature ecosystems.

In Typical chernozem under crop rotation, assay of microbial biomass by SIR
shows a dominance of the fungi: 62.78-79.45 % of the total biomass of soil
microorganisms (Fig. 5.2). These results are comparable with those obtained
from black earths elsewhere.

It is noteworthy that low fungi to bacteria ratios (0.5-0.6) have been observed in
arable soils (Velvis 1997) and under pasture (1.0) (Bailey et al. 2002), while the
ratio is higher under coniferous forest (1.1) and much greater in prairie (13.5).
On the basis of such results, Bailey suggested that there is better maintenance
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of soil organic carbon in the soils dominated by fungi. Vegetation and pH also have
a strong influence on the composition of soil microorganism communities
(Blagodatskaya and Anderson 1998); in Germany on soils with pH values from
3.0 to 7.2, the fungi to bacteria ratio diminished greatly at higher pH; at pH 3 the
ratio was 9 and at pH 7 it was 2 (Velvis 1997).

In our experiments, the fungi to bacteria ratio is modified by the soil’s C:N ratio.
As distinct from other soils where the fungi to bacteria ratio increases with an
increase in C:N (Ingham and Horton 1987), in black earth the fungi to bacteria ratio
is inversely related to C:N.

5.4 Conclusions

1. The dominant contribution to the emission of CO, by soil microorganisms in
typical black earth under forage crops is made by fungi (62.8-79.4 %). There-
fore, we conclude that communities of microorganisms in the black earth
preponderantly consist of fungi (eukaryotes).

2. The fungi to bacteria ratio was 1.82-3.88 under the crop rotation with lucerne
and 1.70-3.61 under the rotation without lucerne. The highest values of this
index have been registered in the soil regularly treated with organic fertilisers.

3. Values of the fungi to bacteria ratio were inversely average proportional to the
C:N ratio in the soil.

4. Forage crops had a positive impact on the structural composition of the soil
microorganism communities and on the biomass mass of fungi.
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Chapter 6

Effects of Long-Term Fertility Management
on the Soil Nematode Community and Cyst
Nematode Heterodera schachtii Population
in Experimental Sugar Beet Fields

L. Poiras, E. Iurcu-Straistraru, A. Bivol, N. Poiras, 1. Toderas,
M. Bugaciuc, and B.P. Boincean

Abstract Nematode faunal responses were studied under long-term, continuous
sugar beet and crop rotations without fertilizer and with the combined application
of manure with mineral fertilizers. Differences attributable to the different
treatments were assessed in terms of abundance, species diversity of nematode
communities, and functional guilds combining feeding groups and life strategy.
Continuous sugar beet gave rise to an increasing abundance of nematodes, espe-
cially plant-parasitic nematodes and, relatively, bacterivores; and the number of
Heterodera schachtii cysts exceeded the threshold of economic damage. Under
crop rotations including grains, in combination with organic manure and nitrogen
fertilizer, plant-parasitic nematodes decreased and the H. schachtii population was
below the damage threshold. In the experimental plots with fertilizers, the nema-
tode bacterivores guild Ba2 (Cephalobidae and Plectidae) and fungivores guild Fu2
(Aphelenchus and Aphelenchoides) were numerous; however, plant-parasitic
nematodes from guilds PP3, Hoplolaimidae (Heteroderinae) and Pratylenchidae,
and partly PP2, Anguinidae and Dolichodoridae, decreased.

6.1 Introduction

The cyst nematode Heterodera schachtii Schmidt is one of the most dangerous
pests of sugar beet (Beta vulgaris L. ssp. saccharifera). Symptoms of nematode
infestation include patchy wilting of the leaves, with yellowing and death of the
outer leaves, a stunted taproot with an increased lateral root formation (root beard),
and the presence of the pinhead-sized white females and brown cysts; field
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symptoms are patches of stunted plants with yellowing leaves and other symptoms
of nutrient deficiency. With a nematode population of 300400 eggs and
second-stage juveniles per 100 g of dry soil, yield losses may be more than 50 %
(Baldwin and Mundo-Ocampo 1991; Curto 2008; Okada et al. 2004; Sigareva 1977).
In Moldova, the study of nematodes in sugar beet was begun by Nesterov in the
second half of the last century. He found that damaging H. schachtii infestations are
related to the weather; a long period of soil temperature above 10 °C increases
the number of generations of the pest; the development cycle lasts 30—45 days and
there may be 3—4 generations per year (Nesterov 1970, 1973).

Today, farmers can choose between several agronomic techniques that will
control cyst nematodes if correctly and punctually applied. These include crop
rotation with a long period between successive beet crops and long-term application
of farmyard manure and nitrogen fertilizers (Boincean 1999; Neher 2001; Perry and
Moens 2006; Poiras et al. 2010). Every year, the nematode larvae hatch spontane-
ously from cysts and, if they find no host, the population is reduced. Many studies of
crop rotation for sugar beet propose the inclusion of non-susceptible plants for 3 or
4 years between sugar beet planting to reduce the nematode population (Curto
2008). The objectives of this study were to compare the long-term effects of a
combination of manure and nitrogen fertilizers and crop rotation (maize — wheat —
sugar beet) on the density of juveniles and cysts of H. schachtii in the long-term
field experiments of Selectia RIFC at Balti and to evaluate the relationship between
soil proprieties and nematode communities.

6.2 Material and Methods

The species diversity of nematode communities was studied in 24-year experimental
plots of continuous sugar beet and in crop rotations with and without manure and
nitrogen fertilizers. The experimental plots comprised (1) unfertilized continuous sugar
beet (P); (2) continuous sugar beet with application of nitrogen fertilizer NgoP30K30 (N)
and 40 t/ha of organic manure (M) (P + M + N); (3) unfertilized three-field rotation of
maize, wheat, and sugar beet (CR); and (4) three-field rotation of maize, wheat, and
sugar beet with application of 40 t/ha manure and fertilizer (CR + M + N). Soil
samples were taken from 0-20 cm depth in each plot in autumn of 2010 (before
harvest). Nematodes and cysts were extracted from 100 cm® of soil and 100 g of
sugar beet roots by a modified Baermann and Fenwick procedure (Bezooijen 2006).

At least 150 nematodes were identified from each sample and assigned to trophic
groups, characterized by feeding habits (Yeates et al. 1993): bacterivores (Ba),
fungivores (Fu), omnivore-carnivores (Om-Ca), and plant parasites (PP). To ana-
lyze the community structures, nematode families were allocated to functional
guilds (Ferris et al. 2001) defined as combinations of feeding groups and life
strategy by cp values from extreme r-strategy to k-strategy using the maturity index
MI = >v(i) x f{i), where v(i) is cp value of taxon i according to their r and k
characteristics, f(7) is the frequency of taxon i in a sample and by the plant-parasitic
index (PPI) which was determined according to the ratio of plant-parasitic genera and
MI (Bongers 1990).
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6.3 Results and Discussion

Altogether, 44 species of plant-parasitic and free-living nematodes were encountered
with densities of 550-3,500 individuals/100 cm> soil and different numbers of cysts of
H. schachtii, depending on the different agronomic treatments. According to trophic
groups, plant parasites and bacterivores were characterized by species diversity and
abundance, especially in continuous sugar beet culture (Table 6.1, Fig. 6.1).

Figure 6.2 illustrates the morphology, biology, and pathogenesis of H. schachtii.
In the continuous sugar beet plots (P), the number of H. schachtii cysts (1,000-2,000
or more) exceeded the threshold of economic damage. Endoparasitic species of genus

Table 6.1 Species and abundance of nematodes in long-term experimental plots

Treatments
P P+M+N CR CR+M+N
Number of species in plots 34 31 28 29
Trophic groups: Plant parasites (PP) 10 9 9 9
Bacterivores (Ba) 11 10 9 10
Fungivores (Fu) 5 6 5 5
Omnivore-carnivores (Om-Ca) 8 6 5 5
Maturity index (MI) 2.65 2.55 2.5 2.2
Ratio indexes PPI/MI 0.86 0.84 0.84 0.95
No. individuals/100 cm? soil 1,720-3,500  950-1,680  640-1,120 550-1,320
No. cysts/100 cm? soil 1,450-2,000 750-1,500  0-120 0-68
P (ind)
CR+M+N(cyst) P+M+N(ind)
®---@ Min
CR t) ¢ ' CR (ind
(cyst) (ind) Max
P+M-+N(cyst) I "CR+M+N(ind)

P (cyst)

Fig. 6.1 Number of individuals of nematode communities and cysts of H. schachtii (x 10%/100 cm’
soil) according to plot treatment
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Fig. 6.2 Heterodera schachtii (a) cysts, (b) anterior cyst, (c) invasive second-stage juvenile (J2)
coming from destroyed cyst, (d) head of J2 with strong stylet, (e) deformed sugar beet roots after
H .schachtii infestation (f) typical field symptoms of infestation by cyst nematodes

Pratylenchus (P. pratensis, P. subpenetrans) and ectoparasite Paratylenchus nanus
were also numerous. Crop rotations including small grains and maize in combination
with organic manure and nitrogen fertilizers (CR + M + N) effectively reduced the
numbers of H. schachtii to 15-20 cysts/100 cm® (well below the damage threshold).

The application of manure and nitrogen fertilizers changed the nematode com-
munity indices: values of MI (2.65) increased in continuous sugar beet and
decreased in crop rotation with fertilizers (2.2), although mineral fertilizers slightly
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depressed omnivore-carnivore nematodes. The ratio PPI:MI varied from optimal
use of nutrient sources (0.84) to slight nutrient disturbance (0.95).
Table 6.2 shows the assignment of nematode families and genera to functional

guilds.

Table 6.2 Nematode assemblages under different fertilization treatments

Treatments”
Species of nematodes Guild* P P+M+N CR CR+M+N
PP
Tylenchus davainei PP2 + + + +
Filenchus filiformis PP2 + + + +
Nothotylenchus acris PP2 + + + +
Lelenchus minutus PP2 + - - -
Helicotylenchus dihystera PP2 - + - -
H. crenatus PP2 + - - -
Ditylenchus misselus PP2 + + + +
Pratylenchus brachyurus PP3 + - - -
P. pratensis PP3 + + + +
P. subpenetrans PP3 - + + +
Bitylenchus dubius PP2 - - + +
Heterodera schachtii PP3 + + + +
Paratylenchus nanus PP2 + + + +
Fu
Aphelenchus avenae Fu2 + + + +
A. paramonovi Fu2 - - + +
Aphelenchoides composticola Fu2 - +
A. limberi Fu2 + + + +
A. parietinus Fu2 + + + +
A. subtenuis Fu2 + + - -
A. saprophilus Fu2 + + + +
Om-Ca
Eudorylaimus maritus Om4 + + + +
E. papillatus Om4 + + - -
Ecumenicus monohystera Om4 + + + +
Mesodorylaimus centrocercus Om4 + - + +
Crassolabium ettersbergensis Om4 - + + +
Prodorylaimus sp. Om4 + + - -
Aporcelaimellus paraobtusicaudatus Om5 + - + +
Mononchus sp. Cad + + - -
Mylonchulus brachyuris Ca4 + - - -
Ba
Cephalobus persegnis Ba2 + + + +
Chiloplacus propinquus Ba2 + - - -
Eucephalobus oxyuroides Ba2 - - + +
E. striatus Ba2 + + + +
Heterocephalobus elongatus Ba2 + + - +
A.buetschlii Ba2 + + + +
Acrobeloides nanus Ba2 + - + +

(continued)
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Table 6.2 (continued)

Treatments”
Species of nematodes Guild® P P+M+N CR CR+M+N
Acrobeloides tricornis Ba2 + - + +
Alaimus primitivus Ba2 + + - -
Mesorhabditis signifera Bal + + + +
Aulolaimus oxycephalus Ba2 - + - -
Anaplectus granulosus Ba2 + + - -
Plectus cirratus Ba2 - + + +
Plectus parietinus Ba2 - + + +
Plectus rhizophilus Ba2 + - - -

“Functional guilds: Ba bacterivores, Fu fungivores, PP plant parasites, Om omnivores, Ca
predators, number in functional groups indicate cp values

*Treatments: P permanent culture, P + M + N permanent culture + manure + N fertilizer, CR
crop rotation, CR + M + N, crop rotation + manure + N fertilizer

The allotment of nematodes into guilds with the similar trophic function and life
strategy provides a basis for applying nematode faunal analyses to an integrated
assessment of the condition of the soil food web (Ferris et al. 2001; Liang et al.
2009; Yeates et al. 1993). To describe the long-term changes in soil conditions, we
exclude opportunistic bacterivores (Bal) that reproduce rapidly in response to
nutrient conditions in the soil; in our study, Bal was represented only by the
genus Mesorhabditis but replaced by numerous Ba2 (Cephalobidae and Plectidae)
and Fu2 (Aphelenchus and Aphelenchoides) that are relatively tolerant to chemical
stress or polluted soils and, so, may have survived fumigation deeper in the soil and
recovered rapidly. Cephalobidae require fewer food bacteria to maintain their
population and are less affected by food species than Rhabditidae; they tend to
be most abundant in soils with fewer pores or more clay (Liang et al. 2009). Organic
manure and nitrogen fertilizers greatly increased the abundance of Ba2
bacterivores, relatively reduced omnivore-carnivores (Om4, Om5 and Ca4), and
reduced numbers of plant parasites (PP3 and, partly, PP2). Plant-parasitic
nematodes are potentially more responsive to the presence of host plants than to
soil amendment; in this case, crop species may have influenced nematode commu-
nity structure more than management practices (Neher 2001). In these experimental
plots, the nematode bacterivores Ba2, which are natural antagonists of the sugar
beet cyst nematode, were numerous.

6.4 Conclusions

Compared with unfertilized, continuous sugar beet, long-term application of farmyard
manure and nitrogen fertilizer and crop rotation change the structure of nematode
communities by increasing the number of bacterivorous Cepholabidae (Ba2) and
fungivorous Aphelenchidae (Ful), thereby suppressing the plant-parasitic species
especially the beet cyst nematode Heterodera schachtii.
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Chapter 7
Biochemical Parameters of Arable
Chernozem in Long-Term Field Experiments

E. Emnova

Abstract The biochemistry of cultivated chernozem was investigated using
microbial eco-physiological indicators and specific enzymatic activities. Soil-
specific biochemical properties (soil FDA hydrolase, urease and protease activities)
responded to fertilizer application more than general biochemical attributes (micro-
bial biomass carbon, basal soil respiration, microbial and metabolic quotients).

Compared with Typical chernozem in northern Moldova, Calcareous chernozem
in the south-east of the country is more stressed but, despite lesser stocks of soil
organic carbon, it provides more carbon for microbial growth and maintenance.
Under maize, the microbial quotient of Calcareous chernozem (1.7-1.8 %) was
twice that in Typical chernozem; basal respiration (2.33 pgCO,-C/g dry soil/ha)
was 3.0—4.5 times higher; and the metabolic quotient reached 9.2-9.4 mg CO,-C/g
Chic/ha, 2.6-3.8 times higher. On Calcareous chernozem, ploughless cultivation
contributed to increases in soil organic carbon, microbial biomass and microbial
quotient — but did not increase crop yields.

7.1 Introduction

Biochemical processes drive the carbon and nutrient cycles, so soil biochemical
attributes lend insights into soil quality (Leirds et al. 2000; Gil-Sotres et al. 2005).
Nannipieri and others (1995, cited by Trasar-Cepeda et al. 2008) group soil
biochemical properties into general parameters directly related to microbial activity
(microbial biomass C and N, microbial respiration, N mineralization capacity, etc.)
and specific parameters (which include the activities of extracellular hydrolytic
enzymes involved in the C, N, S and P cycles) which are rather more independent
of microbial activity. Soil microbial biomass is involved in many and various soil
processes — including decomposition of organic residues, nutrient cycling,

E. Emnova (P<)
Institute of Genetics and Plant Physiology, MAS, Chisinau, Republic of Moldova
e-mail: kateemnova@mail.ru

D. Dent (ed.), Soil as World Heritage, DOI 10.1007/978-94-007-6187-2_17, 45
© Springer Science+Business Media Dordrecht 2014


mailto:kateemnova@mail.ru

46 E. Emnova

mobilization of nutrients (particularly phosphates), degradation of xenobiotic
compounds and pollutants, soil structure, carbon storage and biological control and
suppression of plant pathogens — so we may consider it to be an indicator of soil
quality.

Microbial biomass carbon (C,;.) and its related parameters — microbial quotient
(Ciic:Corg)» basal soil respiration (CO,-C rate) and metabolic quotient (qCO,) —
have been proposed as eco-physiological indicators (Anderson 2003; Anderson and
Domsh 2010). They have been widely applied to investigation of microbial
responses to soil management practices (Corcimaru et al. 2011; Emnova 2012;
Emnova et al. 2010, 201 1a; Kaschiuk et al. 2010; Leirds et al. 2000; Merenuic et al.
2008; Senicovscaia et al. 2008). Although soil quality is an amalgam of many
properties, most workers choose just a few to assess it (Emnova et al. 2011b). Here,
we use microbial eco-physiological indicators and some specific soil enzymatic
activities to investigate the biochemistry of Moldavian chernozem under modern
farm management, represented by long-term field experiments.

7.2 Experimental Sites and Methods

Moldova lies within the temperate continental climatic zone: mean annual temperature
9.3 °C, mean January temperature —4 °C and mean summer temperature about 20 °C;
mean annual rainfall ranges from 500-600 mm in the north to 450-500 mm in the
south. Chernozem soils comprise more than 78 % of the agricultural land (National
Program for Soil Fertility 2005). One of the long-term field experiments on Typical
chernozem' at RIFC Selectia, at Balti in the north of the country, is a six-field rotation
established in 1991 (Boincean et al. 2004, 2007 and this symposium) that includes
variants with organic (Org) and mixed mineral-organic (Min + Org) fertilization.
These two were selected for comparative research on soil biochemical properties
(Table 7.1). Both maintain a positive balance of soil organic matter (SOM) but achieve
different increases in crop yields compared with the unfertilized control and conven-
tional (Min) fertilization. The long-term field experiment on Calcareous chernozem at
the Chetrosu Experimental Station of Agricultural State University of Moldova,
established in 1969 at Anenii Noi in the south-east of the country, has applied various
intensive management practices since 1989 (Bucur et al. 2004).

Soil samples were collected at Selectia on 14-16 June, 2010, (mid-growing
season) and at Chetrosu on September, 2011 (before the maize harvest). Samples
were collected from 0 to 20 cm from each of 3—4 replicates per treatment by
combining 5 soil cores from each plot, 70 samples in all. After removing plant
debris and stones, the soil was passed through a 2 mm sieve and stored at 4 °C for no
longer than the one month necessary for biochemical analysis.

"Typical chernozem and Leached chernozem are equivalent to Haplic chernozem in World
reference base for soil resources 2006, Calcareous chernozem is equivalent to Calcic chernozem.
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Table 7.1 Details of experimental sites

Typical chernozem, Balti Calcareous chernozem, Chetrosu
Characteristics Lat. 47°45'N; long. 27°55'E Lat. 46°54'N; long. 29°02'E
PHuwacer 6.6-7.1 7.8-8.0
Soil organic matter  4.65 % 3.68 %
Plot size 242 m* (5.6 m x 43.2 m) 55m” (5.5m x 10 m)
Crops 6-field crop rotation: vetch and oats ~ 5-field rotation: peas (Pisum
> winter wheat (Triticum sativum) > winter wheat
durum) > sugar beet (Beta (Triticum durum) > maize-for-
vulgaris) > maize-for-grain (Zea grain (Zea mays L.) (1) >
mays L.) > spring barley maize-for-grain (2) > lucerne
(Hordeum vulgare L.) > (Medicago sativa)
sunflower (Helianthus annuus L.)
Fertilization:
Organic 90 t/ha farmyard manure twice per 60 t/ha farmyard manure once per
rotation: 60t/ha before sugar rotation, before maize
beet, 30 t/ha before sunflower
Mineral + organic  N3ooP255K225 (kg/ha) + 90 t Ni20P120K 120 (kg/ha) before winter
farmyard manure per rotation wheat + green manure

Microbial biomass carbon (C,,;.) assay employed the rehydratation method
(Blagodatskii et al. 1987). For each treatment, two 5—-10 g replicate samples were
dried at 65-70 °C for 24 h then rehydrated with 0.5 M K,SO, (ratio 1:2 w/v) to
destroy the cells and release the microbial carbon into solution; two control samples
were kept refrigerated prior to treatment with K,SO, solution. K,SO4-extractable
organic C was measured in both dried and fresh samples using dichromate oxida-
tion: a 1.6 ml aliquot of filtered soil extract was mixed with 2.4 ml dichromate
solution (1.28 g K,Cr,05 in 400 ml of deoinized water, dissolved in 2 1 concentrated
H,S0,), incubated at 140°C for 20 min, and the optical density was measured at
340 nm against a blank mixture. C,;c (ugC/g oven-dry soil) was calculated as
(Cq — Cplk. where (Cy4 — Cy) is the difference of carbon measured in dried and
fresh soil samples; k. (the portion of cell components released in solution after the
drying-rehydratation procedure) was 0.25.

Basal soil respiration (BSR) was determined according to Isermeyer (1995):
25-50 g air-dry soil, adjusted to 40 % moisture, was incubated at 21 °C in the dark
for 7 days in a sealed 0.75 I glass jar with a vessel containing 10 ml distilled water to
maintain humidity and another with 20 ml M NaOH for trapping CO,. The CO,
released during incubation and absorbed by the NaOH was determined by titration
and recorded as ngCO,-C/g soil/h at 21 °C.

Nitrogen mineralization capacity (NMC) was determined simultaneously with
BSR (Leirds et al. 2000) in soil extracts (0.05 M NaCl) from the difference between
the values of ammoniacal and nitric N determined before and after incubation,
respectively, with Nessler and disulfo-phenolic acid reagents (Arinushkina 1980).
NMC was recorded as pg total inorganic N/g soil/7-d at 21 °C.
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Metabolic quotient (qCO-), the quantity of CO,-C produced per unit of microbial
biomass C per hour, was calculated as the ratio CO,-C:C,;. and expressed in
mgCO,-C/gCpic/h (Anderson 2003).

Total organic carbon (C,.,) was assayed by acid dichromate oxidation and
estimation of the excess of dichromate according to Tiurin’s method (Arinushkina
1980).

Microbial quotient was calculated as a ratio Cp;icCor, in per cent of total
organic C (Anderson 2003).

Dehydrogenase (Dh) activity (EC 1.1.1.1) was determined using Galstean’s
procedure as described by Khaziev (1990), urease (Ure) activity (EC 3.5.1.5) by
Khaziev’s method (1990), FDA hydrolysis rate (FDHR) following Schnurer and
Rosswall (1982) and protease (Pro) activity following Ladd and Butler (1972). All
enzymatic activities were analysed at recommended optimal pH and temperature.

Statistical Analysis. Two-way ANOVA (StatSoft STATISTICA 7.0) was
conducted with fertilizer and crop type as fixed factors. Differences between
means within a crop types for each investigated parameter were identified using
paired t-tests.

7.3 Results and Discussion

Most parameters measured in Typical chernozem under the 6-field rotation at Balti
are significantly influenced by crop type (Emnova 2012); the exception was nitro-
gen mineralization capacity — which varied enormously (Table 7.2) although there
was a trend towards lower NMC under Min + Org fertilization (Table 7.3).
Two-way ANOVA revealed no significant influence of either organic or mixed
Min + Org fertilization on microbial quotient, basal soil respiration, metabolic
quotient or dehydrogenase activity. General biochemical properties related to
microbial activity were less influenced by fertilization than were the extracellular
enzymatic activities. This was confirmed by one-way ANOVA with the system of
fertilization as one independent variable (Table 7.3); the activities of extracellular
hydrolytic enzymes as well as C,,, content were modified by the system of fertili-
zation system, but C,;c and related microbial parameters were not.

The microbial biomass in the top of the cultivated layer was 176-240 (mean
212 £ 29) pgC/g dry soil under organic fertilization and 182-257 (mean 225 + 31)
pgC/g dry soil under mixed Min + Org fertilization. Similar values have been
reported from the Selectia long-term field experiments by Corcimaru et al. (2011),
by Merenuic et al. (2008, 2009) and by Senicovscaia et al. (2008). The microbial
quotients and basal soil respiration parameters also are similar to those reported by
Senicovscaia et al. (2008) and Corcimaru et al. (2011). In our study, the qCO, values
for the 6-field rotation ranged from 1.5 to 3.6 mg CO,-C/gC,;c/h (mean 2.82 + 0.79)
under organic fertilization and from 1.3 to 2.9 mgCO,-C/gC,,;./h (mean 2.25 £ 0.57)
under Min + Org fertilization. The least value of qCO, in the 6-field rotation
(1.3 mgCO,-C/gC,,;./h) was observed under sugar beet with Min + Org fertilization,
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Table 7.2 Two-way analysis of variances for biochemical parameters of Typical chernozem

at Balti
Dependent variables Independent variables® F° P-value®
Total organic carbon (0-20 cm), Cog Fertilization system 15.91 <0.0071*#**
Crop types 7.95 <0.001%**
Interaction 2.21 0.07
Microbial biomass C, C,ic Fertilization system 6.24 0.017*
Crop types 20.79 <0.001%**
Interaction 0.32 0.89
Microbial quotient, Cyr:Cryic Fertilization system 0.90 0.35
Crop types 20.21 <0.001***
Interaction 0.66 0.66
Basal soil respiration, CO,-C Fertilization system 0.88 0.35
Crop types 4.61 0.002%**
Interaction 2.98 0.023*
Metabolic quotient, qCO, Fertilization system 0.88 0.35
Crop types 4.61 0.002%*
Interaction 2.98 0.024*
Nitrogen mineralization capacity, Fertilization system 0.09 0.75
NMC (total inorganic N mineralized) Crop types 0.57 0.72
Interaction 0.37 0.87
Dehydrogenase activity, Dh Fertilization system 0.61 0.44
Crop types 7.63 <0.001***
Interaction 0.16 0.99
FDA hydrolysis rate, FDHR Fertilization system 10.69 0.002%*
Crop types 12.34 <0.001***
Interaction 3.23 0.016%*
Urease activity, Ure Fertilization system 18.54 <0.00] %=
Crop types 11.40 <0.001***
Interaction 2.26 0.07
Protease activity, Prol Fertilization system 5.71 0.022%*
Crop types 17.43 <0.001***
Interaction 0.42 0.83
Protease activity, Pro2 Fertilization system 6.19 0.018*
Crop types 1.24 0.31
Interaction 0.59 0.71
Crop productivity (Harvest, Fertilization system 8.14 0.007%**
% of unfertilized control) Crop types 58.37 <0.001 %%
Interaction 1.27 0.30

**¥p < 0.001; ¥*0.001 < p < 0.01; *0.01 < p < 0.05; n = 48
“Fertilization system (Min + Org vs. Org) and crop types (six cereal and row crops in 6-field

rotation) were the independent variables
PFisher’s criterion
“Confidence level

while the qCO, value was much higher with organic fertilization (3.5 mg CO,-C/
gCpic/h). For comparison, qCO, for Typical chernozem under sugar beet in the nearby
conventional 10-field crop rotation with Min + Org fertilization was 1.84 £ 0.15
mgCO,-C/gCic/h (Corcimaru et al. 2011).
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According to the criteria proposed by Anderson (2003), values below 2 % for the
Chic:Corg ratio or above 2.0 for qCO, may be considered critical for neutral soils.
The estimation of microbial eco-physiological parameters of the arable Typical
chernozem shows Cic:Coy, ratios below 2.0 %, which reflects a scarcity of soil
carbon for growth and maintenance of microbial biomass. The metabolic quotient is
also below 2.0 in the nearby long-term black fallow (Corcimaru et al. 2011);
the microbial biomass under crop rotation eliminated CO,-C more actively than
under black fallow.

The parameter qCO, indicates the efficiency with which soil microorganisms
use the carbon resources of the soil; we might expect that stressed soils will provide
higher qCO, values than less-stressed soils (Anderson and Domsh 2010). It appears
that the Balti chernozem is stressed — in spite of the crop rotation and organic
fertilization — although both lead to much lower loss of organic carbon from the
plough layer than the comparable soil under a conventional management (Boincean
et al. 2007).

Soil dehydrogenase (Dh) activity is an intracellular enzymatic complex found in
all microorganisms. In this investigation, Dh activity was found to be significantly
influenced by crop type but not by fertilization system: values ranged from 1.87 to
3.10 pg triphenylformazan (TPF)/g soil/h at 30 °C (mean 2.60 4 0.43). This value
is close to published data on Dh activity for Leached chernozem in northern
Moldova; under wheat and maize, means were 2.77 and 3.63 pgTPF/g soil/h,
respectively (Merenuic et al. 1985).

The specific biochemical parameters — activities of hydrolytic enzymes —
depended significantly on both crop type and fertilization (Table 7.2). FDA hydro-
lysis rate (FHDR) ranged from 54.3 to 60.0 pg fluorescein/g soil/h at 24 °C (mean
55.8 £ 3.6) with organic fertilization and from 53.2 to 65.7 pg fluorescein/g soil/
h (mean 58.4 4+ 4.1) with Min + Org fertilization. The highest FHDR was
measured in soil under sugar beet under both systems of fertilization. Urease
activity ranged from 39.4 to 54.8 pgNH,/g soil/h at 37 °C (mean 45.1 &+ 5.2)
with organic fertilization and from 41.2 to 63.2 pgNHs/g soil/h (mean
51.2 £ 7.5) with Min + Org fertilization. Under sugar beet, maize, spring barley
(maximum value) and sunflower, Urease values were significantly higher with
Min + Org compared with the same crops with only organic fertilizer (Emnova
et al. 2011b). Caseine-protease activity ranged from 18.6 to 36.5 pg tyrosine/g soil/
h at 50 °C (mean 25.5 £ 6.1) with organic fertilization and from 21.8 to 40.0 pg
tyrosine/g soil/h (mean 28.5 £ 6.6) with Min + Org fertilization (Table 7.3). Pro
activity with Min + Org fertilizers was generally higher than with organic fertilizer
alone. The maximal soil Pro activity with both systems of fertilization was observed
in soil under maize; the next highest (21 % less) was under sugar beet (the precursor
of the maize crop).

No other values for Typical chernozem appear to be available for comparison of
soil-specific biochemical properties. However, the values reported by Trasar-
Cepeda et al. (2008) for arable Umbrisols and Regosols in the temperate-humid
zone of Galicia, NW Spain, are within or close to ranges reported here.
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Table 7.4 Values of biochemical parameters for Typical and Calcareous chernozem under maize
in crop rotations

Typical chernozem, Balti ~ Calcareous chernozem, Chetrosu

Conventional tillage Ploughless tillage
Parameter Org Min + Org Org Min + Org Org Min + Org
Corg 246 + 0.03* 2.60 + 0.04 147 +0.12 1.48 £ 0.04 1.59 £ 0.10 1.53 £+ 0.10
Chnic 217 £ 24 220 £ 10 253 +£24 252+ 15 289 + 21 284 £ 26

Cnic:Corg 088 £0.10 0.84 +£0.05 1.72 £0.15 1.71 £0.13 1.82 + 0.16 1.86 + 0.27
CO,-Crate 0.77 £0.08 0.52 £0.13 2.33 + 0.53 2.33 £ 0.57 3.65 £ 0.56 1.85 &+ 0.34
qCO, 360 £025 240 £0.69 940 £2.6 9.20+2.1 12.70+2.3 6.60 + 1.4

“*Mean =+ standard deviation, o; n = 4

Table 7.4 provides a comparison of general biochemical parameters for Typical and
Calcareous chernozems under maize in the long-term crop rotations. Despite its lower
content of soil organic carbon, the Calcareous chernozem provides more carbon for
microbial growth and maintenance than the Typical chernozem. In both soils, the
microbial biomass (C.;.) was not influenced significantly by the system
of fertilization, ranging between 252 and 253 pgC/g soil in Calcareous chernozem as
against 217-220 pgC/g soil in Typical chernozem. The microbial quotient (Cyyic:Corg)
was twice higher in Calcareous chernozem (1.7-1.8 %) compared with Typical cherno-
zem; basal respiration (2.33 pgCO,-C/g dry soil/h) was 3—4.5 times greater; and qCO,
(9.2-9.4mgCO0,-C/g C,;./h) 2.6-3.8 was times greater than in Typical chernozem.

Compared with conventional ploughing, ploughless tillage raised soil organic
carbon, microbial biomass and microbial quotient — in accord with other reports of
the favourable effects of reduced tillage (Kandeler et al. 1999; van Groenigen et al.
2010). In the crop rotation under investigation, ploughless tillage interacted differ-
ently with organic and mixed fertilization — with different consequences for microbial
respiration and metabolic quotient. With organic manure, CO,-C emissions and
qCO, were 3.65 £ 0.56 pg CO,-C/g dry soil/h and 12.7 £ 2.3 mgCO,-C/g C;i/h,
respectively, 1.6 and 1.4 times greater than under the plough. With Min + Org
fertilization and ploughless tillage, values for both parameters were less than half
the organic values, as well 1.2—1.3 times less than under the plough. Thus, Calcareous
chernozem under maize with ploughless tillage and fertilized by farmyard manure
eliminates an enormous amount of CO,-C — which indicates a strongly stressed soil
microbial biomass.

Boincean et al. (2007), reporting 26 years of data from Balti, noted that maize-
for-grain responds poorly to fertilization: achieving only 8—14 % increase over the
unfertilized crop. Even so, the mean yields were 6.88 and 6.65 t/ha for organic and
mixed Min + Org fertilization. The multiyear (1990-2010) analysis of maize yield
from ploughed Calcareous chernozem at Chetrosu shows mean values 5.23 t/ha
with organic manure and 4.91 t/ha with mixed fertilization. Despite its favourable
effect on microbial activity, ploughless tillage did not increase maize yields; the
mean values were 4.81 and 4.41 t/ha, respectively.
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7.4 Conclusions

It appears that maize yields in the two crop rotations on two types of chernozem
correlate mainly with SOM content and annual rainfall. But soil biochemical
parameters reveal the different intensity of biochemical processes which influence
the stocks of soil organic carbon and release of nutrients from plant residues and
organic fertilizers. In the north of the country, Typical chernozem under two
advanced systems of fertilization is characterized by low microbial quotients (on
average 1.0 %) and metabolic quotients only occasionally higher than 2.0mgCO,-
C/gCpic/h. The inevitable loss of soil organic matter under arable management
is compensated by manuring, but enhancement of fertilizer efficiency remains
a challenge. In the dryer south-east of the country, Calcareous chernozem under
current farm practice is characterized by almost double the microbial quotient (on
average 1.7-1.8 %) and significantly higher than 2.0mgCO,-C/gC,;./h metabolic
quotients. In other words, arable Calcareous chernozem is much more stressed than
the comparable Typical chernozem.
In short:

1. Under the plough, Typical chernozem in northern Moldova is characterized by
low microbial quotients (on average 1.0 %) and, as a rule, low metabolic
quotients (but sometimes a little above 2.0mgCO,-C/gC,i./h). The values of
biochemical parameters are generally within published ranges.

2. The soil-specific biochemical properties (soil FDA hydrolase, urease and prote-
ase activities) were more influenced by fertilization systems compared with
general biochemical properties (microbial biomass C, basal soil respiration,
microbial and metabolic quotients).

3. For ploughed Calcareous chernozem in south-eastern Moldova, the values of
microbial quotient are almost twice higher (on average 1.7-1.8 %), and meta-
bolic quotients are significantly higher (2.0mgCO,-C/g C,,;c/h).

4. Judging by the metabolic quotient (qCO,), arable Calcareous chernozem in
south-eastern Moldova is much more stressed than its counterpart Typical
chernozem in the north of the country.

5. Ploughless tillage enhances soil organic matter, microbial biomass (C,,;.) and
microbial quotient in Calcareous chernozem but does not stimulate maize yields.
With organic manure, the CO,-C elimination and qCO, parameters were twice
higher than with mixed Min + Org fertilization.
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Chapter 8
Energy Status of Soil Agro-ecosystems

D. Girla (Dubit)

Abstract The activity and resilience of agro-ecosystems depend on soil — as a
reservoir and biochemical reactor transforming substances and energy. But under
cultivation, energy reserves have been much depleted. Protection of soil functions
and solar gain in the form of soil organic matter is a priority for environmental
protection.

Energy stocks under the plough with addition of green manure and mineral
fertilizer, and with addition of farmyard manure, are compared with stocks under
the same treatments under conservation tillage. In chernozem, there is no evidence
of stabilization of the humus content at a new equilibrium value under arable
farming; the energy balance of conventional crop rotations is profoundly negative.
Over 38 years, a six-field rotation with application of 60 tonnes/ha farmyard
manure every cycle lost 19-29 % of its initial organic matter; under mineral
fertilizer with one catch crop of green manure, losses were 30-33 %.

8.1 Introduction

Energy stocks maintain ecosystems (Dobrovolski and Nikitin 1990), and soil
organic matter is the largest stock of concentrated energy produced by plants and,
subsequently, transformed by soil fauna and microorganisms (Skiopu 1988). The
greater the soil organic matter content, the greater the energy of the ecosystem and
the better plants are supplied with nutrients for growth and yield formation and
(Kovda 1973).
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8.2 Experimental Site and Methods

The research was conducted on Calcareous chernozem' under the long-term field
experiment with crop rotation and fertilization, established 40 years ago at the
Chetrosu Experimental Station of the State Agrarian University of Moldova at
Chisinau. The crop rotation is peas > winter wheat > maize silage > maize-for-
grain > lucerne. Comparisons are made between conventional cultivation with the
mouldboard plough and cultivation with the paraplough which does not invert the
furrow and between two systems of fertilization — 60 tonnes/ha of farmyard manure
applied once in the rotation cycle (in the autumn before sowing maize) and mineral
fertilization (N,0P1,0K>0) With ploughing-in of a catch crop of winter rape sown
after the wheat harvest. The energy reserves in soil organic matter were calculated
under the different management regimes based on the soil organic matter content of
the entire 160 cm soil profile. Taking Kovda’s estimate of the energy content of
humus as 4-5 kcal/gram, a working value of 4.5 was used.

8.3 Results and Discussion

Table 8.1 summarizes the stocks and changes in soil organic matter and their
energy equivalence under the different systems of tillage and fertilization. In
every case, the energy budget is profoundly negative. Energy stocks were highest
under the ploughing-with-farmyard manure treatment and lowest under the
paraplough-with-NPK treatment. Losses over the period 1970-2008 were, in
ascending order, mouldboard plough + farmyard manure < paraplough + farm-
yard manure < ploughed + NPK, paraplough + NPK.

Annual average losses of organic matter from the whole 160 cm soil profile
were:

— Ploughed + farmyard manure — 1.70 t/ha (—0.5 %)

Table 8.1 Energy stocks and changes in soil organic matter under crop rotation with different
tillage and fertilization

Organic

M Energy in soil organic matter + Changes since
Management regime 1970 2008 2008, KJ 1970, %
Ploughed, green manure + NPK 284.8 197.7 3,725 - 10° =30
Ploughed, farmyard manure 284.8 231.7 4,365 - 10° —-19
Paraplough, green 284.8 189.5 3,570 - 10° -33

manure + NPK

Paraplough, farmyard manure ~ 284.8 202.7 3,819 - 10° -29

1 kcal = 4,187 J, KJ = 1,000 J

! Calcic chernozem in World reference base for soil resources (2006).
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— Paraplough + farmyard manure — 2.16 t/ha (—0.8 %)
— Ploughed + NPK + green manure — 2.29 t/ha (—0.8 %)
— Paraplough + green manure + NPK — 2.51 t/ha (—0.9 %)

These high rates of loss under fairly good management support the contention of
Ursu (2011), Krupenicov (2008) and Krupenikov et al. (2011) that in chernozem
soils there is no evidence of stabilization of the humus content at a new equilibrium
value under arable farming; losses are still high after a 100 years of cultivation.

Observations on-site suggest that even weeds are an important source of organic
matter contributing to humus and energy stocks. Winter wheat is less weedy than
maize, and most of the soil organic matter comes from the wheat crop itself. Under
maize, the greater amount of weeds (particularly large perennial weeds with
suckers, rhizomes and big root systems) makes for a closer C:N ratio than wheat
straw and a significant contribution to the soil’s energy stocks at some cost to the
harvested yield of the maize crop.
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Chapter 9
Heavy Metals in the Anthropogenic Cycle
of Elements

G. Jigau, M. Motelica, M. Lesanu, E. Tofan, L. Georgescu, C. Iticescu,
V. Rogut, and S. Nedealcov

Abstract The increasing entry or unnatural concentration of man-made
substances in soils affects every level of the biosphere. At the molecular-ionic
level, it is apparent in significantly increased contents of heavy metals in agro-
ecosystems and biogeochemical cycles. This may not, yet, amount to pollution
but increased concentrations are being found in farm products — so it is prudent to
control the heavy metal content of soils and develop agricultural technologies that
can reduce their concentration. A management strategy should include: (a) sys-
tematic monitoring of the content of heavy metals and categorization of back-
ground levels according to the soil’s buffering capacity, taking account of
expected changes, current and possible soil degradation in particular; (b) ecolog-
ical appraisal of agricultural technologies and prohibition of aggressive practices
and chemicals; (c) adoption of biologically based practices and substitution of
synthetic plant-protection products and fertilizers with biological products and
manure; (d) augmenting the buffering capacity of the soil by increasing the
content of organic matter and adjusting pH; and (e) special measures to reduce
the impact of heavy metals, treatments that create geochemical barriers to the
mobility of the elements (application of lime, gypsum, bentonite and farmyard
manure) as well as cultivation of industrial crops.
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9.1 Introduction

With the creation of the technosphere, soil formation entered a phase distinguished
by new forms of energy and materials — we might call it the technogenic era.
Technical developments and pressures continuously increase and diversify — and
their consequences are hard to forecast. While they have released society from
many constraints, the sustainability of current agro-ecosystems is in doubt.
Sustainability requires identification of the biophysical laws and mechanisms of
managed soils and a change of focus from the soil as a means of production towards
soil as a functional system (Jigau 2009). This means reassessing relations between
soil and environment, taking account of the flows of man-made materials and
energy, and relations between plant and soil in the exchange of materials and
energy under the new regime.

Agro-ecosystems are being changed by pollutants. These may be categorized by
source as industrial, agricultural and household (Table 9.1). The impact of agricul-
tural sources is mostly low, but almost the entire land surface is affected and their
impact only increases. For instance, mineral fertilizers contain heavy metals, and, in
Europe, the use of mineral fertilizers increased fivefold from the 1960s to 1990s.
Based on the average values (Table 9.2), a dose of Njgg Pigo Kigo fertilizer
introduces the following quantities (g/ha) of heavy metals: Pb 10.4, Ni 23.5, Zn

Table 9.1 Sources of pollution of agricultural soils in the Carpatho-Danubian-Pontic region

Pollutants
Source of  Type of Radioactive Heavy Incidental
pollution pollution substances ~ Pesticides metals substances Other Impact
Agricultural Fertilizers + - + + + Weak
Plant — — + - - Weak
protection
Irrigation - +? +? + + Weak
Livestock — — +7? + + Weak
Industrial Use of fossil  — - + ++ ++  Moderate
fuels local
Manufacturing — . . ++ ++  Moderate
local
Transport — — + + + Moderate
Mining - — + ++ ++  Moderate
local
Trans- + — + + + Weak
boundary
Domestic Manure +7? +? + ++ ++  Moderate
storage local
Unauthorized +? +7? + ++ ++  Moderate
dumps local
Sewage sludge + ? +? ++ ++ ++  Moderate/
high

local
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Table 9.2 Average content of heavy metals and arsenic in mineral fertilizers

Heavy metal content, mg/kg

Fertilizer Cd Pb Ni Zn Cu Mn Hg As Cr Co
Potassic 0.3 80 140 230 160 101 — 1.4 5.7 L.5
Nitrogenous 0.3 02 190 300 260 76.0 25 42.0 1.3
Phosphatic 1.4 13.0 20 490 330 — 006 — 46.0 —
Complex 30.0 75 180 590 390 1940 — 3.0 1160 36.0

50.1, Cu 36.0, Cr 58.9 and Cd 1.4. Fertilizers applied at recommended rates are not
polluting but they do increase the background levels of heavy metals and arsenic,
which enter biogeochemical cycles. The same applies to organic fertilizers; appli-
cation of 50 t/ha of farmyard manure introduces (g/ha) Pb 38, Ni 75 and Cd 2.3
(Jigau et al. 2005).

Limestone stockpiles are another source of heavy metals; each tonne of lime-
stone applied to the land introduces 44.2 gPb, 3.4 gCd and 35.4gNi — so wind and
water deposit significant amounts of these elements around quarries.

Plant-protection chemicals introduce mercury, arsenic, copper and other
pollutants onto soil. And we should not neglect smoke and exhaust gases: along
roads and railways, there has been a steady increase in concentrations of lead and
other heavy metals; and downwind of chimneys and power stations, wherever waste
is burned, there are concentrations of heavy metals that are subsequently carried
downwind and downstream (Jigau et al. 2005).

9.2 Soil Vulnerability to Heavy Metal Pollution

In most cases, the risk of pollution by heavy metals is minimal, but their accumulation
in soils and sediments increases their participation in biogeochemical cycles. As an
illustration, Table 9.3 presents schematic information on the accumulation of heavy
metals in vineyards.

From Table 9.3 we see that copper and nickel moved from moderate adsorption
capacity to high adsorption capacity, chromium and lead moved from low to high,
arsenic from strong to low, mercury from moderate to low, and cadmium moved
from extremely low to moderate adsorption capacity. This situation suggests that
the persistence of introduced chemical elements, although present in small
quantities, acts on the components of the system and, over time, these elements
enter biogeochemical cycles like any other.

The involvement of heavy metals in anthropogenic soil formation depends
on external and intrinsic factors. Among the more important external factors are
location in respect of industrial facilities, lines of communication and other
pollutants; lithology; landforms, hydrology and hydrogeology, in particular natural
drainage and erosion; and /and use, especially the intensity and aggression of
agricultural practices. Intrinsic factors include soil texture, especially the content
of fine clay (<0.001 mm) and its distribution in the profile (Fig. 9.1); the mineralogy
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Table 9.3 Orders of magnitude of heavy metal accumulation in vineyard soils

G. Jigau et al.

Biological adsorption coefficient

Attributes of Biological
elements adsorption  100n 10n n 0.9n 0.0n 0.00n
Biological Energetic
elements High Zn, As Cr, Cu,
Pb,
Ni
Accessory Moderate Cu, Ni, Cd
accumulated Hg
chemicals Low Hg, As Cr, Pb
Very low
Kovda (1973)
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Fig. 9.1 Relationships between soil texture and heavy metal content
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Table 9.4 Soil vulnerability to pollution with heavy metals

Class Characteristics
Very low Soils with very high capacity to retain heavy metals: CEC > 60 meq/100 g,
vulnerability generally very fine textured, dominantly smectite clay, very thick or very

rich in organic matter

Low vulnerability = Soils with a high capacity to retain heavy metals: CEC 35-60 meq/100 g, fine-
textured but predominantly kandite clays, very thick

Moderate Soils with moderate capacity to retain heavy metals: CEC 12-35 meq/100 g,

vulnerability medium texture, moderate or low organic matter content, thick or very

thick fine textured or moderately thick very fine textured

High vulnerability Soils with low capacity to retain heavy metals: CEC 6—12 meq/100 g, mostly
coarse texture, low organic matter content, moderately to strongly eroded,
thin humus layer

Very high Soils with very low capacity to retain heavy metals: CEC <5 meq/100 g,
vulnerability coarse or very coarse texture, very low organic matter content, strongly
eroded

Table 9.5 Implications of soil degradation for vulnerability to heavy metal pollution

Kind of degradation Implications for vulnerability to heavy metals

Loss of humus Lower specific surface, CEC and capacity to bind metals as organo-mineral
compounds

Secondary Less active volume and loss of permeability, therefore accumulation of
compaction pollutants in the topsoil

Constriction of pore Impedance of root system and cycles of materials in the soil profile
space

Stratification of Reduced permeability, hydraulic conductivity and translocation of materials
profile lead to accumulation of heavy metals in the topsoil

Secondary sodicity Increased pH, mobilization of organic colloids and heavy metals which
migrate from the upper to the middle and lower parts of the profile

Waterlogging Stagnation of water in the upper part of the profile. Subsequent evaporation
increases concentrations of heavy metals in soil solution

Table 9.6 Dependence of

. . Heavy metals, mg/kg
heavy metals on soil organic

matter content, global means Organic matter content % Pb Cu Ni
<2.0 31.0 18.5 51.5
2.0-2.5 16.0-19.5 12.0-18.0 14.5-24.5
2.7-3.25 - 20.0-50.0 10.0-23.5
>3.5 22.0-28.0 - -

of the fine clay; humus content; cation exchange capacity (CEC); soil reaction;
pore volume and pore size; permeability; and hydraulic conductivity. Based on
these characteristics, classes of soil vulnerability to pollution by heavy metals are
drawn up in Table 9.4 (Jigau 2011).

Subclasses may be defined according to different factors of soil degradation;
agriculture promotes various kinds of land degradation that increase soil vulnera-
bility to pollution by heavy metals (Table 9.5). Table 9.6 presents relationships
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between heavy metals and humus content; it shows a clear trend of increasing
copper and lead content as humus content increases and the opposite trend for
nickel (since the accumulation of nickel is unrelated to soil texture, we suppose that
its behaviour is determined by pH).

Taking into account the specified intrinsic and external factors, land may be
categorized according to the risk of heavy metals entering biogeochemical cycles:

1. Polluted land (waste dumps, factories, road and rail corridors)

2. Land used for intensive, continuous cropping and heavily fertilized

. Land irrigated with waste water and/or fertilized with sediment, sludge and
industrial wastes

. Flood plains and other depressions accumulating sediment

. Poorly drained land with fine-textured soil and a high water table

. Land of low humus content and moderate or high soil erosion

. Degraded land (compacted, leached, silted up)

. Land with heterogeneous ground cover

W

0NN B

9.3 Plant and Soil

According to Kovda (1973), plants assimilate some 80 chemical elements from the
soil, but only two heavy metals, copper and zinc, belong to the special group of
biologically active chemical elements; a further six are accessory chemical
elements or impurities (Table 9.7). Impurities may be ecological and absolute;
they are assimilated automatically because they are present in soil solution; their
content in plants is determined not by the needs of the plant but by their concentra-
tion in soil solution. There is no strict dependence between the concentration of
heavy metals in soils and their content in plants. However, their background

Table 9.7 Heavy metals in the biological cycle

Category Subcategory Specifications Elements
Biologically Absolute Essential to life O,H,C,N, Mg, K, P, S, I, Mn,
active Ca, Fe, Cu, Co
Special Necessary to many but not all Si, Na, Cl, F, Mn, Sr, B, Zn, Br
organisms
Accessory Ecological ~ Not necessary for life but auto-  All the chemicals that go into
matically assimilated by liv- solution as a result of rock
ing organisms, especially weathering (except K, Na, Li
plants, because they are pres- and Rb)
ent in solution
Absolute Have no role in living material Cl, Li, Rb, He, noble gases, Ra,
but always present in soils and Rn, all dispersed elements
rocks, from which they are (e.g. Co, Ba, Th, Au, Hg)

absorbed by and pass through
living organisms
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Table 9.8 Rapges'of heavy Soil Grapes

metal content in soil (mg/kg)

and grapes (mg/kg dry matter) Element Content LCA Content LCA
Cu 13.2-117.9 25.0 0.68-2.97 5.0
Zn 21.1-82.0 68.0 0.02-3.23 10.0
Pb 7.4-29.6 20.0 0.01-0.35 0.4
Cd 0.03-0.77 0.24 0.01-0.04 0.03
Cr 17.3-78.2 90.0 0.01-1.25 0.1
Ni 17.9-78.0 45.0 0.15-0.42 0.5
As 3.7-10.0 5.6 <0.04 0.2
Hg 0.01-0.23 0.2 <0.05 0.2

After Jigau et al. (2005)

concentrations, as conditioned by progressive accumulation in the soil, determine
the variability of the content heavy metals in farm produce. Table 9.8 shows that the
chromium, nickel and cadmium content in grapes may exceed the allowable
concentration limit (LCA).

9.4 Management Strategy for Heavy Metals in the Soil

The impact of heavy metals and arsenic on biogeochemical cycles, according to
their natural background in soils, is in the order Cd > Pb > As > Zn > Ni. About
90 % of the gross amount of heavy metals that arrives on the soil accumulates there.
The migration of heavy metals and arsenic in agro-ecosystems is determined by the
particular physico-chemical characteristics of each element and the biological
characteristics of plants; their degree of accumulation by the same species of plants
varies 4-90-fold; between species it varies 2—30-fold in seed and 30-130-fold in the
vegetative parts. The continuing concentration of these elements in biogeochemical
cycles can only increase their absorption by plants. Moreover, the flow of heavy
metals into soil is virtually irreversible; not being biologically useful, most heavy
metals are extracted from the soil only in small quantities. A long-term manage-
ment strategy is needed, which should include:

— Systematic monitoring of the metal content in soils and categorization of back-
ground levels according to the soil’'s self-cleaning and buffering capacity.
Categorization should be varied according to expected changes — in particular
current and possible soil degradation — taking account of the different vulnera-
bility of soils to heavy metals.

— Ecological appraisal of all agricultural technologies and prohibition of aggres-
sive practices and chemicals.

— Adoption of biologically based practices and substitution of synthetic plant-
protection products and fertilizers with biological products and organic
fertilizers.
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Augmenting buffering capacity by increasing soil organic matter content
(manuring) and clay content (marling) and by adjusting pH.

Special measures to reduce the impact of sources of heavy metals in soil. In the
case of industrial sources of heavy metals, treatments that create geochemical
barriers to the mobility of the elements can be recommended: lime, gypsum,
bentonite clay and farmyard manure, as well as cultivation of industrial crops
such as castor bean.

Measures to increase biological productivity by practising the most advanced
technologies and processes to intensify the process of extraction of heavy metals
by crops.

9.5 Conclusions

. Man-induced changes in soil genesis are affecting the functioning of all levels of
the ecosystem. These changes include a significant increase of heavy metals in
biogeochemical cycles.

. Levels of heavy metals are increased in locations downwind and downstream of
polluting sources, for instance, lead along corridors of communication and
copper and arsenic in soils that are continuously and intensively cropped.

. Increased background levels may not, yet, amount to pollution, but contents in
farm produce do sometimes exceed allowable levels. Therefore, it is necessary to
manage the content of heavy metals in soil through systematic monitoring,
avoidance of aggressive practices and adoption of practices that reduce the
share of technogenic elements in biogeochemical cycles.
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Chapter 10

Effects of Long-Term Application
of Fertilizers on the Trace Element
Content of Soils

T. Leah

Abstract Chemical fertilizers are a major source of soil contamination with heavy
metals; their incidental minerals commonly contain nickel, cadmium, zinc, lead and
other trace elements. Moreover, they contribute to soil acidification which increases
the mobility of trace metals. Both aspects need to be considered when using mineral
fertilizers, and soil and plant quality should be monitored. The trace element
content in long-term fertilized Typical chernozem is categorized as none (i.e. not
contaminated). Grey forest soils, Leached chernozem, Common chernozem and
Calcareous chernozem were in the low category.

10.1 Introduction

The foundation of the Nicolae Dimo Institute for Pedology, Agrochemistry and Soil
Protection in 1953 marked the beginning of a new stage of agronomic research in
Moldova. Trials and long-term field experiments were set up to verify and general-
ize research results, establish indices of soil fertility, and develop systems of
fertilization and new technologies. By Government Decision of July 11, 1994 but
already founded on long experience, experimental stations coordinated by the N
Dimo Institute were established in representative agro-climatic zones. The Experi-
mental Station for Pedology, Agrochemistry and Ecology at Ivancea, in Orhei
District, founded in 1964, works on systems of fertilization in crop rotations on
Leached chernozem' and Grey forest soil. The Experimental Station for Soil

"WRB (IUSS 2006) equivalents of Moldovan soil taxonomic units: Calcareous chernozem —
Calcic chernozem; Common, Typical and Leached chernozem — Haplic chernozem; Dark grey/
Grey forest — Phaeozem/Albic luvisol.
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Table 10.1 Content of

. bt o . Impurity Content % Impurity Content %

impurities in fertilizers, lime -

and gypsum Boron 0.1-0.2 Strontium 0.5-2.1
Molybdenum 0.05-0.13 Fluorine 0.3-3.8
Manganese 1.0-1.5 Arsenic 1073-107*
Copper 0.01-0.5 Cadmium 1074
Zinc 0.05-1.5 Lead 10
Superphosphate, mg/kg
Arsenic 1.2-2.2 Lead 7-92
Cadmium 50-170 Nickel 7-32
Chromium 66-243 Selenium 0-4.5
Cobalt 0-9 Vanadium 20-180
Copper 4-79 Zinc 50-143

Science and Agrochemistry at Grigorevca, in Causheni District, founded in 1961,
works on systems for Calcareous chernozem. Since August 2000, both have been
part of the European Soil Organic Matter Network.

Nutrient regimes under the influence of fertilizers have been monitored — both to
establish optimal levels of soil fertility and to protect the environment. In this
context, the influence of fertilization on the content of trace elements in soils has
been investigated. In Moldova, the most widely used fertilizers are superphosphate,
potassium chloride and ammonium nitrate. Their raw materials contain significant
amounts of strontium, uranium, zinc, lead, vanadium, cadmium, lanthanides and
toxic elements (Table 10.1, after Kazak et al. 1987).

The accompanying elements in superphosphate, potassium chloride, ammonium
nitrate and other fertilizers are widely distributed. Application of mineral fertilizers
at an annual dose of 90kg NPK/ha deposits about 7 g/ha of copper, 10 g zinc, 0.2 g
cadmium, 3 g lead, 4 g nickel and 5 g chromium (Leah 1984). In the long term,
these trace elements accumulate in the soils, commonly in mobile forms that find
their way into crops and groundwater. Their removal is not generally considered
and, indeed, complicated by farming systems.

10.2 Experimental Sites and Methods

Samples of soils from the N Dimo long-term field experiments, which have been
systematically fertilized for more than 40 years, and unfertilized control soils were
analyzed for trace elements using atomic absorption spectrometry.

10.3 Results and Discussion

Determination of the total content of trace elements in the profile of Leached
chernozem fertilized for more than 40 years at doses of (NPK),4 revealed signifi-
cantly greater amounts of trace elements than in the unfertilized control soil
(Table 10.2).
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Table 10.2 Total trace Ti vV  Cr Mn Co Ni Cu Pb

elements in the profile of

Leached chernozem, mg/kg Depth, cm  Unfertilized
0-20 3,162 89 339 1,020 155 44.7 272 222
20-30 3212 98 447 1,660 17.4 427 239 2938
3040 3,311 133 447 1,585 165 389 224 282
40-50 3981 158 398 1,445 14.1 39.8 239 282
50-60 4,169 110 398 1,362 15.1 389 239 282
60-80 2,512 112 417 1,349 182 37.2 239 282
80-100 2,239 98 363 1,360 19.1 30.2 355 30.0
100-130 2,884 90 269 1,380 19.1 28.8 269 29.8
130-150 1,445 69 234 1,724 162 389 174 20.0

Ti V Cr Mn Co Ni Cu Pb

Depth, cm  Fertilized — (NPK )40
0-20 3981 126 631 3,162 355 66.3 399 28.9
20-30 5,677 140 488 1,794 61.7 66.1 39.0 31.6
3040 3,388 159 417 1,660 52.6 61.7 39.8 29.8
40-50 3,512 135 398 2512 41.7 49.0 324 29.1
50-60 5,012 135 398 1,794 25.1 36.3 234 29.1
60-80 5981 170 240 1,479 36.2 36.3 214 29.1
80-100 6,607 148 275 1479 41.7 525 295 35.1
100-130 2,291 93 479 1479 269 66.1 295 314
130-150 1,514 79 891 1,238 18 61.7 323 278

In unfertilized soil, there are accumulations of trace metals in the humose plough
layer and, also, in the calcareous horizon where secondary carbonates have
accumulated. In the fertilized soil, total trace elements increased by a factor of
1.3-3. Cr, Mn and Cu have accumulated in the top 20 cm and V, Co and Pb in
the 20-30 cm layer, which indicates that these elements have affinity for soil
organic matter; the sequence of accumulation in the topsoil is Mn > Co > Cr >
Ni = Cu > V > Ti = Pb. However, the greater part of the trace elements migrates
down profile and accumulates at some point within the more calcareous subsoil
between 50 and 150 cm.

Over several years, the use of fertilizers such as ammonium nitrate and potas-
sium chloride, and others, contributes to soil acidification. The optimum pH for
most crops is in the range 6.0-6.5, but another negative effect of fertilizer applica-
tion is to increase the mobility of some trace elements — which can lead to a
deficiency of Zn, Cu and Mn in the topsoil. Most of the trace elements from
fertilizers are in a weakly mobile state but, sometimes, they have a high mobility
— depending on the type of fertilizers — and high mobility of trace elements in soils
leads to toxicity for plants (Leah 1995, 2004, 1986).
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Table 10.3 Content of

. Unfertilized, mg/kg (NPK),40, mg/kg

mobile forms of

microelements in Leached Depth cm Mn Cu Zn Mn Cu Zn

chernozem 0-20 91.0 0.9 1.2 92.5 0.9 1.8
20-30 61.5 0.9 0.9 82.5 0.9 34
3040 435 0.9 0.9 59.0 0.9 3.8
40-50 46.0 0.9 1.8 53.5 1.3 49
50-60 43.5 0.9 1.6 47.5 1.5 2.2
60-80 25.5 0.9 1.4 35.0 2.1 1.9
80-100 23.5 0.9 1.2 33.5 1.6 1.6
100-130 23.5 1.8 14 27.5 1.7 3.1
130-150 25.0 1.7 2.7 25.5 1.3 4.3

Table 10.4 Active pollution index of fertilized soils

Index of active contamination

Soil Depth cm Mn Cu Zn
Grey soil NigoP120K120 0-30 1.94 0.90 1.18
3040 0.84 1.33 0.45
Leached chernozem Ni,9P120Kgo 0-30 1.64 1.00 0.90
3040 1.00 1.52 0.56
Typical chernozem Ny,0P120Kg0 0-30 1.03 1.71 1.10
30-40 1.05 1.00 1.30
Common chernozem Ny,oP;,0Kgo 0-30 1.70 1.10 1.30
3040 0.90 2.10 1.10
Calcareous chernozem NogPgoKgo 0-30 1.00 1.04 1.12
3040 1.00 2.17 0.94

In fertilized Leached chernozem, the content of mobile forms is higher than in
the control soil. The largest amount of mobile forms of trace elements is contained
in the humus horizon (Table 10.3).

10.3.1 Active Pollution Index

Long and, sometimes, irrational application of high doses of mineral and organic
fertilizers leads to high concentrations of heavy metals in soils and plants
(Leah 2010). Ecological indicators of heavy-metal accumulation were derived
from the analysis of the long-term fertilized and control soils in the field
experiments. The active pollution index is the content of mobile forms of element
in fertilized soil compared with the unfertilized control; it characterizes the degree
of contamination of the soil by elements that can pass through the food chain in
plants. Table 10.4 shows manganese pollution in the humus horizon (0—30cm) of
Grey soil and Leached chernozem; zinc in Grey soil, Typical chernozem and
Calcareous chernozem; and copper in Leached, Typical and Ordinary chernozem.
In other cases, excessive accumulation occurred below the humus horizon.
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Table 10.5 Index of trace elements accumulation in fertilized soils

Index of accumulation

Soil Depth cm Cu Zn Pb Ni Mn Cr
Grey soil N;goP120K 20 0-30 1.8 1.6 14 1.0 14 1.3
3040 0.8 0.9 0.6 1.5 0.9 0.7

Leached chernozem N,oP50Kgo 0-30 1.6 1.7 1.2 1.2 0.9 1.0
3040 0.9 0.8 1.0 1.0 1.0 1.0

Typical chernozem N,0P20Ke0 0-30 0.9 0.9 0.9 0.9 0.8 0.9
3040 1.1 1.0 0.9 1.0 1.2 0.9

Common chernozem Ni,oP;,0Kgo 0-30 1.1 1.1 1.1 2.0 1.2 1.0
0-40 2.1 1.8 1.7 2.1 1.2 1.6

Calcareous chernozem NgoPooKgo 0-30 1.1 1.2 1.1 1.0 0.9 1.0
3040 0.8 1.0 1.2 1.2 1.0 1.0

10.3.2 Index of Trace Element Accumulation

This is the content of total forms of contaminants relative to the content in the
non-polluted control, showing the degree of accumulation of microelements in
fertilized soils (Table 10.5).

The index of accumulation for the 0-30 cm layer is higher than average in Grey
soil (1.0-1.8) and Common chernozem (1.0-2.0) and lower in Typical chernozem
(0.8-0.9). The accumulation index of trace elements in fertilized soils is conditioned
by the content of humus, clay minerals, carbonates, Fe-Mn oxides and soil reaction.
Retained trace elements have different solubility and plant availability (Leah 1997,
1986). Acidity caused by chemical fertilizers favours mobilization of trace elements
and absorption of these elements by plants: raising the reaction to pH 6—7 decreases
solubility and causes symptoms of deficiency in plants.

From these two indices, we may classify soils according to the degree of
contamination and activity of the pollutants as class I (0.1-1.0), unpolluted soils;
class II (1.1-2.0), slightly polluted; class III (2.1-3.0), moderately polluted; class
IV (3.1-4.0), polluted; and class V (4.1-5.0), highly polluted. The soils from the
long-term fertilization experiments are slightly polluted, the only exception being
Typical chernozem which remains in class I, unpolluted.

10.4 Conclusions

1. Forty years of systematic fertilization has brought about accumulation of trace
elements in humus and calcareous horizons — to the extent that most soils may be
classified as slightly polluted with trace elements. In this respect, as in numerous
investigations of the evolution of soil properties, soil fertility and environmental
quality, long-term field experiments have been invaluable.
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2. Soils with a long history of application of mineral fertilizers accumulate trace
elements that can then be taken up by plants and transfer elsewhere in the
environment. Such soils occur beyond experimental plots, and it is prudent to
undertake quality monitoring, including trace elements.
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Chapter 11
Potassium in Brown Forest Soils

O. Lobova and V. Vakhnyak

Abstract The parameters that characterize the state of potassium in the soils of the
Ukrainian Carpathians were determined and the dependence between different
states of potassium and other soil parameters ascertained using statistical and
mathematical analysis. Different kinds of soils have significantly different potas-
sium regimes; Brown forest soils have much less total and exchangeable potassium
than Chernozem. For Brown forest soils, the most significant factor is the mineral-
ogy of the soil parent material. The lowest potassium values were found in the
Pre-Carpathian province: measured potassium values in Brown forest soils in the
province range from 940 to 3,510 mg/100 g total potassium, 21-61 mg/100 g
non-exchangeable potassium and for exchangeable potassium, from 2 to 20 mg/
100 g by the Kirsanov method and 8—40 mg/100 g by the Maslova method. The
application of fertilizers in this province should be adjusted accordingly.

11.1 Introduction

The territory of the Ukrainian Carpathians (Outer and Pre-Carpathians) exhibits
complexity of soil-forming conditions and a great variety of soils. Brown forest
soil' is the main soil type in the mountains and Brown-podzolized soil® in the
Pre-Carpathian region, but every subtype of Brown forest soils may be observed in
the territory: typical, argillic, podzolized, brown-podzolized and soddy-brown

! Cambisols in World Reference Base for Soil Resources 2006, Burozems in the classification of
the Russian Federation.

2 Albeluvisols in World Reference Base for Soil Resources 2006.
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forest soil. All are genetically young by virtue of Pleistocene glaciation, a cool
climate and, in the mountains, active erosion and deposition. Soil formation has
proceeded mainly through weathering of the parent materials (to produce illite and
smectite clays and hydrous iron oxides) and leaching. The active transformation
of minerals in the soil is displayed in the forms, dynamics and thermodynamics of
potassium, knowledge of which is essential for the proper and efficient use of
potash fertilizers and which may be used as a diagnostic characteristic.

11.2 Materials and Methods

Various subtypes of Cambisols (Brown forest soils in Ukraine classification) and
Albeluvisols (Brownish-podzolic soils in Ukraine) were investigated in the hilly
Outer Carpathian and Pre-Carpathian provinces: Gleyic Cambisols, silty clay loam
under coniferous forest; Gleyic Cambisols, clay loam in a mountain valley; Gleyic
Cambisols, loam in hayfields; Dystric Cambisols, sandy loam under deciduous
forest; Eutric Albeluvisols, silty clay loam under pasture; Gleyic Albeluvisols,
clay loam under pasture; and Gleyic Albeluvisols, clay loam on arable land.

Soil indices were examined by conventional methods: particle size distribution
following NA Kaczynski, soil organic matter content, reaction in water and saline
solution, extractable acidity and extractable aluminium, hydrolytic acidity and the sum
of adsorbed bases according to Kappen-Hilkovyts. Base saturation and adsorption
capacity were calculated. Different forms of potassium were determined: water-soluble,
exchangeable following Kirsanov (0.2 M HCI) and Maslova (1 M CH3;COONHy,),
non-exchangeable following Pcholkin (2 M HCI), and total potassium by Smith’s
method.

11.3 Results and Discussion

11.3.1 Outer Carpathian Province (OCP)

Soil potassium depends on the mineralogy of the soil parent material and, also,
environmental conditions such as the diversity of landforms and vegetation within
small areas (Table 11.1).

The total content of potassium in the brown soils of the Carpathian province lies
within the standard parameters for this type of soil. Exchangeable potassium
determined by the Maslova procedure is in 2-3 times higher than the values
determined by the Kirsanov procedure — and closer to the non-exchangeable values.
This may be attributed to the natural acidity of leached mountain soils which are,
therefore, unreactive with acid reagents.

Within the study area, the greatest total potassium content was observed in
the mountain valley, probably related to the heavy soil texture and, consequently, the
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Table 11.1 Statistical indices of potassium content in brown forest soils of the Outer Carpathians

(OCP) and Pre-Carpathians (PCP) (mg/100 g soil of all soil horizons)

Potassium
Kirsanov Maslova Non-
Index Total Water-soluble exchangeable  exchangeable exchangeable
OCP: (1) Gleyic Cambisols, silty clay loam, coniferous forest
™M + mg 2,481 + 887 0.01 £+ 0.008 13.7 £ 1.26 357 £464 518+ 11.6
min—max 1,606-3,675 3.107%6-1073 12.5-15.4 31.8-42.1 35.5-60.6
(2) Gleyic Cambisols, clay loam, mountain valley
M + my 2,586 + 214 0.02 £+ 0.009 16.7 + 3.97 489 + 8.11 54.6 +2.73
min-max 2,336-2,767 4.107°-28-1072 12.2-21.3 37.0-54.1 52.5-58.6
(3) Gleyic Cambisols, loam, hayfields
M + my 2,115 +£ 1,093  0.01 £ 0.008 8.16 £ 2.02 253 £749 383+ 158
min-max 938-3,150 2-10°-1.8-1072 5.34-10.1 20.0-35.9 24.7-53.6
PCP: (1) Dystric Cambisols, sandy loam, deciduous forest
M + my 2,055 + 130 0.05 £+ 0.005 574 £ 1.17 19.8 +4.33 29.8 + 8.04
min-max 1,909-2,264 3-107°-1.3- 107" 4.43-7.14 15.0-24.2 21.1-38.8
(2) Eutric Albeluvisols, silty clay loam, pasture
M + my 2,062 + 1,423  0.014 £+ 0.007 440 + 1.21 122 £2.57 254 +4.70
min-max 1,394-5,283 5-10°-28-1072 2.33-5.77 9.06-15.8  18.5-34.2
(3) Gleyic Albeluvisols, clay loam, pasture
M + my 1,918 + 162 0.06 £+ 0.05 7.99 + 2.53 23.1 £899 32.6 +£10.8
min—max 1,675-2,091 28-107°-1.4 - 107" 5.59-11.2 13.8-32.9 22.6-45.8
(4) Gleyic Albeluvisols, clay loam, arable land
M + my 2,069 + 133 0.04 + 0.02 5.94 + 1.85 28.3 £8.04 323 +3.75
min-max 1,918-2,239 12-10284-10%  4.77-8.68 18.7-38.0 28.2-373

“Note: M mean, m, standard deviation from the mean

increased clay mineral content; water-soluble, exchangeable and non-exchangeable
potassium were also highest at this site. The gross amount of potassium depends on
the potassium content of the parent material and the soil texture; in general, total
potassium followed soil texture but, also, decreased from strongly gleyed to weakly
gleyed mid-loamy soils. Regression-correlation analysis of the various indices revealed
certain trends in the distribution of different forms of potassium in relation to separate

soil indices:

— A direct correlation between total and Maslova-exchangeable potassium.

— Variation in different forms of potassium is most frequently influenced by
acidity (actual, potential, exchangeable). Correlation is generally inverse for
extractable acidity (EA) whereas, for pH, correlations may be direct and inverse.
Reaction and redox conditions determine the intensity of weathering. The
dynamics of these parameters is greater than the changes of local climate
conditions, but different vegetation cover creates microclimates manifested in
different fluxes of heat and moisture through the soil profile. It is clear that pH
depends on the composition of plant residues and transformation products that
fall onto the soil surface and migrate through the profile. Thus, soil acidity is
indirect evidence of environmental aggressivity.
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Fig. 11.1 Links between forms of potassium and other soil indices under coniferous forest

— The strongest correlations under the influence of soil adsorption complex (SAC)
properties are seen in the Gleyic Cambisols in the hayfield, which exhibit the
highest values of cation exchange capacity, total exchangeable bases and base
saturation.

Cluster analysis was applied to elucidate multivariate correlations between
different indices. Under coniferous forest (Fig. 11.1), total potassium was
connected with the acidity of the soil solution; it is clear that changes of acidity
shift the balance of potassium from the fixed state to other forms that may be cycled
or leached from the profile. Exchangeable and non-exchangeable potassium are
distanced from any other soil indices; the impact of these other indices on the states
of potassium is probably indirect. The properties of SAC formed a separate cluster.

Gleyic Cambisols in the mountain valley show a similar relationship between
different forms of acidity and Maslova-exchangeable potassium and between
non-exchangeable potassium, actual acidity (pHyp0) and humus content. A sepa-
rate cluster of total potassium, Kirsanov-exchangeable potassium and extractable
aluminium points to the actual reason for acidity.

The dendrogram of the Cambisols in the hayfield shows similarities between
non-exchangeable and total potassium and potential acidity and, indirectly, with
actual acidity. At the same time, Kirsanov-exchangeable and Maslova-exchangeable
potassium form separate clusters, equidistant from the characterized indices.
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In general, cluster analysis confirms the affinity between different forms of
acidity and soil potassium content, regardless of the ecosystem, and also indicates
the influence of several environmental conditions on the distribution of the different
forms of potassium.

Total potassium varies down profile but is highest in the parent material,
confirming the importance of parent materials for soils’ potassium content. Profile
variations of non-exchangeable potassium were similar; differences down profile
were greater but, again, there was a clear maximum at the base of the profile so it is
also dependent on the composition of the parent material.

Maslova-exchangeable and Kirsanov-exchangeable potassium often decrease in
the transitional horizons and increase again down to the parent material,
corresponding more closely with profile changes of soil acidity. Taking into
account the results of cluster analysis, we may discern the higher dynamic of
exchangeable potassium and its multilateral dependencies, connected with indices
of the process of soil genesis.

11.3.2 Pre-Carpathian Province (PCP)

For comparative analysis of soils of the Pre-Carpathian province, we may take as a
benchmark the Albeluvisol under deciduous (broad-leaved) forest which exhibits
the typical features of its subtype although it is more acidic (in terms of pH, ECEC
and extractable aluminium Al) than other PCP soils and has low cation exchange
capacity (CEC), base saturation (BS) and exchangeable bases (EB) — all features
generally determined by the parent material (Table 11.1). In comparison, Eutric
Albeluvisols (silty clay loams) under pasture show greater acidity (actual and
potential), accumulation of humus in the topsoil and abrupt decrease down profile.
They exhibit high base saturation but low cation exchange capacity and exchange-
able bases; compared with the soil under deciduous forest, these values are quite
high, but compared with other Pre-Carpathian soils, quite low. Under arable, humus
content was much reduced (again with abrupt decrease down profile).

Soils under arable and pasture show more variability of total and non-exchangeable
potassium than soils under forest and in the mountain valley; however, there is a
uniform distribution of Kirsanov-exchangeable and Maslova-exchangeable potassium
(notwithstanding the much higher values of the latter). Only the Gleyic Albeluvisols
(Burozem-podzolic soils) under pasture exhibited an increase in exchangeable potas-
sium in the parent rock and non-exchangeable potassium decreased down profile.
In general, the distribution of total potassium resembled that of the OCP in increasing
down profile; only the Gleyic Albeluvisols under pasture exhibited a maximum in the
topsoil; those under arable exhibited decreasing total potassium down to the parent
material. It would appear that agricultural use affects potassium dynamics rather than
its absolute content.

Given that there is dynamic equilibrium between the various forms of potassium,
the balance between the exchangeable and non-exchangeable potassium is set for a
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Fig. 11.2 Dendrogram of connections between forms of potassium and soil indices under
deciduous forest

long time — depending on conversion to an exchangeable state of potassium ions
released from the crystal lattice of micaceous minerals by chemical weathering.
The activity of chemical weathering comes from dissolved CO, and, particularly,
acidic root secretions — hydrogen displaces potassium from the lattice. Potassium is
also released by aluminosilicate collapse as a result of the activity of silicate
bacteria.

Our data confirm correlation between different forms of potassium in the soil,
but, in the study area, correlation between soil physical and chemical properties and
forms of potassium is weak; the most significant factor is soil mineralogy. The weak
correlation between potassium and soil indices may be explained by the heteroge-
neous impact of the soil properties; in the case of Gleyic Albeluvisols under pasture
and arable, physical and chemical properties clearly influenced total and water-
soluble potassium (Fig. 11.2). Generally, acidity affected the content of exchange-
able potassium.

Cluster analysis indicates that, under deciduous forest, water-soluble potassium
was strongly associated with humus and ECEC; exchangeable and non-exchangeable
potassium clusters with SAC properties. Investigation of other Pre-Carpathian soils
shows a similar picture of connections between different potassium forms and the
impact of acidity and SAC properties on its content.
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11.4 Conclusions

Different kinds of soils have significantly different potassium regimes. Cambisols
have much less total and exchangeable potassium than chernozem. The Pre-
Carpathian area is characterized by the lowest contents of potassium: measured
potassium values in Albeluvisols in the province range from 940 to 3,510 mg total
potassium/100 g, 21-61 mg non-exchangeable potassium/100 g and for exchangeable
potassium, from 2 to 20 mg/100 g by the Kirsanov method and 8-40 mg/100 g by the
Maslova method. The application of fertilizers in this province should be adjusted
accordingly.

In the soils under pasture and under cultivation, the variability of potassium
content is much higher than in natural ecosystems.
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Chapter 12
Pure and Applied Agrophysics

E.V. Shein, V.M. Goncharov, and M.A. Mazirov

Abstract Soil physical properties are conservative, many of them changing only
slightly over time, but they vary significantly in space—a problem for soil physical
investigations in long-term field experiments. The fundamental physical properties
of soddy-podzolic soil (albeluvisol) under a long-term field experiment have hardly
changed under the influence of a century of liming and chemical and organic
fertilization. However, significant changes of approximation parameters of pene-
tration resistance that depend on soil moisture indicate that the application of
manure increased interparticle contacts within the normal range of soil moisture.
These approximation parameters indicate a significant increase in interparticle
forces with a decrease in moisture content in both the control and limed treatments
that resulted from a greater sand fraction in the control and aggregation of particles
due to liming.

12.1 Introduction

Many soil properties change under the conditions imposed by intensive farming,
notably under the impact of mechanical compaction. The creation of a compacted
layer at the plough sole affects the soil water regime and soil aeration. This is
accompanied by changes in the soil biota and, often, in the character of transforma-
tion of soil organic matter. The application of fertilizer and manure also affects
many soil properties including relatively stable (conservative) physical properties
such as aggregate-size distribution and specific surface (Rachman et al. 2003;
Dutartre et al. 1993). Depending on the particular farming practices, soil properties,
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and the weather, these changes may be clearly manifest; in other cases, they cannot
be diagnosed by traditional methods. For instance, several studies have shown that
the long-term application of fertilizers exerts a negligible effect on soil texture and
bulk density (Munkholm et al. 2002). Many physical properties of soils are quite
stable; their minor changes cannot be properly estimated by the routine methods so
it is important to develop methods that will allow unambiguous judgements about
changes in the physical properties of soils under the impact of agricultural manage-
ment. To this end, we have studied a wide range of the physical properties of a
soddy-podzolic soil and their changes under the impact of mineral fertilizers, lime,
and manure.

12.2 Experimental Site and Methods

Field studies were undertaken on plots of the long-term experiment of the
Timiryazev Agricultural Academy, established by Prof. AG Doyarenko in 1912.
The site slopes at 1° towards the northwest within the southern part of
Klin-Dmitrov Ridge; the soil is light loamy soddy medium podzolic.! The experi-
mental area of 1.5 ha is divided into two parts with six rectangular fields in each. In
the first part, continuous crops of winter rye, potatoes, barley, clover, flax, and bare
fallow are cultivated; in the second part, a rotation of bare fallow—winter
rye—potatoes—oats (barley) with clover—clover—flax is followed. Each field under
continuous crops is split into eleven plots of 100m? on which different variants of
fertilization have been applied: unfertilized control (two plots), N, P, K, NP, NK,
PK, NPK, manure, and NPK + manure. Since the fall of 1949, half of each plot
50 mz) has been limed once every 6 years (Kiryushin and Safonov 2002).

In April 2008, auger samples were taken from O to 10, 10 to 20, 20 to 30, and
30 to 40 cm layers from the continuously cropped plots under the control, lime,
NPK, and NPK + manure treatments. Bulk density was determined on samples
taken by a cylindrical (Pol’skii) auger.

Particle-size distribution was determined in two stages. First, the ground soil was
sieved through Imm and 0.25 mm screens to separate coarse soil particles
(>0.25 mm). Then particle-size distribution in the fraction <0.25 mm was deter-
mined on a Fritsch Analysette 22 laser diffractometer after ultrasonic pretreatment.
Thus, we obtained data on the content of coarse fractions (>0.25 mm) and the
particle-size distribution for finer fractions. This procedure was necessary because
the large coarse fraction in the bulk soil hampered the measurement of particle-size
distribution curves for the finer fractions (Shein et al. 2006).

The soil’s specific surface was determined by desorption equilibrium above
saturated salt solutions: 3—5 g soil samples were wetted and stored for two weeks
in desiccators above water to reach quasi-equilibrium saturation and then placed in
desiccators with saturated salt solutions ensuring relative vapour pressures of 0.15,

! Albeluvisol in the World reference base for soil resources 2006.
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0.332,0.55, 0.86, and 0.98. The desorption of water from the samples continued for
about three months, until equilibrium was attained; then the samples were dried at
105 °C and their water content determined. The specific surface was calculated
according to the BET method (Shein 2005; Shein and Karpachevskii 2007).

Aggregate-size distribution in the upper horizons (0-10 and 10-20 cm) was
determined by dry sieving using a Retsch device (Retsch 2005).

Organic carbon was determined with an AH7529 auto-analyzer at 900—1,000 °C
in a flow of oxygen (Shein and Karpachevskii 2007).

Wetting heat (WH cal/g) was determined using an OX12K calorimeter and
calculated as

_Kk'tn

WH 7
Py

(12.1)

where Ky is the heat capacity of the calorimeter, f, is the real rise in temperature,
and Py is the mass of absolutely dry soil sample (Shein and Karpachevskii 2007).

The strength of dry aggregates of sizes 3-5 and 5-7 mm was determined in
20 replicates using a cone penetrometer developed by PA Rebinder:

F

P =1.108 -5,

(12.2)

where F is the load, kg; 4 is the depth of the cone penetration, cm; and 1.108 is the
coefficient for the cone of 30°. The penetration resistance (P,,), measured in kg/cmz,
was determined at various water contents (Khaidapova and Pestonova 2007).

12.3 Results and Discussion

Data on the soil physical properties are summarized in Table 12.1. According to
their particle-size distribution, the soils generally have a medium loamy texture; in
the surface horizons of the control plot, the texture is coarse loamy; a coarsening of
soil texture to loamy sand with the high content of coarse (>0.25 mm) fractions is
also observed in the 30—40 cm layer of the plot treated with NPK fertilizers. The
two-peaked particle-size distribution curves observed in the experimental plots are
typical of poorly sorted morainic deposits.

The control differs somewhat from other variants, having a higher content of
coarse particles. The variant treated with manure is characterized by a higher
content of the finest particles throughout the profile, which may be related to an
initial textural difference between the plots; it is also possible that the increased
content of fine particles in this variant is due to the formation of colloidal and fine-
clay organo-mineral particles in the manured soil.

Specific surface values are fairly low and constant throughout the profile, except
for the 3040 cm layer of the control and, especially, the plot with NPK and manure
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where this index increases. This may be due to an increased affinity for water of the
organic substances in these soils and, probably, some difference in the mineralogical
composition of the deeper layers (Shein 2005; Shein and Karpachevskii 2007). We
may also note an increased water retention capacity of the soil of this plot, in
particular, the increased values of the plastic and liquid limits. The wetting heat
varies between 0.78 and 3.13 cal/g; according to this index, the soils are slightly
hydrophilic. The maximum values of wetting heat are found in the variant with NPK
and manure, which may be explained by the addition of hydrophilic organic matter.

It is known that bulk density determined using the Pol’skii auger is usually
higher than when measured using rings. However, the auger method may be applied
for comparative assessments of bulk density in different variants of the experiment.
According to our data, bulk density increases down the soil profile in all variants;
the lowest values are observed in the Ap horizon of the variant with NPK and
manure, which we attribute to the manuring. The highest values are observed in the
limed variant; they are significantly higher than those in the control. Increased bulk
density in the limed variant was noted during the survey of 1996-1998, but it was
concluded at that time that the difference between the control and the limed variant
was within the experimental error.

Comparative analysis of these physical and chemical properties of the upper soil
layers from different variants of the experiment shows relatively small differences
between major physical characteristics of the soil solid phase. There is a lot of
spatial heterogeneity in the values of the studied indices within particular soil
profiles and between them. It may be supposed that a somewhat coarser soil texture
in the control and a greater clay content in the variant with NPK and manure
application are related to the initial heterogeneity in the soil properties rather than
to the different agricultural loads on the soils; the degree of changes in the soil
physical properties under the impact of different agricultural loads is relatively
small. Only the variant with NPK and manure application differs significantly from
other variants in having a higher content of the finest particles and, hence, higher
water retention capacity at the plastic and liquid limits.

The fact of relatively small differences between the major physical properties of
soils under different variants of the experiment prompted a search for other
differentiating properties. In particular, the strength of soil aggregates and penetra-
tion resistance were studied at different water contents. These characteristics are
indicative of the strength of interparticle bonds. The strength of air-dry aggregates
in the variants with lime and with NPK and manure is higher than that in the control
and NPK variants for both studied depths (0—10 and 10-20 cm) and for both
aggregate diameter groups (3—5 and 5-7 mm). These data are in agreement with
received wisdom about the effect of lime on the mechanical strength of acid soils
(Khaidapova and Pestonova 2007). As for the NPK + manure variant, an increase
in the physical strength of aggregates may be explained by the addition of organic
substances that favour the development of coagulation bonds. When the soil dries,
such bonds may be transformed into stronger mixed and cementing bond which
increase the dry stability of soil aggregates (Bouajila and Gallali 2008). Thus, the
addition of manure not only increased the soil organic matter content but, also,
increased the strength of soil aggregates.
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Fig. 12.1 Penetration resistance (P, kg/cm2) dependent on water content (W, % of dry soil mass)
in different experimental variants

Interesting results were also obtained from penetration resistance (P,,) tests at
different soil water contents (W) from the liquid limit to the plastic limit. The soil is
subjected to compression stress and shear stress, and dilatant properties
characterizing interaction between the soil particles are clearly manifest (Fig. 12.1).
The P,,—W curves for the variant NPK + manure are shifted to the right; i.e. at a given
soil water content the soil resistance to penetration in this variant is higher than in
other variants due to the formation of coagulation bonds between the particles; the
limed variant is also characterized by an increased penetration resistance, which is
seen from the steep slope of the P,—W curves. In all variants, the strength of soil
structure (soil resistance to penetration) increases sharply within a relatively narrow
range of the soil water contents, which is typical of the soils with a substantial content
of coarse particles. As seen from Fig. 12.1, with a decrease in the relative degree of
soil moistening, the resistance to penetration increases most significantly in the limed
variant; the least increase is observed in the variant with NPK and manure application
which, in this case, may be explained by the lubricant action of hydrophilic organic
matter. The highest penetration resistance, in the lime-treated soil, is in agreement
with earlier published data (Khaidapova and Pestonova 2007); the control and the
variant with NPK occupy an intermediate position.
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Qualitative analysis does not enable assessment of the reliability of the observed
differences between the soils of different variants. To evaluate this, we approximated
the obtained curves by the power equation:

~bl
Py = (Z;) (12.3)

where P, is the value of soil resistance to penetration , W is the soil water content,
and b1 and b2 are approximation parameters.

The reliability of differences between the approximation parameters obtained for
different variants of the experiment was specially evaluated. In this model, param-
eter b2 characterizes the position of the curve relative to the abscissa axis: the
higher the b2, the higher the soil resistance to penetration at the given soil water
content (i.e. the stronger the interparticle bonds). Parameter b1 points to the slope of
the curve: the higher the b1, the steeper the curve, i.e. the more significant are the
changes in penetration resistance with the change in the soil water content. This
means that the soil particles come into close contact and display strong internal
friction with a decrease in the soil water content.

The results of corresponding calculations and the assessment of reliability of
the differences between different variants of the experiment show that, at all the
depths, parameter b2 for the variant with NPK and manure is higher than for other
variants; i.e. the corresponding curve lies higher, which is well seen from Fig. 12.1.
Parameter b1 is reliably lower for the deep soil layers in this variant, which is seen
from the lesser steepness of corresponding curves. Significantly lesser values of
parameter b1 in the variant with NPK and manure point to stronger interparticle
bonds in this variant and to their relatively small changes within the studied range
of soil water contents. This parameter is reliably higher in the control and in the
limed variant, particularly, in the 3040 cm layer, which attests to the growing
strength of interparticle bonds with a decrease in the soil water content. As already
noted, this is typical for the soils with the high content of coarse particles and with
the strong aggregation of the particles under the influence of lime.

The analysis of the curves showing the dependence of soil physical properties
(penetration resistance) on the soil water content reveals information about the
reliability of differences in the parameters of the curves and, hence, in the rheologi-
cal behaviour of the soils from different variants of the experiment, whereas routine
determinations of the major physical properties of the soils did not allow
judgements about their differences in different variants of the experiment.

12.4 Conclusions

1. Determination of standard physical properties (particle-size distribution, bulk
density, specific surface, aggregate-size distribution, wetting heat) of soddy-
podzolic soils in a long-term field experiment with applications of lime, NPK,
and NPK + manure revealed that the different treatments produced only minor
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effects on these properties. Only the soil of the plot with NPK + manure applica-
tion was characterized by a somewhat higher content of the finest particles and a
higher water retention capacity.

2. Physico-mechanical properties (the strength of soil aggregates and the depen-
dence of penetration resistance on the soil water content) were more sensitive
and revealed statistically reliable changes under the impact of different
treatments. These soil properties characterize interparticle bonds and their
changes according to the degree of soil moistening, i.e. the rheological
behaviour of the soils.

3. The parameters of approximation of the curves showing the dependence of pene-
tration resistance on the soil water content for the NPK + manure variant differed
significantly from the analogous parameters for other variants, pointing to stronger
interparticle bonds and their low dependence on the soil water content (within the
studied range) in the soil of this variant. Soils of the control and the limed variant
also differed significantly from other soils in the parameter characterizing the
increase in the strength of interparticle bonds with a decrease in the soil water
content. This may be explained by a somewhat coarser texture of the soil of the
control and by a stronger aggregation of the soil particles in the limed variant.
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Chapter 13
Evolution of Chernozem in the Complex
Section at Storozheve, Ukraine

Y. Dmytruk, Z. Matviyishyna, and A. Kushnir

Abstract The Storozheve earth rampart displays three soils: the topmost on the
surface of the bank, the Cossack soil formed in loess deposited about 18,000 years
ago and buried by the building of the bank 350 years ago, and the initial soil in
loess. The initial soil is depleted in heavy metals and exhibits silt redistribution,
reflecting cool, wet conditions. The Cossack soil is Typical chernozem with strong
accumulation of organic matter and structural development within the root zone,
with a peak of heavy metals in the section but with a minimum in the soil genetic
horizons, formed under cooler, wetter conditions than the present. The new soil on
the bank shows weak profile development reflecting degradation of the ecosystem
under a warming and drying climate.

13.1 Introduction

The study of soil genesis enables the assessment of diagenetic changes in soils which,
nowadays, are exposed to intensive man-induced pressures. It requires detailed
analysis of the widest possible range of attributes, especially from chronosequences.
The magisterial curriculum vitae of the chernozem by Krupenikov et al. (2011) draws
upon chronosequences in sediments deposited and subsequently exposed by early
Holocene advance and recession of the Black Sea and, also, soils buried beneath
Trajan’s bank about 2,500 years ago. Here we add evidence from palaeosols buried
350 years ago beneath the ramparts at Storozheve, near Poltava in the Ukraine.

In 2008-2011 Z. Matviyishyna, O. Parhomenko and A. Kushnir of the Institute
of Geography of NAS of Ukraine participated in studies of the Storozheve-kurgan
complex, at the invitation of archaeologists O. Kovalenko and R. Lugovi
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(Matviyishyna et al. 2011). Y. Dmytruk analysed the particle-size distribution and
geochemical composition of the soils and sediments which lend insight into the
changing environment.

13.2 Site and Methods

The Storozheve rampart was built between 1630 and 1680 with spoil from the
production of saltpetre. Saltpetre (an important military product at the time) was
extracted by boiling up humus-rich topsoil. The section exhibits three soils: at the
surface, the modern soil formed during the last 350 years; the middle one buried by
the rampart, which we have called the Cossack soil; and the underlying Bug loess
dating from about 18,000 years ago.

The section was described using the Ukrainian index of genetic horizons. Humus
content was analysed by Tyurin’s method modified by Simakova, reaction by
potentiometry, particle size by Katchinsky’s procedure and heavy metals dissolved
in 1 M nitric acid by atomic-absorption spectroscopy.

We calculated mean and standard deviation; coefficient of radial differentiation
(KT, the ratio of indicators in each genetic horizon to the mean for their profile)
elaborated because, in the absence of the soil parent material for comparison,
eluvial accumulative coefficients do not completely reflect the operating processes;
coefficient of silt differentiation (Kd, the ratio of maximum silt content to its
minimum in a given profile), which highlights any accumulation of silt; and, finally,
index of saturation of soil with heavy metals (Dmytruk 2006), the geometric mean
of the coefficients of the concentration of heavy metals calculated as the ratio of
their content in the sample to the background content of the same element (See also
Fatyeyev and Paschenko 2003).

13.3 Results and Discussion

For Kr, values greater than 1 indicate an increase and values less than 1 decrease
compared with the mean, similarly with Kd. For the index of saturation of soil with
heavy metals, less than 0.9 indicates scattering of heavy metals, values between 0.9
and 1.1 indicate a balance between scattering and accumulation, and values greater
than 1.10 suggest accumulation.

13.3.1 The Soil on the Embankment

This is described as:

H(k) 0-5 cm Brown-cinnamon grey, poorly compacted sod; many roots;
reacts with HCI1
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Hk 5-32 cm Humus layer, light greyish brown speckled; loose, weak crumb
structure and horizontal banding; many burrows 6—8 cm
diameter infilled with light grey soil; weak reaction with HCI,
minor carbonates (1-3 mm); clear wavy boundary

H(e)k 32-53 cm  Humus eluvial, grey brown to brown, depleted of free iron
oxides; sandy silty to heavy silty; strong medium nutty
structure; some burrows 7-20 cm in diameter, many worm
burrows; small carbonate nodules; clear irregular boundary

Ih(k) 35-135 cm  Lumpy mixed materials making up the bank; heavy loam;
many worm burrows filled with material darker than the
modern soil but few large burrows; no carbonate nodules; clear
boundary corresponding with many tree stumps

Low levels of heavy metals, especially cadmium, characterize the soil on the
bank (Table 13.1). The mixture of materials thrown into the bank bequeaths a
confused picture compared with undisturbed ecosystems, but the low content of
biogenic elements (zinc, manganese, copper) indicates little biological accumula-
tion within the modern ecosystem. At the same time, the low content of heavy
metals suggests minimal human impact so this area may be taken as a background
against which chemical contamination may be monitored.

Consideration of the variability of heavy-metal content, just for the upper soil
(Table 13.2), confirms the diverse conditions in the surface layer of natural soils. The
actual amount of heavy metals decreased with depth in each soil and down the section
as a whole — apparently according to the lithology of the deeper layers. Based on the
index of saturation with heavy metals, we observe that biological accumulation of
metals, except for manganese, is restricted to the upper humus horizon (Table 13.3);
high levels of organic matter contribute to fixation of metals. Beneath the humus
horizon, silt eluviation dominates the processes of the removal of heavy metals,
probably along with adsorptive complexes. The deep illuvial horizon (which has low
humus content but the greatest amount of fine particles) has about the average content
of heavy metals — migration and accumulation are in balance.

The content of silt in the modern soil is the least in the whole section and reflects
the slowness of profile differentiation in current conditions. The surface layers
collect wind-blown dust, and there is some accumulation of fine particles in the
lowest layer, which we may consider an illuvial horizon. The humus content is low
but its distribution even; likewise soil reaction with the surface horizon is close to
neutral and there is a slight increase in pH with depth.

13.3.2 The Cossack Soil

This soil, buried 350 years ago, is fully represented in the section with clearly
differentiated horizons. It is Typical chernozem with a thick humus horizon,
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Table 13.2 Variability of soil attributes
Soils M £+ m)

Indices On the bank (n = 3) Cossack soil Deep buried (n = 3)
Humus (%) 1.20 + 0.69 1.65 + 0.50 0.51 + 0.14
PHuwater 6.44 + 0.18 7.15 £ 0.12 7.45 + 0.04
Particle-size fractions (%)

1.0-0.25 6.63 + 1.0 5.18 + 1.08 2.30 + 1.32
0.25-0.05 0.99 + 0.30 0.85 £ 0.30 0.69 + 0.27
0.05-0.01 38.2 + 9.57 33.5 + 6,02 39.3 £ 9.05
0.01-0.005 15.0 + 5.69 22.0 + 4.88 9.98 + 8.18
0.005-0.001 831 £ 6.0 10.3 + 2.47 11.3 £ 7.79
<0.001 30.8 +2.73 28.2 £ 5.25 36.4 + 10.2
> < 0.01 54.1 + 8.98 60.5 &+ 6.67 57.7 + 8.20
Heavy metals (mg/kg dry soil)

Pb 12.2 £ 5.02 14.3 + 1.68 15.7 £ 3.54
Cd 0.61 + 0.12 0.57 £ 0.17 0.57 + 0.22
Cu 9.02 + 3.51 124 + 193 8.55 £2.25
Ni 14.6 + 7.02 20.5 + 2.56 17.7 £ 5.34
Cr 13.6 + 4.83 16.2 + 4.14 1.7+ 33
Zn 22.8 +10.3 29.3 + 4.44 252 + 6.45
Mn 267 + 104 400 £+ 78 229 £ 76

crotovinas and clear distinction from the underlying, less loamy parent material,
described in the field as:

II[Hk]1.35-1.75 m  Humus horizon — uniformly dark grey to black, clay loam,
granular to lumpy structure, friable, occasional crotovinas,
abundant roots, gradual boundary

II[Hpk]1.75-1.90 m  Upper transitional humus horizon — pale grey becoming
lighter with depth, clay loam, no visible carbonates but
reacts with HCI, crotovina filled with dark grey soil, many
worm burrows and roots, gradual boundary

II[Phk]1.90-2.03 m  Lower transitional horizon — uniform pale grey, clay loam,
abundant carbonate nodules, many worm burrows and
crotovinas, clear irregular boundary

II[Pk] 2.03-2.17 m  Parent material — pale-brown loess, clay loam, lumpy
powdery, abundant nodules and powdery carbonate
efflorescences

The most notable geochemical characteristic is the concentration of heavy
metals, the maximum for the whole section except for lead (Table 13.1). Despite
the increased concentration, their variability is minimal — which may indicate
constancy of conditions of development without much human interference. The
increased content of the biogenic elements zinc, manganese and copper, compared
with the profiles above and below (Table 13.2), is evidence of active biological
accumulation, but the index of saturation highlights that accumulation of metals is
characteristic only for the lower transitional horizon (Table 13.3). At this point
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there was a geochemical barrier associated with changing redox conditions and
precipitation of carbonates. The parent material is characterized by low content of
heavy metals. Redistribution of metals, including their accumulation by biological
activity in soils and vegetation, takes place only with pedogenesis.

This is confirmed by the coefficients of radial differentiation: for all genetic
horizons, heavy-metal content is greater than that of the parent material (Table 13.1).
The lack of accumulation of metals (except cadmium) in the upper, humus horizons,
where saturation indices are close to unity, may be a function of biological activity
and their accumulation at the soil-bedrock boundary. Cadmium, copper and manga-
nese are concentrated in the humus horizon, while the parent material contains most
nickel and lead. Horizons of unambiguous scattering are not seen, which also
confirms the dependence of heavy-metal concentration on soil formation.

The differentiation of silt (0.01-0.005 mm and 0.005-0.001 mm) indicates
wetter conditions in the early stages of soil genesis and radical change later.
Compared with the profiles above and below, the content of silt is the least but
clay the most. The high silt content of the upper humus horizon may be a result of
its burial by the bank which is built of siltier material; the middle part of the profile
shows depletion of silt and a gradual increase towards the parent material.

The humus content remains high in spite of the mineralization that has occurred
since its burial; it is still higher than the modern soil (Table 13.2). The Cossack soil
remains recognizably a chernozem: its morphology and micromorphology, as well
as its thickness, are just as they were when it was buried.

13.3.3 The Initial Soil in Loess

Under the Cossack soil, at a depth of 2.17-2.67 m, there is a brown soil with poorly
developed horizons but still clearly differentiated from the underlying loess. It was
described in the field as:

III[Hk]2.17-2.34 m Weakly humose — uniform light brown; clay loam; poorly
compacted, lumpy; carbonates; crotovina filled with grey
soil; worm burrows; chips and cracks coated with
carbonates; gradual boundary

III[Phik]2.34-2.46 m  Transitional — pale-brown sandy clay loam; poorly
compacted; white carbonate efflorescences, especially in
the lower part; many worm burrows; some crotovinas filled
with whitish loess

III[Pk] 2.46-2.70 m  Parent material, loess — very pale-brown sandy silt loam;
loose, lumpy; many dark-grey brown and whitish
crotovinas

The initial soil developed in loess has concentrations of heavy metals close to
those of the modern soil on the top of the bank and with similar variability. Here we
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find the highest level of lead, which confirms the absence of human influence. The
index of soil saturation with heavy metals shows a clear accumulation in the upper
horizon with the same specific scattering from transitional and background content
in the parent material (Table 13.3). The parent loess also contains more cadmium
than the overlying soil horizons. Pronounced accumulation of manganese, copper,
nickel and zinc is restricted to the upper humus horizon — perhaps the result of
biological activity. The scattering of values for heavy metals is characteristic of the
transitional horizon; the lowest values for several metals may be explained by the
thinness of the layer and the low content of organic matter (Table 13.2).

The parent material is loamy with a larger sand fraction, especially medium and
coarse sand, which is characteristic of loess deposits. Compared with the parent
material, the silt content is greater in the overlying soil horizons. Differentiation of
the profile and its coefficient of differentiation are close to modern Grey forest soils
(Tables 13.1 and 13.2) but less distinct because of the calcareous nature of the
parent material and the shallow profile. The poor humus content is the result of
thousands of years of the mineralization.

13.3.4 Cluster Analysis

We used cluster analysis to compare features of different age and genetic sequence.
Affinity of various horizons indicates comparable conditions of formation. Clustering
according to the content of heavy metals was informative. Genetic horizons of the
buried Cossack soil and its parent material have similar geochemical characteristics
and formed one cluster (Fig. 13.1). The other grouping combines the upper horizons
of the modern soil with horizons of soil buried under the bank: grouping eluvial
humus horizon of modern soil with the upper humus horizon of the buried soil.

Figure 13.2, cluster analysis on all parameters that were determined, showed that
the strongest grouping is of the lower horizons of buried soil and the same humus
horizon soil on the rampart. The second cluster consists of two subgroups: in the one
are horizons of the buried Cossack soil and the humus horizon soil on the modern
surface and in the second, horizons of different ages — parent material of the Cossack
soil, the humus horizon of the initial soil on loess and, unexpectedly, the deepest layer
of the modern soil.

We see that the soil buried about 350 years ago has remained close to the
archetypal chernozem, with strong evidence of biological activity and humus accu-
mulation (its humus content is the greatest of the three strata despite diagenesis).
These features are inherited from a long period of favourable warmth to rainfall ratio,
wetter than today’s, under grassy vegetation without evident human intervention.

The lower buried soil formed in loess is not depleted of chemical elements but
reflects initial hydromorphic soil formation. It has the lowest content of organic
matter and most differentiation of silt — comparable to forest soils under cool
conditions.
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Over some 350 years, the modern soil on the embankment has developed some
specific features: first, homogenization of the fine fraction without much redistribu-
tion, some bioaccumulation in the topmost horizon while human influence some-
what modified its heavy-metal content, and weak accumulation of humus — still not
attaining the levels of the buried soil which suggests a slowing down of sod and
humus formation.

13.4 Conclusions

The Storozheve chronosequence comprises an initial soil with significant
downwashing of silt, suggesting a cool humid climate; a chernozem of Cossack
times buried beneath the embankment 350 years ago; and the modern soil formed
on the bank. Comparison between the three profiles in terms of humus content,
particle-size distribution, gross content of heavy metals, coefficients of saturation of
soils by heavy metals and coefficients of their radial redistribution and, finally,
cluster analysis revealed:

1. The initial soil in loess retains hardly any humus, is depleted in heavy metals and
exhibits clear downwashing of silt — features of strong leaching under a cool
climate.

2. The soil of Cossack times, buried by the bank 350 years ago, is a Typical
chernozem, exhibiting the highest content of heavy metals but the least
variability within the genetic horizons, active accumulation of biogenic elements
by active, humus-accumulative sod formation. A biological-chemical barrier at
the interface with the parent material is evident. We deduce that this soil was
formed under cooler, wetter conditions than the present.

3. The modern surface soil of the embankment has some features of chernozem
formed under sod. Heavy-metal content, except for cadmium, is relatively low —
suggesting insignificant biological accumulation; the process of profile differen-
tiation is slowing down in the face of increasing aridity.
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Chapter 14
Climate Change and Its Impact on Soil
Productivity in Moldova

M.D. Vronskih

Abstract Analysis of long-term data (1945-2007) for Moldova reveals trends in
agro-climate parameters and related harvest fluctuations of field crops, vines and
fruits. Over the period 1945-1970, mean annual temperatures decreased by 0.72 °C;
since then they have increased by 1.41 °C. Seasonal temperatures followed similar
trends. Mean annual and seasonal temperatures in Moldova are already higher than
the optimum for all the main crops; summer temperatures have the greatest effect
on yields, which were reduced by higher-than-average temperatures. Mean annual
rainfall during the same period recorded variable trends: from 1945 to 1965 it
increased by 142 mm; from 1965 to 1977, decreased by 50 mm; and from 1976 to
2010, increased again by 52 mm, overall an upward trend, especially in summer and
autumn. Analysis of long-term meteorological and statistical data shows a clear
relationship between mean rainfall and crop yields: below-average rainfall (—17 %)
reduced wheat yields by 11 % and maize by 15 %; very dry years (—31 %) reduced
wheat yields by 16 % and maize by 23 %. Less-than-average rainfall during the
growing period had the greatest impact. As we might expect, the volume of summer
rain, ranging from 134 to 302 mm, had a big effect of on crop yields: decrease in
summer rainfall by 33 % from the mean of 203 mm depressed yields of winter
wheat by almost 10 %, maize 16.8 %, sugar beet 14.5 %, grapes 5.2 % and fruit
crops by 9.2 %.

14.1 Introduction

The probable and possible consequences of global climate change have been a topic of
debate over the last 20 years in scientific circles, politics, business and the media.
Analysis of much published material and statistical data leads us to conclude that
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the observed changes in meteorological parameters result from complex, often
multidirectional interaction of many man-made and natural factors. Differences in
the positions of various authors rather emphasize the leading role of some of them in
the system of factor and consequence. 1 shall not discuss the causes and mechanisms
of climate change but rather its impact — seeking answers to these questions:

— To what extent and in what direction will changing meteorological parameters affect
the productivity of the soil and, in particular, the yields of major agricultural crops?

— What are the optimal values of temperature and rainfall (annual, seasonal and
monthly) that generate the highest productivity in the soils of Moldova?

— How similar to, or different from, the optimal values are the actual meteorological
indices in Moldova?

— In this context, what is the safety margin provided by the compensatory
capacities of plants?

— Finally, how can (or can’t) management compensate for the negative effects of
climate change over such a sensitive sector as agriculture?

14.2 Data and Methodology

Statistical data on the harvests of six major crops were analysed to determine their
dependence on the dynamics of air temperature and precipitation (mean annual,
seasonal and monthly) for different agro-climatic zones of Moldova. Data were
calculated from eight meteorological stations across the country that there have
maintained observations since 1945 (about 65 years), and some data for the last
156 years were used to establish the long-term trends. From the initial meteorological
parameters, GPC attributes and coefficients of temperature stability, moisture stability
and continentality were calculated.

14.3 Results and Discussion

Moldova lies within the moderate-continental climatic zone characterized by
long, hot summers and relatively mild winters. Mean annual temperatures range
from 7.5 °C in the north to 10.5 °C in the south, accumulated temperature above
10 °C ranges from 2,750 to 3,300 °C, and the frost-free period varies between
165-196 and 260-270 days. Extreme values are a characteristic: summer maxima
reach 39—40 °C in the north and 40—41 °C in the south, winter minima fall as low
as —27 to —31 °C in the south and —33 to —36 °C in the north. Rainfall ranges
from 380—400 mm in the south to 450-550 mm in the north.

The predominant soils are the various subtypes of chernozem that extend across
70 % of the country. One of the risk factors is hilly terrain susceptible to erosion;
more than 40 % of the country has suffered some degree of soil erosion, and almost
25 % is strongly eroded. Due to the high population density (115 people per km?),
the area per person is only 0.9 ha of which 0.44 ha is arable.
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Analysis of long-term weather data (1945-2007) reveals:

— Zonal differences in mean temperatures between north and south: mean annual
temperatures from 8.62 to 9.53 °C, 8.91-10.47 °C in autumn, —2.84 °C
to —1.35 °C in winter, 8.94-9.75 °C in spring and 19.45-20.95 °C in summer.

— Zonal differences in rainfall: mean annual rainfall ranges from 559.9 in the north to
520.1 mm (8 % less) in the south, 121.0-113.4 mm (7 % less in the south) in
autumn. 95.5-101.9 mm (7 % more in the south) in winter, 126.3—119.8 mm (5 %
less in the south) in spring and 217.1-185.0 mm (17 % less in the south) in summer.

Analysis of temperature changes over the past 65 years shows that during the
period 1945-1970, the mean annual temperature decreased by 0.72 °C (—0.028 °C
per year) and then for 40 years (from 1971 to 2010) consistently increased by
1.41 °C (+0.035 °C per year), an overall increase of 0.69 °C (Fig. 14.1). Seasonal
temperatures follow similar trends: +0.71 °C (+0.0263 °C/year) in autumn,
+2.05 °C (+0.0315 °C/year) in winter, +1.12 °C (+0.017 °C/year) in spring and
+1.65 °C (+0.025 °C/year) in summer.

Mean annual rainfall recorded more variable trends (Fig. 14.2): from 1945 to
1965 it increased by 142 mm (7.1 mm/year); then from 1965 to 1977 decreased by
50 mm (—1.9 mm/year); and increased again from 1976 to 2010 by 52 mm
(+3.6 mm per year). Thus, the overall trend over the past 65 years was upwards
by 144 mm (+2.2 mm/year). Autumn precipitation increased by an average of
45 mm, winter precipitation decreased by 21 mm (—0.32 mm/year), spring’s
increased by 37 mm (+0.49 mm/year) and summer’s by 46 mm (+0.71 mm/year).
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14.3.1 Effects on Soil Productivity

Temperature

In general, changes in temperature and rainfall were accompanied by predictable
changes in crop yields. Table 14.1 summarizes relationships between harvests and
mean air temperature. The average increase in mean annual temperature of 1.81 °C
was accompanied by a decrease in rainfall of 70.2 mm (—14.1 %). At the same time,
the yield of winter wheat decreased by 2.8 centners/ha (—12.4 %), maize by 2.8 c/ha
(—10.4 %), sunflower by 1.45 c/ha (—10.6 %), sugar beet by 7.5 c/ha (—3.4 %),
grapes by 8.5 c/ha (—20.8 %) and fruits by 9.9 c/ha (—23.2 %). Significantly, a
further increase in mean annual temperature in the group of extremely hot summers,
accompanied by a diminution of rainfall (by 127 mm or —30.7 %), was
accompanied by an even greater reduction of crop yields: winter wheat by
6.6 c/ha (=31 %), maize by 3.2 c/ha (—13 %), sunflower by 1.5 c/ha (—13 %),
sugar beet by 97.3 c/ha (—14 %) and grapes by 8.6 c/ha (—23 %); the reduction of
fruit yield was within the limits of experimental error.

Analysis of the influence of mean annual temperatures on crop yields shows that
there is a narrow range of parameter values (up to 8.7 °C) when an increase in
temperature was accompanied by a proportional increase in crop yield. Any further
increase in temperature was accompanied by a decrease of yield. The formulaic
calculations show that, on the segment of the curve up to the optimum temperature,
productivity increased along with temperature: winter wheat by 1.96 centners per
hectare per degree C (9 %), maize by 2.30 c/ha (8 %), sunflower by +1.08 c/ha (8 %),
sugar beet by 14.2 c/ha, grapes by 8.75 c/ha (19 %) and fruits by 5.7 c/ha (11 %) for
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Table 14.1 Effects of mean annual temperature on crop yields in Moldova, 1945-2007

Mean Crop yields (centners per hectare)
annual
No. of rainfall, Winter Sugar
years ¢ (°C) (mm) wheat Maize Sunflower beet Grapes Fruits

Warm years 23 +9.99 493.8 225 26.8 13.65 2219 408 42.6

Including hot 5 +10.92 413.8 21.1 24.1 11.9 202.7 38.0 51.7
years

Cold years 39 +8.67 569.0 25.3 29.6 15.1 229.5 493 52.5

Including 12 +8.08 540.8 27.7 27.3 134 230.0 46.6 50.8
extremely
cold years

All years 62 +9.10 543.0 24.3 28.5 14.6 226.7 46.2 48.8

Warm com- — +1.81 -702 -2.8 —2.8 —145 -7.5 -85 -9.9
pared with — —14% —-12% —-10% —11% 3% -21% -23%
cold years

Hot com- - +2.84 —127.0 —-66 32 —1.5 —-273 —-8.6% +0.9
pared with — -31% -31% —13% —13% —14% -23% +2 %
extremely
cold years

each 1 °C. Beyond the optimum, further increase in temperature was accompanied by
a decrease in yields: winter wheat by 1.7 c¢/ha (—7 %), maize by 2.36 c/ha (—8 %),
sunflower by —1.69 c/ha (—11 %), sugar beet by 36.03 c/ha (—15 %), grapes by
2.28 c/ha (—4 %) and fruit by 3.73 c/ha (—7 %) for each 1 °C. There is also a zonal
aspect to the response of crop yield to temperatures above the optimum — in the south
of the country, yields decreased by more than in the north: winter wheat by 5 %,
maize by 9 %, sunflower by 3 %, grapes by 1 % and fruits by 8 %.

Seasonal temperatures also had distinctive effects (Tables 14.2, 14.3, 14.4, and 14.5).

From Table 14.2, we see that an increase in mid-autumn temperature of 1.26 °C
suppressed the yield of winter wheat by 4.09 c/ha (18 %). There were lesser
decreases for the other main crops: maize by1.5 c/ha (5 %), sunflower by 0.9 c/ha
(6 %), sugar beet by 7.6 c/ha (0.3 %), grapes by 1.1 c¢/ha (2 %) and fruit by 3.9 c/ha
(8 %). Further increase in autumn temperatures (from 10.17 to 10.65 °C) further
suppressed crop yields; winter wheat was again the most sensitive, declining by
8.5 c/ha (48 %); fruits declined by 6.0 c/ha (15 %), and for the other crops the loss of
yield was between 2 and 6 %.

Table 14.3 shows that the increase in winter temperatures by +3.18 °C in the
years with warm winters was accompanied by a significant increase in crop yields:
for wheat by 4.2 c/ha (+16 %), maize 2.5 c/ha (+8 %), sunflower 0.75 c/ha (+5.0 %)
and grapes 3.8 c/ha (+8 %). The yield of sugar beet was within experimental error,
but fruits decreased by 3.5 c/ha (8 %). Further increase in winter temperatures
(from —0.7 °C to +0.32 °C) was accompanied by a greater increase in yields: winter
wheat by 9.85 c/ha (39 %), maize 5.35 c/ha (19 %), sunflower 1.0 c/ha (7 %), sugar
beet 25.8 c/ha (12 %), and grapes 5.15 c/ha (12 %). Fruit yields remained
suppressed, by 3.0 c/ha (—7 %).
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Table 14.2 Effects of autumn temperature regime on crop yields in Moldova, 1945-2007

No. Mean  Crop yields (centners per hectare)
of annual  Winter Sugar
years t(°C) rainfall wheat Maize Sunflower beet Grapes Fruits
Years with 32 +10.17 540.5  22.2 27.8 14.1 223.0 456 469
warm
autumn
Including hot 11 +10.65 546.1 17.7 26.5 14.15 226.8 433 412
autumns
Years with 30  +891 5455 264 29.3 15.0 230.6  46.7 50.8
cool
autumn
Including 11 +8.41 5180 26.2 28.0 14.2 221.0 419 472
cold
autumns
All years 62  +9.56 551.0 243 28.5 14.6 226.1 462 4838
Warm com- c¢/ha +1.26 —5.0 —4.09 —-15% —-09 —7.6 -1.1 -39
pared % 1% -18% 5% —6% —03% 2% —-8%
with cool
autumn
Hot com- c/hha +2.24 +28.1 -85 -1.5 +0.3 +5.8 +14  —6.0
pared % +5 % 8% —6% +2% 2% +3% —15%
with cold
autumn

During the winter there is especial danger from periods, usually short,
of extremely low temperature (—30 to 33 °C); this occurred in six of the
last 65 years. Optimal winter temperatures are —1.0 °C for winter wheat and
grapes and —3.5 °C for fruit crops. Other crops are not in the ground during this
period.

We might expect spring temperatures to have a critical impact on crop produc-
tivity (Table 14.4). It turns out that the increase in average spring temperatures
from 8.45 to 10.43 °C was accompanied by a decrease in yield of winter wheat
by 3.74 c/ha (17 %), maize 2.4 c/ha ( 9 %), sunflower 1.1 c/ha (—8 %), sugar
beet 0.4 c/ha (—0.2 %), grapes 5.6 c/ha (—13 %) and fruit by 4.2 c/ha (—9 %).
Further increase of spring temperatures up to 11.02 °C was accompanied by a
greater reduction in crop yields: wheat by 5.0 c/ha (23 %), maize 3.4 c/ha
(13 %), sunflower 1.7 c/ha (12 %), sugar beet 8.8 c/ha (4 %), grapes 1.9 c/ha
(4 %) and fruit by 1.5 c/ha (3 %). In short, the mean spring temperature, at
8.4 °C, was optimal for all six crops.

Summer temperatures had the strongest influence on crop yield (Table 14.5).
The increase in summer temperatures from 20.2 to 20.9 °C was accompanied by
a reduction in crop yields: wheat by 4.7 c/ha (20 %), maize 5.2 c/ha (18 %),
sunflower 1.9 c/ha (13 %), sugar beet 31.3 c/ha (14 %), grapes 8.9 c/ha (19 %)
and fruits by 12.2 c/ha (=25 %). Further increase of seasonal temperatures up to
21.7 °C was accompanied by a disproportionately greater reduction in crop yields:



107

14 Climate Change and Its Impact on Soil Productivity in Moldova

0cC
L— (454 Cl+ Lt 61+ 6¢t L— 1€— 81+  ur1edk suo % % SIUIM P[Od
0¢e— ¢SI's+ 8¢t 01+ ¢¢e+ ¢86+ 68¢— LLC— SLI+ L9+ ey/o Apwanxa yim paredwod wrem ARWanxy
Sl
8— L+ 0+ G+ 8+ 91+ — c1— g+ Ul Jeak quo %

Se— 8'¢ct Sot SLO+ ST+ Tyt ¥0l— ¢Tl— SLO+ 81'¢+ ey/o 9% SIauIm P[Od I paredwod wirep
8'8Y 214 L'9TC 9vlL  6'8C €ve  0erS 001 91'6 17— 9 suedw ‘s1edk [y
I'ey SI'8¢ 7861 el vee €Sl 08SS T8Il I8+ SI'o— 8 SIIUIM
90§ (444 8'1T¢C SI'vl  TLT 1'CC €8S 9901 LL8+ €8'¢— 0¢ ‘Plod A[owaxnxa SUIPn[oUl ‘Plod YIIM SIBIL
1'9% £'ey 0'vCC vl 8'8C ST T6ls S06 686+ ce0+ €l
'Ly 0'8% €1ee 6l L6C €90 6'LES £€v6  CS6+ L0— 7€ SIJUIM ‘WM AI9A SUIPN[OUT ‘ULIEA UJIM SIBSX

syni] sodein 109q Iomopunsg QZIBN jeaym [enuUY JIOJUIA\ [enuUUY IOMUI A SIBOA
1e3ng IQJUIAN Jo "'ON
(ey/s1oUIUD) PRI uoryedioald (Do) ?

pre1& doxd uo samjeredwo) IOIUIM JO JO1JH €T dIqeL



M.D. Vronskih

108

(4 < = 6— 8— yi— - 61— %
60t T'I— 9'LT— el— €T ye—  TIl— 8TCc— L8Ot TLT ey/o sgutids oSeroae Yyt pareduiod urrem

6— el— o+ y— 01— LI— S— 1= %
= 96— 00— I'— 97— Le—  86c— T'lc— 660+  86'1 'y/d ssunds [005 M paredwod urepm
88y  TOY 19ce oyl 8T £YC 0'1sS 97Tl 9’6 £'6 9 SueQW ‘s1eak [y

oy 8Ty y0T 8¢l 0S¢ G8l L9ys  6°0CI I8 SeL 6
¥0S  v'8y 6'LTC 0sl 96T 6°6C Tess  6'Cel 9L'8  S¥'8 9¢ s3urids ‘pfod Surpn[our ‘(00 YiM SIed X

6'81 I'sy relc gel T9e 6'0C 8'881 866 €00l <O'II cl
T  8'TH §'LTT 6€l  TLT TTC v6Ts ST IL6 €401 LT s3unds ‘urem £1oA uIpnjour WILM YIIM SIEOX

synL] sodeln) 109q Ie3NG IOMOPUNS OZIBJN Jeaym IoJuipy  [enuuy  Suudg [enuuy JundS sreak jo foN

(arejooy 1od srowuod) sprark dor) (wur) Do)
uonedroalq

spa1k doro uo samjerodwdy Sunids Jo s10059 1 dIqBL



109

14 Climate Change and Its Impact on Soil Productivity in Moldova

6€— Te— 8C— 60— 8¢— 0¢— €l L1— %
rel— Tyl— 1'€9— cr— LOI— €L~ 1'€9— 6'¢e— S50+ 91+ BY/D  SIOWIWNS OFBIOAE ()M poredwod wep
98— 09— 19— 6— 98— 91— 1= %

Lse—  SLT— ¥101— €9— ¥9I1—  9vI—  €8L— 969— YOI+ L6'TH 'Y/ sIowums prod yim paredwos joH
§9— 9p— 1e— 8C— e 9p— (45 (S %

LeT—  TLI— 9'09— 9¢— T10I— 06— €79~ I'Sh— €70+ 80+ ey/o SIS [009 M paredwod uire s
8'8% (214 L'9TT Ehq! §'8¢C €yec  01SS L'10T 91’6 [\ 9 sueou ‘s1eak [y
¥'S9 g09 095¢C L91 I'v¢ 9'1e  T99¢ ¥'8€C L9'8 €L'81 !
€09 (949 09¢¢ €91 vee 9'8C 1°€LS S§¥CT S6'8 LT61 7€  sIowwns ‘pjod SuIpnioul ‘jood Yim SIesx
L'6T 0ce 9°¢€91 ¥01  SL'LT 0Ll 6'L8Y 8'891 IL6 L'1T Il
9'9¢ €LE 661 L'e1 £'¢T 9'61 8°01¢ oLl 8€'6 6'0C 0¢  sIouwns 0y SUIPN[OUT ‘ULIEM 1M SIBSX

syni]  sodeln 109qIeSng  IOMOPUNS  SZIB[N  JBOUM  [BNUUY JOWWNS [BNUUY  JOWWNS  SIBdA JO "ON

IONUIM

(arejoay Jod s1oujued) AJIANONPOIJ

uorne)idioald

Do) 4

spre1& doxo uo samjerodwd) Jowwuns jo 109J39  SHT dIqel,



110 M.D. Vronskih

24,00 7----r---- e T Ty o et S

23,00 4|-------- e B B L L L e H S H-

22,00 t---f---- T B A Rt EERE RS SRR -

21,00 - +--1-k-1--- - A -

20,00 M A e R ¢ e A aiad

temperature

19,00 +- fHt---- R et R o S

18,00 f -~ e e R B

17,00 +{H--t---- e s B R i R O e

16,00
1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
agricultural years

Fig. 14.3 Mean summer temperature. Key: Bold blue, starred — Multiyear linear trend;
Bold blue — Polynomial 5-yearly; Black — Polynomial mean; Bold violet — Polynomial 3-yearly;
Red — Multiyear 5-year means; Fine violet — Multiyear 3-year means; Fine blue — Annual means

wheat by 30 %, maize 38 %, sunflower 29 %, sugar beet 28 %, grapes 31 % and
fruits by 39 %. The decrease in yields of all 6 crops can be seen across the whole
range of studied temperatures from 18.8 °C up to 21.7 °C (Fig. 14.3).

Soil Moisture

Soil moisture is a critical for all crops. Analysis of long-term meteorological and
statistical data shows a clear relationship between mean rainfall and crop yields
(Table 14.6).

In years of below-average rainfall (less by 81 mm or 17 %), yields were
suppressed: winter wheat by 2.7 c/ha (11 %), maize 3.7 c/ha (15 %), sunflower
0.8 c/ha (6 %), sugar beet 5.1 c/ha (2 %), grapes 2.4 c/ha (5 %) and fruit crops by
2.2 c/ha (5 %). Very dry years (less by 146.1 mm or 36 %), which were also warmer
than average (mean annual temperature greater by 0.46 °C), further reduced crop
yields: winter wheat by 3.45 c/ha (17 %), maize 5.8 c/ha (26 %), sunflower 1.8 c/ha
(14 %), sugar beet 32. 9 c/ha (17 %) and grapes by 2.6 c/ha (6 %). The increase in
fruit yield (1.6 c/ha or +3.2 %) was not significant.

The optimal annual rainfall for sunflower, sugar beet and grapes was 580 mm
and for sunflower and fruit crops 610 mm. Any higher rainfall was accompanied by
lower crop yields, except for maize which never received its optimum rainfall.

Seasonal trends were, again, distinctive. Years with dry autumns (—40 mm
or —34 %) saw no significant deviation of crop yields, except for sugar beet
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Table 14.6 Effect of mean annual rainfall on crop yields, 1945-2007

Mean Productivity (centners per hectare)
No. Annual annual
of rainfall  temp. Winter Sugar
Indices years (mm) °0) wheat Maize Sunflower beet  Grapes Fruits
All years, 62  551.0 9.16 243 28.5 14.6 226.1 46.2 488
means
Wet years 28 631.6 893 27.5 331 155 233.6 49.1 51.5
Including very 10  682.5 8.85 25.7 349 146 217.8 458 487
wet years
Dry years 34 4700 934 21.6 24.8 138 221.0 43.8  46.6
Very dry years 11 4049  9.62 20.9 227 128 1932 43.6 504
Dry compared - —81.0 +0.18 -2.7 -3.7 —-0.8 =51 =24 22
with aver-
age years
% - —-17 —11 -15 -6 -2 —6 =5
Very dry com- — —146.1 +0.46 —-345 58 -—1.8 —319 -26 +1.6
pared with
average
years
% - —36.1 -17 -26 -—14 -17 -6 +3
Very wet com- — —131.5 -0.31 +14 +64 +—0 -83 -03 -0.15
pared with
average
years
% - +19.3 —338 46 +18 - —4 -1 —0.3

which increased by15.5 c/ha (7 %). Extremely low autumn rainfall (—70.9 mm,
—60 %) reduced yields of winter wheat by 2.4 c/ha, but the yields of grapes and
fruits, on the contrary, increased by 2.6 c/ha and 2.0 c/ha, respectively. However
much-lower-than-average and much-higher-than-average winter precipitation pro-
voked substantial yield decreases (Table 14.7).

Much-lower-than-average winter precipitation, less by 50.5 mm (50 %), com-
bined with higher seasonal temperatures (+1.21 °C), depressed yields: for winter
wheat by 0.3 c/ha (—1 %), maize 4.2 c/ha (15 %), sunflower 1.2 c/ha (8 %), sugar
beet 19.9 c/ha (9 %), grapes 4.9 c/ha (11 %) and fruits by 1.9 c/ha (4 %). Very wet
winters (76.0 mm or 76 % wetter than average), in combination with reduced
temperatures (—0.94 °C), also depressed yields of winter wheat (by 3.9 c/ha or
16 %) and sugar beet (by 11.5 c/ha or 5 %). However, very wet winters were
associated with higher yield of grapes (+1.8 c/ha or 4 %), fruit (+3.6 c/ha or 7 %)
and sunflower (+0.6 c/ha or 4 %). Maize did not react to winter precipitation. The
optimal winter precipitation was 113 mm for wheat, maize and sugar beet, 131 mm
for sunflower and grapes and 153 mm for fruit crops.

Data for spring rainfall and associated crop yields are presented in Table 14.8.
Lower-than-average spring rainfall (by 26 mm or 21 %) significantly depressed
most crop yields: wheat by 2.1 c/ha (9 %), maize 3.05 c/ha (11), sunflower 1.1 c/ha
(8 %), sugar beet 8.7 c/ha (4 %) and grapes by 4.6 c/ha (10 %). The yield of fruits
was hardly affected, declining by 0.4 c/ha (—0.8 %). Further reduction in rainfall,
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Fig. 14.4 Summer precipitation. Key: Bold blue, starred — Multiyear linear trend; Bold blue —
Polynomial 5-yearly; Black — Polynomial mean; Bold violet — Polynomial 3-yearly; Red —
Multiyear 5-year means; Fine violet — Multiyear 3-year means; Fine blue — Annual means

by 63.4 mm (52 %), combined with 1.16 °C higher seasonal temperatures,
depressed yields across the board: winter wheat by 8.4 c/ha (35 %), maize
11.0 c/ha (39 %), sunflower 2.8 c/ha (19 %), sugar beet 66.5 c/ha (30 %), grapes
9.8 c/ha (21 %) and fruit crops by 8.6 c/ha (18 %). The analysis of data in Fig. 14.4
shows that, over the period 1945-2007, the optimum spring precipitation for all six
crops is 170 mm, 39 % less than the mean.

As we might expect, the volume of summer rain, ranging from 134 to 302 mm,
had a big effect on crop yields (Table 14.9). Decrease in summer rainfall from the
mean of 203.1 to 165.4 mm (—19 %) depressed wheat yields by 1.0 c/ha (4 %),
maize 2.6 c/ha (9 %), sunflower 0.25 c/ha (2 %), sugar beet 17.8 c/ha (8 %) and fruit
crops by 3.5 c/ha (7 %). Grapes exhibited an insignificant increase. Greater reduc-
tion in summer rainfall, by 68.3 mm (34 %), provoked a much greater yield
reduction: wheat by 2.4 c/ha (10 %), maize 4.8 ¢/ ha (17 %), sunflower 0.5 c/ha
(3 %), sugar beet 32.7 c\ha (15 %), grapes 2.4 c/ha (5 %) and fruit crops by 4.5 c/ha
(9 %). The optimal summer rainfall was 186 mm for sunflower and fruit crops,
225 mm for grapes and winter wheat and 250 mm for maize and sugar beet.

14.3.2 Possibilities of Adaptation Through Technology

Compensation for the negative effects of climate change (increase in temperature
and water deficit) can be made by changing the structure of cropped areas by
introduction of new areas (hardly possible in Moldova) and expansion of the
areas sown with heat- and drought-resistant crops, introduction of varieties and
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Table 14.10 STP and the level of crop productivity in Moldova, 1945-2007

M.D. Vronskih

Annual
precipitation (mm)

Productivity (centners/ha)

Winter wheat Maize

Sunflower Sugar beet

STP level® including reduced 538.2

Wet years 622.8
Dry years 453.6
+— c\ha -
% -
STP level® including reduced 537.2
Wet years 607.1
Dry years 467.4
+— Ts\ha -
% -

17.3
19.7
14.9
—4.8
—28
335
33.1
33.8
+0.7
+2.1

229
27.1
18.6
—8.5
—37
39
37.4
343
-3.1
—8.6

12.3
13.2
11.5
—-1.7
—14
17.5
17.5
17.5
+— 0

196.5
203.5
189.5
—14.0
-7
266.3
264.0
268.4
+4.7
+1.7

STP* Level of mechanization — 55 hp per 100 ha
Use of mineral fertilizers — 10.3 kg/ha
Use of pesticides — 1.95 kg/ha

® Level of mechanization —158.5 hp per 100 ha

Use of mineral fertilizers —118 kg/ha
Use of pesticides — 9.25 kg/ha

hybrids with an increased adaptive capacity, expansion of irrigation and improving
the technology of cultivation. Table 14.10 summarizes the effects of the level of

scientific and technical progress (STP) on the level of crop productivity.

14.4 Conclusions

1. Mean annual and seasonal temperatures in Moldova are already higher than
optimum for all six studied crops. The sensitivity of crops to high temperatures

experienced 11-13 years out of 65 was highest in summer:

In autumn, 7 % of yield (0.3—18 %)
In winter, 8 % of yield (0.4-17 %)
In spring, 9 % of yield (0.2-17 %)

In summer, 43 % of yield (28-65 %)

2. Depression of crop yields by rainfall deficit is greatest in spring and summer.

3. A degree of compensation for the negative effects of climate change (an increase
in temperature and moisture deficit) may be provided by changing the structure
of crop areas by the introduction of new areas and expansion of areas sown with
heat- and drought-resistant crops, the introduction of varieties and hybrids with
an increased adaptive capacity, expansion of irrigation and improving the

technology of cultivation.
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Chapter 15
Multi-scalar Indices of Drought in Intensively
Farmed Regions of the Czech Republic

V. Potop and M. Mozny

Abstract Indices related to specific timescales are useful for monitoring and manage-
ment of droughts. We compare the multi-scalar standardized precipitation index (SPI)
and standardized precipitation-evapotranspiration index (SPEI) across the Czech
Republic. The different timescales provided by the two indices can be related to
different kinds of drought and their agricultural, hydrological and socio-economic
impacts. Short timescales pick out variations of soil water that affect crops; water
resources held in reservoirs are related to longer timescales. Data recorded since 1901
were examined to identify differences between the effects of precipitation and evapo-
transpiration on drought frequency. SPEI and SPI gave different indications during
decades with cool dry summers (the first two decades of the twentieth century), the
hottest summers (the end of the twentieth century), warm, wet springs (at the beginning
of the twentieth century) and years with a big water deficit (1947,2003, 1994, 1983 and
1933). There was similarity between the two indices for decades with warm, dry
springs (1950s, 1990s and 2000s) and very long sunshine hours. The role of tempera-
ture is very evident in summer droughts that are driven by temperature anomalies,
contributing to a higher potential evapotranspiration at the end of the century.

15.1 Introduction

Drought is a recurring extreme climatic event over land — characterized by below-
normal precipitation over a period of months to years; severe drought profoundly
affects agriculture, water resources, ecosystems and human welfare. Drought unfolds
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gradually so the most relevant timescale for drought predictions is seasonal (or
longer) but, for agriculture, short-period meteorological information is also very
relevant. Hydrological and agricultural cycles have different response times to
accumulating water deficit so drought indices associated with a specific timescale
are useful for the monitoring and management of drought. The multi-scalar
standardized precipitation index (SPI) has been adopted by the World Meteorological
Organization as the reference drought index. Recently, Vincente-Serrano et al. (2010)
have proposed a new index, the standardized precipitation-evapotranspiration index
(SPEI), for identifying drought periods. The main objective of this study is to
compare the two indices over the lowland parts of the Czech Republic. Drought
indices for lowland regions since 1901 were examined in to identify differences
between the effects of precipitation variability (by SPI) and evapotranspiration (by
SPEI) on drought frequency.

Studying the evolution of temperature and precipitation anomalies during the
twentieth century allows us to assess their impact on the frequency of drought.
Although precipitation is the main driver, rapidly increasing temperature also plays
arole by increasing water loss by evapotranspiration (Dai 2011; Potop et al. 2012a,
b, ¢), for instance, the warmest summers on record combined with unusually low
rainfall in central Europe in 2003 and 2006, south and southeastern Europe in
summer of 2007 and eastern Europe in summer of 2010. The hot summer of 2003 in
central Europe is well known; 2007 was among the hottest summers in Romania
over the entire observational period since 1901 (Bogdan et al. 2008) and the hottest
in the history of instrumental observations in Moldova — when nearly all tempera-
ture records were broken — in winter, spring and, especially, in summer with Tmax
>40 °C -5 days for the first time (Corobov et al. 2010; Overenco and Potop 2011).
The 2010 summer droughts in Europe are excellent examples of how, indepen-
dently of soil moisture status, increased evapotranspiration brought on by very high
temperatures had a marked impact on vegetation, in this case leading to tree deaths
and wildfires (Barriopedro et al. 2011). The ‘mega heatwave’ during July—August
2010 affected large parts of eastern Europe and western Russia (daily maximum
summer temperatures exceeded 35 °C in Moscow, the hottest since instrumental
data have been available and +5.1 °C with reference to the 1961-1990 period) and
further north (e.g. Helsinki 26.1 °C, Tallinn 27.0 °C, Saint Petersburg 29.3 °C).

15.2 Materials and Methods

SPEI and SPI were calculated from monthly mean temperature and precipitation
totals for 1901-2010 recorded at Doksany (lat. 50°27'N, long. 14°10’E, 158 m
a.s.l.), Céslav (49°54'N,15°23'E, 251 m), Ceské Bud&jovice (48°57'N, 14°28'E,
394 m), Brno (49°09'N,16°42’E, 245 m) and Olomouc (49°34'N, 17°17'E, 210 m)
—representing the most productive farmland of the Czech Republic and, receiving
the most irregular precipitation, most often affected by drought. The datasets are
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available from Czech Hydrometeorological Institute. SPEI is based on a monthly
water balance (precipitation minus potential evapotranspiration [PET]), calcu-
lated using Thornthwaite’s method (1948); for calculations we used the algorithm
and software developed by Vincente-Serrano and others, freely available at http://
digital.csic.es/handle/10261/10002.

SPI and SPEI were obtained using the same log-log probability distribution,
which showed a very close fit to both the series of monthly water balance and
monthly precipitation records. Use of the same probability distribution enabled
accurate comparisons between the two indicators, ensuring that any differences
between the series were related only to the impact of the temperature on drought
conditions, not to the method used for calculation. The original SPI algorithm
(McKee et al. 1993) adjusted a gamma distribution function to the precipitation
series; later authors tested several distributions based on different timescales and
concluded that, in central Europe, the gamma distribution is sufficiently flexible
function to calculate the SPI on various timescales (Potop and Soukup 2009;
Potop and Mozny 2011a, b). However, for climatic areas with wide precipitation
variability like southern and southeastern Europe, the Pearson III distribution is
suitable (Potop and Soukup 2009; Potop 2011).

Both indices can be obtained over different timescales and, as standardized
variables, they may be compared over time and space. SPEI and SPI were calculated
with lags from 1 to 24 months, relevant for agricultural, hydrological and socio-
economic impacts, and a drought episode was defined as a continuous period of index
values less than —1. For both indices, values of —1.0 to —1.49 correspond to
moderate droughts, —1.50 to —1.99 to severe droughts and below —2.0 to extreme
droughts. Similarly, values 1.0-1.49 correspond to moderate wet, 1.50—1.99 to severe
wet and values above 2.0 to extreme wet conditions. Values from —0.99 to +0.99
describe normal conditions.

15.3 Results and Discussion

Long-term changes in secular series of temperature and precipitation data are
represented by a smoothed Gaussian filter 10-year seasonal air temperature deviation
and percentage of precipitation, respectively, from the long-term mean. Mean daily
temperatures and total precipitation were calculated on a seasonal basis for the secular
climatological stations. As an example, the data for Cislav are presented in Fig. 15.1
which also shows the average seasonal mean air temperature (7mean), mean total
precipitation (Pmean) and standard deviation patterns (StDev) from 1901 to 2010.
Summer (JJA): According to the time series of summer air temperature deviations
and percentages of precipitation values at the secular stations, the lowest temperature
and precipitation anomalies were recorded in the 1900s and 1910s, with the lowest
negative temperature deviations in 1902 (—2.4 °C at Doksany) and 1913 (—1.7 °C at
Brno, —2.5 °C at Olomouc and —1.9 °C at Ceské Budé¢jovice). For the Caslav series,
the 1970s had the coolest summer in 1978 (¢ = —1.7 °C). The lowest percentages of


http://digital.csic.es/handle/10261/10002
http://digital.csic.es/handle/10261/10002

—_
N
[\

| |
w

Temperature Anomaly (°C)
|
[6,]

Temperature Anomaly (°C)

250

200

%,

150

Precipitation

50

250

_ a N
a o ua O
o O o o

Precipitation (%)

o

Fig. 15.1 Secular temporal evolution (1901-2010) of seasonal mean air

w o

—_—O =
T

100

F winter Tmean =-0.2°C I
b | Sthev=2.13°C | “
0 [Nl ]
| I |
|- “ \ -
[ (") Y i
L [ I Caslav 1
o O O O O O O O O O O o
O ™ AN MO ¥ 1 © I~ 0O O O
o O O O O O O O O O O O
- - - - - &
Summer Tmean=17.7°C | E
F || SDev=097°C || avi-
e | I\ |
£ | \“ \ 3
i \
= \ Yy | E
£ |y 1
|
£ Caslav j
o O O O O O O O O O O O
O —m AN MO I 1 © N~ 0 O O
O O O O O O O O O O O O
- - - - - -+ - & «
t winter Pmean = 91 mm E
E | StDev =23.71 mm E
|
\ I
L | |
o O O O O O O O O O ©O O
O —m AN MO T IO © I~ 0O O O
o O O O O O O O O 0O O O
- - - - - - & «
summer Pmean = 222 mm
StDev = 69.13 mm
o O O O O O O O ©O O © o
O — AN MO ¥ 1 © I~ © O O —

%,

on

Precipitat

(%)

on

Precipitat

Temperature Anomaly (°C)

Temperature Anomaly (°C)

3

V. Potop and M. Mozny

"Tmean=88C »

f‘Spri‘ng ‘
E | StDev =1.21°C N

|
NI

3 \ / f
3f Caslav J
o O O O O O O O ©O O © O
O ™ AN MO ¥ U © I~ 0 O O
O O O O O O O O O O O O
- - - - - & «
3 ;JAut‘umn‘ "Tmean=9.0°C | O 3
2F StDev = 1.02° C (=
1] ”
F | |
0FH
of y [ ]
3k Caslav ]
o O O O O O O O O O ©O O
O —m A MO I OB © N~ 0 OO O
D O O O O O O O O O O O
- - - - - - - - - & «
250 Fopring  Pmean = 138 mm ]
200 |- StDev = 40.75 mm b
150 £
100 |
50 |-
0 e slav 3
o O O O O O O O O O O O
O —m AN MO I 1O O~ 0 O O ™
D OO O O O O 0O O OO O O O
- - - - - - - & «
250 F autumn Pmean = 120 mm E
200 | ‘\ ‘\ StDev = 48.17 mm N
£ | n
[ I I I A
150 | M‘M W I
[ ||
100 F
50 F
O Caslav j
O O O O O O O O O O ©O O
O — A MO ¥ 1 © I~ 0 O O —
2222222222818

temperature (upper

panel) and seasonal precipitation totals (bottom panel). Averages are shown as deviation from
the baseline 1961-1990 climate (zero line) smoothed by Gaussian filter over 10 years. Average
seasonal mean air temperature and precipitation totals (Tmean, Pmean) and standard deviation

patterns (StDev)

precipitation were also during this period, including 1904, 1911, 1917 and 1921
(43-27 % below normal). Overall, the lowest amounts of precipitation, expressed in
terms of the per cent change from the reference period (1961-1990), were recorded in
the first two decades of the twentieth century. The highest positive summer deviation
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Fig. 15.2 Secular temporal evolution (1901-2010) of SPEI and SPI at timescales from 1 to
24 months (upper panel); SPEI and SPI at 24 months associated with hydrological drought (bottom
panel)

of air temperature values (more than 3.0 °C) was recorded in the 1990s and 2000s for
all stations. At Doksany, Brno, Céslav and Ceské Budéjovice, the warmest summer
was in 2003 with temperatures 3.2—-3.7 °C higher than the norm; at Olomouc, the
highest temperatures were in 1992 (¢ = 4.0 °C). Therefore, the decadal summer
averages of the mean daily temperature for the lowland sites over the entire 110 years
revealed cooling during 1901-1920 and rapidly rising temperatures since the
mid-1980s (as much as +0.6 °C per decade).

The lowest negative temperature anomalies along with the lowest precipitation
occurred in the summers of the first two decades of the twentieth century: in
contrast, the end of the twentieth century recorded the highest positive temperature
anomalies. During these decades, SPEI and SPI showed large differences in the
identification and evolution of drought conditions (upper and bottom panels of
Fig. 15.2). Summer droughts tended to be longer and more severe with a greater
frequency in the 1920s, 1950s and 2000s. SPEI identified extreme summer drought
in summers with long, severe heat waves: the summers of 1994, 2003 and 2006
were characterized by the highest numbers of hot, dry days with intense sunshine;
the longest periods of sunshine (155% of the normal amount) were recorded in the
very dry June of 2006 and August 2003. SPEI also detected the maximal duration of
drought episodes during the period with the greatest water deficit: in 1947, 2003,
1994, 1983 and 1933 (Potop et al. 2012a, b, c).
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Winter (DJF): Conversely, during winters, the warmest periods were recorded in
the 1910s and 1920s and the coldest in the 1940s. The largest positive deviation of
winter temperature was recorded during the 1920s and the 2000s. However, in the
decade of 1921-1930, the winter of 1928-1929 (¢ = —6.8 °C, 6T/ = 3.5) was the
coldest winter recorded since the beginning of meteorological measurements in
the Czech Republic (extremely cold February in 1929, —30.6 °C at Doksany,
—26.8 °C at Cidslav, —27.8 °C at Ceské Budg&jovice, —20.8 °C at Brno and
—19.5 °C at Olomouc). The winter of 1964 was distinguished by very negative
temperature anomalies (from —2.5 to —3.0 °C) and the lowest precipitation (less
than 30 %). Moreover, high fluctuations of the positive and negative anomalies of
air temperature occurred during the 2001-2010 period, with two severe winters
(2005-2006 and 2009-2010) and two exceptionally warm winters (20062007 and
2008-2009). The exceptionality was confirmed by normalized standard deviations
(6T/o) in both the cold and warm winters, as the temperature anomalies were greater
than 36. The lowest negative temperature deviation (6 = —6.6 °C; 6T/oc = 3.0) was
recorded in January 2006, when the daily minimum air temperature fell to —27.1°C
(Olomouc), while the highest positive temperature deviation (¢ = +6.3 °C, 6T/
o = 3.0) was recorded in January 2007. In this respect, the entire month of January
and parts of December and February of the 2006-2007 winter in the Czech
Republic were dominated by western and northwestern cyclones; at the same
time, an extremely warm and dry winter occurred in southeastern Europe as a result
of high pressure that settled over central and eastern Europe and made contact with
the Azores and East European Anticyclones. This usually facilitates an eastern
circulation with severe winter weather, but it was positioned further south, enabling
the west winds to carry warm oceanic (Atlantic) air currents through advection
(Bogdan et al. 2008). Consequently, the winters with the warmest periods and big
fluctuations of precipitation occurred at the beginning of the twentieth century.
In this period, SPEI detected many droughts: the most prolonged agricultural
drought (3 months) starting in winter and ending in spring was recorded in 1943
(severe drought began in December and ended in May, except for at Ceské
Bud¢jovice, where it ended in June).

Spring (MAM): For springs, the warmest decade was the 2000s, with the highest
positive seasonal deviations (from 2.3 °C to 2.9 °C) recorded for all stations in
2000, 2007 and 2009; there was also more sunshine during spring droughts in April
2007 and 2009 (up to twice the norm for April). SPEI and SPI values for these
months were less than —1.5 (severe drought). The next spring severe drought
recorded in April of 2009 was characterized by extraordinarily long sunshine
durations and longest dry spells (19-25 days) with an SPEI < —2.3 (SPI < —1.4).
The Caslav station clearly showed two warm periods (Fig. 15.1): the first at the
beginning of the twentieth century with high fluctuations of positive seasonal
temperature deviations (¢ = 2.8 °C; 1918) and the second at the end of the
twentieth century (o = 2.8 °C; 2000). The coolest decade for springs was the
1930s, with the lowest negative deviation in 1929 (—2.4 °C) at ééslav, Brno and
Ceské Budéjovice; the lowest at Doksany in 1930 and 1942 (—2.4 °C); and at
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Olomouc in 1955 (—2.8 °C). The lowest percentage of precipitation occurred
during the1940s and 1990s.

Autumn (SON): The warmest autumns were in the 2000s (highest temperature
deviation at 2.1-3.0 °C; 2006). The coldest were the 1910s and 1920s (the lowest
temperature deviation at Doksany and Olomouc were found at —2.4 and —4.2 °C,
respectively). The majority of autumns with precipitation less than 40 % below
normal simultaneously had normal or below-normal temperatures; 2006 was an
exception. This suggests that lack of rain was the primary cause of autumn
droughts. The lowest percentage of precipitation during autumn occurred during
the 1940s, 1950s, 1990s and 2000s, as can be seen in SPI time series at timescale of
24 months (bottom panel of Fig. 15.2). The warmest decade with the lowest autumn
precipitation was the 2000s. The periods 1941-1950 and 2001-2010 were ranked as
having a large number of long, severe drought events. According to SPEI, the
spring-summer-autumn drought of 1947 was the most severe and longest in dura-
tion since observations began (upper panel of Fig. 15.2).

Detailed new results about the temporal evolution of SPEI at different timescales
and its impact on vegetable crops are discussed and presented in broader climato-
logical and European contexts in, e.g. Potop and Mozny (201 1a, b) and Potop and
Soukup (2011). However, in-depth analysis is required to explore the vulnerability
to drought in the context of climate change, followed by calculation of SPEI for a
dense network of stations to represent the different climatological conditions across
the Czech Republic (Potop et al. 2012b, c) and beyond.

15.4 Conclusions

Comparison of the results of SPI and SPEI suggests that SPEI might be used in
future assessment and projections of drought events in the Czech Republic. In
summary, the comparison revealed:

1. In the spring, at Cislav secular climatological station, two warm periods were
detected — the first at the beginning of the twentieth century with high positive
temperature anomalies and precipitation (warm and wet) and the second at
the end of the twentieth century with warm, dry conditions. In contrast, at
Brno, Ceské Budéjovice and Olomouc, the periods with high positive tempera-
ture anomalies and low precipitation were recorded in the 1950s, 1990s and
2000s. There were no spring droughts in the decades 1961-1970 and 1981-1990,
and the 1910s and 1930s were marked by low drought incidence. Spring
droughts have been more persistent during the last 20 years.

2. The summer drought during the 2000s corresponded to higher temperatures
(>2.5 °C above the norm), and SPEI has the capacity to detect the intensification
of drought severity due to increasing temperature conditions independent of the
analysis timescale in the 1990s and 2000s. Therefore, the role of temperature
was evident in summer drought episodes that depend on temperature anomalies,
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contributing to a higher water demand by potential evapotranspiration at the end
of the century.

3. With respect to the spring and autumn temperature series, the slopes of the linear
trends were similar to the decadal tendencies of the summer temperatures. This
indicated that positive significant trends were recorded from 1991 to 2010 with
values as high as 0.7 °C per decade. Our results suggested that it was a feature of
unusually high temperatures and low precipitation, which were then transferred
to the SPI and SPEI indices.

4. SPEI and SPI showed a large difference in the evolution and severity of drought
during decades with big summer negative temperature anomalies combined with
the lowest precipitation (cold and dry; the first two decades of the twentieth
century), the highest summer positive temperature anomalies (the end of the
twentieth century), both high spring positive temperature and precipitation
anomalies (warm and wet; at the beginning of the twentieth century) and the
lowest deficit of water balance (1947, 2003, 1994, 1983 and 1933).

5. On the other hand, similarities between two indices were apparent during the
decades with high fluctuations of positive spring temperature and lower precipita-
tion (warm and dry; 1950s, 1990s and 2000s); extremely long sunshine durations
(155 % of the normal amount in extremely dry June of 2006 and August 2003, up
to twice the norm for April of 2007 and 2009) and consecutive dry days.
Therefore, the role of temperature was evident in summer drought episodes driven
by the intensity and duration of temperature anomalies, generating a higher water
demand by potential evapotranspiration, at the end of the last century.
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Part 11
Soil Fertility: Lessons from Long-Term
Field Experiments



Chapter 16

The Continuing Value of Long-Term Field
Experiments: Insights for Achieving Food
Security and Environmental Integrity

D.S. Powlson, A.J. MacDonald, and P.R. Poulton

Abstract Long-term experiments are one vital tool for studying the impacts of
agricultural management practices on soil properties and crop production; however,
they have several limitations that must be recognized. Such experiments are
resources for research — not museum exhibits that can never be altered. For
example, in the Broadbalk Wheat Experiment (started 1843), the original large
plots have been split so that additional cropping systems can be studied, in particu-
lar wheat grown in a crop rotation in addition to the original monoculture.

A key finding from all long-term experiments is that soil organic carbon (SOC)
content tends to move from one quasi-equilibrium value to another under the
influence of changes in management; it does not increase or decrease indefinitely.
Compared to unfertilized plots, application of manure caused a large increase in
SOC, whereas N fertilizer caused a small increase. Measurements made on the
Broadbalk Experiment show that a small change in SOC content can have a
disproportionately large impact on a range of soil physical properties.

Long-term experiments are valuable for investigating the range of chemical
structures within SOC and their distribution between physically separated fractions.
Other recent uses include studies on the microbial oxidation of methane and
reduction of nitrate in soil, soil biodiversity, and losses of nitrate and phosphate
to streams and groundwater.

16.1 Benefits and Limitations of Long-Term Experiments

Long-term experiments (LTEs) are one vital tool for investigating the sustainability
of agricultural systems. They are the only way of measuring the crop yields that can
be obtained with different levels of inputs and/or management practices in a given
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environment and determining whether such yields can be sustained over long
periods. They provide the opportunity to measure the impacts of agricultural
management practices on soil properties that change slowly but influence crop
production and sustainability in the long term; these include the development of
acidity, declines in the content of nutrients and soil organic matter, and a range of
physical properties such as compaction, aggregate stability, water infiltration and
likelihood of erosion. Similarly, LTEs are the only means of examining the
potential for build-up over long periods of weeds, pests and diseases as a result of
different management practices. They also provide a means of assessing environ-
mental impacts of different cropping systems and management practices, including
greenhouse gas emissions and water pollution.

LTEs are valuable resources for scientific research; many topics that can be
investigated have a bearing on agricultural sustainability, even if the precise links
are as yet unclear — one example might be changes in the diversity of soil biological
populations in response to management practices. Others may be fundamental
science with no clear links to agricultural or environmental issues. Others relate
to environmental science such as the use of LTEs to assess accumulation in soil or
vegetation of pollutants derived from industrial or other human activities, and their
impacts. In all cases, the value of an experiment is greatly enhanced if samples are
archived so that they can be analysed using techniques that were unavailable at the
time the samples were taken. For example, the Rothamsted Sample Archive now
contains some 300,000 soil and plant samples that have been used for studying
many and various topics ranging from radioactive fallout from nuclear weapons
testing to atmospheric deposition of metals and organic pollutants (Poulton 1996a,
2006; Powlson and Johnston 1994; de Richter et al. 2007).

Despite the many unique benefits of LTEs, some limitations must be acknowl-
edged. One concerns the original design and whether the existing treatments or
management practices are still relevant. For example, older experiments often
include no replication; fortunately many, including those at Rothamsted, comprise
large plots which partially overcome issues of spatial heterogeneity within the field.
There are also statistical techniques that can be applied to long runs of data in which
years can substitute for spatial replication (Payne 2006).

Another type of limitation arises from the constraints of plot size. For example,
edge effects are a serious issue with long-established plots due to soil movement
resulting from tillage, water or nutrients moving between plots, or because plants
near the edge receive more light than those within a large area of continuous plants.
It has been found that approximately 1.0-1.5 m on each side of the 6-m-wide
Broadbalk plots is affected by soil movement (Poulton 1996b) even though plots
are separated by a 1.45-m path. In research on the fate of metals applied to soil as
contaminants in sewage sludge (biosolids) to a sandy soil at the Woburn Market
Garden Experiment, soil movement was found to be a significant factor in
interpreting the results. Sewage sludge applications containing different
concentrations of metals were made to 6-m-wide plots over a 20-year period; the
plots were sampled after 36 years and metal concentrations were measured. The
data indicated that only 40 % of the applied metals remained in the soil, which was
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surprising as less than 0.5 % had been removed in crops and leaching was thought to
be small. Analysis of soil sampled from transects across the plots showed that a
significant amount of lateral soil movement had occurred during tillage operations
and this could be quantitatively estimated using a dispersion model. This model was
then used to correct the measured retention of metals in the soil: taking account of
the lateral movement of metals beyond the plot boundaries doubled recovery from
40 to 80 % — leading to a major reinterpretation of the original results (McGrath and
Lane 1989). At the Askov Experiment in Denmark, started in 1894, it was
concluded, after 100 years, that soil movement between plots could destroy the
integrity of the experiment. At one site (Lermarken), it was decided to introduce
semi-permanent grass strips' between plots to limit tillage-mediated movement of
soil between plots (Christensen et al. 2006); the usable plot area within the grass
strips is now 10.0 x 7.5 m. At another site (Sandmarken), where the plots are
smaller, it was decided in 1997 to convert the plots to permanent grass because the
soil movement problem was too severe.

Some processes occur at the landscape scale — examples include soil erosion and
the spread of diseases or insect pests — so studies based on small plots, whether long
term or not, are of limited value. The difficulty of quantifying landscape-scale
processes is another limitation to the use of LTEs for assessing all aspects of the
sustainability of agricultural systems. However, within these limitations, LTEs
offer an excellent approach (and probably the only one possible) for studying a
wide range of biophysical factors that determine the sustainability of agricultural
systems and practices from the viewpoints of production and environmental
impacts. LTEs cannot in themselves provide direct information on the economic
or social factors that contribute to sustainability — e.g. the profitability of different
cropping systems or management practices — or the labour constraints that may
make a specific practice impracticable in certain situations. However, they do
provide basic information that can be combined with knowledge from other
disciplines to make some deductions on these issues.

16.2 Continuity Versus Change

Continuity of treatments and management practices are, obviously, vital if trends over
periods of many years in crop yields, soil properties or other factors are to be
meaningfully observed and interpreted. But this does not mean that all treatments
have to remain static or that certain management changes can never be made. The
Broadbalk Wheat Experiment at Rothamsted is now in its 170th year. If a totally static
philosophy had been followed, we would still be growing a wheat variety almost 2 m
tall, ploughing using horses and applying rates and forms of N fertilizer that are of little
significance for current agriculture and its related environmental issues.

!'The grass strips are maintained for the duration of a 4-year rotation.
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Table 16.1 Major changes to treatments and management practices on the Broadbalk Experiment

Year  Change

1844  First harvest of winter wheat®
1849  Tile drains installed. Analysis of drainage water started in 1866
1881  Western end of all plots abandoned and long-term set-aside established (now Broadbalk
Wilderness)
1885  Second farmyard manure (FYM) treatment started
1926  To control weeds, all treatments divided to create five sections. Fallowing introduced,
mostly 1 year in 5
1954  Liming started to correct soil acidification occurring mainly in treatments with highest
rates of N fertilizer
1964  Started routine application of herbicides (one section of all fertilizer and manure
treatments excluded from herbicide treatment to facilitate studies of weed biology)
1968  All plots divided into 10 sections. Introduced crop rotation to certain sections
of all treatments
Introduced short-straw wheat varieties”
Extended range of N fertilizer treatments up to 192 kgN/ha. Form of N changed
from ammonium sulphate to calcium ammonium nitrate
Third FYM treatment started; stopped in 2000
1979  Started routine application of fungicides (one section of all fertilizer and manure
treatments excluded from fungicide treatment)
1985  Extended range of N fertilizer treatments up to 288 kgN/ha
1986  Started straw incorporation on Section 0
1993  New drain in Section 9
2001  Started comparison of with/without S fertilizer
Started split application times for higher N fertilizer rates (144-288 kgN/ha) to compare
with these N rates applied at a single time
P fertilizer withheld on some treatments to allow levels of plant-available P to decline
to a sensible agronomic level in plots with low crop yield resulting from constraints
other than P (e.g. low N rates)
2005 FYM + 96 kgN/ha changed to FYM + 144 kgN/ha because of evidence of increasing
crop yield at this input (though high nitrate leaching)

# Originally, crops were harvested by hand with scythes. First cut by reaper-binder in 1902. Sheaves
stooked on each plot, carted and later threshed. Harvested by combine harvester since 1957
° Subsequently, wheat variety changed every 5-15 years

Table 16.1 summarizes some of the major changes in management practices and
treatments in the Broadbalk Experiment. A key change is the variety of wheat grown.
Although the cultivar had been changed several times in the first 125 years of the
experiment, a major decision was taken in 1968 to change to a short-straw, green-
revolution variety; the result of this is discussed in the next section. Since then, the
variety has been changed at intervals of 5—15 years. These changes, in response to the
availability of new varieties with favourable traits, are less frequent than made by
commercial farmers but sufficiently frequent that the variety grown at any time is
reasonably relevant to current commercial practice. Decisions regarding changes to
treatments (e.g. fertilizers, manures, pesticides) are made less frequently, sometimes
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following a routine review and sometimes in response to a particular issue, for
instance, the inclusion of a test of sulphur (S) fertilizer, taken when emerging research
results indicated that many crops in the UK and Europe were affected by S deficiency
as a result of a greatly decreased S deposition from the atmosphere after a maximum
around 1970 (Zhao et al. 2002). Another example is the decision to increase the range
of applied fertilizer N rates as it became clear that grain yields of newer varieties
responded to high rates; N rates changed in the first 8 years of the experiment but
then remained unchanged on most plots. From 1852, the rates were 0, 48, 96 and
144 kgN/ha; the highest rate was considered extremely high at the time but was
included in order to bracket the range considered normal in the mid-19"™ century.
When a short-straw variety was introduced in 1968, a higher rate (196kgN/ha) was
included. Subsequently, in the light of additional information from other experiments
for responses to higher rates, additional treatments of 240 and 288 kgN/ha have been
added.

An important principle in making changes to long-term experiments is that the
decision should be taken by a multidisciplinary group. This is the practice followed
at Rothamsted; as far as possible, the group includes members with expertise in soil
science, plant nutrition, plant physiology, plant pathology, pesticide science, ento-
mology and agronomy. The group also includes a member with responsibilities
for farm operations — to ensure that decisions made by academic members do
not conflict with practical necessities. Constraints of space mean that, whenever
a new treatment is added, another must be discontinued. The multidisciplinary
group has to assess the likelihood of the various existing treatments being valuable
in the future. Weighing this against the potential value of the proposed new or
changed treatment is a matter of judgement rather than an exact science (Johnston
and Powlson 1994; Leigh et al. 1994; Poulton 1996b). Among the guiding
principles are:

1. Whether, on balance, a change in treatment or management practice will
enhance either the scientific value or practical relevance of the experiment.
In general, scientific value would have the greater weight because numerous
short-term experiments are conducted with a focus on practical relevance. The
aim is to ensure that the experiment is enhanced as a scientific resource whilst
not becoming divorced from current agricultural practices. It is also recognized
that some extreme treatments are scientifically necessary (e.g. no fertilizer and
unusually high rates of fertilizer or manure), even though they are abnormal
from a practical viewpoint.

2. Changes necessary to maintain the integrity and future value of the experiment.
An example is the need to control soil acidification. By the 1940s, some
Broadbalk plots had become acid. It was decided that, unless this trend was
halted, yields on many plots would decline to such an extent that the results
would be uninformative. Applications of chalk (calcium carbonate), as and when
needed, began in the 1950s.
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16.3 Crop Yield Trends and Influence
of Management Practices

“Food security is one of this century’s key global challenges” (Royal Society 2009).
LTEs are the ideal means of obtaining information on the crop production attain-
able from different cropping systems with a given set of management practices and
inputs. Importantly, they are the only way of assessing the extent to which yields
can be sustained in the long term and the environmental implications of the
practices necessary to obtain them. It is well recognized that food production is
only one part of food security; access and affordability are also essential. But the
production stage is fundamental, and it is this part for which LTEs are an essential
and unique source of data.

Figure 16.1 shows grain yields of winter wheat in selected treatments of the
Broadbalk Experiment between 1844 and 2011, mainly expressed as means over
5 or 10 years. With no inputs of nutrients as manure or fertilizer (the control
treatment), yields were mostly in the range 1-1.5 t/ha. This result prompted
investigations on the sources of N in this treatment — in which the crop removes
about 30 kgN/ha/year. Mineralization of soil organic matter is obviously one
source, but the total N content of the soil in this treatment has remained constant
at around 3,000 kgN/ha within the plough layer (0-23 cm) for over 160 years
(Jenkinson 1990). If mineralization were the only source of N for the crop, it would
have declined to zero within 100 years — so we must assume annual inputs of at least
30 kgN/ha from other sources. Based on results from experiments conducted in the
1980s with '*N-labelled fertilizer (Powlson et al. 1986), annual inputs of 48 kgN/ha
were calculated. Non-symbiotic biological nitrogen fixation was shown to be very
small, and there are very few leguminous weeds present. Subsequent direct
measurements showed that the major input of N was from a combination of wet
and dry deposition from the atmosphere (wet deposition comprises ammonium and
nitrate dissolved in rain; dry deposition is a combination of ammonia, oxides of
nitrogen, nitric acid and particulate N-containing materials). Measurements made
in the 1990s led to an estimate of 43 kgN/ha/year total N deposition to winter wheat
at the Broadbalk site, of which 79 % was dry deposition (Goulding et al. 1998).
These authors used modelling to determine the fate of deposited N; this indicated
that about 53 % was directly taken up by the crop within the year of deposition with
30 % being immobilized into soil organic matter (thus replenishing soil organic N
and contributing to N mineralization in future years), 5 % was leached as nitrate,
and 12 % returned to the atmosphere as N,O and N,. The recent report of the
European Nitrogen Assessment (Sutton et al. 2011) draws attention to the impacts
of N deposition on plant biodiversity and impacts on human health of the various N
species in the atmosphere. Deposition may have now decreased in southeast
England, but it is increasing in rapidly developing regions — recent measurements
in the Beijing region showed dry deposition alone to be 55 kgN/ha/year (Shen et al.
2009). Thus, even an observation as simple as measurements of crop yield in an
unfertilized plot of an LTE pointed the way for research on aspects of the N cycle
that were previously unforeseen.
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Fig. 16.1 Wheat grain yields in selected treatments of the Broadbalk Experiment 1844-2011 and
some key management changes

The Broadbalk wheat yields show a marked increase in both the farmyard manure
(FYM) and inorganic fertilizer (NPK) treatments following the change to short-straw
varieties in 1968. The different harvest index of modern varieties means a larger
proportion of photosynthate goes to grain. When old and new varieties were grown
side by side on Broadbalk plots, it was found that total above-ground biomass was
approximately equal for both varieties (Austin et al. 1993), so the efficiency of
conversion of applied N into grain increased. Another clear result shown in
Fig. 16.1 is that the FYM and inorganic fertilizer treatments (NPK, with N applied
at 144 kgN/ha) gave almost the same yields for continuous (monoculture) winter
wheat for the entire duration of the experiment. With the tall-straw varieties
(pre-1968), yields in both treatments were about double that of the control, averaging
about 2.5 t/ha; with the short-straw varieties (post-1968), yields increased to 5-6 t/ha.

A crop rotation was introduced in certain sections of the experiment in 1968 in
order to compare wheat yields after a break crop with those in monoculture. For the
NPK treatment, yields of first wheat after a break were about 2 t/ha greater than for
continuous wheat. This is not surprising in view of the well-known build-up of pests
and diseases when a crop is grown continually in the same soil. With wheat and other
small-grain crops, the root disease take-all (caused by the fungus Gaeumannomyces
graminis var. tritici) is one of the most damaging diseases in most parts of the world.
It can cause severe loss of yield and decreases the efficiency with which wheat plants
take up N. It typically increases to become very severe if susceptible crops are grown
consecutively for about 2-5 years but, thereafter, typically becomes less severe as a
consequence of a natural biological control known as take-all decline (TAD). The
disease and TAD have been studied on Broadbalk and in other experiments at
Rothamsted over many years (Gutteridge et al. 1996; Hornby et al. 1998; Macdonald
and Gutteridge 2012). Although much remains to be learnt about the specific cause or
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causes of TAD, it provides modest but useful decreases in the severity of the disease
and the damage it causes. For example, on Broadbalk, continuous wheat typically
yields less than the first wheat after a break, but more than the second and third wheat
crops after a break. Although 100-year experiments are not essential for such
research, sequences of relevant crops running for periods of 5-20 years are necessary.
A recent advance in research on take-all disease was the observation that wheat
cultivars differ in their build-up of inoculum during the first year after a break crop,
indicating that crop breeding may offer a solution to this damaging disease
(McMillan et al. 2011).

Figure 16.1 shows lower yields of continuous wheat since about 2000 compared
to those in the previous 20 years, though yields for first wheat after a break have
generally been sustained. There are indications that the current wheat variety grown
on Broadbalk (Hereward) is particularly susceptible to take-all, which would
explain the sustained yields of first wheat after a break. There have also been
several years with adverse weather conditions in the last 10 years, in some cases
leading to very late sowing. As yet, it is not known whether these factors entirely
explain the decline or whether other factors may be affecting the growth of wheat in
the monoculture sections of the experiment. This is obviously a crucial issue for the
sustainability of the continuous wheat system.

16.4 Nutritional Quality of Wheat Grain

There is evidence from the Broadbalk Experiment that an unintended consequence of
the global change to short-straw wheat varieties has been a decreased concentration
of minerals in grain — with potential impacts on human nutrition and health (Fan et al.
2008). Analysis of archived grain samples showed that concentrations of zinc, iron,
copper and magnesium decreased following the change to short-straw varieties.
There has been discussion on whether intensive farming practices have led to a
depletion of these minerals in soil, but evidence from Broadbalk does not support
this; concentrations of these minerals in soil (both total and EDTA-soluble) either
increased or remained constant during the duration of the experiment. EDTA solu-
bility is often taken as an indication of the availability of minerals for crop uptake, so
the change in mineral composition in grain appears to be related to changed wheat
varieties rather than to long-term impacts of management practices on soil. This
research is an example of the value of archiving both crop and soil samples from
long-term experiments for uses not foreseen earlier in the life of the experiment.

16.5 Management Impacts on Soil Organic Matter

Figure 16.2 shows the long-term changes in soil organic carbon (SOC) content in
several treatments of the Broadbalk Experiment. Measured data (a combination of
analyses on modern samples and those from soils stored in the archive) are shown
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Fig. 16.2 Changes in soil organic carbon content in the 0-23-cm soil layer of selected treatments
of the Broadbalk Experiment. Symbols are measured data and lines are simulations using the
Rothamsted Carbon Model (After Powlson et al. 2012)

as points and the line is a simulation using the RothC model (Coleman and
Jenkinson 1996). By 2005, the SOC content in the treatment given a high rate of
FYM every year since the start of the experiment in 1843 was almost three times
that in the control. But the increase occurred slowly; the tendency of SOC to move
asymptotically towards a new equilibrium value is clear. About half of the final
observed increase occurred within the first 30—40 years of manure application.
During the period 1926-1966, most plots on Broadbalk were bare fallowed 1 year
in five, to control weeds, and no manure was applied in the fallow years. Thus,
organic C inputs were reduced in these years, giving rise to the sawtooth shape in
the simulations. The overall effect during this 40-year period was a small decline in
SOC content in all treatments but is most clearly seen in the FYM treatment. After
fallowing ceased (because weeds were then controlled by herbicides), the increas-
ing trend in the FYM treatment resumed but at a slower rate as the soil tended
towards a new equilibrium value. If the soil had not been fallow years during this
40-year period, the new equilibrium value would presumably have been attained
earlier and the annual rate of SOC increase in the later years would have been even
less. The same trend can be seen in the later FYM treatment that started in 1885.
The SOC content of the control (with no manure or fertilizer inputs) remained
stable for the duration of the experiment. This is because the site had been arable for
many centuries before the start of the experiment. It is thought that it was initially
cleared from native forest at least 1,500 years previously, so the SOC content inherited
from forest presumably declined during this long period and reached a new, low
equilibrium value that is maintained by the small crop inputs in the control treatment.
In the treatment receiving inorganic fertilizers, crop yields were much higher than
in the control as were the organic inputs to soil from crop roots and stubble. This
small increase in the annual input of organic C led to a small increase in SOC
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compared to the control. This is a general trend, seen in many long-term studies; in
135 studies at 114 long-term sites worldwide, application of inorganic N (often with
P and K) led to the SOC and soil organic nitrogen (SON) contents of soils being 8 and
12 %, respectively, greater than in the corresponding controls (Ladha et al. 2011).
However, at many sites (in contrast to Broadbalk), there was a general decline of
SOC and SON over time in all treatments which was not reversed by inorganic
fertilizer applications; rather the decrease was slightly less where inorganic N
fertilizers were applied. These observations at so many sites contradict the claim
that is sometimes made that inorganic fertilizers, especially N, cause a loss of soil
organic matter; there has been recent discussion of this erroneous claim and the
misinterpretation of results from one LTE from which it arose (Powlson et al. 2010).

Figure 16.3 illustrates the importance of land management changes in determin-
ing SOC content, both examples coming from sites at Rothamsted on a silty clay
loam soil. In the Highfield Experiment, an area that had been under grass for over
100 years, and contained >60 t SOC/ha to a depth of 23 cm, was ploughed and
converted to arable. Over the next 20-30 years, its SOC content declined rapidly;
within 50 years, it had lost one third of its original SOC and had reached the same
content as that of a soil that had been arable for well over 100 years. A section of the
grassland that continued under grass increased slightly in SOC because the intensity
of management increased, including increased fertilizer N applications. This led to
increased grass yields and increased inputs of root material into soil. At the arable
site (the Fosters Experiment), the area that continued under arable cropping
remained at an almost constant SOC content throughout the 50 years shown in
Fig. 16.3, though at a higher level than that in the Broadbalk Experiment (Fig. 16.2).
The section of the arable field sown to grass, and managed in the same way as the
grass area of Highfield, increased in SOC from 40 to 65 t/ha within 50 years but was
still below the value in the continuing grass section of Highfield.
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16.6 Influence of Soil Organic Matter Content
on Crop Yields

In the Broadbalk Experiment, yields of winter wheat in the NPK treatment (with
N applied at 144 kg/ha) and the FYM treatment were approximately equal for the
duration of the experiment, with both the old and new (post-1968) varieties (shown
for continuous wheat in Fig. 16.1). This is surprising in view of the greatly improved
soil physical conditions in the FYM treatment compared to NPK as a result of the far
higher SOC content (Fig. 16.2). This led to the conclusion that, for winter wheat on
this soil type, the additional organic matter in soil derived from FYM did not increase
yields through mechanisms other than supply of nutrients. The improved soil physical
conditions did not translate into increased crop yield: yields attained with FYM could
be equalled by additions of inorganic fertilizers. Results obtained in recent years may
alter this interpretation somewhat, though this is not certain. Since 1968, one of the
FYM-treated plots was given additional N fertilizer; FYM is incorporated into soil in
autumn, prior to sowing winter wheat, and the additional N applied in spring at the
same time as to the NPK treatments. In most years, but not all, the FYM + N
treatment has given the largest yield of all treatments in the experiment, greater
than FYM alone and greater than any of the NPK treatments including the current
highest N rate of 288 kgN/ha. This is shown for first wheat after a break crop in
Fig. 16.1. One possible explanation is that improved soil conditions and/or nutrient
availability in the early growth stages in the FYM-treated soil (compared to NPK
treatments) permits increased early growth and a larger yield potential, this potential
being realized when additional fertilizer N is applied in spring. Another possibility is
that the result reflects the poor synchrony between nitrate produced from mineraliza-
tion of organic N in manure and the rapid uptake of N by the crop during spring. The
lack of synchrony leads to major N losses, illustrated by the large loss of nitrate
through over-winter leaching from the FYM treatments shown in Fig. 16.5. If this is
the explanation for the larger yield in the FYM + N treatment, the additional fertilizer
N is simply meeting the N shortfall from mineralization of manure during rapid spring
growth. This may be especially important for modern wheat varieties in which grain
yield responds to high rates of N. It is possible that both factors are contributing, so the
situation is complex: in the context of sustainability, understanding and better defining
the role of organic inputs in determining crop yields requires further detailed research.

Adjacent to the Broadbalk Wheat Experiment is the Hoosfield Barley Experiment
where spring barley has been grown continuously with a range of manure and
fertilizer treatments since 1852 (Poulton 2006). In this experiment, there is clear
evidence of a crop yield benefit from increased SOC (in addition to benefits from
nutrients supplied in manure), in contrast to the general situation with winter wheat
on Broadbalk. Figure 16.4 shows grain yields of spring barley in two main treatments
of the experiment in four periods during which different crop varieties were grown.
With both main treatments (FYM or inorganic fertilizers, termed the PK treatment),
four rates of fertilizer N (including zero N) are superimposed. In the earliest period
shown (1976-1979), the grain yield in the FYM treatment could be matched in the
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PK treatment provided sufficient N fertilizer was applied (panel A). In later periods,
when more modern and N-responsive spring barley varieties with greater yield
potential were grown, this was no longer the case, especially where yield potential
was protected by the use of fungicides. For example, in the two latest periods shown
(panels C and D), yields with FYM were about 2 t/ha greater than in 1976-1979 and
could not be matched in the PK treatment, even with the highest rate of N. Probably,
the improved physical structure in the topsoil in the treatments receiving FYM
permits more rapid and extensive rooting, greater uptake of water and nutrients and
greater resilience to any stresses such as water shortage or disease occurring later in
the growing season compared to plants in the less-well-structured soil of the PK
treatment. Other factors may also contribute, including the time course of N mineral-
ization and the depth distribution of nitrate and the larger and different microbial
community in the FYM treatment compared to PK; for example, the composition of
the rhizosphere population may give roots greater protection from soilborne
pathogens.

Of course, the same arguments can be applied to the situation of winter wheat in
the Broadbalk Experiment — but here (with the possible exception discussed earlier)
the results show no unique benefit to crop yield from the higher SOM content in the
FYM treatment. The most likely explanation of the difference between the two
crops is that spring barley, having a growing season of only 5—-6 months, is more
sensitive to soil structure than winter wheat which is growing for about 10 months;
in particular, winter wheat has a much longer time for roots to become well
established.

16.7 Influence of Soil Organic Matter Content
on Soil Physical Properties

Soil physical properties are determined to a great extent by soil texture, but it has
been known for centuries that they are strongly modified by organic matter. For
example, an increase in soil organic matter (SOM) content increases water-holding
capacity and facilitates the formation of stable aggregates and stable pore spaces
that improve aeration and make root penetration easier (Johnston and Dawson
2010). More recently, it has been found that small changes in SOM content can
have a disproportionately large impact on certain soil physical properties, almost
certainly through the role of specific fractions within the totality of SOM.

A specially designed apparatus was used to measure the energy required to pull a
plough through soil on all the plots of the Broadbalk Experiment (Watts et al. 2006).
The measurements were used to calculate specific plough draught (S), defined as the
force in kPa per cross-sectional area of worked soil. A larger value of S indicates
that greater force is required to pull the implement through the soil; a low value of S
makes for ease of working and decreased fuel requirement. Clay content was known
to have a major influence on the value of S, so this was also measured with greater
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Table 16.2 Effect of soil organic C concentration on specific draught in the Broadbalk
Experiment

Organic C concentration in plough layer

(0-23 cm) soil Specific plough draught, S
Long-term treatment % kPa
Nil 0.84 88
Farmyard manure 2.80 75
Inorganic fertilizers 1.08 77

After Watts et al. (2006)

spatial detail than had previously been done. It was found that clay content in the
topsoil varied between 19 and 39 % between the different plots (a greater range than
had previously been realized) and this factor had the greatest impact on S. But
organic matter content had a strong modifying effect. Table 16.2 shows data for
three treatments after correcting for variation in clay content. The treatment receiv-
ing farmyard manure (FYM) contained over three times the amount of SOC
compared with the Nil plot (receiving no manure or fertilizer). This very consider-
able increase in SOC led to a 15 % decrease in S compared with the Nil treatment.
The treatment receiving inorganic fertilizers contained only 29 % more SOC than
the Nil treatment, yet the force required to work the soil was decreased almost as
much as in the FYM treatment — a relatively small change in total SOC concentra-
tion had a disproportionately large impact on the energy required to pull an
implement through the soil. This is significant in practical terms because it is
difficult to increase SOC by a large amount in normal agricultural practice: this
finding shows that even small changes can be beneficial and, therefore, worthwhile.

It is well known that increased SOM content contributes to increased stability of
soil macroaggregates. Aggregate stability is commonly assessed by measuring
aggregate sizes after wet sieving, with results expressed as mean weight diameter
(MWD); a larger value of MWD indicates more stable aggregates. This was
measured in different treatments within LTEs in the UK (Broadbalk), Germany
and Australia; as expected, aggregate stability was greater in soils with greater SOC
content. But in this work, a specific fraction within total SOC termed labile C was
also measured. This fraction represents organic C in forms that are readily oxidiz-
able under defined conditions; it often accounts for about 10 % of total SOC and is
thought to comprise microbial biomass (about 2 % of total SOC) plus microbial
metabolites. It was consistently found that aggregate stability was more closely
correlated with the labile C fraction than with total SOC (Blair et al. 2006); there
was a similar trend for the relationships between total or labile C and water
infiltration rate.

In the debate on whether or not it is acceptable to remove straw for use in
bioenergy generation, Powlson et al. (2011a) reviewed the effects of removal or
incorporation of cereal straw on SOC using results from 25 experiments of between
6- and 56-year duration. Although there was a trend for total SOC content to be
slightly greater where straw was incorporated, the effect was small: SOC increases
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with straw were only statistically significant in 6 out of the 25 experiments, and in
the majority of cases increases were <10 %. But, in several of the studies, authors
noted improvements in the occurrence and stability of water-stable aggregates even
when there was no measurable effect on total SOC content. In at least one case, in
Canada (Malhi and Lemke 2007), it was concluded that this improvement in soil
physical structure was beneficial for seedling emergence, root growth and
decreased soil erosion.

In recent years, there has been renewed interest in physical fractionation methods
as a means of studying the composition and significance of different forms of organic
C within the total. Sohi et al. (2001) identify two light fractions by dispersion of soil
in a heavy liquid (sodium iodide with a density of 1.8 g/cm’). The first fraction
termed free light fraction (FR-SOM) floats to the surface when the soil is gently
dispersed. The second, only released when soil aggregates were broken using ultra-
sonic dispersion and termed intra-aggregate light fraction (IA-SOM), was assumed
to comprise material partially stabilized through its physical location. Using several
types of spectroscopy, it was concluded that the FR-SOM was predominantly organic
matter from recent plant inputs whereas IA-SOM was a more processed fraction,
having undergone a greater degree of decomposition by the soil microbial population.
A third fraction was the organic C strongly associated with the mineral components
of the soil. Conclusions regarding the significance of these identifiable fractions, such
as their possible use in modelling C dynamics, were initially based on soil from
experiments in the UK. In order to test whether the conclusions were of general
applicability, the fractionation technique was subsequently applied to soils from a
common set of treatments (control, inorganic fertilizers, FYM) within eight long-
term experiments in different countries having diverse environments and cropping
systems (Sohi et al. 2005). They included a semiarid site (Syria) that had run for
14 years at the time of sampling and one in a wet monsoonal region (Philippines) that
had run for 34 years. The initial conclusions regarding the significance of the different
SOM fractions were confirmed. This is a good example of (a) networking between
LTEs and (b) using them for purposes that could not have been predicted when they
were started.

16.8 Nutrient Cycling Studies

16.8.1 Nitrogen

N fertilizer labelled with >N was applied to wheat within micro-plots of the
Broadbalk Experiment in the 1980s in order to gain more detailed information on
the fate of N within the different treatments (Powlson et al. 1986). Of course,
valuable information on the fate of fertilizer-derived N can be obtained within
short-term experiments. Embedding such a study within Broadbalk, where it was
known that soil N and C content had reached a steady state, enables additional
calculations — especially on the inputs of N from atmospheric deposition. Recovery
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of >N in above-ground crop (averaged over separate applications in 4 years at
144 kgN/ha) was 62 %; it was 68 % in two of the years and 57 % in the others.
Recovery was lower in years with high spring rainfall (in the few weeks following
N fertilizer application); this was consistent with greater N losses through denitrifi-
cation in years with wetter conditions in spring. The trend was observed on other
soil types and with other crops in southeast England (Macdonald et al. 1997). On
average, an additional 17 % of applied N was retained in organic matter in the
plough layer soil. Total recovery of applied labelled N in crop plus topsoil ranged
from 70 to >90 %. The labelled N retained in soil was rapidly converted into
relatively stable forms and only remineralized slowly during subsequent years.
After four subsequent crops, only 16 % of the labelled N initially retained in soil
(0-70 cm) plus stubble had been taken up by crops, 29 % had been mineralized and
lost, and 55 % remained in soil (Hart et al. 1993). This pattern of rapid immobiliza-
tion of applied inorganic N into organic forms of N that are remineralized slowly
over several years has been observed in other situations where '°N labelling has
been superimposed within ongoing long-term experiments, for example, with
spring barley using the Hoosfield Experiment and with herbage using the Park
Grass Experiment (Glendining et al. 2001; Jenkinson et al. 2004).

Under tropical conditions, recovery of applied fertilizer N in crop tends to be
lower and losses greater. For example, in an extensive coordinated set of
experiments with '°N-labelled fertilizer (six different crops at 13 field sites in
nine countries, mainly tropical and subtropical), the mean recovery of applied N
in crop in the first growing season was only 33 % but with a wide range of 7-63 %
(Dourado-Neto et al. 2010). In these experiments, which continued for 3 years so
that the fate of '>N immobilized into soil organic matter could be quantified, the '°N
micro-plots were set within the main plots of ongoing field experiments which had
already been established for some years.

Lawes et al. (1881/1882) published studies on nutrient loss via drains over
130 years ago. Nitrate leaching from agricultural land continues to be a significant
environmental issue that has prompted regulations to restrict agricultural practices
in an attempt to improve water quality (in the EU, regions covered by such
regulations are termed Nitrate Vulnerable Zones) but achieving significant
reductions in nitrate leaching whilst maintaining large crop yields remains a
challenge. The new drains installed beneath one section of the Broadbalk Experi-
ment in 1993 have been used for measuring nitrate leaching under different
fertilizer and manure regimes (Goulding et al. 2000).

Under the maritime climate of the UK and northwest Europe, most nitrate leaching
occurs during winter rather than immediately after spring application of N fertilizer.
The quantity of nitrate leached represents a combination of any unused fertilizer still
present in soil as nitrate, plus nitrate derived from mineralization of soil organic
matter. Experiments with '’N-labelled fertilizer have shown that in the UK, at least
80-90 % of the leached N is from mineralization of soil organic matter plus nitrate
derived from any manure applied (Macdonald et al. 1989). These findings rest on a
combination of studies on long-term field sites and shorter-term experiments. In other
environments, especially where excessive rates of N fertilizer are used such as is
often the case in China, the direct contribution from unused fertilizer can be dominant
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(Ju et al. 2009; Zhou et al. 2010). Measurements of nitrate in water from the drains
beneath plots of the Broadbalk Wheat Experiment (Fig. 16.5) show that some nitrate
entered the drains even when no N fertilizer or manure was applied; this must be
derived from mineralization plus a contribution from N deposited from the atmo-
sphere. There was a marked increase in nitrate leaching when the quantity of N
fertilizer applied in the previous spring approached or exceeded that required to
obtain maximum crop yield. The largest amounts leached were from the FYM
treatment, with or without additional inorganic N fertilizer.

16.8.2 Phosphorus

LTEs are essential for studying the supply of phosphate (P) to crops. Soil contains
P in a wide range of inorganic and organic forms but, in general, that which is
immediately available for plant uptake is in soil solution. The quantity in this form
is usually very small so a continuing supply depends on equilibration between this
form and others. The reactions involved occur over periods ranging from seconds to
decades, or more, but it has been found that changes occurring over the years-to-
decade timescale are particularly important for the sustainability of P supply and,
hence, crop production. Rates of change of P reserves in soil have been studied in
one of the lesser known LTEs at Rothamsted, the Exhaustion Land Experiment
(Poulton 2006). For 83 years (1902—-1985), no P was applied and the rate of P
exhaustion was studied. By 1985, crop-available P as assessed by extraction with
sodium bicarbonate solution” had declined to about 2—7 mg/kg (depending on the
treatment before 1901). From 1986, applications of P fertilizer at three rates were
started in order to measure the rate of increase in crop-available P. Within 3 years, it
had increased to values up to 27 mg/kg. Figure 16.6 shows grain yields of spring
barley at this time in treatments where availability of N or K was not limiting yield.
The results show a yield plateau with yield increases up to a critical value, in this
case about 10 mg/kg, but with no further increase after this (Poulton et al. 2013).
The critical-value approach is the basis of P fertilizer advice in the UK and
several other countries (Johnston 2001; Syers et al. 2008); farmers are advised to
maintain soil significantly above the relevant critical value, to avoid yield loss and
to have their soils analysed periodically. The critical value varies according to soil
type and crop; in order to determine the value for different situations, it is ideal to
have a long-term site with treatments spanning a range of Olsen P levels including
low values, so that curves such as that in Fig. 16.6 can be constructed. Worldwide
there are far too few such sites, and a priority for agricultural development is to
establish additional sites in diverse environments, especially in regions where
agriculture is developing rapidly such as South America and China. In a network
of experiments in China (at eight sites with cropping systems representing some

2 Olsen’s reagent, which is commonly used in advisory work in the UK and many other countries.
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Fig. 16.6 Grain yield of spring barley in the Exhaustion Land Experiment in relation to concen-
tration of sodium bicarbonate-extractable phosphate (Olsen P) in situations where other nutrients
were not limiting (After Poulton 2006)

70 % of the cropped area), trends in the first 15 years of different fertilizer
treatments clearly showed that Olsen P declined within a few years to levels causing
severe loss of yield if P was not applied as fertilizer or manure; in contrast, yield
loss due to decline of plant-available K was slower to appear. In several cases with
wheat, maize or rice, grain yields in the absence of applied P were as much as 4 t/ha
less than in the treatment where P was supplied (Zhao et al. 2010).

Ensuring an adequate supply of P to crops is essential for global food production
and has major implications for farmers’ access to P fertilizer, the need for novel
approaches for resource-poor smallholder farmers such as precision placement close
to individual plants and for efficient recycling of P from manures and other organic
residues. But ensuring that the concentration of P in soil is not too high is also
important from the viewpoint of minimizing water pollution. P can move from soil to
waters through surface runoff (usually of soil particles carrying adsorbed P) and also
by P leaching. Very small concentrations of P in surface waters are enough to trigger
algal growth, so P losses that are insignificant agronomically can have major adverse
environmental impacts. The phenomenon of P leaching, mainly through macro-pore
flow such that water avoids contact with a large surface area of soil, was not
recognized until measurements were made on drainage water from the Broadbalk
plots (Heckrath et al. 1995). This work demonstrated that P losses were small until
Olsen P reached a certain value (the change point) after which losses increased
greatly. The value of this change point varies greatly between soil types, and the
factors influencing its value are still not fully understood. The practical result of
the finding is that crop-available P concentrations in soil should be maintained above
the critical value for crop yield but below the change point value to avoid P loss to
water. Thus, P management, at least in situations where rainfall is sufficient to cause
P leaching, is more complex and knowledge-intensive than previously thought, which
would not have been known without experimentation using long-term sites.
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16.9 Microbiological Studies Using Rothamsted
Long-Term Experiments

16.9.1 Crop Disease Populations

Every year, two septoria blotch diseases of wheat cause major losses of grain world-
wide. Plant disease surveys in the UK show that the relative importance of the two
diseases, caused by either Phaeosphaeria nodorum or Mycosphaerella graminicola,
has changed. P. nodorum was prevalent in the 1970s but M. graminicola became
dominant since the 1980s; similar changes have occurred elsewhere. In research to
identify the relative importance of the two diseases over a longer timescale, DNA was
extracted from archived straw samples from the Broadbalk Experiment (Bearchell
et al. 2005). It was found that the relative abundance of P. nodorum had increased
fairly consistently from the 1840s until about 1970 but, thereafter, decreased sharply.
Unexpectedly, this change correlated strongly with changes in SO, concentration in
the atmosphere (Fig. 16.7); because data on these concentrations were not available
for the early period, annual emissions of S (that can be estimated quite accurately from
coal burning statistics) were used as a proxy.

It was concluded that the action of SO, (perhaps in combination with atmospheric
ozone) was responsible for the change in disease abundance. The mechanisms of
penetration of wheat leaves by the two fungi are different: M. graminicola penetrates
through stomata rather than directly through the cuticle and has a longer latent period
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Fig. 16.7 Changes in relative abundance of two fungi causing septoria blotch disease and
relationship with changes in sulphur dioxide (SO,) in the atmosphere, using historical SO,
emissions from coal burning as an indicator. Abundance of the two fungi based on analysis of
DNA extracted from straw in the Rothamsted Sample Archive (Bearchell et al. 2005)
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than P. nodorum, so may be more exposed to air pollutants and hence more
susceptible to SO,. Its recovery of dominance when the atmospheric concentration
of SO, diminished is consistent with this.

16.9.2 Soil Biodiversity

It has long been recognized that a wide range of soil organisms is crucial for
numerous processes essential for both crop production and ecosystem services.
A new Global Soil Biodiversity Initiative has recently been announced: http://www.
globalsoilbiodiversity.org. Molecular techniques developed in recent decades have
added greatly to the range of approaches available for studying soil biodiversity and
the impacts of management or environmental changes. A recent example, using a
Rothamsted long-term site, quantified biodiversity in an extreme situation (Hirsch
et al. 2009); measurements were made on soil from a site adjacent to the Highfield
Experiment that has been kept under bare fallow for 50 years (the experiment was
described earlier, and changes in SOC content in the arable and grass treatments are
shown in Fig. 16.3). The microbial biomass C content of the soil kept bare, with
virtually no plant inputs over this period, was only 7 % of that in the soil that
continued under permanent grass and 33 % of that in the arable treatment. The free
light fraction revealed by density separation (Sohi et al. 2001), mainly representing
relatively fresh organic inputs, was only 3 % of that in the grassland treatment.
Intra-aggregate light fraction, a somewhat more processed and stabilized fraction,
was 13 % of that in the grassland soil. As expected, the abundance and diversity of
mesofauna (mites and collembola), which feed mainly on fresh plant inputs, were
much lower in the bare fallow than either the grassland or arable soils. In the case of
the bacterial population, abundance (as assessed by culturing on a low-nutrient
agar) was much lower in the bare fallow soil than in soil with fresh plant inputs —
consistent with the greatly decreased microbial biomass C content. By contrast,
bacterial diversity was similar in the bare fallow soil to that in the soils receiving
fresh plant inputs from grass or arable crops — whether assessed by the chemical
fingerprint of their fatty-acid composition (PLFA), Biolog cell phenotyping, or
extracted DNA and RNA. DNA examined in this way is considered to represent
the species present, though the definition of species in bacteria is a matter of debate
(Prosser et al. 2007), so distinct 16S rRNA gene PCR products revealed by
DNA-based techniques were referred to as operational taxonomic units (OTUs).
The OTUs derived from rRNA comprise a small fraction of those identified from
genomic DNA and are commonly assumed to represent cells that are, or recently
have been, metabolically active. So the finding of considerable bacterial diversity
and activity in the 50-year bare-fallowed soil is remarkable — and indicates the
resilience of the soil bacterial community.

These findings have implications for the survival strategies of soil bacteria and
may have relevance for the restoration of soils that have been damaged (e.g. through
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engineering or mining activities or inappropriate tillage or management). This scien-
tific discovery was only possible because of the existence of the unusual and extreme
long-term bare fallow treatment that had no obvious practical value and the use
described here could not have been foreseen when it was established. New treatments
have now been established within the long-term bare fallow area in which grass and
wheat are being grown for the first time in 50 years, so in future it will be possible to
study the recovery of biological activity in this soil in response to new plant inputs.

16.9.3 Aerobic Soil as a Sink for Methane

Methane (CH,) is a greenhouse gas that has approximately 30 times the greenhouse-
warming potential of CO,. Its concentration in the atmosphere has increased consid-
erably during the past century with emissions from various human activities including
the recovery of fossil fuels (coal mining, oil exploration, leakage of pipelines) but
also from production in anaerobic soils, whether natural wetlands or soil flooded for
growing paddy rice. It is destroyed in the atmosphere through photochemical
reactions, but its only known terrestrial sink is oxidation by bacteria in aerobic
soils. In soil, CHy is oxidized to CO,, a less powerful greenhouse gas, so the process
is environmentally favourable. It is therefore important to determine the rate of CH,
oxidation in different environments and factors affecting the process. Research at
several LTEs, including Rothamsted (UK) and Bad Lauchstidt (Germany), has
addressed the issue, but the microbial processes involved are complex and have
proved difficult to study. Comparisons of soils from different land uses at Rothamsted
show that the highest rate of CH, oxidation occurs in undisturbed soils under forest,
followed by grassland. Soil cultivated annually for arable cropping showed the lowest
rate, about 15 % of the rate in a forest soil (Powlson et al. 1997). Addition of
inorganic N fertilizer had a further negative effect in the Rothamsted experiments
but not always at Bad Lauchstdadt. Understanding of the influences of different
management practices is complicated by the fact that the organisms responsible for
CH,4 oxidation, the methanotrophs, are not well characterized and CH, can also be
oxidized by ammonium oxidizers (nitrifiers).

A fairly recent approach has been to incubate soil cores in the presence of
3C-labelled CH, and then extract phospholipid fatty acids (PLFAs) from soil.
The specific combination of PLFAs present can be used to characterize different
bacterial groups and methanotrophs that are active in CH,4 oxidation and retain
some '*C in their cells — providing an excellent means of identifying the group(s)
that are operating in a given situation. The technique is termed PLFA-stable isotope
probing (PLFA-SIP). Results from woodland and grassland sites at Rothamsted
showed that the estimated methanotrophic biomass in soil, based on 13C incor-
poration, was considerably smaller than at grassland and forest sites previously
studied in the UK (Maxfield et al. 2011) — yet rates of CH,4 oxidation were of the
same order. Tillage appeared to decrease the methanotrophic biomass as this tended
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to be small in arable (but unfertilized) soil. Long-continued application of inorganic
N fertilizer increased the size of the methanotrophic population, but decreased the
rate of CH4 oxidation. The results are consistent with the hypothesis that, in the
Rothamsted soils, much of the CH, oxidation is mediated by nitrifying bacteria;
these can perform the oxidation due to the similarity between the methane
monooxygenase and ammonium monooxygenase enzymes, but do not assimilate
C from CH, for growth. Much still remains to be understood about the role of
different bacterial groups in the oxidation of CH, in soils and the sometimes
confusing and contradictory impacts of various management practices. But LTEs
are one of the key resources for such research.

In a study on CH, oxidation using the Park Grass Experiment, soil cores were
incubated with radioactive '“C-labelled CH,4, again on the assumption that
methanotrophs responsible for oxidation would retain some of the CHy-derived C
and thus provide a label (Stiehl-Braun et al. 2011). The soil cores were subse-
quently impregnated with resin and thin sections prepared that were used for
autoradiography to identify the physical location of active methanotrophs with
respect to depth and soil pores in different treatments of this grassland soil. It had
previously been found that low soil pH inhibited CH4 oxidation; in one of the Park
Grass plots studied, soil pH had decreased to 4.0 due to nitrification of ammonium
N added over many years with no lime addition to counteract the effect. In this soil,
the new visualization method showed that CH, oxidation activity was confined to
soil below a depth of 12 cm where soil was at a slightly higher pH.

16.9.4 Nitrous Oxide Emissions from Soil

Agriculture globally is responsible for about 14 % of all human-induced greenhouse
gas emissions, of which 70 % is associated with N fertilizer (Pachauri and Reisinger
2007). This is partly attributable to emission of CO, during N fertilizer manufacture
and partly to emission of nitrous oxide (N,O) through the processes of bacterial
nitrification and denitrification in soil (Smith 2010). N,O has a greenhouse-
warming potential almost 300 times that of CO,, so even emissions that are small
in terms of agronomic N loss can be highly damaging environmentally. In some
low-rainfall regions, such as north China, nitrification can be the main source of
N,O from soil (Ju et al. 2011), but in regions with higher rainfall, such as northwest
Europe, denitrification is dominant (Morales et al. 2010). Figure 16.8 shows N,O
emissions from several plots in the Broadbalk Experiment and in two adjacent
woodland areas as measured in the field. In the arable plots, N,O emission increased
with increasing rates of N fertilizer application and was especially high in the
treatment given a rate of N fertilizer that usually exceeded crop requirement
(288 kgN/ha). Emission was low in the treatment receiving FYM, probably because
the peak concentration of nitrate in soil in this treatment was lower than in the
inorganic fertilizer treatments because it was produced gradually through minerali-
zation of organic N. However, nitrate leaching was higher in the FYM treatment
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than from plots receiving inorganic N fertilizer (Fig. 16.5), so indirect N,O emis-
sion from FYM would be greater. Emissions from the woodland areas were large
and similar to those from arable plots given a high rate of N fertilizer, possibly due
to N deposition from the atmosphere, as discussed earlier.

Denitrification, the microbial reduction of nitrate, has two gaseous products:
N,O0 and N, their ratio depending on the extent of reduction. Some populations of
denitrifying bacteria lack the nosZ gene that controls conversion of N,O to N,, and
there are preliminary indications that the proportions of the different populations
vary between soils and can be quantified using molecular techniques (Morales et al.
2010). If confirmed, this would appear to be a significant development, potentially
providing a basis for decreasing N,O emissions by designing management practices
specific for different situations (Powlson et al. 2011b). In recent research using soils
from the Broadbalk Experiment, molecular methods were used to characterize the
denitrifying populations in different treatments and compare their abundance with
denitrification potential as assessed by N,O emission in laboratory incubations with
added nitrate under conditions conducive to denitrification (Clark et al. 2012).
It was found that abundance of the nosZ gene was less in soil from the woodland
regeneration area than from the arable plots and this was consistent with the very
high emission of N,O from this soil under the conditions tested (Fig. 16.8). It was
found that two genes controlling an earlier step in the denitrification pathway
(reduction of nitrite) differed in their response to long-term N inputs. The nirK
gene was more abundant in soils with increasing N inputs from fertilizer or manure.
By contrast, the nirS gene was most abundant in the soil never receiving N fertilizer
and its abundance was inversely related to N inputs. The full implications of these
findings are still to be understood, but they do show that soils with large inputs of N,
or those having a large organic C content, show a greater likelihood of producing
N,O when conditions are suitable for denitrification; this provides a further incen-
tive to avoid excessive N inputs. However, maintaining organic C at a higher level
(e.g. through manure applications) leads to improved soil structure and better
aeration so, probably, decreasing the chance of reaching conditions conducive to
denitrification at intermediate soil moisture contents.
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16.10 Conclusions

Long-term experiments with a range of different cropping systems, tillage methods,
fertilizer or manure treatments are one vital component of research to develop more
sustainable agricultural systems. Sustainable systems are needed to feed a global
population likely to reach about nine billion by 2050 but, simultaneously, minimize
adverse impacts on the environment. Beyond this crucial role, LTEs are scientific
resources that can be used for many and various purposes in the agricultural and
environmental sciences (and other disciplines) — purposes that are often unrelated to
the original aims of the experiment. Recognition of these benefits has led to some
LTEs in the UK, including the Classical Experiments at Rothamsted (some started
almost 170 years ago) and the more recently established North Wyke Farm Plat-
form (based on grazed grassland farming) being classified as National Capabilities
by the main funding body, the Biotechnology and Biological Sciences Research
Council. In addition, the Rothamsted LTEs and Sample Archive are included within
the new EU-funded ExpeER project (Distributed Infrastructure for EXPErimenta-
tion in Ecosystem Research) (www.expeer.fr) which aims to improve access to
state-of-the-art research facilities in Europe through its coordinated program of
Transnational Access.

Factors that should be considered if any LTE is to be of lasting scientific value
and continue to attract the necessary funding include:

1. The ability to make carefully considered modifications to ensure the integrity of
the experiment and to increase its value as a scientific resource, whilst
maintaining continuity of core elements

2. Rigorous attention to detail in the management of the site and recording of all

aspects of the treatments, field operations and sampling

. Archiving soil and crop samples for future use

4. A culture of scientific openness that encourages collaboration with researchers,
beyond the group directly responsible for running the experiments, who can
bring complementary skills and insights

5. Networking with other LTEs to gain added value through comparing and
contrasting with findings from different environments and cropping systems

(O8]
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Chapter 17

Long-Term Field Experiments

with Fertilizers in Romania: Their
Relevance to Sustainable Agriculture

C. Hera

Abstract Long-term field experiments are indispensible for understanding, proving
and monitoring changes in soil fertility resulting from many years of husbandry,
especially from fertilization. Because they are long-term, they are costly to maintain
but their scientific and practical information cannot be replaced by other means — and
their value keeps on growing. The longest-running continuous experiments, now
169 years old, were established at Rothamsted, in England, by Lawes and Gilbert in
1843 to investigate issues of nutrient cycling that could only be resolved by experi-
ment. Experimentation in Romania has also focused on long-term field experiments.
Systematic trials were established 46 years ago in 15 locations with different soil and
climatic conditions, and long-term experiments of more than 46 years are continuing
at eleven sites. These experiments comprise a geographic network spanning different
soil and climatic conditions with a unique design to track the evolution of differential
soil fertility and the impact of fertilizers on the environment. First of all, the results
characterize their particular sites. More than this, they focus attention on universally
valid, surprisingly actual, cause-and-effect relations, and they help greatly to recon-
cile ecological and economic interests and to clear up real issues of environmentally
friendly nutrient supply and sustainable husbandry.

17.1 Introduction

Long-term field experiments are critical to understanding the complex interactions
between plants, soil, climate and management practices and their combined effects
on the productivity of farming systems. It is well-recognized that they hold valuable
information about the dynamics and sustainability of intensive farming systems.
Interest has redoubled as a result of a growing perception that certain soil processes
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Table 17.1 Important long-term field experiments with duration >100 years

Location Country Start
Rothamsted (Broadbalk, Hoosfield, Park Grass etc.) UK 1843
Grignon France 1875
Illinois (Morrow Plots) USA 1876
Halle/Saale (Eternal Rye) Germany 1878
Missouri (Sanborn Field) USA 1888
Dakota USA 1892
Askov (Sandmarken and Lermarken) Denmark 1894
Auburn USA 1896
Bad Lauchstadt (Static Fertilization Experiment) Germany 1902
Dikopshof Germany 1904

are long term in nature and must be studied as such. Agroecosystems are, in many
ways, unique. Their long-term changes merit particular attention because they are
intensively managed and what might be considered best management practice,
today, may disrupt the complex array of nutrient and energy cycles and impose
unanticipated changes on soil resources.

Fertilizers are key to enhancing agricultural production and their consumption is
still increasing rapidly. The need to know their impact on crop yield and quality
and, also, on soil and the environment calls for long-term studies at representative
sites to monitor changes in nutrient behaviour and to develop strategies for inter-
vention. The sustainability of an agricultural practice depends on its long-term
effects on soil productivity and health, but many modern inputs like fertilizers,
plant-protection chemicals and herbicides leave behind adverse effects, resulting in
declining yields and pollution. Again, long-term experiments are essential to
understand and counter these effects.

The world’s oldest long-term agricultural experiments were established between
1843 and 1856 by Lawes and Gilbert at Rothamsted in south-east England. They
began as agronomic experiments to determine the nutrient requirements of farm-
land, drawing on Liebig’s theory of soil fertility which, in those days, prompted
heated arguments about nutrient cycling that could only be resolved by experiment.
Although the original questions have been answered, the experiments continue to
provide invaluable agronomic, ecological, environmental and scientific information
(see Powlson and others in this symposium); the same applies to many other long-
established field experiments (Table 17.1).

This chapter highlights some management problems associated with long-term
field experiments and suggests ways to mitigate them. Management tasks in
establishing new long-term studies include selecting a suitable site, designing the
experiment to facilitate statistical analyses and future expansion, collecting data
commensurate with the objectives, and incorporating non-destructive changes in
the experiments as technology and objectives change. All the long-established field
experiments have undergone changes. Technological advances in plant populations,
varieties and fertilizers must be incorporated to maintain topicality and generate
useful data; incidental changes such as soil erosion, soil and fertility creep between
plots, build-up of soil acidity and weeds, and weather effects are inevitable features of



17 Long-Term Field Experiments with Fertilizers in Romania. . . 161

long-term experiments but, usually, do not violate the integrity or invalidate the
results of the experiment. If properly managed, long-term experiments generate
unique, interesting and valuable information that provides both a link to the past
and, also, insights into agronomic practices for sustainable future crop production.

17.2 Objectives

Long-term field experiments are undertaken to (1) test the sustainability of a
particular agroecosystem and determine what changes, if any, are needed to main-
tain sustainability; (2) provide data of immediate value to farmers, ecologists and
environmental scientists and to improve best practice; (3) provide a resource of soil
and plant materials for further research into processes that control soil fertility,
plant productivity and the quality of water and habitats; (4) assess the effects of
non-farm activities on soil fertility and crop quality; and (5) provide long-term data
for developing predictive models of the likely effects of management practices and
climate change on soil properties, land capability and the environment. Within this
broad remit, the agricultural value of long-term experiments includes testing of new
practices, evaluation of the effects of soil type and farming systems on soil organic
matter and the assessment of sustainability.

17.3 Long-Term Field Experiments in Romania

Since 1966, long-term field experiments with lime and fertilizers have been
established in all the Agricultural Research Stations belonging to the Agricultural
Research and Development Institute of Fundulea, and trials in all 14 research
stations (Fig. 17.1) were reorganized as long-term experiments under rain-fed and
irrigated conditions. Unlike long-term experiments set up elsewhere in just a few
locations, those in Romania comprise a geographic network of different soil and
climatic conditions with a unique design to track the evolution of differential soil
fertility and the impact of fertilizers on the environment. First of all, the results
characterize their particular sites, but they also focus attention on universally valid,
surprisingly actual, cause-and-effect relations, and they help greatly to reconcile
ecological and economic interests and to clear up real issues of environmentally
friendly nutrient supply and sustainable husbandry.

17.3.1 Experiment with N x P Fertilization

The experimental device:

Factor A = N:a; = Ng; ap = Nyp; a3 = Ngo; a4 = Nizg; a5 = Nygp
Factor B = P: by = Pg; by, = Pyg; b3 = Pgg; by = Py bs = Pigo (Fig. 17.2)
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Fig. 17.1 Location of Fundulea National Research and Development Institute and agricultural
experimental stations in Romania with long-term fertilizer experiments

10 869 |7]25/23(21(22(24(18(20|16(19(17|12{15|11|13(14|3 |1 |5 |4 |2

171181620119 5|3 (2|1 [4]|10[ 9 |7 |6 |8 |23[25|21|24(22]|11|13|14|12(15

13/1116(12|14]18(16| 2 [17(19]23|25(24(21|22|2 |5 |4 |1 |3]|6|8 |7 (10]9

Fig. 17.2 The influence of NP on yield in long-term field experiments in the research network
from Romania

1. NoPo 6. NoPao 11. NoPgo 16. NoP12o 21. NoPigo
2. NuoPo 7. NaoPao 12. NyoPso 17. NuyoP 120 22. NuoPiso
3. NgoPo 8. NgoPao 13. NgoPso 18. NigoP120 23. NgoPiso
4- NIZOPO 9 N12OP40 14 N12OP80 19 N120P120 24 N120P160
5- N160P0 10 N16OP40 15 NlﬁOPSO 20 N160P120 25 N160P160

NPK rates are different depending the crop: for wheat and sunflower: Ny, N4o, Ngo, N120, Nyg0; for
maize: No, Nso, N0, Niso, Naoo
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Phosphate fertilizer is applied in a single dose in the autumn. Nitrogen
fertilizer is split equally between autumn and spring. The crop rotation is sunflower
— soybean — wheat — maize.

17.3.2 Experiment with N P K Fertilization

The factors researched are the applied rates of fertilizer:

A. Potassium rate: Ko, K 40, K 80, K120
B. NP rates: N() P(), Ng() P4(), Ng() Pg(), N160 Pg() (Flg 173)

Ammonium nitrate is applied in spring and superphosphate and potash in
autumn. The crop rotation is sunflower — wheat — maize — wheat. The influence
of rates of fertilizers on the yield of wheat was determined and a statistical
interpretation made of the yield differences between different treatments.

17.3.3 Experiment with Lime and Fertilizers

Factor A = lime amendment dose: a; control; a; 3t CaCOs/ha; a3 6 t CaCOsz/ha; a4
9 t CaCOgz/ha

Factor B = chemical fertilization: b] N()PO; b2 Ngopgo; b3 N]Q()Pg(); b4 N240P80; b5
N240PgoKsgo (Fig. 17.4)

11110512 9 13715 miu 2 |3 |1 |4 }J6 |7 S_E“s R4
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Fig. 17.3 The influence of NPK chemical fertilizers on yield in long-term field experiments in the
research network from Romania

1. NoPoKo 5. NgoP4oKo 9. NgoPgoKo 13. NgoPgoKo

2. NoPoK4o 6. NgoP1oKao 10. NgoPgoKao 14. NgoPgoKao
3. NoPoKso 7. NgoP1oKsgo 11. NgoPgoKsgo 15. NgoPgoKsgo
4. NoPoKi20 8. NgoP40Ki20 12. NgoPgoKi20 16. NgoPgoKi20

NPK rates are different depending for wheat and sunflower: Ny, Ngo, Nj60; for maize: Ny, Nyqo,
Nygo P and K rates are the same at all the crops: Py, P, Pgo; Ko, K40, Kgo, K120
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Fig. 17.4 Scheme of long-term experiments on the influence of lime and chemical fertilizers on
crop yield

Legend: A-rates CaCOj3: Al nil; A2 3t/ha; A3 6t/ha; A4 9t/ha
B-rates NPK(kg/ha):

Rates of fertilizer are different for different crops: for wheat the rates are: NyPgo,
NgoPso» Ni120Pgo, NisoPgo» NigoPsoKgo; for maize the rates are: NoPgg, NoPgo,
N160P80, N240P80, N240P80K80; and for peas the rates are: N()Pgo, N30P80, N60P80,
NooPgo, NooPgoKso.

Phosphate and potassium fertilizers are applied as a single dose in autumn;
nitrogen is split equally between autumn and spring applications. The crop rotation
is sunflower — soybean — wheat — maize.

17.3.4 Experiment with Organo-Mineral Fertilization

Factor A = chemical fertilization: a; NoPy; a» N5oPg; a3 NsgPs0; a4 NigoP1oo
Factor B = manuring: b; unmanured; b, 20 t/ha; bs 40 t/ha; b, 60 t/ha (Fig. 17.5)
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Fig. 17.5 The influence of NP chemical fertilizers + manure on yield in long-term field
experiments in the research network from Romania

1. GoNoPo 5. GoNsoPo 9. GoNsoPso 13. GoN1ooP 100
2. G2oNoPo 6. G2oNoPo 10. G2oNs0Ps0 14. G2oNi00P100
3. G4oNoPo 7. G4oNoPo 11. G4oN5oPs0 15. G4oN100P100
4. GggNoPy 8. GgoNoPo 12. GgoNsoPso 16. GgoN1goP100

Rates of N and P + manure are the same in all crops (rotation wheat-maize)

Phosphate and potash are applied as a single dose in autumn; nitrogen is split
equally between autumn and spring applications; farmyard manure is applied every
4 years. The rotation is alternating wheat and maize.

17.4 Results and Discussion

Long-term fertilizer experiments are usually undertaken to monitor both changes in
yield and product quality and, also, changes in soil properties and the environment.
Knowledge of these, often gradual, changes helps in the development of strategies
and policies for rational use of fertilizer to improve productivity, sustainability and
environmental integrity. In Romania, the long-term trials with lime, fertilizers and
manure conducted over the last 40 years (Table 17.2) have yielded valuable informa-
tion that has been applied by researchers and extension workers. In the first place, the
experiments have established optimum rates of lime, mineral fertilizers and manure
according to the crop, soil and climatic conditions. Optimum doses of N vary between
80-120 kg/ha under rain-fed conditions and 140-170 kg/ha under irrigation,
depending on soil and climate. Because the content of soluble phosphorous in soil
is increasing in proportion to the dose of phosphate fertilizer applied, the dose needed
to obtain the maximum production can be gradually decreased.

Periodically, at the end of every fourth year, the status of the main soil chemical
indices has been determined. These data have been used to establish different
fertilization strategies:
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Table 17.2 Soil-climatic characteristics of long-term field experiments in Romania

Research  Type of Humus P mobile K mobile Precipitation
station soil pH % ppm ppm V% T°C mm
Fundulea  Phaeozem 6.0-6.7 2.5-3.0 2349 190-260 77-83 12.5 476
Teleorman Chernozem 6.2 3.5-3.9 50-60 300-350 81-83 12.6 434
Valul lui  Chernozem 7.4 3.5-3.8 52-64 260270 80-81 9.8 457
Traian
Briila Chernozem 8.6-8.9 1.9-2.3 13-18 372-440 78-82 9.3 450
Perieni Chernozem 2.64.1 3641 101-142 76-78 9.2 512
Podu Chernozem 6.8-7 4.0-4.5 40-46 12S-132  72-74 9.1 542
Tloaiei
Suceava Chernozem 5.6-5.8 3.1.3.3 32-38 150-170 75-78 7.8 587
Livada Luvisol 5.8 1.21 34-36 63-65 63-68 9.7 742
Satu
Mare
Oradea Pre-luvisol 5.5 2.3-2.5 23-30 83.0-91.0 68-70 10.2 615
Lovrin Chernozem 6.4-6.6 2.7-3.2 51-54 94-102 72-75 104 590
Diabuleni  Arensol 0.3-1.6 - - - 11.1 548
Caracal Phaeozem 5.55-5.65 2.2-2.5 45-52 244-280 73-76 10.6 537
Turda Chernozem 6.3-6.8 3.1-4.2 4547 249 75-78 8.4 545
Marculesti  Chernozem 8.0-8.3 3.0-3.2 35-38 99-126 63-68 11.2 457
Albota Luvisol 5.16 2.0 28-36 3941 76.84 10.6 460
Pitesti
Secuieni Chernozem 2.1-2.8 42-48 93-101 68-71 8.7 547

¢ The optimum economic dose of potash decreases in proportion to the content of
exchangeable potassium or the soluble-activity index that measures easily soluble
soil potassium.

« N fertilizers, while increasing crop yields, bring about increased consumption of
bases and, consequently, soil acidification.

¢ Soluble phosphatic fertilizers, on the other hand, buffer soil acidity. When the
rates of phosphate applied as manure and fertilizer are higher than the P consumed
by the crops, the content of mobile phosphate in the topsoil generally increases.

e Periodic application of farmyard manure maintains a weakly-acid-to-neutral
reaction and can neutralize harmful acidity in strongly acidic soils. Manure
increases the soil’s humus content; the rate of humus accumulation per unit of
applied manure tends to increase over time and with the frequency of manuring.

e N fertilizer applied at recommended economic doses does not cause accumula-
tion of soil nitrogen. The toxic symptoms of excess N in plants are manifested
alongside deficiencies of molybdenum, phosphorus, sulphur and potassium.
In strongly acid soils, excess N can manifest toxic symptoms combined with
symptoms of aluminium toxicity and deficiency of phosphorus and potassium.
The main measures to prevent excess nitrogen in soils, crops and groundwater
are correct nitrogen fertilizer rates (depending on the actual needs of the crop
and the amount of mineralizable nitrogen in the soil) and judicious seasonal
fertilizer application.
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¢ Nitrogen deficiency is associated with soil acidity, low humus content, fine
texture and leaching — all of which reduce the activity of soil microorganisms.

« Excess phosphate (>80 ppm PAL') can induce secondary deficiencies of
micronutrients that can be very damaging for both quantity and quality of the
harvest (secondary zinc deficiency in corn, sorghum, beans, etc.). In acid soils,
mobile P does not exceed 60 ppm PAL. Liming, which reduces soil acidity, reduces
the ratio of these elements in ecosystems and disturbs tissue multiplication. The
negative consequences of excess phosphate are exacerbated by a weakly-acid-to-
neutral reaction, light texture and waterlogging. Secondary Zn deficiency is
enhanced by neutral-to-weakly-alkaline reaction, light texture and low humus
content (less than 2 %).

¢ When P fertilizers are not applied, or applied at rates lower than consumption by
the crops, levels of mobile P in the topsoil diminish (at a rate depending on the
initial mobile P values). Phosphate deficiency is manifest depending on soil
reaction and the provision of other nutrients; deficiency is highlighted early on
by poor development of the root system. On acid soils fertilized only with
nitrogen, symptoms of phosphate deficiency may be observed in association
with nitrate and aluminium toxicity and potassium deficiency.

» Potash fertilizer and manure gradually increase mobile K in the topsoil according
to the annual dose but levelling off at doses greater than 150 kgK,O/ha. Excess
potassium leads to passive accumulation in tissues.

¢ Potassium deficiency occurs on soils containing less than 80 ppm mobile K,
typically acid soils; soils rich in carbonates and soluble salts of Ca and Mg; and
soils of high cation exchange capacity, fine texture and poor aeration. Potassium
deficiency may be corrected by correcting the soil reaction and application of
potash fertilizer.

» Early-season deficiency of calcium in crops is observed in cold, rainy springs
and fine-textured soils (>>35 % clay). The problem can be rectified by liming and
economic application of manure or potash fertilizer.

¢ Deficiency of magnesium can occur because of low values of mobile Mg, acid
reaction (pH <5.8) and abundance of mobile potassium (>200 ppm) in the
topsoil. Luvisols in north-west Romania and coarse-textured soils registering
Mg deficiency have less than 75 ppm mobile Mg.

» Deficiency of sulphur disturbs protein synthesis so amides, amino acids and
sulphur-free mineral compounds of nitrogen (nitrates and ammonium
compounds) accumulate in the tissues.

» Manganese deficiency, associated with <1 ppm exchangeable Mn, is common in
annual crops fertilized with potash, especially during drought. A high concentra-
tion of manganese in waterlogged soils impairs the uptake of iron; this is caused
by mobilization of Mn>* through reduction of manganese oxides, but the concen-
tration of Mn in soil solution is reduced 100-fold for every unit increase of pH.

¢ Onluvisols, liming exacerbates boron deficiency in flax, sunflower and other crops.

! Phosphate by the acetate-lactate-ammonia method.
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17.5 Proposals for Future Research

The Romanian long-term fertilizer experiments are evaluating the long-term effects
of manure and fertilizers on crop production and soil health — with special emphasis
on sustainability. Systematic studies over 40 years have demonstrated that unbal-
anced and non-integrated fertilizer use can create a lot of problems. The foremost
challenge for the coming years is to make a critical interpretation of the results
obtained and adapt fertilizer schedules and the strategy for future experimentation
on soils and plant nutrition.

In the light of widespread deficiencies of secondary and micronutrients caused
by unbalanced nutrient management, the urgent need to improve soil health and
crop quality and the increasing interest in organic farming, it is imperative to
determine the long-term effects of organic farming on soil health (especially on
the availability of micronutrients) and on crop productivity and quality.

Continuous monocultures of wheat, maize, sunflower and sugar beet are suscep-
tible to micronutrient deficiencies, especially of Zn and Mo. Since Zn and Mo are
giving good responses in maize and wheat, assessment of the effects of these
nutrients, alone and alongside organic manures, and the efficiency of different
methods of application of these nutrients should be investigated.

Another imperative is periodic evaluation of the quality parameters of produc-
tion under long-term manuring and fertilization. This means building up a database
for all soil chemical properties during the period of experimentation. Such a
database can be a ready source for understanding nutrient-use efficiency and,
also, the changes in soil nutrient status brought about over many years.

Acknowledgement I am grateful to Dr. Ana Popescu for her contribution to the data selection.
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Chapter 18
The Beginnings of Long-Term Field
Experiments on Crop Rotations at Balti

J. Libershteyn

Abstract The Balti field experiments were set up in the 1950s in order to meet a
pressing need for agronomic knowledge on field crops and crop rotation following
collectivization of farms, a big increase in the area of industrial crops like sunflower
and sugar beet, accelerated erosion, and plagues of weeds, pests and diseases. The
new Selectia Institute for Field Crops at Balti built upon the experience of the
Moldovan Experimental Plant Breeding Station and other experimental stations
in-country and across the Soviet Union. What were, at the time, novel combinations
and treatments were also introduced. Dedicated efforts over the years and the
accumulating data provided well-grounded, practical recommendations for improv-
ing the structure and management of field crops in the Republic. They have also laid
a foundation for modern, advanced cropping systems that combine agrochemical,
environmental and economic feasibility.

18.1 In the Beginning: Needs and Objectives

I have written before about the founding of long-term experiments on crop rotations
and continuous cropping in the north of Moldova. Now, on the 50th anniversary of
this foundation, I come back to the beginnings of our scientific institution.

In the late 1950s, there was a pressing need for reliable information on the optimal
structure of sown field crops, their management and alternation in crop rotation:

— The tradition of peasant farms in our region was to maintain an equal ratio of row
crops and continuously sown crops (like wheat). Collectivization in the
mid-1950s led to a big increase of row crops in the north of the country,
particularly industrial crops like sunflower and sugar beet. During this period,
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the limited capacities of the farms to complete harvesting and tillage meant that,
when the time came for sowing winter crops, only the areas vacated by row crops
were free. This was the reason for widespread cultivation of winter wheat and a
catastrophic spread of grain ground beetles that caused mass destruction; as
much as 20 % of the crop had to be reseeded.

— Continuous cultivation of row crops, including incompatible species like sugar
beet and sunflower, also opened up an array of problems, especially the
accelerated loss of soil fertility and even the topsoil itself, and uncontrolled
spread of diseases and weeds — all leading to poor yields.

— Alongside the unresolved issue of the optimal balance between the field crops,
there were less-studied questions regarding the components of crop rotation and
the consequences of their actions and interactions. Mistakes were often made,
which caused significant harvest losses.

We should not forget that, in the early post-war years, the Moldovan Experi-
mental Breeding Station carried out field experiments on some 2-3-year links
between alternating field crops (winter wheat, maize, perennial grasses). This
helped to clarify some of the recommendations for crop management but such
short-term trials could not unearth fundamental solutions. Transformation of the
experimental breeding station into a scientific research institute with increased
human and financial resources, in the late 1950s and early 1960s, made it possible
to build on the early work. Preparations were made for long-term investigations and
development of scientifically justified crop rotations: firstly, to determine the
optimal structure of crops in field in accord with the fundamental principles of
agricultural science, environmental safety (as understood at the time) and cost-
effectiveness; and secondly, to establish reasonable requirements of the specified
crop rotations in space and time, taking into account their direct effects and after-
effects. Simultaneous operation of each of the investigated schemes in full was
essential, so that yield data and other parameters were received annually for
each plot.

18.2 Establishing the Experiments

After long and detailed deliberations and on-site reviews of current investigations
in the USSR, it was decided to lay out eight crop rotations. In each scheme, winter
wheat was allotted 30 %, which corresponded to its proportional area in the
cropland of the Republic. The proportion of row crops in the original rotations
ranged from 10 to 70 %, including 10 to 30 % sugar beet, 10-20 % sunflower and
2040 % maize. Some of the crop rotations included perennial grasses, but, at that
time and in spite of the established facts, Premier Khrushchev declared perennial
grass crops to be low-yielding and they were to be replaced by corn. Under these
circumstances, research on perennial grasses in the crop rotations was not included
in any accounting documents for 3 years, and they were formally re-entered into the
records only in 1964 — after the resignation of Mr Khrushchev.
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Within the scheme of experiments, there was one unit of continuous winter
wheat, one of continuous maize, one of perennial grasses and one of black fallow.
Tobacco was not included in the original crop rotations because at the time that the
research scheme was drawn up, it occupied only about 7,000—8,000 ha in the whole
country, mainly on Calcareous chernozem in the central district of Orhei and in the
northern part of Floresti. In the following years, when areas of this culture ‘of
questionable value’ (the words of Academician D Pryanishnikov) soared to more
than 50,000 ha, the question arose about its place in crop rotations. Actually,
research at Balti by K Cebotari had already demonstrated the value (unexpected
for many people) of planting tobacco after sugar beet, a fact reflected in
recommendations for production.

At the time, my proposal to include one crop rotation with three fields of sugar
beet was blasphemy against the canons of agronomy. Today, many years later, such
a scheme has confirmed its right to life — on condition that sunflower is excluded
from the same rotation. Including two successive row crops within all schemes was
also innovative and, according to the then-authoritative views of adherents of
V Williams, inadmissible in terms of preservation of soil structure. And there
were several germane issues about the placement of different cultures in crop
rotations. For example, the feasibility of planting sugar beet after winter wheat
was never in doubt, but the consequences of different predecessors of the winter
wheat on the productivity of sugar beet was unexplored and required special
experimental testing, including comparison with fallow.

Speaking of fallow, in those days, when conditions were favourable, i.e.
sufficient soil moisture and high nutrient status, the varieties of winter wheat then
cultivated would lodge badly when grown after bare fallow because of their
tall straw. Losses at harvest amounted to as much as 3 t/ha so that harvested yields
were no better than those of winter wheat following other predecessors. This
circumstance encouraged a steady decrease in bare fallow and, by the time that
high-yielding but lodging-resistant varieties of winter wheat arrived on the scene —
varieties that could successfully follow bare fallow — the area under bare fallow had
been reduced to nothing. When, in the mid-1960s, 200 ha of Bezostaja-1 winter
wheat on the Pobeda collective farm in Vulkaneshti District recorded an unprece-
dented 72 centners/ha for 2 years in succession following bare fallow, many of us
began to doubt whether fallow should be eliminated from Moldova, especially in
the south.

18.3 The Selectia Long-Term Experiments in Operation

Preparations culminated in the autumn of 1961 and the following spring. Following
the traditions of the experimental breeding station, the experiments on crop
rotations were established and conducted in full accordance with the rules of
procedure of experimental work and have always been maintained in excellent
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condition. The research centre and the field experiments have received visits from
numerous participants of republic, regional and international meetings held at the
Institute, as well as many specialists: they have become a living, working museum
of agricultural science.

Our research centre has been fortunate to enjoy longevity. This may be attributed
to the fact that it has attracted highly professional researchers — people who have
well understood the importance of the work and have continued and developed the
experiments with great skill. Nowadays, however, the attitude towards long-
established field experiments is not always favourable: I shall give just one example
from personal experience. In 1948, I founded a state strain-testing station at
Marandeni, where I worked for 7 years before being transferred to Balti. An
80 ha area was divided into a nine-field crop rotation and, over the next 2 years, a
framework of shelter belts was planted around it. The intensive work of the
experimental station became a shining example to many farms in the surrounding
area; the agronomic activities not only were informative but also provided practical
assistance in their cropping. But in 1993, without warning and after accomplishing
five full crop rotations, the long-term experiments were terminated by order of the
head of the strain-testing network of the Republic. The motive for this hasty
decision was that the head of the collective farm and head of the strain-testing
station could never agree!

Coming back to our research at Balti, I should emphasize that, from the outset, it
has provided both scientific output and well-grounded, effective, practical
recommendations for improving the structure and the alternation of crop rotations
in the Republic. As new facts have accumulated, this information has provided the
theoretical foundation for the construction of advanced cropping systems that
combine agrochemical, environmental and economic feasibility. This is well
illustrated by the fundamental studies of the current head of the Research Centre,
Professor Boris Boincean.

In conclusion, on my own behalf and on behalf of the staff, both living and
deceased, who launched the research on crop rotations (N Lebedev, P Kibasov,
I Libershteyn, V Kazanzhi, Y Bondarenko, G Shontsu and S Zhurat), let me thank
all those who have followed us. They not only have preserved but have increased
the worth of the research for science and society.



Chapter 19

Fifty Years of Field Experiments with Crop
Rotations and Continuous Cultures

at the Selectia Research Institute

for Field Crops

B.P. Boincean

Abstract Experimental data are presented from long-term field experiments on
Typical chernozem in the north of Moldova. Yields of crops in rotations and
continuous monocultures are evaluated and compared with national averages. The
effects of fertilization and crop rotation have been determined, including links
within rotations — especially the different predecessors for winter wheat; generally,
the better the predecessors, the less are the benefits of fertilization. From both
economic and ecological perspectives, it is better to respect crop rotation than to
compensate for its absence with an excess of agrochemicals for crop nutrition and
protection. Changes in the stocks of soil organic matter have been established under
crop rotations, black fallow, continuous monocultures and meadow; losses are
much higher under black fallow and continuous crops than under crop rotations.
Under meadow, it takes 25 years to restore the initial stock of soil organic matter.

19.1 Introduction

Field experiments are the main method of agronomic research. Results from long-
term field experiments in various countries have been described by, amongst others,
Johnstan (1989), Jenkinson (1991), Boincean (1999), Safonov (2002), Powlson and
others (this symposium) and, recently, reviewed by Krupenikov et al. (2011). Only
by such experiments can we establish real changes and trends of crop yields and soil
fertility; they allow us to better understand the complex interactions between
climate, soils and crops under management, and they are the basis for practical
recommendations to farmers. The longer the duration of the field experiment, the
greater is its scientific and practical value.
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We are very grateful to our predecessors for the establishment and continuation
of the Balti long-term experiments; the role of honour is the frontispiece of this
publication. Special appreciation is due to Nicolae Lebedev, a pupil of Pacosski
who compiled the first flora of Bessarabia — not neglecting the weeds! Pacosski,
himself, was a pupil of Dokuchaev who first described the Typical chernozem in
this very locality.

19.2 [Experimental Site and Methods

The Balti long-term field experiments on crop rotations were established in 1962;
crops grown as continuous monocultures on fertilized and unfertilized plots were
added in 1965. The soil is Typical chernozem heavy clay. Laboratory analysis of
the 0-20 cm layer in 1993 revealed 4.8-5.0 % organic matter (by Tiurin’s method),
PHuwater 7-3 and pHcacrz 6.2 and total nitrogen, phosphorus and potassium contents
of 0.20-0.25, 0.09-0.11 and 1.22-1.28 %, respectively.

The field experiment with crop rotations includes eight rotations with different
proportions of row crops — from 40 up to 70 % including 10-30 % sugar beet,
10-20 % sunflower and 20—40 % maize. The proportion of winter wheat is 30 % in
all rotations but it is sown after different predecessors: in one field after early-
harvested predecessors, in the second after maize silage, and in the third after maize
for grain. Details of the fertilizer regimes were reported earlier (Boincean1999).
Each plot in the crop rotations is 283 mz, with three replicates, and in the continuous
monocultures 450 m? without replicates.

After three full rotations (1962-1991), the experiment was interrupted for
2 years to estimate differences in inherent soil fertility through the yields of two
crops sown on all plots — winter rye for green mass in 1992 and oats for grain in
1993. The fourth rotation resumed in 1994 but without applying fertilizer to crop
rotation no. 7, where the sequence of crops is similar to crop rotation no. 3, to
establish the influence of fertilization in both continuous monocultures and in the
crop rotations.

19.3 Results and Discussion

The yields for different crops in the long-term experiments and the average yields
for the Republic of Moldova are shown in Tables 19.1, 19.2, 19.3, and 19.4. For
winter wheat, the greatest yield increase for both the long-term experiment and
under production conditions coincided with the second rotation (1972-1981),
amounting to 1.86 and 1.75 t/ha, respectively (Table 19.1). Absolute yields were
higher in the experimental fields than in the country as a whole by 1.43 and 1.54 t/ha
for the first and second rotations, respectively. In the long-term experiments, yields
continued to increase during the third rotation (by 0.29 t/ha), but the country
average declined by 0.05 t/ha during the same period. Since then, yields have
levelled off in both the experimental plots and across the country as a whole.
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Table 19.1 Average yields of winter wheat in Moldova and in the Selectia long-term experiments

19622011

Long-term field

experiment (after

vetch and green oats,

Average for Moldova  fertilized plots)
=+ t/ha relative =+ t/ha relative to  Yields in long-term experiment

Years t/ha to previous period t/ha previous period  relative to national average
1962-1971 1.85 - 328 — +1.43
1972-1981 3.60 +1.75 5.14 +1.86 +1.54
1982-1991 3.55 —0.05 543 +0.29 +1.88
19942003 2.35 —1.2 5.15 —0.28 +2.80
2004-2011" 2.44 +0.09 5.03 —0.12 +2.59

# 8-year means

Table 19.2 Average yields of sugar beet in Moldova and in the Selectia long-term experiments

1962-2011
Long-term field experiment
following vetch and green
oats, and winter wheat,
Average for Moldova fertilized plots
=+ t/ha relative to Yields in long-term field
the previous =+ t/ha relative to experiment relative to the
Years t/ha  period t/ha  the previous period national average
1962-1971 23.65 - 40.06 - +16.41
1972-1981 26.85 +3.20 45.79 +5.73 +18.94
1982-1991 27.58 +0.73 4496 —-0.83 +17.38
19942003 19.81 -7.77 44.04 -0.92 +24.23
2004-2011* 26.97 +7.16 40.90 -3.14 +13.93

# 8-year means

Table 19.3 Average yields of sunflower in Moldova and in the Selectia long-term experiments

1962-2011
Long-term experiment,
Average for Moldova fertilized plots
=+ t/harelative to the =+ t/ha relative to the Long-term experiment

Years t/ha previous period t/ha previous period relative to national average
1962-1971 1.60 — 2.59 - +0.99

1972-1981 1.70 +0.10 2.24 —0.35 +0.54

1982-1991 1.86 +0.16 2.78 +0.54 +0.92

1994-2003 1.29 —0.57 2.08 —0.70 +0.79

2004-2011* 1.32 +0.03 2.27 +0.19 +0.95

# 8-year means
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Table 19.4 Average grain yields of maize in Moldova and in the Selectia long-term experiments
1962-2011

Long-term experiment,
Average for Moldova fertilized plots

=+ t/ha relative to =+ t/ha relative to  Long-term experiment
Years t/ha  previous period  t/ha  previous period  relative to national average
1962-1971 317 - 560 - +2.43
1972-1981 355 +0.38 6.78 +1.18 +3.23
1982-1991 396 +0.41 6.86 +0.08 +2.90
19942003 279 -—1.17 5.84 —1.02 +3.05
2004-2011* 294 +0.15 5.87 +0.03 +2.93

 8-year means

Overall, winter wheat yields in the long-term field experiments were greater than
the national average by 2.80 and 2.59 t/ha during 1994-2003 and 2004-2011,
respectively.

For sugar beet (Table 19.2), as with wheat, yields increased during the second
rotation: 5.73 t/ha in the long-term experiment, coinciding with an increase of
3.20 t/ha across the country as a whole. During the first and second rotations, the
absolute yields in the field experiments were 16.4 and 18.9 t/ha above the national
average. During the third and following rotations, yields in the field experiments
decreased by 0.83 and 3.14 t/ha relative to the second rotation while yields across
the country fluctuated; nevertheless, the yields in the long-term experiment
remained substantially above the national average.

Sunflower is sensitive to a complex of diseases but introduction of hybrids
brought about an increase in yield of 0.54 t/ha from the second to the third rotation
of the long-term experiment (Table 19.3). Average yields for the country as a whole
increased throughout the period 1962-1991. During fourth rotation, yields
decreased both nationally and in the long-term experiments by 0.57 and 0.70 t/ha,
respectively, and have only recovered slightly since then. As with other crops
investigated, yields of sunflower in the long-term experiments exceeded the
national average, in this case by 0.54-0.99 t/ha over 48 years.

The introduction of hybrids also increased maize yields during the second
rotation of the long-term experiments (Table 19.4). Grain yields increased during
the second and third rotations but declined in the fourth rotation and have hardly
recovered since. Nevertheless, the yields of maize grain in the long-term experi-
ment exceeded the national average by 2.43-3.23 t/ha for the whole period.

For all crops, both in the long-term field experiments and across the country, the
coefficients of variation (CoV) of yields are high (Table 19.5) and so was the CoV
for precipitation over the 48-year period (Table 19.6).

In the long-term experiments, yields of most crops increased over the first two or
three rotations (1962-1991) and then levelled off or decreased. This levelling off
has occurred even under similar conditions of precipitation and accumulated
temperature: by calculation of the hydrothermic coefficient, the number of wet
and temperate years was the same in both periods (1972-1981 and 1982-1991).



19  Fifty Years of Field Experiments with Crop Rotations and Continuous. .. 179

Table 19.5 Coefficients of variation (%) for crop yields in Moldova and in the Selectia
experiments 1962-2011

Crops

Winter wheat Sugar beet Sunflower Maize for grain
Average for Moldova 323 25.1 20.4 21.8
In the long-term experiments 30.4 18.6 324 27.6

Table 19.6 Precipitation and accumulated temperature at Selectia RIFC 1962-2011

No. of years:
Wet (>2.0)

Total
precipitation  Accumulated temperature Hydrothermic ~ Lemperate (1-2)
Years mm day/degrees above 10 °C coefficient Dry (<1.0)
1962-1971 545 3,194 1.7 3 wet
7 temperate
1972-1981 608 2,970 2.1 4 wet
6 temperate
1982-1991 542 3,037 1.8 4 wet
6 temperate
1994-2003 552 3,334 1.7 2 wet
8 temperate
2004-2011 458* 2,927 1.6 7 temperate
1 dry
Mean 544 3,099 1.8
CoV 20.9 7.7

# 8-year mean

Further decrease in yields countrywide during the fourth and fifth rotations has been
caused mainly by social and economic change, but we should note that accumulated
temperatures were higher for 1994-2003 and precipitation lower for 2004-2011,
with higher extremes during the growing period.

Winter wheat: The experimental data for 48 years (Table 19.7) demonstrate the
advantage of early-harvested crops and black fallow as predecessors for winter
wheat. Mean yield after winter vetch and rye was 4.89 t/ha; after spring vetch and
oats, 5.20 t/ha; after lucerne in the third year after first cut, 4.90 t/ha; after peas,
4.76 t/ha; and after maize silage, 4.33 t/ha. We have also calculated 38-year mean
wheat yields so as to cover the same period under crop rotations and continuous
wheat: the 38-year means after early-harvested predecessors (winter vetch and rye,
spring vetch and oats, lucerne in the third year after first cut) and after black fallow
were 5.2-5.29 t/ha; the same yield was achieved after peas for grain — 5.14 t/ha.
Black fallow is not recommended. It offers no advantage to the following crop
compared with other early-harvested predecessors, even in dry years, and it
accelerates the decomposition of soil organic matter.
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Table 19.7 Yields of winter wheat in crop rotations and continuous wheat 1962-2011, t/ha,
fertilized plots

Predecessors
Winter Spring Lucerne 3rd  Peas Maize Continuous
vetch and vetch and year after for Black Maize for winter
Years rye oats first cut grain fallow silage grain  wheat
1962-1971 3.44 3.28 343 332 - 327 240 2.95°
1972-1981 5.10 5.14 5.22 498 510 484 - 3.45
1982-1991 5.47 543 5.58 5.51 555 445 3.51 3.69
1994-2003 5.22 5.15 5.10 494 512 467 331 2.69
2004-2011* 5.32 5.03 5.26 5.12 542 442 394 2.90
48-year 4.89 4.80 4.90 476 - 433 - -
mean
38-year 5.27 5.20 5.29 5.17 529 460 356 3.20
mean

# 8-year means
® Mean for 1966-1971

Table 19.8 Stocks of soil moisture (mm) after different predecessors to the optimal time for
sowing winter wheat, soil layers 0—20 and 0—100 cm, average for 1982—1991including the drought
year 1986

Stocks of Predecessors

available soil Winter ~ Spring  Alfalfa, 3rd Peas Maize Continuous
moisture, vetch vetch year after for Black Maize for winter

soil layers and rye and oats first cut grain fallow silage grain  wheat
0-20 cm 29 32 31 31 31 24 20 33

0-100 cm 136 154 145 144 153 118 91 140
Drought year 1986

0-20 cm 19 23 28 26 36 9 10 27

0-100 cm 78 80 133 92 165 57 57 80

Compared with early-harvested predecessors, the yield of winter wheat after
maize silage was less by 0.60-0.69 t/ha and after maize for grain by 1.64—1.73 t/ha;
yields of continuous wheat on fertilized plots are less by 2.0-2.09 t/ha. The
importance of early-harvested predecessors is evident. On the Balti steppe, soil
moisture is a limiting factor for yield formation and stocks of soil moisture are
significantly higher after early-harvested than after late-harvested predecessors,
especially in drought years (Table 19.8). Tillering of the crop in autumn determines
the capacity to over-winter and subsequently produce a relatively high yield. The
yield depression of continuous wheat, compared with wheat grown in rotation, is
not related to soil moisture but to weeds, pests and diseases.

Early-harvested predecessors enable higher and more reliable yields (Table 19.9).
The coefficients of variation for both traditional and more intensively managed
varieties of winter wheat are lower when the crop is sown after early-harvested
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Table 19.9 Coefficient of variation (CoV%) for yields of fertilized and unfertilized varieties of

winter wheat in crop rotation and continuous wheat in the Selectia long-term experiment
1994-2011

Predecessors

Vetch and oats

for green mass Maize silage Maize for grain Winter wheat
Fertilization

Variety Unfert.  Fert.  Unfert. Fert. Unfert.  Fert.  Unfert. Fert.

Odessa 51 30.1 348 441 369 558 43.7 57.0 40.9

New, more intensive  30.1 29.0 37.8 304 - — 58.0 45.0

8

t/ha — Average for the Republic of Moldova Y = -0,0033x? + 12,945x - 12855; R® = 0,464
— Crop rotation N 4 y =-0,0022x? + 8,9215x - 8877,5; R? = 0,2
71 — Permanent crop, fertilized y =-0,0006x2 + 2,3248x - 2279,1 ;ﬁz =0,1349 \
6
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Fig. 19.1 Yields of winter wheat in the long-term field experiment of RIFC Selectia (crop rotation
and permanent crop) and on average for the Republic of Moldova, 1962-2011, t/ha

predecessors and higher when it is sown after late-harvested predecessors, especially
the continuous wheat.

Figure 19.1 depicts the trends in yield of winter wheat in crop rotation, continu-
ous wheat and the Moldovan national average; the trends for different varieties of
winter wheat after different predecessors are shown in Figs. 19.2 and 19.3.

To some extent, fertilization evens out variation in yields but the above-mentioned
tendencies remain. Considering the lower level of soil fertility in rotation no. 2 (black
fallow and the lowest rates fertilizers) relative to rotation no. 4 (the highest rates of
fertilizers with 12 t/ha farmyard manure), we might expect a higher yield in rotation
no. 4. Actually, the yields of winter wheat have been the same for the whole period
(Table 19.10 and Fig. 19.4); the crop yield is not equivalent to the fertility of the soil.
This was the reason why we interrupted the crop rotations for 2 years (1992—-1993) to
sow the same crop in all experimental plots. By sowing winter rye for green mass
during the first year of the break, we established that the highest yields were in fact
achieved following crop rotations four and five — which were receiving the most crop
residues and manure (Boincean 1999).
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t/ha  — After vetch and oats for green mass (crop rotation N 4) Y =-0,0022x2 + 8,9215x - 8877,5; R2 = 0,2
— After corn for grain (crop rotation N 4) y =-0,0011x? + 4,4827x - 4478,7; R2 = 0,1718
7 +——— — After corn for silage (crop rotation N 4) y =-0,0028x? + 11,14x - 11062; R = 0,1872 ——
— Permanent crop, fertilized y = -0,0009x2 7\3,6981x - 3646,9\ R2=0,1438
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Fig. 19.2 Yields of winter wheat (variety Odessa 51) in different links of crop rotations and in
continuous monoculture in the long-term field experiments of RIFC Selectia, 1962-2011, t/ha

t/ha  — After vetch and oats for green mass (crop rotation N4) Y =-0,0026x° + 10,411x - 10374; R? = 0,1284
— After corn for silage (crop rotation N 4) y =-0,0052x? + 20,841x - 20788; R? = 0,0612
81 — Permanent crop, fertilized y =-0,0012x? + 4,9048x - 4872.1; R? = 0,0333 —
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Fig. 19.3 Yields of winter wheat (intensive varieties) in different links of crop rotations and in
continuous monoculture in the long-term field experiments of RIFC Selectia, 1962-2011, t/ha

We need to know the influence of different factors on yield formation. Therefore,
after three full crop rotations, we introduced an unfertilized rotation (no. 7) which is
otherwise the same as fertilized rotation no. 3. In this way, over the last 18 years, it
has been possible to establish the influence of rotations, fertilization and varieties on
wheat yield (Table 19.11).

The highest wheat yields have been achieved following vetch and oats for green
mass; the lowest have been from continuous wheat on both fertilized and unfertil-
ized plots. The yield benefit from fertilization after an early-harvested predecessor
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Table 19.10 Average yields of winter wheat Odessa 51 (t/ha) in rotations with different levels of
soil fertility 1962-2011

Years Crop rotation no. 2 Crop rotation no. 4 Difference, t/ha
1962-1971 - 3.45 -

1972-1981 5.10 5.10 -

1982-1991 4.80 4.79 —0.01
1994-2003 4.12 4.15 +0.03
2004-2011 4.89 4.89 0

48-year mean - 4.46 -

38-year mean 4.72 4.72 0

8 t/ha  — Crop rotation N 2 y = 0,001x2 - 3,8334x + 3835,9; R2 = 0,0431

— Croprotation N4y =-0,0022x? + 8,9215x - 8877,5; R>=0,2

Fig.19.4 Yields of winter wheat in the long-term field experiment of RIFC Selectia (crop rotation
N 4 and N 2), 1962-2011, t/ha

was 0.34 t/ha (8 %) for the traditional variety and 0.37 t/ha (almost 8 %) for newer,
high-yielding varieties. The benefit from fertilizer was higher after late-harvested
predecessors and, especially, under continuous wheat: for Odessa 51, compared
with the benefit of 0.34 t/ha after early-harvested predecessors, the benefit after
maize silage was 0.71 t/ha (22 %), after corn for grain 1.02 t/ha (40 %) and for
continuous wheat 0.96 t/ha (53 %).

The yield benefit from crop rotation depends on the predecessor; the better the
predecessor, the higher is the yield increase. The yield difference between varieties
isn’t significant; the effect of rotation for Odessa 51 on unfertilized plots is 2.38 t/ha
(131 %) but on fertilized plots 1.48 t/ha (81 %) after maize silage and 0.75 t/ha
(41 %) after maize for grain. Fertilization halves the effect of rotation but the
regularities remain. Again for Odessa 51 on unfertilized plots, yield decrease from
late-harvested relative to early-harvested predecessors was 0.90 t/ha (21 %) after
maize silage, 1.63 t/ha (39 %) after maize for grain and 2.38 t/ha (57 %) for
continuous wheat. Fertilizer mitigated the negative influence of late-harvested
predecessors.
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Table 19.12 Effect of rotational sequence and continuous cropping on sugar beet yield (t/ha)
19622011, fertilized plots

Links of crop rotations

Maize

Winter vetch and silage > winter ~ Maize for Continuous

rye > winter wheat > sugar grain > winter sugar beet,
Years wheat > sugar beet beet wheat > sugar beet fertilized
1962-1971 41.34 39.86 38.52 -
1972-1981 46.20 44.53 45.02 40.40°
1982-1991 45.50 46.27 42.15 38.93"
1994-2003 44.28 42.02 39.43 22.63
2004-2011* 37.91 34.97 34.16 9.57
Average 43.26 41.81 40.09

# 8-year mean
b 7-year mean

The efficiency of mineral fertilizer is determined by the soil’s nitrogen-supplying
capacity; the higher the nitrogen-supplying capacity, the lower is the fertilizer effi-
ciency. This should be taken in consideration to avoid over-fertilization — with the
economic and environmental consequences of nitrogen leaching and volatilization.

New, high-yielding varieties have contributed to a yield increase of 7 % (0.13 t/ha)
for continuous wheat on unfertilized plots up to 13 % (0.53 t/ha) in rotations
(Table 19.11). There was no response to fertilizer from the new varieties sown
after early-harvested predecessors, but fertilizer increased the yield of new-variety
wheat sown after maize silage by 0.55 t/ha (14 %). The reason for this response, or
lack of response, is an open question. We suppose that new varieties respond more to
fertilizer under less favourable growing conditions because they have a less-robust
root system — but this has yet to be proven.

Sugar beet is sown after winter wheat which, itself, follows crops with different
times of harvesting. From the links of crop rotations with sugar beet, the most
favourable conditions are seen to be when it follows wheat with early-harvested
predecessors; over 48 years, sugar beet in this link of the rotation yielded an average
of 43.26 t/ha (Table 19.12). Sugar beet in the links of rotation with maize silage and
maize for grain yielded 41.81 and 40.09 t/ha, respectively. The experiment was
halted after a collapse in yield of continuous sugar beet during 1972—-1981; it was
re-established in 1984, but yields on fertilized plots again declined dramatically
from 38.93 t/ha in 1984-1991 down to 9.57 t/ha today. Figures 19.5 and 19.6 depict
the trends in yield of sugar beet in various links of crop rotations, under continuous
cropping and as a national average.

Over the last 18 years, we can separate the influence of fertilization and crop
rotation with different links of crop rotations (Table 19.13). Fertilizer is most
effective on continuous sugar beet — increasing yields by 8.29 t/ha (97 %) compared
with 8.69-10.1 t/ha (27-31 %) in rotations. The benefit of crop rotation is higher on
unfertilized plots (22.7-24.0 t/ha or 266-281 %) compared with fertilized plots
(23.1-25.8 t/ha or 137-153 %). The lesser benefit of crop rotation under the
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t/ha — Vetch and oats for green mass - winter wheat - sugar beet y =-0,0185x2 + 73,281x - 72682; R? = 0,1724
— Corn for silage x winter wheat - sugar beet y = -0,0226x2 + 89,616x - 88860; R? = 0,2151
y = -0,0169x2 + 66,905x - 66300; R? = 0,2058—
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Fig. 19.5 Yields of sugar beet in different links of crop rotations and in permanent crop, long-
termfield experiments of RIFC Selectia, 1962-2011, t/ha

60

tha  _ permanent crop, fertilized y =-0,0377x2 + 149x - 147300; R? = 0,7202
— Average for the Republic of Moldova y =-0,0035x2 + 13,842x - 13709; R? = 0,0141
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Fig. 19.6 Yields of sugar beet on average for the Republic of Moldova and in continuous
monoculture long-term field experiments of RIFC Selectia, 1962-2011

influence of fertilizer was one of the reasons for the neglect of crop rotation during
the green revolution era. At that time, it was easy to compensate for the lack of crop
rotation with higher rates of mineral fertilizer; fertilizer was cheap and its negative
consequences were discounted. Now, the situation has changed: nonrenewable
sources of energy and their derivates, including nitrogen fertilizer, are no longer
cheap and the aggravation of ecological problems is better appreciated.

The position of sugar beet a crop rotation has less effect on yields than growing
continuous sugar beet as opposed to crop rotation; the yield under continuous
cropping is much less than in any of the rotations. Similarly, the influence of crop
rotation on beet yield is significantly higher than the influence of fertilizer
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Table 19.14 Influence of the proportion of sugar beet in rotations in the Selectia long-term
experiment, means 1962-2011

Proportion of sugar beet % Links of crop rotations Yield, t/ha
10 Lucerne on 3rd year after first cut — 44.25
winter wheat — sugar beet

20 Vetch and oats — winter wheat — sugar beet 43.24
Maize silage — winter wheat — sugar beet 41.88
Mean 42.56

30 Winter vetch and rye — winter wheat — sugar beet 43.26
Maize silage — winter wheat — sugar beet 41.81
Maize for grain — winter wheat — sugar beet 40.09
Mean 41.72

100* Continuous sugar beet 23.01

# 25-year mean

Table 19.15 Sunflower yield

. . . Return period, years
(t/ha) in rotation for different —_—

return periods to the same Years 9 5 3 Continuous sunflowers
field, 1962-2011 means, 1962-1971 259 - - -
fertilized plots 1972-1981 224 193 209 -

1982-1991 279 255 235 2.14°
1994-2003 208 192 203 145
2004-2011 228 207 209 1.71
38-year means 2.35 2.12 2.14 -
25-year means 2.11 191 2.02 1.73

 7-year mean

(Table 19.13). However, increasing the proportion of sugar beet in the rotation from
10 to 30 % did not influence yield significantly (Table 19.14).

Sunflower is grown in crop rotations in proportions of 10 and 20 % with return to
the same field in 9, 5 and 3 years. On average over 38 years, the highest yield
(2.35 t/ha) was achieved in the rotation with 10 % sunflower, where the crop
returned to the same field after 9 years (Table 19.15). Yields achieved by returning
sunflower to the same field after 3 and 5 years were 2.12 and 2.14 t/ha, respectively.
Yields were significantly higher in crop rotations than from continuous sunflowers.

Sunflower doesn’t respond to fertilizer like wheat and sugar beet. The yield
response was similar in both crop rotation and continuous sunflowers: +0.13-0.15 t/
ha or 7.5-9 % (Table 19.16).

The yield increase from crop rotation relative to continuous sunflowers was
0.59 t/ha (38 %) on fertilized plots and 0.57 t/ha (40 %) on unfertilized plots.
Figures 19.7 and 19.8 depict the trends of yields in crop rotations, continuous
sunflowers and average yields for the Republic of Moldova.

Maize for grain was not affected by different predecessors in rotations. Over
48 years, the average yields were the same in both links of crop rotation. The
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Table 19.16 Influence of fertilization on yields of sunflower in rotation and continuous cropping

1994-2011
=+ from crop rotation

Yields of sunflower =+ from fertilization = Unfertilized  Fertilized
Rotational sequence Unfert. Fertilized t/ha % t/ha %  t/ha %
Crop rotation 2.01 2.16 +0.15 7.5 +0.57 40 +0.59 38
Continuous sunflowers 1.44 1.57 +0.13 9 - - - -
5 tha  — In 9 years (crop rotation)  y=0,0002x? - 0,7624x + 768,65; R = 0,0315

4 — In 5 years (crop rotation)  y = -0,0005x2 + 1,8832x - 1866,4; R% = 0,0198 1

— In 3 years (crop rotation)  y = 0,0005x2 - 2,1089x + 2109,6; R2 = 0,0207 M

AN A 0

o= [ YA

Fig. 19.7 Yield of sunflower in crop rotation with different terms of crop returning on the same

field and in continuous monoculture, 1962-2011, RIFC Selectia, t/ha

3,5

t/ha  — continuous sunflowers y = 0,0002x2 - 0,741x + 754,16; R2 = 0,0753

— Average for the Republic of Moldova y =-0,0005x2 + 2,0628x - 2038; R2 = 0,2815

NN
: AN 2 N

Al i \\/ w >
0,5 v v
0 Years
ANNDTDONODDOTTFANNTNONODDO-ANNTVONONDOT-TANNTOLONOVDNIO-ANNDTONDDNO
OOOOOOWOOMNNNINSNINENINNNODVDODVDODVDODODODDIDDDDNDNDNDNOOO0OO0O0OO0O0O0O —

Fig. 19.8 Yield of sunflower in average for the Republic of Moldova and in continuous mono-

culture, 1962-2011, RIFC Selectia, t/ha
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Table 19.17 Influence of rotational sequence on yields of maize for grain in the Selectia long-
term experiment, means for fertilized plots 1962-2011, t/ha

Links of crop rotation

Spring vetch and oats > winter Maize silage > winter
wheat > sugar beet > maize wheat > sugar beet > maize  Continuous
Years for grain for grain maize
1962-1971 5.60 5.66 4.80%
1972-1981 6.78 6.81 5.83
1982-1991 6.86 6.40 5.30
1994-2003 5.84 5.76 5.66
2004-2011 5.87 5.82 5.23
48-year 6.20 6.10 5.66
means
38-year 6.36 6.22 5.52
means
%1965-1971
12 tha — Average for the Republic of Moldova y =-0,0013x2 + 5,073x - 5024,2; R2 = 0,1633
— Crop rotation N 4, fertilized y =-0,0013x2 + 5,1171x - 5074,9; R? = 0,0209
10 — Permanent crop, fertilized y = -0,0009x2 + 3,724x - 3700,3; R = 0,0113 |
sl ™ ~ N\ N /\}
N\,

Fig. 19.9 Yields of maize for grain in the long-term field experiment of RIFC Selectia (crop
rotation and continuous monoculture) and on average for the Republic of Moldova, 1962-2011, t/ha

38-year means were 6.22—6.36 t/ha in rotation but 5.52 t/ha for continuous maize
(Table 19.17).

The trends of grain yields for maize in the long-term experiment with crop
rotations, continuous maize and the Moldovan average are shown in Fig. 19.9.
Maize has a less pronounced response to fertilizer in crop rotation (+0.42 t/ha or
8 %), but for continuous maize the benefit is very high, at +1.66 t/ha or 44 %
(Table 19.18). The beneficial effect of crop rotation is greatest on unfertilized plots.
Compared with continuous maize, the increase in grain yield from crop rotation was
1.62 t/ha (42.5 %) without fertilizer but only 0.38 t/ha (7 %) on fertilized plots.
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Table 19.18 Influence of fertilization on yields of maize in rotation and continuous maize in the
Selectia long-term experiment, 1994-2011 means

+ from =+ from crop rotation
Grain yield fertilization Unfertilized Fertilized
Crop sequence Un-fertilized Fertilized t/ha % ttha % tha %
Crop rotation nos. 3 and 7 5.43 5.85 +0.42 8 +1.62 425 +0.38 7
Continuous maize 3.81 547 +1.66 44 - - - -

Table 19.19 Yields of maize for grain (t/ha) in crop rotations N2 and N4, 1962-2011

Years Crop rotation no. 2 Crop rotation no. 4 Difference t/ha
1962-1971 5.56 5.59 +0.03
1972-1981 6.78 6.96 +0.18
1982-1991 6.56 6.84 +0.28
1994-2003 6.02 5.69 —-0.33
2004-2011 6.62 5.97 —0.65
Mean 6.29 6.22 -
12
Yha  __ Grop rotation N 2, fertilized y = -0,0001x + 0,4576x - 462,51; R? = 0,0179
— Crop rotation N 4, fertilized y= -0,0013)(2 +5,1171x - 5074,9; R?= 0,0209 /
10
sl A N A N\ . ,\
YA - e
6 7 V VT U 77\ 7] A‘W ]
2 v v
0 Years

Fig. 19.10 Yields of maize for grain in the long-term field experiment of RIFC Selectia (crop
rotation N4 and N2), 1962-2011, t/ha

As with winter wheat, we observe that the yields of maize do not reflect
differences in soil fertility. Grain yields are the same in crop rotations nos. 4 and
2 despite substantial differences in soil fertility (Table 19.19 and Fig. 19.10).

Winter barley has much the same reaction to crop rotation and fertilization as
maize for grain (Table 19.20). In crop rotation, the response to fertilizer is 0.94 t/ha
(30 %), but under continuous barley, it is 1.66 t/ha (86 %). Compared with
continuous barley, the increment from crop rotation was 1.21 t/ha (62 %) on
unfertilized plots but only 0.49 t/ha (14 %) on fertilized plots. It is clear that there
are grounds for reducing the rates of fertilizer application in crop rotations relative
to continuous cultures.
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Table 19.20 Influence of fertilizer on yields of winter barley in crop rotation and continuous
barley, 1994-2011 means

=+ from crop rotation

Yields, t/ha + from fertilization Unfertilized Fertilized
Rotational sequence Unfertilized Fertilized t/ha % t/ha % tha %
Crop rotation 3.15 4.09 +0.94 30 +1.21 62 +0.49 14
Continuous barley 1.94 3.60 +1.66 86 - - - -

19.3.1 Soil Organic Matter Stocks

Soil organic matter is an integral index of soil fertility. Changes in the stocks and
annual losses of soil organic matter during the first 22 years and the following
25 years are shown in Table 19.20 for the soil layer 0-20 cm and in Table 19.21 for
the 20-40 cm layer. During the first 22 years, the biggest losses of soil organic
matter occurred in black fallow: 21.1 t/ha from unfertilized plots and 19.7 t/ha from
fertilized plots, which is more than one quarter of the initial stocks. Under continu-
ous maize, losses were 15.8 and 14.4 t/ha from unfertilized and fertilized plots,
respectively, and under continuous winter wheat 12.9 and 12.5 t/ha from unfertil-
ized and fertilized plots, respectively.

In crop rotations, stocks of soil organic matter vary according to the proportion
of row crops in the rotation. With 40, 50, 60 and 70 % of row crops, annual losses
during the first 22 years of the experiment amounted to 0.20, 0.49, 0.55 and 0.66 t/
ha, respectively. During the first 22 years of the experiment, annual losses of soil
organic matter under rotations with 70 % of row crops on fertilized plots were the
same as losses under continuous maize on fertilized plots — 0.65-0.66 t/ha. The
annual loss of soil organic matter on black fallow was 0.89 and 0.96 t/ha on
fertilized and unfertilized plots, respectively. Under meadow, in contrast, annual
losses of soil organic matter over the same period were 0.19 t/ha from the fertilized
plot and 0.39 t/ha from the unfertilized plot. During the following 25 years, the
annual losses of soil organic matter have been significantly lower but stocks of soil
organic matter have continued to decrease under both continuous monocultures and
crop rotations, with the exception of fertilized plots under continuous maize and
winter wheat — the latter began to accumulate soil organic matter although total
losses during 47 years have been much higher than the accumulation.

The loss of soil organic matter under crop rotations may be prevented by
applying higher rates of farmyard manure. In a rotation with 40 % of row crops
that includes three fields of lucerne and with 4 t/ha of manure, annual losses of soil
organic matter increased from 0.2 t/ha during the first 22 years up to 0.3 t/ha over
the last 25 years; so three courses of lucerne in rotation together with 4 t/ha manure
are not compensating for the losses of soil organic matter from the rotation as a
whole. Annual losses of soil organic matter are higher in the rotation with 50 % row
crops and 10 % black fallow (0.41 t/ha) but have remained the same during both
periods. By applying more manure (8—12 t/ha), the annual losses of soil organic
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matter were reduced from 0.54—0.66 t/ha during the first 22 years of the experiment
to 0.32-0.35 t/ha during the last 25 years.

The best conditions for the accumulation of soil organic matter have been in the
meadow where the stocks of soil organic matter on fertilized plots have been
restored and, even, surpassed the initial level over the last 25 years; even the
unfertilized meadow is close to the initial level (Table 19.21).

Less soil organic matter was lost from the 2040 cm soil layer than from 0 to
20 cm (Table 19.22). Under continuous monocultures and black fallow, on both
fertilized and unfertilized plots, losses of soil organic matter from the 20-40 cm
layer during the last 25 years have been significantly less than in the first 22 years.
However, losses have remained the same in crop rotations with 60 and 70 % of row
crops and higher rates of manure (8—12 t/ha), and they have increased in crop
rotation no. 5 (with lucerne) and no. 2 (with black fallow and low rates of manure).
It seems that low rates of manuring are leading to decreasing stocks of organic
matter in the deeper soil layers, notwithstanding the perennial legumes. To test this
hypothesis, we sampled the soil profile down to 120 cm (Table 19.23). The content
of soil organic matter determined in 1992 was higher in crop rotation no. 5 than in
rotation no. 2 for the whole soil profile. It remained so in 2011 — but only in the
upper 30 cm. The content of soil organic matter in the deeper layers under rotation
five has become significantly lower than in rotation two. This means that, to avoid
depletion in soil organic matter from deeper soil layers under crop rotations,
perennial legumes should be augmented by higher rates (>4 t/ha) of manure .
The same is true for the content of total nitrogen (Table 19.24).1 And we still need
to take account of the destructive influence of black fallow.

19.4 Conclusions

1. During the initial period of agricultural intensification from 1962 to 1981,
yields of winter wheat, sugar beet, sunflower and maize increased both in the
long-term field experiments and, on average, across the Republic of Moldova.
Between 1982 and1991, yields levelled off and, more recently, even decreased.
Crop yields in the Selectia long-term field experiments have been significantly
above the national average, but, over 48 years, the coefficients of variation for
yields of arable crops have ranged between 18.6 and 32.3 %, both in the long-
term experiments and countrywide.

2. Over 48 years, the average yields of winter wheat in the Selectia long-term
experiment have been 5.20-5.28 t/ha after black fallow and early-harvested
predecessors, 5.14 t/ha after peas, 4.60 t/ha after maize silage, 3.56 t/ha after
maize for grain and 3.20 t/ha from continuous wheat on fertilized plots. The

! Changes in the quality of soil organic matter are analysed in a separate paper.
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limiting factor on yields of winter wheat in steppe conditions is the stock of soil
moisture, especially at the optimal time of sowing.

. The benefit of fertilization on yields of winter wheat is much less after early-

harvested predecessors than after late-harvested predecessors and, especially,
continuous wheat. The same applies to the benefits of crop rotation. The
reduction in yields of winter wheat after late-harvested predecessors relative
to early-harvested predecessors is equivalent to or greater than the benefit of
fertilization.

. New, high-yielding varieties of winter wheat achieve the highest increase in

yield relative to traditional varieties (greater than 12 %) only after early-
harvested predecessors.

. Average yields of sugar beet grown in rotation after winter wheat depend on the

wheat’s predecessor. Yields of 43.26, 41.81 and 40.09 t/ha were achieved on
fertilized plots where the wheat followed vetch and oats, maize silage and
maize for grain, respectively. Only 8.7-10.1 t/ha of this yield is attributed to
fertilization. Yields of continuous sugar beet have decreased fourfold relative
to yields in crop rotation.

. In the case of sunflowers, the longer the period for return to the same field in

crop rotation, the higher is the yield. The benefit from fertilization under
continuous sunflowers and in crop rotation is 0.13 and 0.15 t/ha (7 and 9 %),
respectively. The benefit of crop rotation relative to continuous sunflowers is
0.57-0.59 t/ha (38—40 %).

. Maize grain yield does not respond to different links of crop rotations. The

yield increase due to fertilization is lower in crop rotations than in continuous
maize — 0.42 t/ha (8 %) compared with 1.66 t/ha (44 %). The benefit of crop
rotation is significantly higher on unfertilized than on fertilized plots — 1.62 t/ha
(43 %) compared with 0.38 t/ha (7 %).

. The stock of soil organic matter may be an integral index of soil fertility but, in

chernozem, it is not mirrored by actual crop yields. Annual losses of soil
organic matter were higher during the first 22 years of the experiment com-
pared with the following 25 years, especially for black fallow and continuous
monocultures. In rotations with lucerne and black fallow with meagre
applications of farmyard manure, annual losses increased or remained the
same during the last 25 years, but increasing the manure application to
8—12 t/ha mitigated the loss of soil organic matter during the latter period.

. Over the 47-year period, loss of soil organic matter from the topmost 20 cm of

chernozem was:

— From black fallow, unfertilized and fertilized — 23.5 and 22.8 t/ha, respec-
tively (30 and 29 % of the initial stock).

— From winter wheat, unfertilized and fertilized — 18.7 and 5.3 t/ha (24 and
7 % of the initial stock).

— From maize for grain, unfertilized and fertilized — 18.2 and 11.3 t/ha (23 and
14 % of the initial stock).
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— From crop rotations with 40, 50, 60 and 70 % row crops — 13.9, 19.2, 14.9
and 15.6 t/ha (18, 24, 19 and 20 % of the initial stock).

— Under fertilized meadow, the initial content of soil organic matter was
restored in 25 years.

10. Future research should establish the causes of differences in soil fertility and
crop yields for crop rotations with different components and rates of applica-
tion of farmyard manure.

Acknowledgements This work was possible thanks to the time and effort of many researchers,
technicians and staff over the whole period of 50 years.
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Chapter 20

Long-Term Field Experiments
as a Foundation for Conserving
and Enhancing Soil Fertility

S. Andries, V. Lungu, and N. Leah

Abstract Long-term field experiments have been maintained by the Nicolae Dimo
Institute of Pedology, Agrochemistry and Soil Protection for some 50 years. The long-
term experiments on Grey forest soil (Phaeozem), Leached chernozem and Carbonate
chernozem (Haplic and Calcic chernozem) that are now included in the EuroSOMNET
Information Research System 2000 lend insights to the quality of arable soils under
systematic application of fertilizers and support practical recommendations for soil
management. Keys to this information are presented. Long-term field experiments
should be continued in order to obtain new information on the optimization of soil
properties, management regimes and increasing fertility by means of agro-technical
and agrochemical measures.

20.1 Introduction

In the Republic of Moldova, the main natural factors that determine high and stable
crop yields are timely rainfall and soil fertility. But to obtain and maintain high
yields, it is necessary to have scientific support. According to locally established
norms, optimum application of mineral and organic fertilizer increases yields by
1.2 tonne/ha in the case of winter wheat, 1.4 t/ha for maize (for grain), 13.8 t/ha for
sugar beet and 0.5 t/ha for sunflower.

Long-term field experiments constitute the scientific basis for check-up, progno-
sis and measures for the conservation and increase of fertility. Such experiments
have been carried by the Nicolae Dimo Institute of Pedology, Agrochemistry and
Soil Protection (N Dimo Institute) for more than 50 years. We argue that these
research objectives must be maintained in order to obtain new information on soil
quality and as the foundation for the rational use of land resources.
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20.2 Experimental Sites and Methods

Three long-term field experiments have been established on grey forest soils and
different subtypes of chernozem that occupy 85 % of the arable land of the Republic
of Moldova (Krupenikov and Ursu 1985).

20.2.1 Grigorievca: Experiments on Carbonate Chernozem

In 1961, Academician I Dicusar and Dr B Tulcinschi founded a long-term field
experiment at Grigorievca in Cdugeni District (lat. 49°41’ N, long. 29°21'E). The
soil is Carbonate chernozem," which is widely distributed, especially in the south-
ern region, occupying more than 654,000 ha or 19.4 % of the country. The
landform, characteristically, is a plain with slopes less than 1° at an elevation of
121 m. The station lies within the warm, drought-prone southern agro-climatic
zone: cumulative temperature above 10 °C is 3,200-3,400 day degrees, there are
310-320 sunny days annually, mean annual temperature is 9.8 °C with the hottest
month (July) 21.7 °C, and growing period is 180-190 days. Annual precipitation is
380-500 mm with 235-275 mm during the growing period; potential evaporation is
850-900 mm giving an Ivanov-Vysotsky moisture coefficient of 0.5-0.6; meteoro-
logical drought occurs 3 years in ten (Cerbari 2010).

On the basis of this experiment, the Experimental Station of Pedology and
Agrochemistry of the N Dimo Institute, encompassing 22 ha, was founded by
Government Decision No. 469 on July 11, 1994. The objective is to monitor soil
quality under agricultural use and to elaborate a system of fertilization appropriate
for crop rotations on Carbonate chernozem in southern Moldova, specifically to:

— Assess the efficiency of agricultural exploitation of soil fertility

— Determine soil chemical, physical and biological properties depending on the
system of fertilization

— Establish optimal agrochemical parameters for high yields

— Study the balance of humus and nutrients in the soil

— Improve soil-plant diagnosis

— Evaluate the moisture regime and determine the water requirements for given
levels of crop yield

— Determine the quality of production

— Assess the economic efficiency of fertilizers.

The experiment occupies four fields. At different periods, the number of variants
has ranged from 8 to 14, with four replicates; individual plots occupy 100-200 m>.
The crop rotation includes winter wheat, maize for grain and silage, sunflower,
barley, peas and mixture of vetch and oats for forage. Mineral, organic and

! Calcic chernozem in the World reference base for soil resources 2006.
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combined organic-mineral systems of fertilization are tested using applications of
superphosphate, ammophos, ammonium nitrate, potassium chloride and farmyard
manure. The analyses of the soil and plant samples have been performed according
to the standards. In 2002, the experiment was included in the EuroSOMNET
International Research System.

20.2.2 Ivancea: Experiments on Leached Chernozem

In 1964, I Dicusar and N Turtureanu founded the long-term field experiment on
Leached chernozem® at Ivancea in Orhei District (lat. 47 °18'N, long. 28 °54'E,
elevation 170-180 m). Leached chernozem occupies more than 395,000 ha or
11.7 % of the country in the north and central regions. The climate of the central
zone, in which Ivancea is located, is warm sub-humid; accumulated temperature
above 10 °C is 3,000-3,250 day degrees, sunny days 390-310, mean annual
temperature 8.5-9.0 °C, and growing season 178—182 days. Mean annual precipi-
tation is 550-600 mm, potential evaporation 800—-820 mm, and Ivanov-Vysotsky
moisture coefficient 0.7-0.8; meteorological drought occurs 1 or 2 years in ten.

The experiment employs five fields with the number of variants increasing from
four in 1965-1970 to 14 in 1985-2011, each with four replicates; each individual
plot is 200 m?. Since 1986, different levels of mobile phosphorus (from 1.0 to
1.5 mg/100 g soil to 4.5 mg/100 g) have been maintained by compensating for the
nutrients exported at harvest by application of fertilizers. Different levels of mineral
nitrogen have been created by application of nitrogen fertilizers (from Ng to N3g)
against a constant-PK background, and different levels of exchangeable potassium
have been created by applying Ky, Kgo and K, fertilizer against a constant-NP
background. The systems of mineral and organic-mineral fertilization under test
include the use of vegetable wastes as organic fertilizers.

The objective is to develop a system of fertilization appropriate to crop rotations
on Leached chernozem, aiming for high crop yields, maximum profit from fertili-
zation and protection of the environment against pollution by excess nutrients,
specifically to:

— Study the soil property response to cropping systems and fertilization

— Establish optimal levels of soil nutrients to obtain the desired yields and avoid
pollution of the groundwater

— Study water regimes for the rational use of moisture in the period of yield
formation

— Assess the balances of humus and nutrients in the soil, depending on cropping
system and fertilization

— Assess the economic and energy efficiency of the fertilizer treatments.

2 Haplic chernozem in the World reference base for soil resources 2006.



204 S. Andries et al.
20.2.3 Ivancea: Experiments on Grey Soil

In 1964, Professor V Grati founded the long-term experiment on Grey forest soil®
(Grati 1977), also at Ivancea, lat. 47°19’N, long. 28°53’E at an elevation of 182 m,
on a broad ridge cleared from forest about 100 years ago. Grey soils are widespread
in the north and central regions of Moldova and make up about 10 % of the arable.
The agro-climatic conditions are the same as for the experiments on Leached
chernozem.

Initially, the experiment comprised five fields, now four. Depending on the
purpose and specific tasks of the research, the number of variants was changed in
1971, 1981 and 1986. Individual plots are 100 m” with four replicates. The
objective is to develop a system of fertilization appropriate to crop rotations on
Grey soil, aiming for high yields and protection of the environment against pollu-
tion, specifically:

— To monitor the modification of regime and chemical, physical and biological
properties of grey soil depending on the cropping system and fertilization

— To establish optimal doses of fertilizers for field crops

— To assess the quality of the produce

— To estimate crop water requirements

— To evaluate the balances of humus and nutrients in the soil

— To estimate the economic efficiency of the fertilizers.

On the basis of the experiments at Ivancea, including the experiment founded in
1976 by Professor M Turcanu on the efficacy of various organic wastes as
fertilizers, the Experimental Pedology, Agrochemistry and Ecology Station of the
N Dimo Institute was established by Government Decision No. 469 of July
11, 1994, with an area of 176 ha. In 2000, both experiments at Ivancea were
included in the EuroSOMNET system. The results of all these experiments are
presented in the annual reports of the Soil Agrochemistry and Plant Nutrition
Laboratory and archived by the N Dimo Institute and since 2006 at the State
Agency on Intellectual Property of the Republic of Moldova.

20.3 Results and Discussion

The Carbonate chernozem at Grigorievca is fine textured with about 57 % clay
(35 % fine clay) and 17 % calcium carbonate in the topsoil, humus content 3.4 and
total nitrogen 0.17 %, total phosphorus 0.15 %, pHyaer 7.3, exchangeable cations
40.2 me/100 g soil, mobile phosphorus about 1.0 mg/100 g soil, and exchangeable
potassium 30.0 mg/100 g. Carbonate chernozem in the southeast of Moldova has
satisfactory chemical and physicochemical properties for field crops (although low

3 Phaeozem in World reference base for soil resources 2006.
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in mobile phosphorus), but they are susceptible to loss of humus and soil structure
and, consequently, to compaction under cultivation (Cerbari 2010). Their bonitet
rating is somewhat lower than other chernozem: according to soil properties
71 points and according to crop yield 66—-68 points (Ursu 1986, 2011).

The Leached chernozem is a clay loam with 35-36 % fine clay. The humus content
declines from 3.3 % in the topsoil to 1.5 % in the Bhw2 horizon. For the Ah horizon,
total nitrogen is 0.15-0.19 %, total phosphorus 0.12 %, pHyaer 6.8 and hydrolytic
acidity 2.5me/100 g soil, total exchangeable cations 37.4 mg/100 g, mobile phospho-
rus about 1.0 mg/100 g soil, and exchangeable potassium 23 mg/100 g — all very
satisfactory for cropping but, as result of agricultural exploitation, Leached chernozem
have suffered significant loss of humus and, also, secondary compaction.

The characteristics of virgin and arable grey soil are presented by Cerbari
(2010): clay comprises 60 % and fine clay 40 % and, under cultivation, humus
2.3 and total nitrogen 0.14 %, total phosphorus 0.12 and total potassium 1.2 %.
PHuater 1 6.3, base saturation 94 %, hydrolytic acidity 3.6 me/100 g soil, exchange-
able calcium 4.8 me/100 g, mobile phosphorus (Machigin method) 2.2 mg/100 g
soil, and exchangeable potassium 22.2 mg/100 g soil.

The scientific and practical results of the experiments have been presented in
journal articles and collections, including thematic collections (N Dimo Institute
1965, 1970, 1971, 1978; Krupenikov 1977a, b; Turtureanu et al. 1976, 1979;
Ungureanu et al. 1982; Ursu 1985, 1986). Results have also been generalized in
monographs (Andries 1993, 2007, 2011; Andries et al. 2000; Cerbari 2000, 2010;
Corduneanu 1978; Corduneanu et al. 1984; Donos 2008; Ganenko 1991; Grati 1977;
Marinescu 1991; Sinkevici 1989; Turtureanu 1976). The main issues are:

— The economic efficiency of fertilizers applied to field crops on different soils
(Turtureanu 1976)

— Soil organic matter and nutrient balances in the soil-plant system (Corduneanu
1978)

— Fertilization systems and soil fertilization (Corduneanu et al. 1984; Ursu 1986)

— Soil-forming processes under agricultural use (Grati 1977; Sinkevici 1989)

— Soil properties and regimes, especially the status of humus and soil biodiversity
according to fertilization (Ganenko 1991; Marinescu 1991)

On the basis of field experiments (Andries 1993, 2007, 2011; Donos 2008), we
have established:

— The regularities of effects of fertilization on crop yields in the different pedo-
climatic regions

— Optimal nitrogen, phosphorus and potassium regimes for the main soil types and
subtypes in order to obtain high yields and quality

— Soil nutrient requirements for different levels of crop yield

— Soil water requirements for the main field crops, depending on the fertilization
system

— Values of diagnostic indicators of plant mineral nutrition

— The optimal systems of fertilization, depending on soil type and subtype and
crop rotation.
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The field experiments are a scientific foundation for development of
recommendations on the rational use of fertilizers. All research and educational
institutions in the Republic of Moldova participate in the elaboration of these
recommendations, which have been updated periodically (Andries et al. 2001b, 2012;
Toma 2008; Turcanu et al. 1994; Ungureanu et al. 1981; Ursu et al. 1987). They deal
with soil fertility assessment methods, crop nutrient requirements, fertilization of field
crops and systems of fertilization in crop rotations, the safe storage of mineral fertilizers,
health and safety, and environmental protection. The scientific-practical results have
been and are used to elaborate State programs for conservation and increase of soil
fertility that have been adopted by government decisions (Andries et al. 2001a, 2004;
Government of Moldova 2011).

20.4 Conclusions

The long-term field experiments of the Nicolae Dimo Institute of Pedology,
Agrochemistry and Soil Protection, the Selectia Institute of Field Crops, the
Porumbeni Phytotechnical Institute and the Agrarian State University of Moldova
are located on different soil types and subtypes in all the pedo-climatic zones of
Moldova. They are of incontestable scientific and practical worth for monitoring
soil quality and the development of prognosis and measures for the increase of the
fertility of agricultural land. To date, they have been protected and financed by the
State and, in the absence of a better alternative, this arrangement should continue.
Primary data on the long-term field experiments (47-51 years) carried out by the
N Dimo Institute on Grey soil, Leached and Carbonate chernozem are recorded in the
annual reports of the N Dimo Institute, published as scientific papers and
monographs, and incorporated in State programs on soil conservation and fertility.
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Chapter 21

Productivity and Fertility of the Balti
Chernozem Under Crop Rotation
with Different Systems of Fertilization

B.P. Boincean, L.T. Nica, and S.S. Stadnic

Abstract Forty-year yields are presented for various crops in rotation under different
systems of fertilization on Typical chernozem. Winter wheat and the rotation as a
whole showed an initial increase in yields, followed by stagnation or decline during
the last 15-20 years. Over the period, stocks of soil organic carbon and total nitrogen
declined under mineral fertilization, whereas farmyard manure and combined organic
and mineral fertilizers contributed to a modest accumulation of carbon and nitrogen —
mainly in soil layers deeper than 40 cm. However, taking account of harvested crops
and mineralization of humus, the carbon budget was profoundly negative: the highest
carbon deficit was incurred with mineral fertilizers (3,527-4,233 kgC/ha/year); the
least deficit was incurred under combined application of farmyard manure and mineral
fertilizers (1,861-2,444 kgC/ha/year); unfertilized plots held an intermediate position.
The nitrogen balance was also negative, especially on the unfertilized plots and those
receiving only mineral fertilizers.

21.1 Introduction

Agricultural intensification in the era of green revolution depended on cheap energy
and mineral fertilizers, especially nitrogen, applied to responsive crop varieties.
This model is now problematic because the inputs are no longer cheap and because
of their negative influence on the environment — earlier we demonstrated the risk of
nitrate leaching, even from unfertilized plots (Boincean and Nica 2007; Boincean
et al. 2010). Soil organic matter management should be a priority for farmers and
researchers, but the complexity of this issue demands a holistic approach to farm
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management in which the system of fertilization is one component but not the
dominant one (Boincean 1999; Gliessman 2000).

Organic and mineral fertilizers have different effects on both crop yields and soil
fertility. Recently, research on the Morrow Plots in Illinois appeared to demonstrate
degradation of soil under mineral fertilization; Mulvaney and Khan have generalized
data from long-term field experiments worldwide that purport to show the same trend
(Khan et al. 2007; Mulveney et al. 2009) but this is disputed by Powlson et al. (2010)
and Powlson et al. in this symposium. Enriching soil with fresh organic matter creates
good conditions for a transition to more sustainable agriculture, less dependent upon
external inputs (Seiter and Horwath 2004; Drinkwater et al. 2008).

Very often, changes in the topsoil are assessed without considering changes in
the whole soil profile relative to unfertilized plots and the initial stocks and quality
of soil organic matter. Here we include evidence of such changes. Nitrogen-use
efficiency is calculated for different systems of fertilization. This is important from
scientific and practical points of view but, to optimize the rates of mineral
fertilizers, farmers also need their own trials with fertilized and unfertilized strips
of different crops in each field.

21.2 Experimental Site and Methods

A long-term field experiment with different systems of fertilization was established
at Balti in 1973 with a crop rotation of vetch-with-oats for green mass — winter
wheat — sugar beet — maize for grain — spring barley — sunflower. The sown varieties
and hybrids are registered in the Republic of Moldova, and the practices for
growing field crops are those recommended for the country. The soil is Typical
chernozem' heavy loam with initial contents of 4.35-5.08 % soil organic matter,
0.24-0.26 % total nitrogen, 0.12-0.13 % phosphate, 1.20-1.40 % potassium and
PHuwater 6.6-7.1. Figure 21.1 summarizes the precipitation and accumulated
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Fig. 21.1 Precipitation and temperature 1971-2011

! Haplic chernozem in World reference base for soil resources 2006.
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temperature over 40 agricultural years, during which there has been a tendency for
less precipitation and increasing temperature.
Four systems of fertilization are compared (Tables 21.1 and 21.2):

— Unfertilized control (I)

— Mineral fertilizers (I — NPK, III — NPK, and IV — NPK3)

— Combined manure and mineral fertilizers (V — 10 t/ha manure+NPK; VI-10t/
ha manure+NPK,, VII — 10 t/ha manure+NPK3, VIII — 15 t/ha+NPK,, IX —
15 t/ha+NPK,, X — 15 t/ha+NPK3)

— Manure (XI — 15 t/ha manure, XII — residual action of previous fertilization)

Composted farmyard manure is ploughed in prior to sugar beet (60 t/ha) and
sunflower (30 t/ha). Mineral fertilizers are applied annually for winter wheat, sugar
beet, maize and sunflower before autumn tillage, except for winter wheat where half
of the nitrogen is applied in the autumn and the other half in spring. Spring barley
and vetch-with-oats benefit from the residual activity of fertilizers applied to the
previous crops in the rotation. The experiment has four replicates, two located in the
bottom half of the field and two in the upper half of the same field; in the first
replicate the layout of plots is systematic but, for the others, plots are randomized.
Each experimental plot is 242 m? (5.6 m43.2 m).

21.3 Results and Discussion

21.3.1 Yield Response to Fertilization

Forty-year trends of yields are depicted in Figs. 21.2,21.3,21.4,21.5,21.6, and 21.7.
Initially, yields of winter wheat increased under all systems of fertilization but
stagnated or, even, declined over the last 15-20 years (Fig. 21.2). The increase in
yield attributable to fertilization also decreased during the last 15-20 years. Sugar
beet shows the best response to fertilization relative to the unfertilized plots
(Fig. 21.3); yields declined in the early years but then stabilized. Maize (Fig. 21.4)
and sunflower (Fig. 21.5) hardly responded to different systems of fertilization
although yields from fertilized plots were higher than those from unfertilized plots.
Spring barley and vetch-with-oats (Figs. 21.6 and 21.7) did not receive fertilizer but
benefitted from the fertilizer applied to previous crops in the rotation.

Weather has a tremendous influence on yields (Table 21.3). The yield increase
attributable to fertilization and yield variation caused by weather conditions were,
respectively, for winter wheat — 22-30 and 26-30 %; for sugar beet — 38-48 and
22-26 %; maize — 15 and 29-33 %; sunflower — 9 and 30-32 %; spring barley — 33—
54 and 33-39 %; for vetch-and-oats — 27-40 and 43-46 %; and for the rotation as a
whole 24-31 and 27-29 %. Yield variation due to weather was greater than the yield
increase attributable to fertilization in the cases of maize, sunflower and vetch-with-
oats but, for the rotation as a whole, yield increase due to fertilization and yield
variation due to weather were much the same.
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The productivity of the crop rotation shows the general trend of an initial
increase, followed by stagnation or decline during the last 15-20 years
(Fig. 21.8). The averages for the rotation under different systems of fertilization
are represented in Fig. 21.9: the lowest yields have been from unfertilized plots and
those receiving the lowest rates of mineral fertilizers. But these data do not indicate
real changes in soil fertility; the crucial role of inherent soil fertility is illustrated by
its contribution to the yields in the fertilized plots, amounting to 70—87 % as well as
100 % of the yields from the unfertilized control (Fig. 21.10). It is noteworthy that
application of manure increased the recovery of mineral fertilizers, especially when
they are used at low rates (Fig. 21.11).

21.3.2 Changes in the Stocks of Soil Organic Matter

Tables 21.4 and 21.5 present the changes in soil organic carbon compared with the
unfertilized control. It appears that mineral fertilizers are contributing to losses
throughout the soil profile of 19.0-26.3 tC/ha (11-15 % of the initial value). On the
other hand, manure and combined organic and mineral fertilizers increased stocks of
soil organic matter by 23.9-40.5 t/ha (14-23 %). These changes are not uniform
down profile. In plots receiving mineral fertilizer, losses from 0 to 40 cm were
7-16.7 tC/ha (28-34 % of the initial stocks), while 16.4-33 tC/ha (66-72 %) was
lost from the 40 to 100 cm layer. In plots with combined mineral and organic
fertilization, any organic matter lost from the 0 to 40 cm layer was compensated by
gains below.

Annual losses of soil organic matter from 0 to 100 cm were 600 kgC/ha on
unfertilized plots and 1,087.2—1,274.4 kgC/ha under mineral fertilization. Farmyard
manure alone and in combination with mineral fertilizer contributed to accumulation
of 46.1-438.5 kgC/ha for the 0—100 cm soil layer (Table 21.6). We suppose that, in
the absence of a supplementary source of carbon, mineral fertilizers intensify
decomposition of humus and crop residues. Organic fertilizer also increases decom-
position in the 0—40 cm layer, but the products of decomposition then accumulate
deeper in the soil. Dokuchaev, in his famous Russian chernozem (1887/1952),
postulated development of the characteristic thick profile through two processes:
decomposition of plant residues and leaching of humic substances from upper to
lower layers. This was disputed by Kosticev (1949) who recognized only the
decomposition of plant residues as the main and unique process of chernozem
formation. However, the translocation of humic substances down profile was subse-
quently demonstrated experimentally by Ponomareva and Plotnicova (1980).

21.3.3 Changes in Total Nitrogen

Over 39 years, there has been a substantial loss of total nitrogen from the unfertil-
ized control and plots fertilized only with NPK; the greater part of the loss was
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