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STELLINGEN

Fysieke bescherming van organische stof tegen biologische afbraak vindt in zandgronden
uitsluitend plaats door de binding van organische stof aan klei- en siltdeeltjes, terwijl in
zavel- en kleigronden organische stof ook fysiek beschermd wordt tegen afbraak door
insluiting in kleine porién en aggregaten.

Dit proefschrift

De hoeveelheid organische stof die in de grond fysiek beschermd kan worden tegen
biologische afbraak is beperkt en is gecorrelecrd met de textuur van de grond.
Dit proefschrift

De afbraaksnelheid van gewasresten wordt niet beinvoed door de bodemtextuur als
zodanig, maar door de mate van verzadiging van de beschermingscapaciteit van de grond.
Dit proefschrift

Bodem-organische stof kan op een simpele manier op basis van verschillen in grootte en
dichtheid gescheiden worden in fracties die verschillen in afbraaksnelheid.
Dit proefschrift

Het stikstofleverend vermogen van minerale graslandgronden kan eenvoudig geschat
worden uit het verschil tussen het actuele organische-stikstofgehalte van de bodem en het
stikstofgehalte dat onder evenwichtsomstandigheden bereikt wordt.

Dit proefschrift

Lange-termijnproeven hebben een grote waarde voor het organische-stofonderzock.
Dit proefschrift

Het preventief onderdrukken van bodemgebonden ziekten door een goed organische-
stofbeheer en een voldoende ruime vruchtwisseling, is te verkiezen boven het bestrijden
van deze ziekten via gemanipuleerde planten enfof geintroduceerde micro-organismen.

Alles wat wijs is, is al eens gedacht. We moeten het alleen weer opnieuw bedenken.
Naar Goethe N



9 De minerale wereld bestaat uit levenloze materie; planten bezitten naast levenloze materie
ook levenskracht; dieren bezitten naast levenloze materie en levenskracht ook bewustzijn;
terwijl mensen naast levenloze materie, levenskracht en bewustzijn ook zelfbewustzijn
bezitien. Het essentitle van planten, dieren en mensen is alieen te begrijpen door je te
richten op deze hogere niveaus. Het is kortzichtig dat de moderne *bio-wetenschappen’
zich bijna vitstuitend bezighouden met het bestuderen van de materie. Dit leidt tot een
"verdinging" van de samenleving.

Naar Schumacher

10 De kwaliteit van een cultuur is af te meten aan de kwaliteit van de zorg voor komende
generaties.
Els Lodewijks-Frencken

11 Ons beeld van de werkelijkheid word: sterk beinvloed door onze innerlijke overtuigingen,

terwijl onze innerlijke overtuigingen weer sterk cultuur-bepaald zijn.
Willis Harman

12 Onderzoekers worden overvoerd met informatie, zijn druk in de weer met het verzamelen
van kennis, maar komen te weinig toe aan het ontwikkelen van visie en wijsheid.

13 Verschillen in karakter tussen klei- en zandgrond worden weerspiegeld in de verschillen
in karakver tussen Groningers (gesloten, aards, individualistisch, egocentrisch, zwaar;
Hofstee, 1937) en Drenten (luchtig, saamhorig, afhankelijk, gelaten; Beks, 1912).

14 De verontrustende ontdekking dat de kwaliteit en hoeveelheid van het mannelijke sperma
- de laaste 50 jaar steeds verder is achtervitgegaan door milieuvervuiling (Deens

milicubureau) zal sieeds meer Nederlanders doen inzien dat er inderdaad niets boven (het
schone) Groningen gaat.

Stellingen behorend bij het proefschrift "Organic matter dynamics and N mineralization in
grassland soils",

Jan Hassink, Wageningen, 14 juni 1995,
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ABSTRACT

Jan Hassink, 1995. Organic matter dynamics and nitrogen mineralization in grassland soils. DLO
Research Institute for Agrobiology and Soil Fertility (AB-DLQ), Haren, The Netherlands. PhD thesis
Agricultural University, Wageningen, The Netherlands.

The aims of this study are i) to imprave our understanding of the interactions between soil texture/soil
structure, soil organic matter, soil biota and mineralization in grassland seils, ii) to develop a procedure
that yields soil organic matter fractions that can be determined directly and can be used in soil organic
matter models, iii) to develop a model that predicts the long-term dynamics of soil organic matter, iv)
to develop a simple model that can be used by farmers and advisers to predict the non-fertilizer N
supply of grassland soils, and v) to quantify the effect of the non-fertilizer N supply of grassland soils
on the optimum N fertilizer application rate.

In mineral soils there is a positive relationship between the amount of soil organic N and the clay
+ silt content, and a negative relationship between the percentage of soil N mineralizing and the clay
+ silt content. For soil C the relationships arc less clear, as a result of the presence of charcoal in the
sandy soils (inert C), The degree of physical protection of organic matter in soil increases with the clay
and silt content of the soil. In sandy sails, organic matter apparently becomes physically protected only
by the adsorption to or coating by clay and silt particles, while in fine-textured soils, organic matter
is also protected by its location in small pores and aggregates. Each soil has a maximum capacity to
preserve organic C and N by association with clay and silt particles. The degree of saturation of the
protective capacity of a soil with soil organic matter, and not soil texture per se, affects the
decomposition rate of applied residue C. The biomass of bacteria is closely correlated with pores with
neck size diameters between 0.2 and 1.2 pm and nematodes with pores with neck size diameters
between 30 and 90 pm, suggesting that most of the nematodes are spatially separated from most of
the bacteria in the soil. Food web calculations indicate that the observed C and N mineralization rates
can not be explained from differences in microfaunal activity, but must be caused by the observed but
hitherto unexplained differences in C:N ratios of the microbes between fine- and coarse-textured soils.

A simple procedure is developed that separates soil organic matter into size and density fractions,
using silica suspensions as heavy liquids. The fractions differ in decomposition rate and can be used
in organic matter dynamics models. Grass-derived C incorporated inte the soil is transferred from
soluble and light macroorganic matter fractions to intermediate and heavy macroorganic matter
fractions and accumulates in microaggregates. In all fractions grass-derived C decomposes faster than
soil-derived C.

Two models are presented. The first model predicts the long-term changes in soil organic matter,
It includes the observation that the degree of saturation of the protective capacity determines the
degree of physical protection of residue C. The second model is an empirical relationship that can be
used b‘y farmers and advisers to estimate the Non Fertilizer Nitrogen Supply (NFNS) of grassland soils.
For mineral soils NFNS can be estimated from the difference between the actual soil organic N content
an.d the content under equilibrium conditions; for peat soils NFNS can be estimated from correlation
with the average deepest groundwater table. An annual increase in NFNS of 100 kg per ha on mineral

soils results in an annual decrease of the optimum N application rate of 80 kg N per ha on mown
grassland.

Keywords: N mineralization, organic matter, grassland, soil texture, soil structure, pore size

d:stnbtfuon, phy.sical protection, microbial biomass, soil microfauna, size and density fractionation,
protective capacity, saturation deficit, optimum N fertilizer application rate
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GENERAL INTRODUCTION



GENERAL INTRODUCTION

Yields of grass and animal products (milk and meat} in the Netherlands have increased
considerably since the beginning of this century. This is mainly the result of the enormous
increase in the input of fertilizer N and concentrates. The application of fertilizer N to
grassland soils currently amounts to approximately 400 kg N ha” per annum on intensively
managed grasslands (Van Burg et al.,, 1980; Van der Meer, 1991; Ketelaars and Van de Ven,
1992). A drawback of the intensification is the low efficiency of the N inputs. Budget studies
showed that the output of N in milk and meat was less than 20% of the input of N on
intensive dairy farms during the mid-eighties (Aarts et al,, 1988). The difference between N
input and N output approximates 450 kg N ha’ per annum, of which most is probably lost
to the environment (Van der Meer, 1991). To prevent losses to the environment, the efficiency
of the N inputs must be improved. A major part of the total N input originates from
purchased inorganic fertilizers (Aarts et al., 1988). The N demand of grass is predominantly
satisfied by the uptake of fertilizer N and inorganic N originating from mineralization of
organic matter in the soil. Annual net mineralization rates may vary dramatically in time and
space. Annual rates between 10 and 900 kg N ha' have been found in grassland soils
(Brockman, 1969; Richards and Hobson, 1977). An improved recommendation for the
application of fertilizer N should take the contribution of N mineralization to N availability
into account., The application of additional fertilizer N can then be tuned to grass demand.
This will result in a reduction of N losses to the environment. A major problem, however, is
the prediction of N mineralization in grassland soils.

Grassland soils usually contain 5-15 tonnes N ha'' in the root zone (Ryden, 1984). More
than 90% of this N is present in organic form and is not directly available for plant uptake.
N mineralization is driven by organic matter (C) decomposition by soil organisms. When
organic material is decomposed, organic C is mineralized to CQO,. Inorganic N is released
when the assimilated material contains more N than the growth demand of the
microorganisms that decompose the organic material {(Alexander, 1977). This means that the
process of organic matter accumulation and decomposition must be understood to be able to
predict N mineralization.

This chapter deals with some of the main problems researchers are faced with when soil
organic matter dynarmics are to be modeled. The current knowledge on the different problems
of modeling soil erganic matter dynamics and N mineralization is described and the outline
of the thesis is presented.

MODELING SOIL ORGANIC MATTER DYNAMICS

Several models have been constructed to predict organic matter dynamics and N
mineralization. The first models describing the processes of organic matter accuomulation and
turnover under field conditions have been constructed more than 15 years ago (Jenkinson and
Rayner, 1977, Van Veen, 1977). The models that have been proposed since then are



General introduction

essentially all modifications of the initial models and no major progress seems to have been
made since then. Generally, models for organic matter dynamics include pools with a rapid
turnover rate and pools with a slower turnover rate (Van Veen and Paul, 1981; Molina et al.,
1983; Van Veen et al., 1984; Parton et al., 1987; Verberne et al., 1990). The pools with a
rapid turnover rate are assumed to play a dominant role in soil nutrient dynamics. Most
models consider the microbial biomass as an important pool. Soil microbial biomass has been
referred to as "the eye of the needle through which all the natural organic material that enters
the soil must pass” (Jenkinson, 1978), which means that the microbjal biomass may be

regarded as the central transformation station that takes up and converts fresh residues into
new products (Van Veen et al., 1984).

There are three major unsolved problems related to soil organic matter models:

i) It has been recognized that soil texture and soil structure have a predominant effect on
the activity of seil biota and the rate of organic matter decomposition and N mineralization
(Van Veen and Kuikman, 1990; Juma, 1993). It is generally accepted that there is more
physical protection of soil organic matter and microorganisms in fine-textured soils than in
coarse-textured - soils (Van Veen and Kuikman, 1990), and several models have been
constructed in which the extent of physical protection of soil organic matter increases with
the clay content of the soil {Van Veen et al., 1984, 1985; Verberne et al., 1990). Methodoelogy
is lacking, however, to explicitly determine the impact of the soil matrix on biological
transformations (Van Veen, 1992) and it is not yet clear which mechanism is responsible for
the physical protection of organic matter (Hassink, 1992) and which is the maximum amount
of organic matter that can become phiysically protected in the soil.

ii) It has been observed that the soil microfauna may stimulate C and N mineralization
(Woods et al., 1982; Rutherford and Juma, 1992). Organic matter models, however, do not
explicitly take the role of the soil microfauna into account (Buurman, 1994). It is not clear
whether the outcome of models would improve when the contribution of the microfauna to
C and N mineralization is included. : .

ii1) The soil organic matter pool contains plant, animal and microbial prodﬁcts at various
stages of decay, together with a diversity of organic substances frequently associated with
tnorganic soil components (Christensen, 1992). These organic substances are divided over
se.veral pools differing in decomposition rates. A major problem is that, except for the
mlchbial biomass, the different pools can not be determined directly by chemical or physical
fractionation procedures (Paustian et al., 1992; Van Veen, 1992; Buurman, 1994). Successful
development of techniques for direct measurement of pool sizes would represent a major step

towards appropriate verification of models and the revision of inherent concepts (Bonde et

?l., 1992). It would also enable us to better study the fate and transformations of crop residues
in the soil. ks
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Chapter 1

INTERACTIONS BETWEEN SOIL TEXTURE, SOIL STRUCTURE, SOIL ORGANIC
MATTER, SOIL. BIOTA, AND MINERALIZATION.

Preservation of soil organic matter in soils with different textures

More than 50 years ago it was already recognized that the adsorption of organic compounds
to clay minerals makes them resistant to biological decomposition and that the decomposition
of organic materials is therefore generally lower in clay soils than in sandy soils (Mattson,
1932; Waksman, 1936). In the last decade it has generally been recognized that the degree
of physical protection of soil organic matter is important for the decay rates and hence the
dynamics of soil organic matter (Van Veen and Kuikman, 1990). This is partly based on the
observation that the turnover rates of easily decomposable compounds are much higher in
liguid microbial cultures than in soils (Van Veen and Paul, 1981) and on electron microscopy
studies that revealed sites of accumulation of organic residues of clearly cellular origin
(Foster, 1988). The observation that drying of soil samples and distuption of soil aggregates
can increase C and N mineralization (Richter et al.,, 1982; Elliott, 1986; Gregorich et al,,
1989; Hassink, 1992) is indirect evidence of the existence of physical protection in soil.

The soil structure is very different between fine- and coarse-textured soils. Scanning
Electron Microscopy showed that the fabric of a fine-textured soil was very dense, that most
pores were smaller than 10 pm in diameter and that porosity was poorly interconnected (Fig.
1). The fabric of a coarse-textured soil was very different; pore size diameters: ranged from
1 to 150 um and were interconnected (Hassink et al.; 1995; Fig. 2).

Fig. 1. SEM photograph of the internal fabric of a macroaggregate of a clayey grassland soil. White
bar = 10 pm.
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Organic maiter additions generally decompose more rapidly in sandy .soils than 1n.cla3;
soils (Ladd et al., 1985; Amato and Ladd, 1992; Ladd et al., 19?3), and with the same 1an111
of organic material, clay soils usually contain more organic matter than sandy Sf)l 8
(Kortleven, 1963§ Jenkinson, 1988; Spain, 1990). This indicates that the d.egree of physical
protection may increase with the clay content of the soil, Although theref 15.3 general trend
that the preservation of organic residues in soil is positively correlated with its clay content,

conflicting observations have been reported too (Sérensen, 1975; Gregorich et al., 1991;
Bremer and Kuikman, 1994).

Fig. 2. SEM photograp

h of the internal fﬁbﬁc of a macroaggregate of a sandy grassland soil. White
bar = 100 pm.

This shows that the capacity of the soil to preserve applied organic matter is not always
directly related to soil texture. We therefore need to improve our understanding of the

interactions between soil organic matter and soil texture to explain the contradictory results

on soil organic matter preservation in different soils. The maximum amount of organic matter
that can be preserved in the soil has not been defined. The actual capacity of a soil to
preserve applied organic matter could be related

t0 the degree of saturation of the soil's
protective capacity. :

Several mechanisms have been suggested to ex

matter against microbial decomposition. Tisdall and Oades (1982) mention the adsorption of
organic substances on, or coating by,

clay particles. Other explanations are entrapment of
organic compounds in smal] pores and

the incorporation into soil aggregates, which renders
them inaccessible to the decomposing

and Coleman, 1988; Golchin et al.,
preservation of soil organic matter

plain the physical protection of soil organic

microbial community (Tisdall and Oades, 1982; Elliott
1994, The extent to which the d

ifferent mechanisms of
apply in different soils is not clear, however.
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Interactions between soil microfauna/soil microbes/soil structure

Soil structure may indirectly control decomposition processes by its effect on the grazing
intensity of the soil fauna on microbes. The soil microfauna may stimulate microbial growth
rates through grazing (Clarhbolm, 1983; Coleman et al., 1978), and predation of microbes by
protozoa and nematodes has been suggested as an important mechanism of nutrient turnover
in soil (Coleman et al., 1978; Elliott et al., 1980). A large proportion of bacteria may occupy
pores < 3 pm (Kilbertus, 1980}, while protozoa and nematodes are restricted to larger pores.
This means that a Jarge part of the bacterial population will be physically separated from the
protozoa and nematodes in soil (Postma and Van Veen, 1990). It has been shown that grazing
of microbes by protozoa and nematodes can markedly increase N mineralization (Woods et
al., 1982; Verhoef and Brussaard, 1990; Brussaard et al,, 1991; Bouwman and Zwart, 1994;
Brussaard et al., 1995) and that the grazing activity of the fauna may be affected by the
available pore space (Heijnen et al., 1988; Postma and Van Veen, 1990; Rutherford and Juma,
1992; Juma, 1993), Most observations are, however, from microcosm studies where organisms
were added to the soil. It remains to be assessed whether the relation between pore size
distribution, seil fauna and N mineralization is similar under field conditions.

FRACTIONATION OF SOIL ORGANIC MATTER

Soil organic matter can be fractionated by chemical and physical methods. Chemical
disciplines have historically had the most apparent impact on the methodology applied in soil
organic matter research, and much experimental and theoretical effort has been put into
studies on the chemical structure of soil organic matter (Christensen, 1992). In many studies .
chemical extractants have been utilized to fractionate soil organic matter (Stevenson, 1965).
Although chemical fractionation and characterization methods have not been proven
particularly useful in following the dynamics of organic material in soils (Duxbury et al.,
1989) they are still used (Schnitzer and Schuppli, 198%; Nandasena, 1990).

Physical fractionation of soil organic matter is considered less destructive than chemical
fractionation, and the results obtained with physical methods are anticipated to relate better
to the structure and function of soil organic matter in situ (Golchin et ab., 1994%). Soil organic
matter can be physically fractionated on the basis ofi size and density (Christensen, 1992),
Size fractionation yields micro- and macroaggregates (composed of primary soil particles held
together) and primary soil particles (clay, silt and sand). The basic structural units in soils are
considered to be microaggregates (Edwards and Bremner, 1967). They protect organic matter
against microbial degradation (Tisdall and Oades, 1982). To obtain primary particles, soils
are usually dispersed ultrasonically. By this procedure a variable percentage of the
microaggregates is destroyed, leading to a considerable increase in mineralization due to the
release of organic matter that was originally protected in the microaggregates (Gregorich et
al., 1989). Despite this drawback of the method, it is generally found that organic matter in

7
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the sand size fraction decomposes at a higher rate than organic matter in clay and silt size
fractions (Dalal and Mayer, 1986; Tiessen and Stewart, 1983; Tiessen et al., 1984). Density
fractionation yields a light and a heavy fraction; the light fraction consists fargely of non- or
partially decomposed plant residues that are not associated with soil minerals (Spycher et al.,
1983; Sollins et al., 1984). The heavy fraction includes the organomineral complexed soil
organic matter, considered to be further processed decomposition products with a slower
turnover rate and a higher degrec of physical protection (Greenland and Ford, 1964;
Christensen, 1992). In the past organic liquids such as tetrabromethane, bromoform and
tetrachloromethane were used for density fractionation (Greenland and Ford, 1964; Turchenck
and Oades, 1979). One of the drawbacks of these liquids is the high potential toxicity of
halogenated hydorcarbons. During the last decade agueous solutions of inorganic salts such
as sodium jodide (Sollins et al., 1984) and sodium-polytungstate (Cambardelta and Elliott,
1992) have been vsed progressively. However, inorganic salts are expensive and toxic to the
environment. As a consequence only small amounts of dried soil samples are used in density
fractionation studies (e.g.- Janzen et al., 1992; Cambardella and Elliott, 1992). The long
incubation period needed to equilibrate the suspended material with the salt {Janzen et al.,
1992; Cambardella and Elliott, 1992) and the decrease in mineralization after introducing
organic material into the salt solution (Sollins et al.,, 1984) are other drawbacks. A recently
developed relatively simple size and density fractionation procedure, using stable silica as
density solutions, seems to have overcome most of these problems (Meijboom et al., 1995).
Because physical fractionation can yield functional soil organic matter fractions, organic

matier models should be adapted to contain pools that are based on physical fractionation.

OUTLINE OF THE THESIS

The aims of this thesis are i) to improve our understanding of the interactions between soil
texture, soil structure, organic matter, soil biota and mineralization, ii) to develop a procedure
that yieids soil organic matter fractions that can be determined directly and can be used in soil
organ%c matter models, iii) to develop a model that predicts the long-term dynamics in soil
organic matter, iv) to develop a simple model that can be
preclii.ct the non-fertilizer N supply of grassland soils, and V) to quantify the effect of the non-
fertilizer N supply of grassland soils on the optimum fertilizer application rate. We try to

e h gapS i 1 g g a[l-ClIl lla wWere ide i ¢ i & I) eVious

duce the n k.[low Bd (~] alld nte I t t d ntlﬁ d n th [evi

' i sections and
that were llldlcated in Italics.

used by farmers and advisers to

Chlapter 2 of the thesis deals with the effects of soil texture and grassland managerﬁent on
organic C a{ld N, and rates of C and N mineralization. In Chapter 3 we determnine whether
d?fferences in C and N mineralization between soils of different lextures were caused by
dlfferen.ces 1n soil structural and biological characteristics. We also investigate which proposed
mcchafusms of physical protection are dominant in fine- and coarse-textured soils Ir:) Cllxja ter
4 relations between soil textre and the capacity to protect organic C and N are ;:letermi:ﬁd-
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The hypothesis that not soil texture per se, but the degree of saturation of the protective
capacity of a soil determines the preservation of residue C in the soil is tested in Chapter 5.
In Chapter 6 we investigate whether differences in the grazing activity of the soil microfauna
may be the cause of the observed differences in N mineralization between fine- and coarse-
textured soils. The following two chapters (7, 8) deal with the quantification and turnover of
soil organic matter fractions that can be determined by simple physical fractionation. In
Chapter 9 the fractionation procedure is used to study the fate of crop residues in the soil.
In Chapter 10 a model is presented that predicts the long-term dynamics of soil organic
matter, and that includes the concept that the degree of saturation of the protective capacity
of the soil determines the preservation of residue C in the soil. In Chapter 11 emphasis is
placed on the development of a simple model to predict the non-fertilizer N supply of
grassland soils. We test whether the gap between the equilibrium contents of soil organic N
and microbial N and their actual levels is correlated with the uptake of N on non-fertilized
fields. Finally, we study which effect differences in available N have on the optimum
fertilizer application rate and how much fertilizer could be saved by taking differences in
available N into account.

So the approach in the thesis is both theoretical and practical. On the one hand we Iy to
increase our understanding of soil organic matter dynamics and on the other hand we try. to
develop an easy method that can be used by farmers and advisers to optimize the fertilizer
application rate on grasslands. :
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Chapter 2

EFFECTS OF SOIL TEXTURE AND GRASSLAND MANAGEMENT ON SOIL
ORGANIC C AND N AND RATES OF C AND N MINERALIZATION

ABSTRACT

The effects of soil texture and grassland management, i.e. level of fertilizer N input, mowing
versus grazing, and the number of years the site is under grass, on the amounts of soil organic
C and N and on the rates of C and N mineralization were investigated.

A positive relationship was found between the amount of organic N in the soil and the clay
+ silt content. The relationship was affected by the gronndwater table. There was a negative
relationship between the percentage of soil N mineralizing during incubation and the clay +
silt content of the soil. The amount of organic C was only positively correlated with soil
texture in the soils with a high water table, but the relationship was less clear. Except for the
groundwater table, differences in the C:N ratio of the soil organic matter in sandy soils
confused the relationship of soil organic C with soil texture. Organic matter in podzol soils
had C:N ratios between 15 and 20 while in other sandy soils the C:N ratio ranged from 10-18;
in loams and clays the C:N ratio was approximately 10. The percentage of soil C mineralizing
in sandy soils was negatively correlated with the C:N ratio of the soil organic matter. The
sandy soils with a C:N ratio > 16 that were used for incubation contained black humus
including small charcoal particles; both other sandy soils with a Jower C:N ratio contained
brown humus without visible charcoal particles. So we hypothesize that sandy soils with a
high C:N ratio contained more inert C than sandy soils with a low C:N ratio.

The level of N fertilization had no effect on soil organic C and N nor on the rates of C and
N mineralization.

Differences between the effects of grazing and mowing on soil organic C and N and the
rate of C and N mineralization were very small and not very consistent.

Both the amounts of soil organic C and N found and the rates of C and N mineralization
were significantly higher in old grassland (10 years) than in young grasstand (1-3 years). The
increases in the mineralization rates were larger than the increases in soil organic C and N.

INTRODUCTION

Grassland soils frequently contain 5 to 15 tonnes nitrogen {N) per ha in the root zone (Ryden,
1984). More than 90% of this nitrogen is present in organic form and is not directly available
for plant uptake. Part of the nitrogen demand of grass is satisfied by the uptake of inorganic
nitrogen produced by microbial mineralization of organic nitrogenous compounds in soils.
Soils differ considerably in the amounts of organic nitrogen that are mineralized. Annual rates
of net mineralization were found to be between L0 and 900 kg N per ha in grassland soils
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(Brockman, 1969; Richards and Hobson, 1977). To tune fertilizer N supply to grass derl?a.nd
and minimize losses to the environment, the contribution of mineralization of scil organic N
to the total supply of inorganic N to the plant and its availability over time should be taken
into account.

When organic material is decomposed, organic C is mineralized into CO,. The rate of C
mineralization (CO, production) is thus a measure of the rate of decomposition of organllc
. Matter. Inorganic nitrogen is released when the assimilated material contains nitrogen _ln
excess of the growth demand of the microorganisms that decompose the organic material
(Alexander, 1977). .

Organic additions typically decompose more rapidly in sandy soils than in clay soils (Ladd
et al., 1985; Sorensen, 1981). With the same input of organic material, clay soils usually
contain more organic matter than sandy soils (Jenkinson, 1988).

Management also affects the amounts of soil organic C and N and the rate of C and N
mineralization, Returns of organic residues to the soil are usually higher in grasslands than
in arable land and higher under grazing than under mowing as a result of the return of dung
and urine, and the higher utilization losses of herbage (Ryden, 1984). A higher return of
organic residues to the soil should lead to a higher level of soil organic C and N and, hence,

“a higher mineralization rate. Tt is not clear whether the level of N fertilization affects organic
matter dynamics. It is generally accepted that the accumulation of N is independent of the
input of inorganic N (Clement and Williams, 1976; Hassink and Neeteson, 1991). Although
the amount of total N is not influenced by fertilizer input to a measurable extent, it has been
observed that the amount of mineralizable N may increase considerably with higher rates of

fertilizer N input (Williams and Clement, 1965),

In the present study the effect of soil texture and grassland management (age of grassland,

_grazing vs mowing and different levels of fertilizer N input) on soil erganic C and N and
rates of C and N mineralization were studied.

MATERIALS AND METHODS

Fields sampled for incubation

In March 1989 and March 1991 samples were collected from soils which had been under

grass for at least 8 years. The land was grazed by dairy cattle and received 400-500 kg

fertilizer-N per ha per year. Three mixed samples, each consisting of 20 bulked cores, were

taken from the 0-10 and the 10-25 cm layer of each location. Some characteristics of the soils

recently reclaimed from the sea (Swifterbant and

one soil (Mijnsheerenland) had been in use as arable
ears before sampling,

Lelystad in 1957 and Zeewolde in 19683);
soil and was sown to grass only eight y
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Table 1. Some soil characteristics of the 0-10 and the 10-25 cm layers of the grassland sites sampled
for incubation (pH and granulaf composition are only given for the top 10 cm because differences
batween both layers were very small).

Location Soll  Exp. C (%) C/IN pH Granular comp.,
type  year " (K-Cl) % particles <

0-10 1025 ©£-10 1025 0O-10 2um  16pm  50pm

Heino 1 sand 1989 198 197 180 179 50 19 2.8 8.7
Jubbenga sand 1989 287 292 216 219 46 10 19 37
Heino 2 sand 1989 468 356 156 159 52 " 56 39 - 297
Markelo sand 1989 391 260 172- 2001 52 - 34 54 124
Achterberg sand. 1989 309 226 175 174 49 3.0 58. 90
Holten sand 1989 227 147 175 17.8 51 . 2.5 36 120
Tynaarlo sand 1989 438 348 178 218 44 24 44 235
Finsterwolde sand 1989 537 213 109 99 50 84 " 133 232
Cranendonck sand 1991 206 225 171 193 54 32 48 212
Dalfsen sand 1991 388 549 208 405 351 1.9 31 .98
Maarheceze “sand 1991 261 229 183 186 50 2.6 4.5 11.8
Drentse Aa - sand 1991 575 421 174 200 48 53 84. 369
Tynaarlo 2 sand - 1991 380 297 197 212 43 31 51, 223
Tynaarlo 3 sapd 1991 6.85 64% 217 246 44 38 73 319
Average standard deviation 035 012 07 . 17
for each locaticn - S

- Swifterbant’ loam 1989 177 187 116 108 70 . 230 .384 722
Aduard loam 1989 355 319 101 25 56 208 455 . 694
Zeewolde' loam 198¢ 353 301 129 143 69 267 454 712
Zaltbommel 1 loam 1989 399 265 97 92 58 258 426 672
Burum loam 1989 537 213 9.8 9.1 438 241 365 717
Lelystad’ loam 1991 307 168 111 121 71 216 356 564
Mijnsh.land.™ loam 1991 220 140 96 91 72 201 335 799
Average standard deviation 015 012 0.2 0.1
for each location
Zaltbommel 2 clay 1989 607 523 92 85 54 511 760 864
Haskerdijk clay 1991 560 404 111 11 49 540 772 88.5
Finsterwolde clay 1991 323 180 101 93 71 458 658 851
Zaltbommel 3 clay 1991 398 328 95 89 - 54 510 743 906
Average standard deviation 0.19 (014 0.3 0.1

for each location

r = soils reclaimed from the sea (polder soils); m = soil sown to grass only 8 years before sampling
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Fields sampled by the Winand Staring Centre

Between 1956 and 1986 the Winand Staring Centre determined the granular composition and
the soil organic € and N contents in the top 15-25 c¢m of soils which had been under grass
for at least 10 years. As at all sites also pH-KCI, groundwater table and soil classification
were determined the data set was also used to determine the effects of these characteristics
on soil organic C and N.

Groundwater table was defined by a combination of average highest water table and
average lowest water table (Table 2). The soils were classified according to the Dutch system
of soil classification (De Bakker and Scheliing, 1966). As no significant effect of soil class
on the relationship between soil texture and organic C and N content was found for the soils
sampled by the Winand Staring Centre, the soils were pooled before analysis.

Table 2. Classification of groundwater tables expressed in cm below the surface.

Class

I I I IV A VI viI
Average highest 0 0 <40 >40 <40 40-80 >80
groundwater table
Average lowest . <50 50-80  80-120  80-120 120 =120 >120

groundwater table

Selected fields for effect of grassland management

Two _sancly soils and two loams were sampled to study the effects of fertilizer input and
mowing versus grazing on C and N dynamics. Information about the fields is given in Table
3.

Plots on the mown fields were laid out in triplicate, while the grazed fields werel

unreplicated, Three mixed samples, each consisting of 20 bulked cores, were taken from the
0-10 cm layer of all the grazed fields, A mj

taken from the 0-10 ¢m layer of every :

:_;ampled because it was assumed that the effects of Mmanagement would be most pronounced
in the top layer.
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Table 3. Information on the fields used in the study of the effect of grazing versus mowing and
fertilizer N input on soil organic C and N, and C and N mineralizaticn rates.

Location Soill  Exp. Treatments/ . Arca Cow days Time treatment/
Fertilization studied  of grazing fertilization

typc  year (kg N ha' year") {m®) per year . in effect (years)

Achterberg sand 1982 mown 2350, 550 25 0 3

Achterberg sand 1989 grazed 550 2000 1500 3

Cranendonck sand 1991 mown 0, 200, 400 50 0 2

Cranendonck sand 1991 grazed 400 1200 1000 : 2

Swifterbant loam 1989 mown 250, 530 25 U] 2

Swifterbant loam 1989 grazed 550 100060 600 2

Burum loam 1991 mown O, 200 54 0 9

Burum toam 1991 grazed 0, 200 840 1000 9

Determination of potential C and N mineralization rates

Different methods have been used to measure net N mineralization rates. They include
incubation of undisturbed soil cores in the laboratory or in the field (Raison ef al., 1987) and
incubation of homogenized sieved field-moist or rewetted samples in the laboratory (Stanford
and Smith, 1972; Nordmeyer and Richter, 1985). Incubation of undisturbed samples from
grassland soils leads to a temporary immobilization of N, probably due to dying roots
(Hassink, 1992), while the incubation of sieved remoistened soil cavses a flush in C and N
mineralization during the first weeks of incubation (Nordmeyer and Richter, 1385; Hassink,
1992}, In coarse-sieved field-moist samples, N mineralization rates remain constant during
incubation (Addiscott, 1983). Therefore, C and N mineralization rates of a wide range of
grassland soils were compared by incubating sieved field-moist samples. The water potential
was close to -10 KPa at the time of sampling in all soils. Potential C and N mineralization
rates were determined in the 0-10 and 10-25 cm layers of the soils of Table 1.

Soil samples were sieved through a 0.008-m mesh screen; roots and stubble were removed,
N mineralization was determined by measuring the increase in mineral N after incubation of
soil samples in glass jars at 20°C. Drying of the samples was prevented by covering the jars
with a polyethylene seal permeable to air, but impermeable to water. Mineral N was extracted
with 1N KC1 solution for 1 h using a soil:water ratio of 1:2.5 before colorimetric measuring.
In 1989 NH,* and NO, were determined 0, 2, 5, 8 and 12 weeks after incubation was started;
in 1991 these determinations were carried out after 0, 2 and 12 weeks only.

21



Soil texture, grassland management and soil organic C and N turnover.

C mineralization was measured by incubating soil samples in 1.5-1 airtight jars containing
a vial of 10 ml 0.5 M NaOH. After 1 week and from then on approximately every 2 weeks,
the trapped CO, was precipitated as carbonate with excess BaCl, and the excess NaOH was
titrated with 0.5 M HCI. In some soils a flush in C mineralization was observed during the
first week. Therefore, C mineralization during the first week was not taken into account.

Determination of soil organic C and N

Organic C was defined as dichromate-oxidizable C according to Kurmies (Mebius, 1960).

Total soil N was determined according to Deys (1961), after destruction with sulfuric acid and
salycylic acid. .

Statistical analysis

The time courses of C and N mineralization for the sandy soils, the loams and clays were
analyzed separately, using simple regression analysis (Genstat manual, 1987). The relations
between soil texture, soil pH-KCI, the C:N ratio of the soil organic matter and soil organic
C and N contents, and the percentages of mineralized soil organic C and N were also
analyzed using correlation and simple linear and multiple regression technigues (Genstat
manual, 1987). The fraction < 50 um (clay + silt content) explained more of the variance in
organic C and N mineralization between soils than the fractions < 2 um and < 16 pm when
using simple linear regression analysis.- Therefore, the clay + silt content was taken as a
measure of soil texture. The significance of the differences in soil organic C and N contents
and in the rates of mineralization between different fields were analyzed with Student’s t-test.

RESULTS

Soil organic C and N contents; C:N ratio of the soil organic matter

E:tfe?t of soil texture. The soils sampled for incubation (soils of Table 1} showed no
significant relationship between soil texture and soil organic C content in both layers (0-10
and 10—2.5 cm), even when the reclaimed soils (1) and the soill that was sown to grass only 8
years prior to sampling (m) were excluded from the analysis (Table 4).

For the soils sampled by the Winand Staring Centre a significant positive effect of soil

texture on the soil o i . . .
I and 1, s rganic C content was found for the soils with a high water table (class
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Table 4. Relationships between the fraction < 50 pm (clay + silt content) and the contents of soil
organic C and N and the percentages of soil organic C and N mineralized during incubation in the top
0-10 cm layer and the 10-25 cm layer of the grassland soils used for incubaticn (soils of Table 1).
The polder soils and the soil recently resown to grass (m) have been excluded when the relationship
between soil texture and soil organic C and N contents were determined.

Soils used for incubation

0-10 cm layer

C organic (%) non-significant fe]ationship (= 0.25)
N organic (%) = 0.125 (0.028) + 0.00454 (0.0005) * % < 50 pm = 077
%(C mineralized non-significant relationship (*= 025
%N mineralized = 6.61 (0.37) - 0.0451 (0.007) * % < 50 pm (¢ = 0.65)

10-25 cm layer

C organic (%) non-significant relationship = 0.00)
N organic (%) = 0.094 (0.027) + 0.00305 (0.00049) * % < 50 pm (= 0.63)
%C mineralized non-significant relationship = 021

%N mineralized = 4.07 (0.42) - 0.0355 (0.008) * % < 50 ym . (= 0.48)

The soils sampled for incubation (soils of Table 1) showed a significant positive
relationship between the clay and silt content and the soil organic N content in both the top
0-10 cm and the 10-25 cm layer (Table 4). In sandy soils the N contents ranged from 0.1 to
0.3% in both the 0-10 cm and the 10-25 cm layer. In loams and clays soil N contents were
generally higher in the 0-10 cm layer (between 0.15 and 0.65%) than in the 10-25 cm layer
(generally between 0.15 and 0.4%, with one exception).

For soils sampled by the Winand Staring Centre with a high or with a low water table a
significant positive relationship between clay + silt content and the organic N content was
found (Fig. 2). The increase in soil organic N with increasing percentage of clay + silt was
greater in the soils with a high water table than in soils with a fower water table (Fig. 2). Soil
pH had no significant effect on the soil organic N content.

The C:N ratio of the organic matter in both layers of the sandy soils that were used for
incubation was generally > 15; only in one sandy soil the C:N ratio was lower than 15, while
in loams and clays the C:N ratio was usually close to 10 (Table 1).
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Fig. 1. Relationship between soil organic C content and the fraction < 50 pm (clay + silt content) of

grassland soils sampled by the Winand Staring Centre with a high (class Il and If) and a low (class
TV-VII) water table.

Groundwater table II and 111

C organic (%) = 2.25 {0.425) + 0.0436 (0.0097) x % < 50 pm (¢ =0.62)
Groundwater table IV - VI

C organic (%) non-significant relationship with soil texture {? = 0.28)

In the soils sampled by the Winand Staring Centre, however, the C:N ratio of sandy soils
ranged from 10 to 20 (Fig. 3). All podzol soils had C:N ratios between 15 and 20, while in
the other sandy soils the C:N ratio varied between 10 and 18. Loams and clays generally had

C:N ratios between 8 and 12. There was no relationship between soil pH and the C:N ratio
of the organic matter (Fig. 3).

Effect of grassland management. The level of N fertilization had no effect on organic C and
N contents of the soil nor on the C:N ratio of the soil organic matter (Table 3). In comparison
with mowing, grazing significantly {p < 0.05) increased organic N contents in the sandy soils
of Achterberg and Cranendonck, but not in the loams of Swifterbant and Burum (Table 3).
In none of the soils were the effects of grazing and mowing on soil organic C content
significantly different (Table 5). )

Total soil organic C and N contents were significantly higher in old grassland sites (10
ye?.rs) than in young sites (1-3 years) on both soil types (Table 6). The relative increases in
soil organic C and N, respectively, were 70% and 113% in the sandy soil and 47% and 56%

in the loam, The C:N ratio of the organic matter clearly decreased with increasing age of the
grassland {Table 6).
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Fig. 2. Relationship between soil organic N content and the fraction < 50 pm (clay + silt content) of
grassland soils sampled by the Winand Staring Centre with a high (class II and III} and a low (class
1IV-VII) water table.

Groundwater table II and III _
N organic (%) = 0.132 (0.029) + 0.00517 (0.0007) X % < 30 pm (* = 0.80)

Groundwater table 1V - VII )
N organic (%) = (.147 (0.014) + 0.0026 (0.00039) x % < 30 ym ( =0.76)

C and N mineralization

Course of C and N mineralization during incubation. The rates of C mineralization were not
significantly different between different soils. C mineralization rates decreased significantly
(P < 0.05) during incubation. As an example the course of C mineralization in four of the
soils of Table 1 with different soil textures is presented in Fig. 4a. After 12 weeks of
incubation C mineralization rates were generally less than 50% of the rate at the start of the
incubation.

Contrary to C mineralization, N mineralization rates did not decrease significanily during
incubation. There were some fluctuations and they were generally larger in sandy soils than
in loams and clays. As an example the course of N mineralization of the same four soils is

given in Fig. 4b,

Effect of soil texture on C and N mineralization rates. The average C mineralization rate
during 12 weeks of incubation in the laboratory ranged from 8.5 to 41.1 mg C kg soil day™
in the 0-10 cm layer and between 4.4 and 14.0 mg C kg soil day” in the 10-25 cm layer of
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Fig. 3. Relationship between soil pH and the C:N ratio of soil organic matter in podzo! grassland soils,

octher sandy grassland soils, and loamy and clayey grassland soils sampled by the Winand Staring
entre.

the soils of Table 1. There was no significant effect of soil texture on C mineralization rate.
Alslo w%len C mineralization was expressed as the percentage of soil organic C mineralized
du-nng incubation, no significant relationship was found between C mineralization rate and
s?ll ‘texture (clay + silt content) (Table 4). Within the group of sandy soils of Table 1 2
sgmﬁc?m negative correlation was found between the percentage of soil organic C that
mmffrallzed in the top 10 cm and the C:N ratio of the soil organic matter {Fig. 5; Table 7)-
C mineralization also tended to increase with the pH-KCI of the sandy soils; the correlation,
h(?wever, was not significant (Table 7). For the 10-25 ¢m layer no significant correlations
with pH-KC1 and C:N ratio of the soil organic matter were found.

.The average N mineralization rate in the 0-10 cm layer ranged from 0.5 to 2.5 mg N kg'
soil day! and in the 10-25 cm layer between 0.15 and 1.0 mg N kg™! soil day™'. I'n both layers
thi:rc u.ras no relationship between soil. texture and N. mineralization rate. When N
fmneral.lzauon rates were expressed as the percentages of soil N mineralized during
incubation, however, a significant negative relationship was found between the clay + silt
((:)og;ent of the soils and N .mineralization rate (Table 4). In sandy soils, between 0.045 and
k;b % of tl'.ne amot.mt of sc.nl N present in the 0-10 ¢m layer was mineralized per day during

oratory incubation, while in loam and clay soils this ranged from 0.025 to 0.045% (Fig.
6). The percentage of soil N mineralized during incubation was, in gener:al, lower .in the 10-23

cm | i igni
nﬂne:z;r t}llan in the 0-10 cm layer. No significant correlations were found between N
zation and the pH-KCI or the C:N ratio of the soil organic matter
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Table 5. Soil organic C and N contents, C:N ratios of the soil organic matter and C and N
mineralization rates (determined in March 1989 or March 1991} in the 0-10 cm layer of grassland soils
under different management practices {different N fertilizer input levels and mowing vs grazing).

Treatment/ Organic matter Mineralization
Fertilization
(kg N ha'! yr')) N C N N C
%) (%) . (mgkg' (mg kg
day") day ™)

Cranendonck {sandy soil). Treatments/fertilization 2 years in effect.

Mown

0 0.11 210 18.7 0.60 576
200 0.13 248 18.7 0.58 5.79
400 .11 1.85 16.9 0.55 549
Grazed
400 0.15° 264 18.0 0.60 6.93
Achterberg (sandy soil). Treatments/fertilization 3 years in effect,
Mown
550 0.16 298 18.6 0.39 12.5
Grazed -
250 0.19 310 163 1.37 15.2
550 0200 3.05 £5.3 167 - 19,9
Swifterbant (loam). Treatments{fertilization 2 years in effect. '
Mown .
350 0.16 1.88 11.8 0.38 9.29
Grazed : :
250 0.18 209 11.6 0.54 11.69
550 . 018 2.00 1.1 0.42 10.40
Burum {loam). Treatments{fertilization 9 years in effect.
Mown

0 0.50 523 10.5 242 : 41.%
200 050 . 540 107 1.99 40.5
Grazed

0 : 0.46 4.70 10.2 2.54 337
200 0.51 531 10.5 225 354

* Differences between mown and grazed prasslands are statistically significant (p < 0.05)
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Table 6. Soil organic C and N contents, C:N ratios of the soil organic matter and C and N

mineralization rates in the top 0-10 ¢m layer of 1-, 3- and 10-year-old grassland soils sampled in
March 1991.

Age Organic Mineralization
(years) N C CN N | C |
(%) (%) (mg kg’ (mg kg
day’l) day™}
Lelystad (loam)
1 ’ 0.18 214 12.1 1.14 19.04
3 021 249 117 102 20.80
10 0.28" 3.5 1.1 1.76 28.16
Cranendonck (sandy soil)
0.08 1.74 218 0.48 631
3 0.09 1.87 20.1 0.56 6.11 .
10 017 2.96 17.1° 131" 11.44

' Differences between ald

grassland (10 years) and young grassland (-3 years) are statistically
significant (p < 0.05)

Effect of grassland management on C and N mineralization rates. The level of N fertilization
had no significant effect on C and N mineralization rates {Table 5),
Grazing compared with mowing increased C and N mineralization rates significantly (p <
0.05) in the sandy soil of Achterberg but not in the other soils (Table .
C and N mineralization rates were not significantly different between 1
3-year-old grassland soils (Table 6). In 10-year-old grassland soils, ho
mineralization rates were significantly (p < 0.05) higher (Table 6).

-year-old and
wever, C and N

DISCUSSION
Effect of soil texture on soil organic matter and mineralization rates

The buildup of soil organic C and N is determined b
organic residues and their decomposition rate.
grasslands in The Netherlands, where the d
different soil types, the amount and quality
constant. The decomposition rate of organic
textured soils than in coarse
1985; Jenkinson, 1988). Sign

Y the amount and quality of the input of
1t may be assumed that in intensively managed

of the inputs of organic residues is relatively

tesidues in the soil is typically lower in fine-
-textured soils (Sérensen, 1975; Jenkinson, 1977; Ladd ef al.,
ificant positive correlations were found between soil texture and
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Fig. 4, Course of the percentage of soil organic C (a) and soil organic N (b) mmcrahzcd (per day *
100) during laboratory incubation of the 0-10 em layer of four grassland soils.

Table 7. Correlations and relationships between the percentage of soil organic C mineralized during
incubation and soil pH-KCI and C:N ratio of the soil organic matter in the top 10 cm of the sandy
grassland soils used for incubation (sandy soils of Table 1).

Coefficients of correlation

C mineralization 1.00
C:N ratio org. matter -0.62 1.00
pH-KCl1 0.46 -0.45 1.00

Significant relationship: ‘
%C mineralized = 9.25 (1.70) - 0.257 {0.094) * C:N ratio org. matter

{ ) = standard error of difference
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Fig. 5. Relationship between the percentage of soil organic C mineralized (per day * 100) during

laboratory incubation of the-0-10 cm layer of the sandy grassland soils of Table | and the C:N ratio
of their soil organic matter.

%N mineralized day -1 (*100)

10p

n
8F

= = "
6 .. | ]

. -
4 ' .- .
L ] l. | ]
]

"
2F ™ -
° ’ . L L ' .
o 20 . a9 _ .

60 80 100
clay + silt content

Fig. 6. Re‘.aﬁ(’mhi.p between the percentage of soil organic N mineralized (per déy x 100) during
L'.:ch;at:)ry incubation of the 0-10 cm layer of the grassland soils of Table 1 and their clay + silt
ntent, X .

30



Chapter 2

the soil organic C content (Kortleven, 1963; Spain, 1990; Feller et al., 1991). Differences in
decomposition rates and amounts of soil organic C have been attributed to differences in
physical protection of soil organic matter. The stabilizing effect has been ascribed to
adsorption of organics onto surfaces such as clays (Oades, 1989), encapsulation between clay
particles (Tisdall and Oades, 1982) or entrapment in small pores in aggregates inaccessible
to microbes (Elliott and Coleman, 1988).

Our results indicate that soil texture was not always the dominant factor determining the
arganic C content of soils and C mineralization rates. Differences in C:N ratio of the soil
organic matter and the groundwater table confused the relationship of the soil organic C
content and the percentage of soil organic C that mineralized with soil texture.

We observed that the C:N ratio of the soil organic matter in sandy soils ranged roughly
from 10 1o 20. The C:N ratio of podzol soils was always higher than 15, whiie the C:N ratio
of the other sandy soils was variable. This phenomenon has already been described by
Anderson and Byers (1934), The differences in C:N ratio might be due to differences in
history. Most of the poor podzol soils have been heathlands (de Bakker and Schelling, 1966).
The cultivation of these soils started only 100 years ago. The residues of heathland generally
have a high C:N ratio. Other sandy soils have been in use as arable land for a much longer
period and received large quantities of residues of different quality (dung or dung mixed with
litter of heathland and sand; Kuipers, 1977). Differences in C:N ratio might also result from
the presence of inert charcoal in the soil. Charcoal is produced by the burning of the
vegetation (Anderson and Byers, 1934). Kortleven (1963) observed that soils might contain
inert organic C that cannot be decomposed. The amount of inert organic C was considerably
higher in two of his sandy soils than in a loam and a clay.

We tried to obtain more information on the composition and appearance of the soil organic
matter of the grassland soils that were used for incubation (soils of Table 1) by shaking the
soils with water (soil:water ratio 1:2.5) and observing the suspension after pouring it on a
filter. The sandy soils in which the C:N ratio of the soil organic matter was higher than 16
contained black humus including small pieces of charcoal; the two sandy soils with a lower
C:N ratio contained brown humus without charcoal, whereas the loams and clays contained
a kind of grey-coloured humus without charcoal. The negative correlation observed between
the C:N ratio of organic matter and C mineralization in sandy soils might be explained by the
fact that sandy soils with a high C:N ratio contained more inert C than other soils. The
observation that the ratio C mineralization : N mineralization was not affected by the C:N
ratio of the soil organic matter {Fig. 7) also indicates that in soils with increasing C:N ratios
a greater part of soil organic C was not decomposed.

Besides previous land use, the gronndwater table was also found to affect the relationship
between soil texture and the organic C content of the soils. The sandy soils with a low
groundwater table tended to have higher organic C contents than sandy soils with a high
groundwater table. This was partly caused by the fact that most podzol soils (with a relatively
high organic C content) had a low groundwater table. The sandy soils with a low groundwater
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Fig. 7. Relationship between the ratio C mineralization:N mineralization and the C:N ratio of soil
organic matter in the 0-10 cm layer of the sandy grassland soils of Table 1.

table might also have a higher soil organic C content because they are more susceptible to

drought in summer, leading to lower decomposition rates. In loams and clays the relationship
with groundwater table might be the opposite: a high groundwater table might lead more often
to anaerobic conditions. Decomposition rates are slower under anaerobic conditions than under
acrobic conditions leading to higher organic C contents {Jenkinson, 1988).

Soil pH did not affect total organic C and N, and C and N mineralization significantly.
According o Jenkinson (1988) low pH values (around 4) do not necessarily lead to lower
decomposition rates of soil organic matter. Apparantly, the pH-KCl of the soil has to be lower
than approximately 4.5 to reduce miperalization rates significantly.

The relationships of soil organic N and the percentage of soil organic N that mineralized
with soil texture were very significant. This is in agreement with the results of Spain (1990)
and Catroux et al. (1987). The relationships were o

ot affected by the C:N ratio of the soil
organic matter. The groundwater table affected the rel

ationship between soil organic N content
and seil texture in the same way as for soil organic C.
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Effects of grassland management on soil organic matter and mineralization rates

Differences in fertilizer N input were found not to affect the amount of soil organic C and
N (Clement and Williams, 1967; Hassink and Neeteson, [991). The input of C rather than N
is the factor most commonly limiting organic matter and N accumulation under grassland
(Ryden, 1984). More grass residues will be returned to the soil at high fertilizer tevels. It has
been observed, however, that the amount of roots decreases with increasing fertilizer levels
(Ennik et al., 1980). The total amount of organic residues returned to the soil may therefore
not show a straightforward relationship with the fertilizer N level. In the present study, C and
N mineralization rates were not reiated to fertilizer N input either. This is in agreement with
the hypothesis that the input of C is approximately the same under different fertilizer levels.
Williams and Clement (1965), however, found a large effect of fertilizer level on N
mineralization. This may be explained by the fact that they did not remove roots and stubble
from their samples. According to Whitehead et al. (1990) the amount of N present in stubble
and roots will be affected by the level of fertilizer N input.

Although it has been found that the return of organic residues to the soil is higher under
grazing than under mowing due to the return of dung and urine and higher utilization losses
of herbage {(Ryden, 1984}, the amounts of soil C and N, and rates of C and N mineralization
were often not significantly different between mowing and grazing. Obviously the extra input
of residues due to grazing was too small 1o establish significant differences.

Soil organic C and N usually increase in soils recently resown to grass with the higher
input of arganic material to the soil (Jenkinson, 1988). According to Wolf and Janssen (1991)
the difference in input of organic material between arable land and grassland is about 100%.
This difference in input is considerably larger than the differences in input between mown and
grazed fields. The increase in soil N in the sandy soil and the loam was approximately 130
kg N per ha per year (over the 10-year period, assuming a soil bulk density of 1.3). This is
in agreement with Ryden (1984), who stated that increases between 50 and 150 kg per ha are
usually found. The observation that the relative increase in C and N mineralization was larger
than the relative increase in total soil organic C and N is in agreement with the hypothesis
that the extra return of crop residues contributes mainly to the active fractions of the soil
organic matier pool (Glendining and Powlson, 1990).
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Chapter 3

RELATIONSHIPS BETWEEN SOIL TEXTURE, SOIL STRUCTURE, PHYSICAL
PROTECTION OF ORGANIC MATTER, SOIL BIOTA, AND C AND N
MINERALIZATION IN GRASSLAND SOILS

ABSTRACT

The effect of soil type on carbon (C) and nitrogen (N) mineralization rates in grassland soils
was investigated along with the physical and biological soil characteristics that may have
caused the observed differences in mineralization rates between soil types.

The percentage of mineralized organic N was higher in sandy soils than in loams and
clays; this was not observed for C. The soil structure was very different between fine- and
coarse-textured soils: they differ not only in the distribution of primary particles, but also in
pore and aggregate size distribution. In loams and clays small pores constituted a higher
percentage of the.total pore space than in sandy soils. Different mechanisms of physical
protection of organic C and N were distinguished. In sandy soils organic material was
physically protected by its association with clay particles leading to high concentrations of
C and N in the clay size fraction. In fine-textured soils entrapment of organic C and N in
small pores inside or between aggregates was found to be an important mechanism of
physical protection. The protected organic material associated with clay particles consisted
of amorphous undefined material that did not stain with acridine orange, indicating a high
degree of decomposition, while the non-protected organic material present in the sand fraction
consisted of plant debris that stained intensely with acridine orange. Physically protected
organic matter had a Jower C/N ratio than organic matter that was not physically protected.

Grazing pressure on bacteria by bacterivorous nematodes was higher in sandy soils than
in loams and clays. This coincided with a higher N mineralization rate per bacterium. The
C/N ratio of the microbial biomass was higher in sandy soils than in loams and clays and was
positively correlated with the N mineralization rate per unit of microbial biomass N. This is
an agreement with the concepts of food webs that N mineralization is positively correlated
with the C/N ratio of the consumer (bacteria) for a given C/N ratio of the substrate (organic
matter). It is not yet clear which of the facters investigated are the most important in

determining N mineralization rates in grassland soils.

INTRODUCTION

Net mineralization of soil organic matter and decomposition of plant material is generally
more rapid in sandy soils than in clay seils (Strensen, 1975; Jenkinson, 1977; Catroux et al,,
1987; Hassink et al., 1990; Ladd et al,, 1990; Juma, 1993; Ladd et al., 1993). The lower net
mineralization in clay soils may be partly caused by a greater physical protection of soil
organic matter and microbial biomass (Verberne et al., 1990). Different mechanisms have
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been suggested to explain the phenomenon of physical protection in soils: i) adsorption of
organics to surfaces of clays or coating of organics by clay particles (Tisdall and Oades, 1982,
Fig. 1), and ii) entrapment of organics in small pores mostly in microaggregates inaccessible
to microbes (Elliott and Coleman, 1988; Golchin et al., 1994; Fig. 2).

Plani ard fungal debris 4
encrusied with inorganics
(persistent organic) Hypha
20 pum / Bacterium

Packets of clay
particles

Microbial and fungal debris
encrusted with inorganics

PEL LT 8
{persistent organic] A "\\. | Microbial debris
p P (humic materials)
2 m reze -\\‘\ .!
- # | L
3

Clay particles

Fig. 1. Part of the model of aggregate organization as given by Tisdall and Qades (1982)

Sgil st:ructure may also control decomposition and mineralization processes by its effect on
grazing intensity on microbes. Predation of microbes by protozoa and nematodes has been
suggested as an important mechanism of nutrient turnover in soil (Coleman et al., 1978;
Elliott et al,, 1980). A large proportion of bacteria may occupy pores < 3 pm (Kilbertus,
1980), while protozoa and nematodes are restricted to larger pores. This means that a large

Part of the bacterial population will be physically separated from the protozoa and nematodes
in soil (Postma and Van Veen, 1990).

As the relative amount of large pores is usuall

) y higher in sandy soils than in loamy and cla
soils (Papendick and Campbell, 1981), ' Y '

oils ! predation is expected to be more intense in sandy soils
T ax'l in loamy and c?ay soils (Heijnen et al,, 1988). The results of Hassink et al. (1993)
mc-ilcated that the higher grazing pressure in sandy soils might strongly affect the N
mineralization rate.

_Sml .s.truc‘ture might also affect the relative contribution of bacteria and fungi to the total
microbial biomass. Fungi can be

_ present in pores with sizes different from those where
gﬁznﬁ :;\:e foundl las hyphae can vary considerable in diameter and are not restricted to water
pim . . 7g)enf;l;l ¥y assumed that 1l_1€ C/l_\l ratio of fungi is higher than that of bacteria (Hunt
Whic.l,l - The amount of N mineralized by microbes will generally be higher in soils

centain & microbial population with a high C/N ratio than in soils with a microbial
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population with a low C/N ratio. This means that the coniribution of fungi to the total
microbial biomass may affect N mineralization rates.

The aim of the present study is to describe to what extent sandy soils, loams and clays
differ in the above-mentioned soil physical and biological characteristics and how this affects
C and N mineralization rates.

Fig. 2. Hierarchical class of soil pore space according to Elliott and Coleman (1988). 1 = macropores,
2 = pores between macroaggregates, 3 = pores between microaggregates, 4 = pores within
microaggregates.

METHODS

Field description

In March 1989 and May 1991 samples were collected from grassland soils which had been
under grass for at least 30 years. In Swifterbant the old sward was reseeded in 1985. The
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grasslands were grazed by dairy cattle and received 400-500 kg fertilizer-N per ha per year.

Samples were taken from the 0-10 cm layer. Some characteristics of the soils are given in
Table 1.

Table 1. Séme soil characteristics of the 0-10 cm layer of the gréssland sites studied

Granular composition,
% particles <

C N C/N  pH- - Bulk density
-z kg'- KCl  2um 16pm 50pm  gcm’
Sand
Heino 198 1.1 18.0 438 1.9 28 87 1.33
Tynaarlo - 438 - 25 . 175 44 24 44 235 1.25
Loam
Swifterbant 177 1.5 118 70 230 384 T22 1.22
Burum 537 55 98 49 241 365 717 0 1.09
Clay L
Zaltbommel . 607 6.6 92 54 511 760 864 1.05
Haskerdijk 560 5.1 11.0 49 540 772 885 1.00
Measurements

The following measurements were performed in May-1991:

1) potential C and N mineralization rates,

2) pore size distribution,

3) water-stable aggregates, the clay and C contents of the aggregates, and mineralization of
agpregate-C,

4) increase in C and N mineralization rates due to disruption of soil structure,

5) amount and microscopic characteristics of C and N associated with pé.rticles < 2 um (clay)
and of C and N present in the sand fraction > 200 Hm {macro organic matter},

6) biomass of bacteria, fungi, protozoa and nematodes (direct counts) and

7) microbial biomass C and N according to the fumigation incubation method

In N_Iarc.h 1989 only the potential mineralization rates and microbial biomass according to the
fumigation method were determined.
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Description of the methods

Three mixed samples, each consisting of 20 bulked cores, were taken from every location at
each sampling date for the measurements of microbial biomass, bacterial, fungal and protozoal
biomass and C and N mineralization. The samples were sieved through a 0.008-m mesh
screen; roots and stubble were removed and the samples were analyzed separately. In all soils
the moisture content was close to 60% of the water holding capacity at both sampling times.
Field-moist samples were incubated.

Potential C and N mineralization rates

N mineralization was determined by measuring the increase in mineral N after incubation of
soil samples in glass jars at 20 °C for 12 weeks. Drying of the samples was prevented by
covering the jars with a seal permeable to air, but impermeable to water. Mineral N was
measured colorimetrically after extraction with 1IN KCl sclution for 1 h using a soil:water
ratio of 1:2.5,

C mineralization was measured by incubating soil samples in 1.5-1 airtight jars containing
a vial of 10 ml 0.5 M NaOH. At the sampling dates, the trapped CO, was measured after
precipitating the carbonate with excess BaCl,. The CO, produced in the period between 10
and 20 days after the start of the incubation was used to calculate the C mineralization rate.
A flush in CO, production was observed during the first 10 days after incubation, probably -
caused by the disturbance of the soil.

Pore size distribution

The relationship between soil water potential and moisure content was determined according
to Klute (1986) in undisturbed soil samples from the 2.5-7.5-cm layer. The effective pore
neck diameter {d) was estimated from the water retention curve as ' .
d=2r=-30.0 * 10° " (m), (M

where h = pressure head, r = radius of curvature of the capillary pore (m). Equation 1 has
been derived for a water temperature of 15 °C (Vargas and Hattori, 1986). The corresponding
pF values can be obtained by taking the logarithm of the absolute value of the pressure head:
Pf = “%log {h]. The pore volumes corresponding with different pore neck diameters can then

be calculated from the retention curve.

Water-stable aggregates

The amount of water-stable aggregates was determined in one sandy soil, one loam and one
clay (Tynaarlo, Burum and Zaltbommel, respectively). The amount of water-stable aggregates
was determined by wet-sieving 100 g of field-moist sampies on 250, 50 and 20 pm sieves
that were placed on a vibrator machine for 4 minutes under a continuous water flow of 1.1
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liter per minute (Matus, 1995). The organic C conter.xt of the aggregates was td;fu:;dtha:
dichromate-oxidizable C according to Kurmies (Meb_ms, 1960). '_The clgy c;; e L
aggregates was determined after oxidation of organic matter 1'N1th H, 2.1- :imc Y
dispersed and shaken end over end in a 1-1 cylinder. A table shox'vmg the _sett 1fn2g e
um particles was constructed by applying Stoke’s law and a particle .clcnsu.y of 2.675¢g Sior;
After the correct settling time, the particles < 2 pm were isolated by §1ph0mng lhe_suzpcgovc
at the appropriate depth. Mineralization of aggregate-C was determined as descrlbedua:: o ir;
The aggregate samples were incubated at a water potential of -10 kPa. The CO, pro

the period between 10 and 20 days after the start of the incubation was used to calculate the
C mineralization rate,

Increase in C and N mineralization after disruption of soil structure

The C and N mineralization rates were measured in soil samples that had been pIFSSﬂd
through a 0.001 m mesh size screen (fine sieving) and in soil samples that had b_een swv?ﬁ
through a 0.008 m mesh size screen (coarse sieving). 1t was assumed that the mcrealse

mincralization observed after fine sieving is caused by the release of a part of the physlca.lly
protected organic matter, located in small pores in (or between) aggregates: T}-le relatl'tfe
increase in mineralization due to fine sieving in comparison with the mineralization rate in
coarsely sicved samples during the same pericd then gives a qualitative index of the extent
of physical protection of organic matter in pores in (or between) aggregates. For C the
increase was determined during the first five days after the start of the incubation; for N 2

period of two wecks was taken (the lengths of the periods the increases in mineralization after
fine sieving remained for C and N Hassink, 1992),

Amount and characteristics of C and N associated with soil particles < 2 pm and present
macro-organic matter

Dry soil (50g) was suspended in 250 ml water for 24 hours.
ultrasonically for 15 minutes with a probe-type ultrasound gene
Probe output was calibrated by measuring the temperature prod
known mass of water for a specified time (North, 1976). Output
Heat buildup in the soil suspension was controlled by a water co
soil suspension was transferred to a 1-1 glass cylinder. The cylind

untii the soil was suspended. A table showing the
temperatures between 15 and 25

The samples were treated
rating uait (Soniprep 150)-
uced upon ultrascnifying 2
power assessed was 30 W.
oling jacket. The dispersed
er was shaken end over end
settling-times for 2 pm particles.at
°C was constructed by applying Stoke’s law and a partice
density of 2.675 g el After t

he correct settling time, particles < 2 um were isolated by
siphoning the suspension at the appropriate depth. The fractions were dried for. 24 hours at
105 °C.

Macro-organic matter js defined as organic material not closely associated with the soil
mineral fraction. The Macro-organic matter was separated from 100 g portions of soil that had
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been sieved through a 0.008 m size screen and was cleared from visible root and plant parts,
The samples were dispersed in pyrophosphate solution for 2 hours. The suspensions were
shaken for 1 h and sieved through a 200 pm mesh screen. The sand and the macro organic
matter fraction was dried overnight, ground and analysed for total C and N using a Carlo Erba
NA 1500 analyzer.

Microscopic characterization of organic matter as.mcmred with soil particles < 2 pm and
present in the macro-organic matter

Subsamples of both the < 2 um soil particles and the macro-organic matter fractions were
examined using a Confocal Laser Scanning Microscope (CLSM, Leica, Heidelberg, Germany).
Of each fraction a few mg was suspended in 2 ml demineralized water, fixed with 4%
(wtfvol, final concentration) formaldehyde, and stained for 5 min with 0.05% (wt/val, final
concentration) acridine orange (Faegri et al,, 1977), for 20 min with 0.0001% 5-(4,6-
dichlorotriazin-2-yl) aminofluorescein (DTAF) in 0.05 M Na,HPOQ, buffer at pH 9. The
particles were collected on a 0.2 pm pore size, 25 mm diam aluminium oxide membrane filter
(Anodisc 25, Anotec Separations Ltd, Banbury, Oxon, England), and rinsed with 5 mi distilled
water. The filter was mounted with itnmersion oil between a glass slide and a cover glass,
The cover glass was sealed with nail polish. Under the CLSM the specimen was excited at
488 and 514 nm by an afgon jon laser (2-50 mW). On the first channel the fluorescence of
acridine orange or DTAF was detected using a bearn splitter of 510 nm and a 525 nm
bandpass barrier filter. The reflected light was measured simultaneously on the second
channel. With reflected light both fluorescent and non fluorescent particles were detected. The
acridine orange or DTAF fluorescence was used to obtain images of organic residues. The
obtained video images were photographed using a Polaroid FreezeFrame Video Recorder

(Polaroid Co., Cambridge, MA, USA).

Biomass of bacteria, fungi, protozoa and nematodes

Bacteria. Bacteria were counted in europium-chelate-stained soil smears using a Leitz
epifluorescence microscope {magnification * 1000) equipped with a HBO-50 mercury lamp.
A 1:10 diluted soil suspension was homogenized in a blender for 30 seconds. Details about
the method are given by Hassink et al. (1991). The average volume of a bacterium was
assumed to be 0.2 pm’ (Blocm, unpublished results). It was assumed that the bacteria

contained 320 * 10" g C pm™ (Van Veen and Paul, 1979).

Fungi. Fungal biomass was estimated by measurements of hyphal length in agar films, made
by mixing 1 ml of a 1:10 diluted soil suspension and 6 ml of agar, stained with fluorescent
brightener (Hassink et al., 1991). A conversion factor of 0.33 (ratio between dry mass and wet
volume) was used for biomass calculations and a carbon content of 40% of the dry weight

{(Van Veen and Paul, 1979).
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Protozoa. Protozoa were enumerated by the most probable number method after Darbyshire
et al. {(1974), Details are given by Brussaard et al. (1990).

Nematodes. Three 200-g samples were taken from every locaFion wit'h a sp.allde]’,:; RZ(]J;Z:;:;E
separated by hand and nematodes were isolated from field-moist soil by .
{Oostenbrink, 1960}, For the isolation of nematodes from the roots, Foots Wffre ng o o
a nematode filter and nematodes were allowed to creep through the filter during .
I8 °C. The nematode suspensions from soil and roots were counted se.parately unde':r a Ssc0 .

microscope and 60 specimens per sample were identified .under a hlgh' power ffmcr? Or ;)u;
Four different feeding categories were distinguished: bacterivorous, omnivorous, fungiv

i i L
and phytophagous nematodes. Details about conversion factors are given by Brussaard et &
(1990).

Microbial biomass C and N. The amounts of C and N in the micrfJbial biomass ‘lwefle
determined by the chloroform fumigation incubation technique (Jenkinson and Powlso t:
1976). The exact procedure has been described by Hassink et al. (1991). For C a k value o

0.45 and for N a k value of 0.4 was used to calculate the biomass C and N from the flush
(Jenkinson and Ladd, 1981; Schniirer et al., 1985).

Statistical treatment

Differences in mineralization rates between soils and treatments (fine sieving in Coﬁilpafls.on
with coarse sieving) were analysed with the t-test. The relations of pore size distribution with
increase in mineralization after fine sieving; biomass of bacteria, fungi, protoz‘oa afld
nematodes with pore size distribution; mineralization per unit of bacterial or microbial

biomass with grazing intensity and C/N ratio of the microbial biomass were analysed with
tegression analysis (Genstat manual, 1987).

RESULTS

C and N mineralization rates

C mineralization rates were generally higher in loams an
the percentage of mineralized organic C was not signifi
types (Table 2). The percentage of organic C mineralj
between sampling dates and locations. The percentage
in Swifterbant, the value for this location may,
a calcareous soil and part of the CO, will origi

The N mineralization rates ranged betwee
percentage of mineralized soi organic N per d

d clays than in sandy soils, howevet
cantly different for the different soil
zed per day fluctuated considerably
of mineralized organic C was highest
however, be an overestimation because it is
nate from carbonate. '

n 0.7 and 3.1 kg ha' day”' (Table 2). The
Ay was significantly (p < 0.05) higher in sandy
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soils than in loams and clays at both sampling dates.

Table 2. Mineralization rates of C (period 10-20 days after the start of incubation) and N {period 0-84
days after the start of the incubation) at 20 °C (kg ha day"! and % of total soil C and N mineralized
per day x100)

Carbon Nitrogen

kg ha! day! T(x 107 kg ha' day’ %(x10%)

89 "9l ‘89 98 ‘89 9l '89 '9]
Sand
Heino 206 116 78 44 1.1 1.2 73 83
Tynaarlo 262 196 49 36 1.4 1.9 4.5 6.0
Loam
Swifterbant 231 246 105 112 0.7 0.7 38 36
Burum 443 510 7.2 83 23 2.6 36 4.1
Clay
Zaltbommel 60.0 2838 82 40 2.1 1.8 27 22
Haskerdijk - 41.6 - 6.2 - KR - 5.0

Pore size distribution

The total pore space was lowest in the sandy soils and highest in the clayey soils. In the
loamy and clay soils, the pores with diameters < 0.2 pm were predominant (Table 3). The
pores with diameters between 0.2-1.2 pm were more abundant in the loamy and clay soils
than in the sandy soils. In the sandy soils, however, the pores with diameters between 6 and
30 pum were most abundant; the pore size class between 30 and 90 pm also made up a larger
part of soil volume in the sandy soils than in the loamy and clay soils (Table 3).

Water-stable aggregates

The aggregate size distribution was differcnt between the sandy soil, the Joam and the clay.
In the sandy soil microaggregates with diameters between 50 and 250 um were dominant,
while in the loamy and clay soil macroaggregates (diameters > 250 um}) and microaggregates
with diameters < 20 pm were dominant (Table 4). In the sandy soif the C content of the
aggregates was significantly positively correlated with their clay content (Table 4; Fig. 3). In
the loam the correlation between the clay content of the aggregates and their C content was
weak, while in the clay soil there was no correlation between the clay content of the
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Table 3. Pore size distribution of soils

Pore size distributions (% of soil valume); size classes in pm

<02 02-12 12-6 630 3090 90-150 >150  total
Sand
Heino 6.0 2.1 83 13.8 54 1.3 3.6 422
Tynaarlo 105 5.1 10.1 17.0 37 0.2 2.7 49.3
Loam
Swifterbant 184 83 134 0.0 3.0 1.5 3.6 48.1
Burum 20.1 114 16.1 0.0 26 20 6.3 58.7
Clay
Zaltbomme} 292 109 129 19 0.0 00 7.2 62.0
Haskerdijk 30.7 103 133 0.0 0.7 1.2 5.6 61.9

aggregates and their clay content (Table 4). We also ohserved that in the sandy soil the
decomposition rate of aggregate-C was significantly (p < 0.05) negatively correlated with its
clay content (Table 4; Fig. 3), while in the loamy and clay soils this correlation was not found

(Table 4).

Fig. 3, Relationship between the C
aggregates of different size classes in
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Table 4. Composition of water-stable aggregates (% of total soil), C and clay contents (%) of
aggregates and mineralization of aggregate-C (% day”' x 100) of a sandy, loamy and clay grassland
seil.

<20 pm  20-50 pm 50-250 pm > 250 ym

Sand (Tynaarlo)

Composition of aggregates 8.8 8.6 58.0 24,6
C content 14.7 9.5 3.1 54
Clay content 38.2 54 1.9 28
C Mineralization nd. 24 6.3 33

Loam (Burum)

Cormposition of aggregates 31.9 12.2 19.8 36.1
C content 6.9 32 37 49
Clay content 66.5 124 11.8 254
C mineralization n.d. 5.8 48 34

Clay (Zaltbommel)

Composition of aggregates 39.3 52 57 49.8
C content 59 48 6.6 4.6
Clay content 69.7 21.0 326 459
C mineralization nd. 10.1 14.4 6.1

n.d. = not determined

Relative increase in mineralization rate after fine sieving; estimation of the amount of
physically protected organic matter in small pores

In the loams and clays a relative increase in C and N mineralization due to fine sieving in
comparison with coarse sieving was observed (Table 5). In the sandy soils, however, the
mineralization rates of both C and N were decreased by approximately 20% (Table 5} after
fine sieving; the decrease was not significant (p < 0.05). The increase in N mineralization due
to fine sieving was largest in the clays. Here the relative increase in N mineralization after
fine sicving was larger than the relative increase in C mineralization. This was not the case
in the loams. The increases in N mineralization was significant in both foams and both clays
{(p < 0.05); the increase in C mineralization was only significant in one of the Joams and one
of the clays (p < 0.05). There was a good correlation between the relative increase in N
mineralization after fine sieving and the percentage of soil pore space occupied by pores with
diameters < 0.2 pm (R? = 0.81; Fig. 4). The correlation with any other pore size class was

poor. For C this relationship with pores < 0.2 pm was less clear.
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Table 5. Relative increase in N and C mineralization rates after fine sieving in comparison with coarse
sieving (%)

Increase in mineralization rate

C N
Sand
Heino =25 ' -18
Tynaarlo -20 26
Loam .
Swifterbant 16 66’
Burum : 65 2r
Clay
Zaltbommel 131 249°
Haskerdijk 13 240

" = statistical significant different from 0 (p < 0.05)

rel. increass in N mineralization (%}

with fine sigving
300
L ] ®
200
100 |
i ®
|
0
M 'y
_50 1 L i 3 1 |
0 10 20 30 40 50 60
% of pore volume in pores < 0.2 um
:Li 4sp I:féa;ior: bet:r;en the relative increase in N mineralization after fine sieving and the % of soil
nelosed by pores with diameters < 0.2 m. Relative = 0.02) x
% pore space < 0.2 Bm; P = (.81 (Hassink, 1992). * T fhetese = 25 608) +‘ o100
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C and N associated with particles < 2pm and present in the macro organic matter

The C and N content of the clay fraction (< 2pm) was much higher in the (wo sandy soils
than in the loams and the clay (Table 6). Although the total C and N content of the sandy
soils differed considerably (Table 1}, the C and N content of their clay fraction was the same.
In the Joams this was different; the loamy soil frorn Burum which had a higher organic C and
N content than the loamy soil from Swifterbant (Table 1), also had a higher C and N content
in the clay fraction (Table 6). In all soils the organic material associated with the clay fraction
had a C/N ratio between 8.4-10.3. In the sandy soils, the C/N ratio of this fraction was
considerably lower (significant at p < 0.05} than the C/N ratio of the total organic matter. In
the loams and the clay soil, however, the C/N ratio of the organic material associated with
the clay fraction had almost the same C/N ratio as the C/N ratio of the total organic matter.
In the sandy soils the N content of the clay fraction was 5.8-14.7 times higher than the N
content of the total soil (Table ). In the loams this was only 1.4-1.8 times higher and in the
clay soil the N content of the clay fraction was even lower than the N content of the total
soil.

In the Joams and clays, the N content of the sand fraction > 200 pm, containing the macro
organic matter, was higher than the N content of the total soil (Table 6). In the sandy soils,
however, it was the opposite (Compare Tables 1 and 6). In all soils the C/N ratio of the
macro organic matter present in the fraction > 200pm, was between 16 and 19, except for the

soil from Haskerdijk (Table 6).

Table 6. C and N contents and the C/N ratios of the fraction < 2 pm, and the sand fraction > 200um
(containing macro organic matter); and the ratio N content of the fraction < 2 ym:N content of the
total soil and N content of the fraction > 200pm:N content of the total soil

Fraction < 2um Ratio Fraction > 200pm Ratio

C N C/N N C N CN N

g kg' g kg'
Sand
Heino 1454 162 90 147 154 09 i84 0.8
Tynaario {496 146 103 58 208 1.2 169 0.5¢
Loam .
Swilterbant 274 2.7 10.2 1.8° 588 36 162 2.4
Burum 703 77 9l ig® 1234 64 94 1.2°
Clay X
Zaltbommel 370 44 84 07 Hie 7.3 163 11
Haskerdijk - - - . 1047 382 127 16

Values with a different character differ significantly (p < 0.05).
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Microscopic characterization of organic matter associated with soil particles < 2 um and
present in the macre organic matter

The organic material associated with the clay fraction did not show any staining by acridine
orange or DTAF. Images obtained with reflected light showed that this fraction consisted of
particles with a diameter of about 0.3 um (Fig. 3).

The macro organic matter present in the sand fraction consisted of recognizable plant
residues (Fig. 6). This plant debris stained intensely with acridine orange and DTAF.

tl‘::g. 3. Image obtained with reflected light of the clay fraction with associated organic matter isolated

om the clay soil of Zalthommel, consisting of undefined particles with a diameter of about 0.3 prmn.

nematodes i
Wwas even lower than the biomass of protozoa, The biomass of bacterivorous
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Fig. 6, Image obtained afler staining with acridine orange and DTAF of the macro organic matter
present in the sand fraction > 200 pm isolated from the clay soil of Zaltbommel. The macro organic
matter consists of recognizable plant residues. :

nematodes was relatively high in the sandy soils; the ratio biomass "of bacterivorous
nematodes:biomass of bacteria was higher in the sandy soils than in the loams and clays.
There was a good correlation between the amount of bacterial biomass and the soil volume
made up by pores with diameters between 0.2-1.2 pm (R? = 0.91) and between the biomass
of nematodes and the soil volume made up by pores with diameters between 30-90 um (R?
= 0.84; Fig. 7). The biomass of fungi and protozoa showed a poor correlation with any of the

pore size classes.

Composition and quality of the microbial biomass determined by the fumigation incubation
method

The amount of C present in the microbial biomass ranged from 419 to 1869 kg C ha"' (Table
8). These values are much higher than those obtained by microscopic counting. It fluctuated
considerably between the two sampling dates. The amount of N present in the microbial
biomass ranged from 52 to 553 kg N ha! (Table 8). The amount of biomass N was [owest
in the sandy soils and highest in the clays. The fluctuation between the two sampling dates
was much smaller than for C. At both sampling dates the C/N ratio of the microbial biomass
was significantly higher (p < 0.05) in the sandy so0ils (6.2-13.8) than in the loams and clays

(2.3-5.7).
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Table 7. Amount of biomass (kg C ha) of functional groups at different sites in the top 10 cm in May
1991

Bacteria Fungi  Protozoa Nematodes
| a' i v f* v o®

Sand

Heino 126.0 3.69 295 0.32 0.70 008 019 016
Tynaarlo 207.8 3.80 290 0.43 0.40 0.04 026 .0.03
Loam

Swifterbant 250.0 347 5.38 0.90 0.08 026 020 008
Burum 432.8 3.00 4,83 0.87 028 007 023 003
Clay

Zaltbommel 4258 5.33 527 0.96 0.26 007 005 001
Haskerdifk - 4078 - 495 10.81 1.47 0.43 0607 000 000

'a = amoebae, 1 = flagellates, *b = bacterivorous,

f = fungivorous, Sp = phytophagous, o =
omnivorous

Table 8. Amount of microbial biomass C and N (kg ha

") and the C/N ratio of the microbial biomass
determined with the fumigation incubation method

Biomass C Biomass N C/N ratio
'89 01 '89 91 '89 '91
Send
Heino 714 419 52 68 13.8 6.2
Tynaarlo 5711 1143 65 113 89 10.1
Loam
Swifterbant 803 507 o205 218 39 23
Burum . 811 1084 265 215 31 5.0
Clay 7
Zaltbommel 1027 1869 a7s 27 2.7 5.7
Haskerdijk - 1776 - 553 - 32
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biomass bacteria (kg C/ha)
500

400 ’ ‘ L

300

T

100 +

4] 1 1 L ! 1 4
o 2 4 6 8§ - 10~ 12
% of soil volume in pores 0.2-1.2um

biomass nematodes {kg C/ha)
12

08

0.6 o o

04 t@

02

i 1 1 — |
0 1 o2 3 4 5 6
% of soil volume in pores 30-90 um

Fig. 7. Relation between the biomass of bacteria (kg C ha™) and the % of soil volume enclosed by
pores with diameters between 0.2-1.2 pm (7a; Bacterial biomass = 35.4 (40.4) + 34.2 (4.6) x % of soil
volume in pore class 0.2-1.2 pm; 2 = 0.91; Hassink et al., 1993); and the relation between the biomass
of nematodes (kg C ha™'y and the % of soil volume enclosed by pores with diameters between 30-90
um (7b; biomass of nematodes = 0.35 (0.07} + 0.12 (0.02) x % of suil volume in pore class 30-90 ym;

©* = 0.84; Hassink et al., 1993).
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Mineralization rates of C and N per unit of microbial biomass and bacterial biomass; relation
with grazing intensity and C/N ratio of the biomass

To gain information about the activity of the bacterial and microbial Populaﬂon,' thl; ;
mineralization rate (kg ha’ day') was divided by the amount of bacterial and mlcrc; ;
biomass (kg C ha''). The ratios for the bacterial biomass ranged from 6.8 to 11.8 (Table h)
There were no differences between sandy soils, and loams and clays. The ratios 'for the
microbial biomass ranged from 1.5 to 5.8 (Table 9). Again no differences between soil types
were observed.

The N mineralization rate (kg ha' day ") per amount of bacterial biomass C (kg ha'') was
significantly (p < 0.05) higher in sandy soils than in loams and clays (Table 9): This was alit?
the case for the N mineralization rate (kg ha® day’) per amount of microbial N (kg ha™;
Table 9). , o ' f

A positive correlation was observed between the N mineralization rate per biomass 0
bacteria and the grazing intensity of bacterivorous nematodes on bacteria (Fig. 8). Sucl.l a
correlation was not found for the amoebae and fagellates, There was a positive correlation
between the N mineralization rate per unit of microbial biomass and the C/N ratio of the
microbial biomass (R? = 0.67; Fig. 9). Such correlations were not observed for C.

Table 9. Mineralization rates of C and N (kg ha' day" x 10%) divided by the amountI of l??ctelr(i]f;;
biomass {microscopic counting in kg C ha'"y; and mineralization rates of C and N (kg ha” day” x

divided by the amount of microbial biomass C ot microbial biomass N (fumigation incubation in kg
Cor N ha®).

C and N mineralization rates

:Bacterial :Microbial :‘Microbial
biomass C biomass C biomass N
01 ‘01 ‘89 o1 '89 01
C N C C N N
day’ x 10° day’ x 107 day™ x 107
Sand
Heino 92 096 29 2.8 2.0 1.8
Tynaarlo 94 0.89 .43 1.7 2.1 1.6
Loam
Swifterbant 9.8 0.27 29 49 0.3 0.3
Bumm 11.8 0.59 55 4.7 0.9 1.2
Clay
Zalthommel 6.8 042 5.8 15 0.6 05
Haskerdijk 10.2 0.75 - 23 - 0.6
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N mineralizaticn/biomass bacteria (x1 0? )

1 -
°
o
075 | °
™
05
®
025 @
0 : 1 - (] 1 L L —_—
0 0.1 0.2 0.3 0.4 0.5 0.6

bact. nematodes/bacteria (x100}

Fig. 8. Relation between the N mineralization rate (kg N ha' day™") x 107 per unit of biomass of
bacteria (kg C ha™") and the biomass of bacterivorous nematodes (kg C ha'®) per unit of biomass of
bacteria (kg C ha'). (N mineralization/biomass bacteria = 0.96 (0.05) - 1.15 (0.17) x 2.37 x 107
(8.55 x 107)". * = biomass of bact. nematodes/biomass of bacteria; = 0.95).

N mineralization/biomass N {x1 02 }
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Fig. 9. Relation between the N mineralization rate (kg N ha' day '} x 10* per unit of microbial biomass
N (kg N ha') and the C/N ratio of the microbial biomass in 1989 and 1991. (N mineralization /
biomass N = 0.17 (0.42) + 0.15 (0.04) x C/N microbial biomass; P = 0.67.)

() = standard error of difference.
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~ DISCUSSION

General

In.this study we tried to determine whether sandy soils, loams and clays differ in C and N
minéralization rates and whether observed differences are caused by differences in soil
structural and biological characteristics. We investigated soils that had been used as
intensively managed grassland for a long time. It may be assumed that the amount and quality
of organic residues annually incorporated into the soil were similar and were not confounded
with the effects of different textures and structural and biological characteristics.
~ Generally, it is found that both the organic C and N contents are higher in soils with a
higher clay content (Jenkinson, 1988; Spain, 1990). The loams and clays in our study were
found to have a higher organic N content than the sandy soils. The only exception is the soil
from Swifterbant. This location is a young sedimentary calcareous loam reclaimed from the
sea only 30 years ago. At this location a large buildup of soil organic N is measured (Hassink
and Neeteson, 1991). As the difference in organic C content between the soil types is much
smaller than the difference in organic N content, the C/N ratio of the organic matter is
considerably higher in the sandy soils than in the loams and clays (T'able 1). It has been
observed that the sandy soils with a high C/N ratio contain inert charcoal pieces (Hassink,
1994).

The percentage of organic N mineralized during incubation was higher in sandy soils than
in loams and clays (Table 2). This is in agreement with earlier observations (Catroux et al,
1987; Hassink et al., 1990). The percentage of organic C that mineralized, however, was not

different for the soil types. This may be due again to the presence of inert charcoal pieces in
the sandy soils.

Physical protection of organic C and N

We hypothesized that differences in C and N mineralization rates between soil types could
be cansed by differences in soil structural and biological characteristics. We assumed that in
clay soils more organic C and N was physically protected against decomposition than in
sanc.ly soils. It may be concluded from our results that the mechanism of physical protection
is ldlfferlent for different soil types. In sandy soils fine sieving did not increase the C and N
mmerz%llzation rate. This suggests that no organic C and N was physically protected in small
pf)res in or between aggregates. The clay fraction in the sandy soils, however, had a much
higher C and N content than the total soil. In agreement with Matus (1995), we ;lso observed

th ; : .
| Coa:tthi C c;_ntents of- aggrf:ga%cs in the sandy soil were positively correlated with their clay
cnntzn ts,—?r l: le the mlnerayzaugn rate of aggregate-C was negatively correlated with the clay
nt of the aggregates in the sandy soil. These results suggest that in sandy soils organic

Sncand N is physicall}lr protected by the mechanism of adsorption to clay minerals ©Of
tustation by clay minerals (mechanism suggested by Tisdall and Oades, 1982; Fig. 3,1).
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In the clay and loamy soils the sitvation was different. Here the increase in C and N
mineralization after fine-sieving was often considerable, the C and N contents of the clay
fraction were not much higher than the C and N contents of the total soil, and the C contents
and C mineralization rates of aggregates were not comelated with the clay content of the
aggregates. Apparently organic compounds are also physically protected by their location in
small pores in or between aggregates (mechanism suggested by Elliott and Coleman, 1988;
Fig. 2) in Joamy and clay soils. The observation that the enrichment factor of the clay fraction
{C or N content of the clay fraction / C or N content of the total soil) decreased with the clay
content of the soil is in agreement with the results of Christensen (1985), Elustondo et al.
{1990) and Hassink et al. (1995; Fig. 10). Scanning Electron Microscopy observations showed
that clay particles were present as.individual particles in coarse-textured soils, while in fine-
textured soils the clay particles were coagulated (Hassink et al., 1995). This might be the
cause of the difference in C and N content of the clay particles, as in fine-textured soils less
C and N can be adsorbed per unit of weight than in coarse-textured soils.

enrichment factor of the clay fraction

20",

(Y
15}

* rFy

&
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:.

. [ ]
5-% .:.‘A‘A .

[ IFY -

ol ..% S S R .
4] 10 20 30 40 50 60

clay content soil (%)

e grassltand « polder sails 4 arable

Fig. 10. Relationship between the clay content of different soils and the C enrichment factor (% C in
clay fraction / % C in whole soil). Based on data of Christensen (1985), Elustondo et al. (1990) and

Hassink et al. (1995).

Acridine orange is used to stain nucleic acids of living and dead organisms, but it is also
bound by other macromoleculés such as glycosaminoglycans, galactosaminoglycans,
liposomes, negative phospholipids and colloids (reviewed by Paui, 1982). DTAF is used to
stain proteins (Blakeslee and Baines, 1976). In our study, plant residues could easily be
recognized using acridine orange or DTAF. The soil- particles < 2pm did not show any
staining with acridine orange or DTAF. The lack of stainable macromolfacule.s in thifa fractio‘n
may reflect a higher degree of decomposition of the organic matter in this fraction, This
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indicates that this clay-associated protected material has been present in the soil for quite

some time. Its low -C/N ratio, small size and undefined structure suggests that it consists of
microbial decay products. '

Biological characteristics

The biomasses of the different groups were similar to those found in an arable soil in t}.xe
Netherlands (Brussaard et al., 1990). In the arable soil fungal biomass was also very low in
comparison with the bacterial biomass (Brussaard et al., 1990). Besides differences in physical
protection, we also observed differences in biological characteristics among soil types. TITe
loams and clays had a higher bacterial biomass than the sandy soils. The biomass of bacteria
was correlated with the volume of soil made up by the pores between 0.2 and 1.2 um. The
most numerous soil microorganisms have been found to have a diameter < 0.3 pm (Bae et
al, 1972; Lundgren, 1984; Foster, 1985). Since the ratio between the diameter of pores and
the bacteria they contain is approximately 3:1 (Kilbertus, 1980), a large proportion of bacteria
may be expected to occupy pores < 1.2 pm, especially if the grazing pressure keeps bacterial
biomass low in larger pores. The biomass of nematodes was correlated with the volume of
pores between 30-90 pm. This is in agreement with the results of Jones et al. (1969) that
most nematodes have diameters between 15 and 60 pm.

We have shown that the grazing intensity on bacteria by bacterivorous nematodes was
higher in sandy soils than in loams and clays. The data suggest that the grazing of bacteria
by bacterivorous nematodes increased N mineralization rates (Fig. 8). In general, the effect
of a grazer on N mineralization is high when the C/N ratio of its food is low, its own C/N
ratio is high and its production efficiency is low (Hunt et al.,, 1987). Nematodes have a
relatively high C/N ratio (7-10) compared to bacteria and a low production efficiency (Hunt
et al.,, 1987). This means that they may potentially increase N mineralization. The absence of
a correlation between the grazing intensity of amoebae and flagellates and the mineralization
per bacterium may have been caused by the fact that biomass of amoebae and flagellates
fluctuates considerably in sandy soils (Hassink et al., 1993).

We also observed that the C/N ratio of the microbial biomass was higher in sandy soils
than in loams and clays (Table 8). There was a positive correlation between the N
mineralization per unit of microbial biomass N and the C/N ratio of the microbial bjomass
(Fig. 9). This is in line with the concepts on which food webs are based. When bacteria
decompose organic matter, more inorganic N is released from the organic matter when the
bacteria have a higher C/N ratio and thus a lower requirement for N. ¢ mineralization is not

affected. by the C/N ratio of the bacteria (Hunt et al., 1987; De Ruiter et al,, 1993), The cause
of the higher C/N ratio of the microbes in the sandy soils is not clear. It is a

have a higher C/N ratio than bacteria, The fraction of fungi in the

bowever, is very small in all soils. According to Tezuka (1990), the C/N r
is also influenced by the C/N ratio of their food. One may assume howev
of the organic residues returned to the s0il should have approximately
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since all soils in our experiments are intensively managed grasslands. According to
Scholefield et al (1991} the C/N ratio of 1 year old residues of dead plant material in
intensively managed grassland soils is 12.5,

Conclusions and suggestions for further research

Differences in clay content, pore size distribution and aggregation between soil types affect
the relative importance of different mechanisms of physical protection of organic matter. Pore
size distribution also determines the grazing intensity on bacteria. The C/N ratio of the
microbial biomass was lower in clays and loams than in sandy soils. We have no explanation
for this difference.

At the moment it is not clear whether ail factors are important or whether just one of these
is the key factor that determines the C and N mineralization rates in grassland soils. The
measurements described here should be tested on a wider range of soils, including soils with
the same texture but with a different pore and aggregate size distribution. This would show
whether observed differences are related to pore and aggregate size distribution or to clay
content of the soil. Ultrastructural studies focusing on the exact Iocation of organic matter and
microbes are necessary to obtain additional evidence for our hypothesis. Simulation modelling
should then indicate which of the observed differences are the key factors in determlnmg the

C and N mineralization rates.
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THE CAPACITY OF SOILS TO PRESERVE ORGANIC C AND N BY THEIR
ASSOCIATION WITH CLAY AND SILT PARTICLES

ABSTRACT

The aim of this study was to quantify the relationships between soil texture and the maximum
amounts of C and N that can be preserved in the soil by their association with clay and silt
particles (particle size fraction < 20 pm). To estimate the maximum amounts of C and N that
¢an be associated with clay and silt particles we determined clay- and silt-associated C and
N in old Dutch grassland soils and compared them with clay- and silt-associated C and N in
uncultivated soils of temperate and tropical regions, We abserved close positive relationships
between the proportion of primary particles < 20 pm in a soil and the amounts of C and N
that were associated with this fraction (r? = 0.81). The observed relationships were assumed
to estimate the capacity of a soil to preserve C and N by their association with clay and silt
particles. The observed relationships held for soils of the temperate and tropical regions. The
only exception were Australian soils, which had lower amounts of C and N associated with
clay and silt particles than other soils. The amount of C and N in the fraction > 20 ym was
not correlated with soil texture. Cultivation decreased the amount of C and N in the fraction
> 20 pun to a greater extent than C and N in the fraction < 20 um, indicating that C and N
associated with the fraction < 20 pm is better protected against decomposition. The
conseguences of the phenomenon that each soil has a maximum capacity to preserve organic

C and N are discussed.

INTRODUCTION

Fine-textured soils have higher organic C and N contents than coarse-textured soils when
supplied with similar input of organic material (Jenkinson, 1988; Amato and Ladd, 1992;
Hassink, 1994; Hassink et al., 1995). The difference is assumed to result from the greater
physical protection of soil organic matter in fine-textured soils (Jenkinson, 1988; Van Veen
and Kuikman, 1990). Soil organic matter is physically protected by incorporation into
tmicroaggregates and adsorption on or coating by clay and silt particles which renders the
organic matter to be unaccessible for microbial transformation (Tisdall and Oades, 1982;
Golchin et al., 1994). In most physical fractionation studies, the distribution of C and N over
primary particles, rather than over aggregate size classes, has been determined (Christensen,
- 1992). However, as microaggregates consist mainly of clay and silt particles (Skjemstad et
al., 1993), the amounts of C and N associated with clay and silt particles should correspond
with the amounts of C and N protected in microaggregates.
It has been observed that the C and N contents of clay and silt particles are much higher
in sandy sojls than in loams and clays {Christensen, 1992; Elustondo et al., 1990; Hassink et
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al., 1995). It has been suggested that this is due to the fact that in sandy soils clay and silt
particles are mainly present as individual particles, while in loams and clays the clay and silt
particles are coagulated (Hassink et al., 1995). Therefore, less C can be adsorbed per unit of
clay and silt mass in loams and clays than in sandy soils. It was also observed that the C
content of the clay fraction was similar for grassland soils and arable soils in spite of their
differences in total C content and that the C content of the clay fraction was lower in young
soils (Hassink et al., 1995). In contrast to the amounts of C in the clay and silt fraction, the
amounts of C and N in coarser size fractions depend primarily on the amount of residues
incorporated into the soil and seem not to be affected by soil texture (Garwood et al., 1972;
Christensen, 1992; Hassink, 1995). These observations suggest that the amount of C and N
that can become associated with the clay and silt fraction is limited and is related to soil
texture, whereas the amount of organic matter in larger size fractions is not.

Although it has been recognized that physical protection mechanisms are important
determinants of the stability of organic matter in soil (Van Veen and Kuikman, 1990) and that
there is more physical protection of organic matter in fine-textured soils than in coarse-
textured soils (Jenkinson, 1988; Van Veen and Kuikman, 1990; Hassink et al., 1995), it has
not been studied whether the capacity of soils to physically protect organic matter is limited
and whether the capacity of soils to preserve organic matter can be quantified. The aim of the
present paper is to determine the relationship between soil texture and the maximum amounts
of organic C and N that can be preserved in the soil by their association with clay and silt
particles. As the amounts of soil organic C and N are higher in old grassland and uncultivated
soils than in cultivated arable soils (Stevenson, 1982; Jenkinson, 1988; Zhang et al., 1988;
Feller et al, 1991; Bonde et al, 1992; Lugo and Brown, 1993), we assume that the
relationship between soil texture and clay- and silt-associated C and N in old grassland and
uncultivated soils represents the capacity of seils to preserve organic C and N.

MATERIALS AND METHODS

We sampled the top 10 cm of grassland soils which had been under grass for at least 30
years. The grasslands were grazed by dairy cattle and received 400-500 kg fertitizer-N per
ha per year, At two locations we also sampled adjacent arable ficlds which had been under

a 4-year fntation of winter wheat, sugar beet, barley and ware potatoes. Some characteristics
of the soils are given in Table 1.

Three mixed samples,
The samples were sieve.
and the samples were an

cach consisting of 20 bulked cores, were taken from every location.
d through a 0.008-m mesh screen; roots and stubble were removed

" alyzed separately. Dry soil (30 g) was suspended in 250 ml water for
ours. The samples were treated ultrasonically for 15 minutes with a probe-type ultrasound

generating unit (Soniprep 150). Probe out i 1
. put was calibrated b erature
produced upon ultrasonifying a known Y measuring the temp

mass of water for a specified ti North, 1976)-
out ' P ime (North,
Utpul power assessed was 30 W, Heat build-up in the soil suspension was centrolled by 2
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water cooling jacket. The dispersed soil suspension was transferred to a 1-]1 glass cylinder.
The cylinder was shaken end over end until the soil was suspended. A table showing the
setiling-times for 20 pm particles at temperatures between 15 and 25°C was constructed by
applying Stoke’s law and a particle density of 2.675 g cm™. After the carrect settling time,
particles < 20 pm were isolated by siphoning the suspension at the appropriate depth. The
fractions were dried for 24 hours at 105 °C. They were ground and analyzed for total C and
N using a Carlo Erba NA 1500 analyzer. Particle size distribtion was determined after
oxidation of organic matter with H,0, and removal of CaCO, with HCl. The amounts of C
and N associated with the particle size fraction < 20 pm were calculated by using the
percentage of particles < 20 pm obtained after removal of organic matter and CaCO; and the
C and N contents of the fraction < 20 ym obtained after sonification.

Table 1, Some characteristics of the top 10 cm of the Dutch grassland soils that were sampled. -

Location C C/N pH Granular composition

(%) {KCD) % particles <

2um 20 pm 50 pm

Grasslands
Jubbenga 287 216 46 10 19 37
Heino 1 198 18.0 5.0 1.9 2.8 - 8.7
Holten 227 1735 5.1 25 36 12.0
Tynaarlo 438 178 4.4 24 44 235.
Achterberg 309 175 4.9 30 58 9.0
Markelo 391 172 52 34 54 12.4
Heino 2 468 156 52 5.6 39 29.7
Finsterwolde 537 109 5.0 84 133 232
Lelystad 3.07 111 7.1 216 356 56.4
Burum 5.37 9.8 48 24.1 36.5 717
Aduard 355 101 56 29.8 435 69.4
Finsterwolde 2.61 6.2 5.5 46.1 65.7 85.5
Zaltbommel 1 3.99 9.7 58 25.8 42.6 67.2
Zaltbomemel 2 6.07 9.2 54 511 76.0 86.4
Arable land
Tynaarlo 350 175 4.6 3.9 62 278
Lelystad 150 12 70 173 301 658

Total C in soil was defined as dichromate-oxidizable C according t{? Kurmie? (Mebius,
1960). Total N was determined according to Deys (1961) by digestion wnh.sulfun.c acid and
salycylic acid. The amounts of C and N not assoctated with clay and silt particles were
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defined as total soil C and N minus C and N in the fraction < 20 pm. .

We compared total soil C and N and the distribution of C and N over tl}c fractions < 20
pm and > 20 ym of the grassland soils and arable soils with_ publllshed resylts of
corresponding measurements in uncultivated soils and in corresponding soils af_ter d‘lfflerent
petiods of conversion to cultivated arable land. We chose 20 pm as the upper size limit f?r
the clay and silt fraction (instead of the previously used 50 pm; Hassink, 1994), because in
most studies 20 pm was taken as the upper size limit. We found data of the top layer
{approximately 10 cm) of the following uncultivated soils and cultivated grasslands: a
grassland soil in Germany (Leinweber and Reuter, 1992), prairie soils in Canada (Elustondo
et al,, 1990) and North America (Tiessen and Stewart, 1983; Balesdent et al., 1988; Zhang
et al., 1988), savanna and forest soils in Africa (Nigeria, Senegal, Togo and Ivory Coasl;
Bates, 1960; Feller et al., 1991), forest soils in Central and South America {Guadeloupe and
Brasil; Feller et al., 1991; Bonde et al., 1992) and virgin soils in Australia (Turchenek and
Oades, 1979; Dalal and Mayer, 1986, 1987). In most of these studies, total soil C and N agd
the amounts associated with the particle size fraction < 20 pm were determined both in
grasslands and uncultivated soils and in adjacent soils with similar characteristics that had
been cultivated and used as arable iand for different periods of time ¢5-120 years).

Statistical analysis

The relationships between the percentage soil particles < 20 pum and total soil C and N, and

C and N associated with the particle size fractions < 20 pm and > 20 um were analyzed with
correlation and regression techniques (Genstat, 1987).

RESULTS

Relationship between soil texture and total amounts of soil C and N in uncultivated and
grassland soils

The total amounts of C and N in the to
from 8 to 60 and 1 to 6.5 g kg™ soil, re
the C and N content of a soil and its cl
varied considerably between soils with s

P 10 cm of uncultivated and grassland soils ranged
spectively. There was no clear relationship between
ay and silt content (Fig. 1 and 2). C and N contents

imilar clay and silt content and were generally higher
in the Dutch grassland soils than in the uncultivated soils of North, Central and South
America and Africa. Australian soils generally had the lowest C and N contents (Fig. 1 and
2, :
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Fig. 1. Relationship between total soil C g kg soil and the percentage soil particles < 20 pm in
uncultivated and grassland soils of temperate and tropical regions.
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Fig. 2. Relationship between total soil N g kg soil and the percentage soil particles < 20 pm in
uncultivated and grassland soils of temperate and tropical regions.
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Relationship between soil texture and the amounts of soil C and N associated with clay and
silt particles in uncultivated and grassland soils

In contrast with total C and N, there were highly significant positive correlations between the
clay and silt content of a soil and the amounts of C and N associated with this fraction (Fig.
3 and 4; C (g kg') = 4.09 + 0.37 x % particles < 20 pm; N (g kg'') = 0.40 + 0.037 x %
particles < 20 pm; excluding the soils from Australia). The relationship between the clay and
silt content of a native soil and the amount of C and N associated with this fraction held for
soils from the Netherlands, North, Central and South America, and Africa. The amount of C
associated with the clay and silt fraction was less than 10 g kg soil in coarse-textured soils
and up to 30 g kg* soil in fine-textured soils. For N, the corresponding amounts were 10
times lower. Only the Australian soils showed different results; lower amounts of C and N
were associated with the clay and silt fraction than in other uncultivated soils and no

correlation between their clay and silt content and the associated amounts of C and N was
found (Fig. 3 and 4).

g)oin size fraction < 20 um (g kg** soil)

30
20
10
0 J
0 20 40 60 80 100
Particles < 20 um (%)
® Netherlands o Australia 4 USA and Canada
0 Germany = Africa

A G, + 5. America

Fig. 3. Relationship between C in the parti . . N .
the percentage soil particles < 20 particle size fraction < 20 Hm (clay and silt in g kg™ soil) and

i Wm in uncult : H
regions. C in fraction <20 pm (g kg™ Ivated and grassland soils of temperate and tropical

‘ soil, excluding Australian soils) = 04) x
% particles < 20 pm (2 = 0.79; () = standard error of difference). 1A 139+ 037 01D
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N in size fraction < 20 um {g kg1 soil)
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Fig. 4. Relationship between N in the particle size fraction < 20 pm (clay and silt in g kg soil) and
the percentage soil particles < 20 pm in uncultivated and grassland soils of temperate and tropical
regions. N in fraction < 20 pum (g kg'* soil, excluding Australian soils} = 0.40 {0.15) + 0.037 (0.004)
x % particles < 20 pm. (Z = 0.81; () = standard error of difference) :

Relationship between soil texture and the amounts of soil C and N in the fraction > 20 pm
in unculfivated and grassland soils

The amounts of C and N in the fraction > 20 pm did not correlate with _soiI texture and
varied considerably between soils with similar clay and silt content (Fig. 5 and 6). The
amounts of C and N in the fraction > 20 pm were generally higher in the Dutch grassland
soils (20-40 and 1-3 g kg™ soil for C and N, respectively) than in the other soils (3-20 and
0.2-1.5 g kg soil for C and N, respectively) and lowest in the soils from Australia (Fig. 5

and 6).

Effect of converting uncultivated and grassiand soils to cultivated arable land on the amounts
of C and N in the fractions < 20 pym and > 20 pm

The amounts of soii C and N were compared in pairs of soils with similar texture that had
either been uncultivated or under grassland, or converted to cultivated arable land for different
periods of time (S-120 years) in different experiments. Conversion to arable' lanc‘l generally
led 10 a decrease in the amounts of soil C and N, and the relative decreases in soil C and N

were comparable.
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Fig. 5. Relationship between C in the
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In more than 80% of the soils, the relative decrease in the amount of C or N associated
with the fraction < 20 pm was smaller than the relative decrease in the amount of C or N in
the fraction > 20 pm (Fig. 7). Cultivated arable soils generally contained less than 50% of
the amount of C or N in the fraction > 20 um of uncultivated and grassland soils; for the
fraction < 20 pm the proportion of C or N left after conversion to arable land was generally
more than 60%.

C left in size fractions (%)
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Fig. 7. Relationship between the percentage soil particles < 20 um and the percentage soil C or N left
in the particle size fractions < 20 um and > 20 pm after conversion of grasslands or.uncultivated soils

to cultivated arable Jand.

DISCUSSION

The aim of this paper was to test whether there was an upper fimit to the' armounts ot: C an_d
N that can become associated with the clay and silt fraction and to quantify the relationship
between soil texture and the maximum capacity of a soil for C and N to be associatec'i with
clay and silt particles. Therefore, we delermined clay- and silt—associa'ted C a.r?d N in ?m
grassland soils and compared that with clay- and silt-associated C and N in unculnvatcd. soils.
Grasslands and uncultivated soils generally have higher C and N contents than c.ulu‘vatcd
arable soils clué to the higher incorporation of organic C and the absence of soil tillage
(Jenkinson, 1988; Christensen, 1992; Lugo and Brown, 1993; Elliott et al., 1993). We
assumed that in all old grassland and uncultivated soils the amounts of C and N were at
equilibrium and maximal under the given conditions. ‘ .
Despite the fact that the clay and silt particles in coarse-textured s'mls ha\tc much higher
C and N contents than the clay and silt particles in fine-textured so':ls (Chrﬁ:stensen, 199?;
Hassink et al., 1995), fine-textured soils contain more C and N associated with clay and silt
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particles than coarse-textured soils. This is due to the fact that the clay and silt content of
fine-textured soils is so much higher than that of coarse-textured soils.

We found close correlations between the amounts of C and N associated with the clay and
silt fraction and the percentage of soil particles in this size fraction. Although Dutch gras_s.land
soils contained relatively high amounts of total soil C and N, and C and N in the fraction >
20 pm, the amounts of C and N associated with the fraction < 20 pm were similar to those
for the uncultivated soils. This suggests that the amounts of C and N that can become
associated with the clay and silt fraction reached a maximum in all soils. The observation thi.it
the C content of clay particles was similar for grassland and arable soils, despite tpelr
differences in total C content (Hassink et al., 1995), is also in line with this assumption.
Apparently, the input of organic C into the soil was high enough to saturate the clay particles
under arable farming. The extra input of C under grassland management could not be bound
to clay particles and accumulated in fractions with a greater particle size.

The observations are in agreement with the results of laboratory studies with pure clays,
where it has also been found that the amount of organics that can be bound to clay particles
is limited (Pinck et al., 1954; Harter and Stotzky, 1971; Marshman and Marshall, 1981). In
those studies, the amount of organics that could be bound per amount of dispersed, pure clay
was generally higher than the amount of organics bound per amount of clay and silt in ou_r
study. This is logical, as the clustering of clay packets into stable microaggregates in the soil
leads to a reduction in the specific surface area of the clays (Stotzky, 1986).

There neither was a difference between the amounts of C and N that can be associated by
clay and silt particles for soils from temperate and tropical regions. In uncultivated systems
in the tropics the rate of input can be so high that the equilibrium level of organic matter 15
high despite the fact that the decomposition rate is also high (Greenland et al., 1992). The
amounts of total soil C and N, and C and N bound to clay and silt particles were lower for
most Australian soils than for other soils. We assume that this is due to the fact that ¢rop
growth and, as a consequence, the amount of residue incorporated into the soil is limited due
to the very low annual precipitation (often less than 400 mm yr') in large areas of Australia
(Amato et al., 1985) and/or the deficiency of phosphate (Russell, 1960). The input of organic
C and N was obviously too low to reach an equilibrium and saturation level of the clay and
siit particles similar to those in other uncultivated soils.

The correlation between the percentage soil particles < 20 um and the amounts of C and
N associated with this fraction was very close, but it might even be improved when other soil

characteristics are determined and included in the analysis. It is known that soil pH and clay
type affect the amount of humus that can be associated with clay particles (Varadachari et al
1994), _

?n agreement with the hypothesis, there was no correlation between the amounts of C and
N in the fraction > 20 um and soil texture, The amounts of C and N in coarser size fractions

are relatt?d.to the amount of residye that is incorporated into the soil and not to soil
characteristics (Bonde et al, 1992; Hassink, 1995; Hassink et al,, 1995), Due 1o the Wide

variation in the amounts of C and N in the fraction > 20 pm, correlations between total soil
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C and N and the percentage particles < 20 pm were not clear.

The observation that the decrease in clay- and silt-associated C and N upon cultivation of
soils was generally less than the decrease in C and N in the particle size fraction > 20 pm
confirms that clay and silt particles protect C against microbial degradation. It is also in line
with the general observation that in arable soils most of (he soil organic matter is found in
the clay and silt size fraction, whereas in forest and grasstand soils the contribution of sand
size organic matler to total soil organic matler is greater (Adams, 1980; Christensen, 1992).

The assumption that the protective capacity of a soil is limited suggests that the degree of
saturation of the protective capacity of a soil affects the decomposition rate and stabilization
of freshly applied substrate. We hypothesize that less of the applied C is preserved in the soil
when all protective sites are occupied than when sites are available to physically protect
organic C and N against microbial decomposition,
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THE DEGREE OF SATURATION OF THE PROTECTIVE CAPACITY OF A SOIL
CONTROLS THE PRESERVATION OF “C-LABELED RESIDUES

ABSTRACT

The aim of the present study was to test the hypothesis that the decomposition of applied
residue C in soil is not determined by soil texture per se but by the degree of saturation of
the protective capacity of a soil. The protective capacity of a soil was defined as the
maximum amount of clay- and silt-associated C (in grassland and uncultivated soils), which
is closely correlated with the percentage particles < 20 um. To test this hypothesis "C-labeled
ryegrass was mixed through 11 soil samples differing in texture and in saturation deficit, i.e.
the difference between the actual amount of clay- and silt-associated C and the maximum
amount that can be associated with these particles. The percentage of applied “C that had
respired after adding ’C-labeled ryegrass was closely correlated (r = -0.85) with the saturation
deficit after 3 days of incubation. After 53 days, differences in "*CQ, production were small
for sandy soils, but still closely correlated with the saturation deficit for loams and clays (r
= -0.88). The correlation between “CO, production and soil

texture was much weaker. The amount of Y*C associated with the particle size fraction < 20
pm at the end of the incubation showed a significant correlation with the percentage particles
< 20 pm and the saturation deficit. Our results confirm the hypothesis that the degree of
saturation of the protective capacity of a soil predicts the decomposition rate of residue C

much better than soil texture only.

INTRODUCTION

The preservation of #C-labeled organic residues in soil is generally-positively correlated with
its clay content (Ladd et al., 1981, 1985; Merckx et al,, 1985; Van Veen et al., 1985; Jocteur
Monrozier et al., 1991; Amato and Ladd, 1992). The correlation is assumed to result from the
greater physical protection of soil organic matter in fine-textured soils than in coarse‘:—texture:d
soils (Jenkinson, 1988; Van Veen and Kuikman, 1990; Hassink et al., 1993). Sf):l orgamc
matter is generally physically protected by adsorption on or coating by clay ‘3ﬂd silt pa!'ucles
in microaggregates (Tisdall and Oades, 1982; Skjemstad et al., 1993). Differences in the
decomposition of "'C labeled residues have often been established during the first weeks after
application (Ladd et al., 1992; Van Veen et al., 1985). Amato gnd Ladd ( 1992) found th.at the
differences in the amount of residual *C in the soil were entirely due to differences in the

amount of “C present in the microbial biomass.
In spite of this general trend, the preservation qf
found to be higher in fine-textured soils than in

10 |abeled residues has not always been
coarse-textured soils (Strensen, 1975;
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Gregorich et al., 1991; Bremer and Kuikman, 1994). :

Hassink (1995) hypothesized that the capacity of a soil to physically preserve organic
matter is limited and that the maximum can be reached in soils that have been uncultivated
or under grass for at least 30 years, i.e. assuming that in these types of soils the amounts of
clay- and silt-associated C and N reached the maximum. The amounts of C and N that were
associated with clay and silt particles in these soils were highly correlated with the proportion
of clay and silt particles in the soil. From the observed relationship between C in the clay-
and siit-size fraction and the percentage of soil particles < 20 pm in uncultivated and
grassland soils, the protective capacity of a soil was defined as: Ciae In fraction < 20 pm (g
kg soil) = 4.09 + 0.37 x % particles < 20 um. Soils that contain the maximum amount of
clay- and silt-associated C, as predicted by the equation, are assumed to be saturated; soils
with lower amounts of clay- and silt-associated C are assumed not to be saturated.

The degree of saturation of the protective capacity of a soil might be an important factor
in the preservation of freshly applied residues in the soil (Hassink, 1995). Less of the appiied
C should be preserved in the soil when all protective sites are occupied than when sites are
available to physically protect organic C against microbial decomposition. When appiied C
is preserved by its association with clay and silt particles, it is expected that differences in
the amounts of applied C that are preserved in the soil are due to differences in the amounts
of applied C that are associated with clay and silt and not due to differences in the amounts
of applied C that are preserved in the microbial biomass as was found by Amato and Ladd
{1992y, - ,

Amato and Ladd (1992) and Gregorich et al. (1991) determined the decomposition of "*C-
labeled glucose in a wide range of Australian and Canadian soils, respectively. Amato and
Ladd (1992) found that fine-textured soils preserved more "“C than coarse-textured soils, while
Gregorich et al. (1991) did not find a relationship with soil texture. Gregorich et al. (1991)
observed a close correlation between the clay content of the soil and its organic C content.
The linear relationship between clay content and total organic C suggests that the protective
capacity of these Canadian soils was saturated to the same extent in all soils. The coarse-
textured soils of Amato and Ladd (1992) had simitar organic C contents as the coarse-

soils studied by Gregorich et al. Their fine-textured soils, however, had considerab

' ly lower
organic C contents than would have been expected assuming a linear relationship between
clay content and protective capacit

‘ v of a soil (Hassink et al., 1995). In all cited experiments
where the preservation of “C-

: : labeled material in soil was positively correlated with its clay
content Australian soils were used (Ladd et al., 1981, 1985; Merckx et al., 1985; Van Veen

et al.,‘ 1985; Jocteur Monrozier et al,, 1991; Amato and Ladd, 1992), whereas in the cited
experiments where soil texture did not affect the preservation of '“C, soils from other

textured
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Australian soils was not saturated. These results support the assumption that in the studies
where no effect of soil texture on the preservation of residue C in soil was found the
protective capacity of fine-textured soils was saturated, whereas in studies where the
preservation of residue C in soil increased with the clay content of the soil the protective
capacity of fine-textured soils was not saturated.

The general aim of the present study was to test the hypothesis that the degree of
saturation of the protective capacity of a soil determines the decomposition rate of applied
residue C. We also tested whether differences in the amounts of (" that are preserved in the
soil are due to differences in the amounts of *C preserved in the microbial biomass (Amato
and Ladd, 1992) or due to differences in the amounts of clay- and silt-associated "‘C. We
determined the decomposition of “C-labeled ryegrass in the soil after mixing it through soil
samples that differed in soil texturc and amounts of clay- and silt-associated C.

MATERIALS AND METHODS -

General experimental sefup

Seventy-five mg dried uniformly labeled ryegrass with a specific activity of 546 Bq mg* C
was cut into pieces of approximately 1 em length (Hassink and Dalenberg, 1995) and was
mixed through 75 g of each of 11 samples taken from fine- or coarse-textured soils that
differed in organic C content. The differences in organic C contents between the samples were
due to differences in history, organic matter input and sampling depth. Samples 1 to 4 were
taken from the top 25 cm of a sandy and clay soil that had been kept bare for 30 years.

Samples 1 and 3 had received no organic C, while samples 2 and 4 had received 10 t C per

ha annually by the application of farmyard manure. The other samples were taken from the

top 10 ¢m (5, 6, 8 and 10) and the 10-25 cm depth layer (7,9 and 11) of grasslands. Samples

10 and 1] were taken from a grassland soil that was reclaimed from the sea in 1957 and was
her grassland soils with the same texture

expected to have a lower organic C content than ot
(Hassink, 1994), Characteristics of the samples are given in Table L. ‘ .
Grass was mixed through samples (triplicate) and they were incubatefi ata wat.er' potent%al
close to -10 kPa at 20 °C. The samples were incubated in 1.5-1 airtight jars containing a vial
of 10 ml 0.5 M NaOH. The trapped CO, Was precipitated as carbonate ‘f"th excess I:”aClz, the
excess NaOH was titrated with 0.5M HCI and the soil samples were incubated with a new

vial of NaOH at 3, 10, 17, 32 and 53 days after the start of the incubation (Hassi'nk, 199z.1).
For determination of ¥CO,, a 1 mi aliquot of the NaOH-Na,*CO, solution was diluted with
: f a scintillation cocktail (Insta-Gel,

I mi water in a glass scintillation vial with 1¢ ml o _ At et
Packard Instruments Company). Samples were counted in a liquid scintillation counter
Rackbeta II 1215, Wallac.

At the beginning of the incubation total organic C and microbial biomass C were
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determined in unamended triplicate samples. Soil organic C was defined as dichron%ate-
oxidizable C accofding to Kurmies (Mebius, 1960). The microbial biomass was determined
by the fumigation extraction method (Vance et al., 1987) using a kg value of 0.45 (Wu et
al., 1990). ‘

At the end of the incubation the percentages of applied "“C that were present in tl:le
microbial biomass and in the clay and silt fraction (< 20 pm) were determined. "“C in
microbial biomass was determined after mixing 0.4 ml of the fumigated and non-fumigated
0.5 M K,S0, solutions with 1.6 ml water and 12 ml of the scintillation cocktail. 'I.‘he fraction
<20 um was determined after treating the samples ulirasonically for 15 minutes with a probe-
type ultrasound generating unit. The dispersed soil suspension was shaken end over end and
Stoke’s law -was applied to calculate the correct settling time when particles < 20 pm were
isolated by siphoning the suspension at the appropriate depth (Hassink, 1995); **C in the clafy
and silt fraction was determined after destruction with a mixture of bichromate and sulfuric

acid at 160 °C and capturing the produced CO, in NaOH solution {Hassink and Dalenberg,
1995).

Table 1. Some characteristics of the soil samples that were used for incubation.

No. Granular pH- C Microbial C in particle
composition, KCl (%) biomass size fraction < 20 pm
% particles < {gkg'soil) (g kg' soil)

2pum 20 pm 50 pm

1 9 17 26 1.0 0.49 0.010 58
2 9 17 20 7.0 281 0.184 12.8
3 45 66 72 7.0 1.13 0.087 10.2
4 45 66 72 70 4.00 0.317 216
5 2 8 10 5.5 1.53 0.136 7.0
6 3 6 9 49 240 0.442 : 6.8
7 3 6 9 49 1.55 0.101 6.0
8 24 37 72 438 430 0.770 21.6
5 24 37 72 438 3.00 0.245 8.3
10 23 38 2 7.0 340 0317 130
1m 23 38 72 7.0 3.00 0.133 11.9

Eguation to estimate the protective capacity of a soil

Hassink (1995) found that the capacity of a soil to physically preserve organic C by its

association with clay and silt particles (protective capacity) is linearly related to the clay and
silt content of a soil: protective capacity (g Ckg' soil) =4.09+ 037 x % particles < 20 pm.
The maximum amount of C that can be associated with clay and silt particles minus the
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actual amount of clay- and silt-associated C is called saturation deficit. Figure 1 shows the
saturation deficit of the different soil samples. Three samples contained more clay- and silt-
associated C than the calculated amount for saturation conditions. These differences were
within the standard error of the equation describing saturation conditions.

C In fraction < 20 um (g C kg-! soil)

35 (
30} _.y=407+037x

' P
25 - .t

A S
20r .o ‘ . saturation deficit
15} Pt
.'I' t

10 "'.-' . R A
sp--3" .
0 1 1 1 1 1 1 ) —t
0 10 20 30 40 50 80 70 80

Particles < 20 um {%)

- - - Protective capacity s Sand 4 Loamand Clay

Fig. 1. The saturation deficit of the soils, i.e. the difference between the actual amount of C in Fhe
particle size fraction < 20 pm and the maximum amount that can be associatftd with this pa.trticle size
fraction (protective capacity in g C kg™ soil; see text). The protective capacity was determined with
independent data (Hassink, 1995).

Statistical analysis

4CQ, production and soil characteristics, and between soil

The relationships between . ‘
¢ in the soil were analyzed with correlation and

characteristics and the distribution of
stepwise multiple regression techniques (Genstat, 1987).

RESULTS

Correlation of CO, with soil characteristics

After 3 days of incubation significant differences in 4CQ, production were f(_mnd. Twhe.
Percentages of applied C that were respired to “CO, ranged from 15 to 2.7% (Flg._Z). _e
found a close negative correlation between produced “Co, an.d the saturation deficit (r = -
085, Fig: 2, Table 2). When the clay coil with the high saturatton deficit was excluded from
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the analysis, the correlation between saturation deficit and prc.)duccd "CO, was still clo.se1
(r = -0.76). The correlation between “*CO, production and soil texture (percentage pasticles
< 20 pm) was weak (Table 2). “CO, was not significantly correlated with total soil C or

icrobial biomass.
ml?lfl(:e differences in '*CO, production between the soils that developed du::ing the ﬁr§t 3l4days
remained roughly the same during the incubation. For the sandy soils the differences 1_n Soz
production during 53 days were small (respiration ranging from 68.4 to 73.5% of applied &)
and were not significantly correlated with the saturation deficit; for the loams and clays,
however, differences in *CO, production were considerable (respiration ranging f_'rom 56' to
68% of applied ™C) and still showed a significant correlation with the saturatllon dBflC!t
(Table 2; Fig. 3). “CO, production stili had the closest correlation with the saturation deficit
{r = -0.84; Fig. 3). When the clay soil with the high saturation deficit was excluded from the
analysis, the correlation between saturation deficit and produced **CO, was still close (r = -
0.74). ‘

The correlations between the saturation deficit and “CO, were not significantly (p < 0.05)

different when the saturation deficit was defined as a percentage instead of an absolute
amount.

Table 2. Correlation coefficients between soil characteristics and the percentage '*C ]
respired after 3 and 53 days and the equations giving the best estimations of “CO, production.

0-3 days -~ 0-53 days

Saturation deficit

all soils -0.85 -0.84

clay soils only -0.87 -0.88

sandy soils only -0.68 -0.57
Organic C 027 . 0.03
Microbial biomass 0.28 0.25
% clay + silt -0.45 -0.11

% “C respired 0-3 d = 22.6 (0.64) - 0.4477 (0.0914) x saturation deficit (g C kg soil)
% ''C respired 0-53 d = 68.7 (1.05) - 0.701 (0.149) x saturation deficit (g C kg™ soil)

() = standard error of difference

Distribution of “C in the soil at the end of the incubation

The percentage of applied ““C found in the microbial biomass at the end of the incubation

g ) L . .1 14,

ranged from 8 to 13% and was not significantly correlated with soil texture, residual soil “C

or the saturation deficit, '
The percentage of applied “C that was recovered in

the clay and silt fraction was closely
correlated with residual soil

“C after 53 days of incubation, the saturation deficit and the
88



Chapter 5

14C respired after 3 days (%)
30 ) .

251
201

15F

10}

1 1 ¥

0 L I 1

-10 -5 o . 5 10 15 20

Saturation deficit (9 C kg-1 soll)

¢ Sand 4 Loam andClay

Fig. 2. Relationship between the parcentage applied "C respired to “'CO, after 3 days of incubation
and the saturation deficit of a soil (g C kg™ soil). (% "C respired = 22.6 (0.64) - 0.4477
(0.0%14) x saturation deficit; () = standard error of difference)

14C respired after 53 days (%)
80

751
70r
65

60}

551

1 1 I

-

50 - L
-10 -5 0 5 10 15 20
Saturation deficit {g C kg-? soil}

e Sand 4 Loamand Clay
Fig. 3. Relationship between the percentage applied *C respired to Y'CO, after 53 days of incubation

and the saturation deficit of a soil (g C kg soil}. (% M respired = 68.7 (1.05) - 0.70F (0.149) x
Saturation deficit; () = standard error of difference)
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ﬁcrccntage soil particle < 20 pm (Table 3). The equation describing the best relationship
between "C in the fraction < 20 pm and soil characteristics was: % of applied "*C associated
with the fraction < 20 um = 6,72 (2.1} + 0.23(0.07) x % of soil particles < 20 um + 0.67
(0.23) X the saturation deficit (explaining 81.3% of the variation).

Table 3. Correlation cocfficients between soil characteristics and the percentage "C associated with

the particle size fraction < 20 pm after 53 days, and the equation giving the best estimation of “Cin
the particle size fraction < 20 pm.

Residual C in soil T . 0.80
Saturation deficit ) 0.80
Total C . 025
Total microbial biomass . ' 022
% clay + silt” ) 0.84

% “C in fraction < 20 pm = 6.72 (2.1) + 0.23(0.07) * % < 20 pm + .67 (0.23) x saturation deficit
(g C kg soil) - .

' _ ()4: standard error of _differencg

DISCUSSION

- The aim of the present study was to test the hypothesis that the degree of saturation of the

protective capacity of a soil determines the preservation of applied residue C in soil instead
of soil texture per se. The hypothesis could generaily be confirmed. During the first 3 days
after the application of *C, considerable differences in CQ, production between soils Wwere
found that were significantly correlated with the saturation deficit, while the correlation with
soil texture:was much weaker. The correlation between '“CO, production and the saturation
deficit was weaker for the coarse-textured soils than for the fine-textured soils. This is not
because coarse-textured soils are principally different from fine-textured soils, but probably
because the range in saturation deficit was smaller for coarse-textured soils.

In agreement with other studies, differences in '“CQ, evolution established during the first
weeks afier application of residues were maintained throughout the incubation period (Van
}:een et al.,-1.985; Ladd et al., 1992). During later periods of incubation, the correlation of

CO, production and soil texture increased, while the correlation with the saturation deficit
remained the same. After 53 days, fine-textured soils tended to preserve more residue Cin
the soil than coarse-texiured soils, but. the availability of protective sites on clay and sil
Panicles for the binding of C was still the dominant factor leading to considerable differences
in preserved "“C between the fine-textured soils. , |

According to Amato and Ladd (1992) residual “C is highly correlated with soil clay
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content (when excluding soils with a low pH) after the application of "*C glucose and plant
material. Analysis of their results indicated that residual soil “C was also closely correlated
with the saturation deficit {Hassink et al., 1995). The results suggest that in experiments
where no effect of soil texture on residual '“C in soil was found the protective capacity of
fine-textured soils was saturated, wheréas in experiments where residual “C in the soil was
positively correlated with its clay content, the protective capacity of fine-textured soils was
not saturated. . ‘ ' '

Qur results are also in agreement with laboratory studies where proteins were added to pure
clays. In those studies it was found that the decomposition rate of protein depended on the
protein-to-clay ratio: with increasing protein-to-clay ratio a lower percentage of the protein
was physically protected against microbial decomposition and a higher percentage was
decomposed (Pinck et al., 1954; Marshman and Marshall, 1981). :

Amato and Ladd (1992) and Ladd et al. (1992) observed that differences in residual soil
“C were entirely due to differences in the amounts of “C in the microbial biomass,
suggesting that microbial biomass was stabilized rather than products of cell death and
metabolism (Ladd et al., 1992). In the present study differences in residual soil *C were not
correlated with microbial “C, but with “C in the clay- and silt-size fraction. Amato and Ladd
(1992) determined microbial '*C 44 and 66 wecks after the application of '“C, while in the
present study microbial and clay- and silt-associated “C were determined 53 days after the
application of “C. The first weeks after the application of "*C, most of it is soluble or in the
sand size fraction and not associated with clay and silt particles (Nicolardot et al., 1992;
Hassink and Dalenberg, 1995). Newly synthesized microbial biomass is mainly feeding on
these labeled soluble and sand size fractions. After longer periods of incubation, most of the
preserved *C and microbial "C becomes associated with clay and silt particles (Hassink and
Dalenberg, 1995). After 53-days the microbial “C may stil partly cousist of newly
synthesized, not yet stabilized microbial "*C, and microbial MC that s associated with clay
and silt particles. This might be the cause of the absence of a correlation between [?reservcd
“C and microbial “C. Amato and Ladd (1992) did not determine clay- and silt-associated “C.
As after 44 and 66 weeks atmost all "C is associated with clay and silt particles (Nicolardot
et al,, 1992) it may be assumed that microbial C is also associated with clay‘ an_d silt
particles. So the observed differences in the amounts of microbial “C between soils in the
experiment of Amato and Ladd (1992) are probably a reflection of differences in clay- and

silt-associated "C. . : iti
The amount of “C associated with the clay- and silt-size fraction was positively correlated

with both the clay and silt content and the saturation deficit of Fhe soil. Thi‘s is in line w.ith

observations that organic matter is generally protected by adsorption of organics on or coating

by clay and silt particles in microaggregates (Tisdall aq;l Qades, 1?82; Slqemsta.d et al.7 1992?)

and that the amount of residue C that can become associated \fvxth cl.'%y and s:l‘t particles is
_ determined by the degree of saturation of the clay and silt particles with organic matier.
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Conclusions and suggestions for further research

This experiment showed that the saturation deficit of a soil is an important facto_r in the
decomposition rate of ryegrass “C. Further research, including microscopic observations and
determination of the specific surface of clay and silt particles, should increase olur
understanding of the protective capacity of a soil. Further research on a wider range of soils
and with different types of residues, including "*N-labeled residues, will indicate whether the
phenomenon that the saturation deficit determines the decomposition rate of applied residues
in soil is generally valid and whether the saturation deficit also determines the release of N

from residues. Research should also be directed to the development of organic matter models
that include the protective capacity of soils.
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Chapter 6

C AND N MINERALIZATION IN SANDY AND LOAMY GRASSLAND SOILS:
THE ROLE OF MICROBES AND MICROFAUNA

ABSTRACT

A food web model was used to evaluate the role of soil microorganisms, protozoa and
nematodes and their interactions on carbon (C) and nitrogen (N) mineralization in sandy and
loamy grassland soils. The differences in C mineralization between the sites did not
correspond with the differences in N mineralization. To analyze this discrepancy between the
mineralization patterns, C and N mineralization rates were calculated using the observed
densities of soil organisms. The C mineralization pattern could be explained from differences
in the bacterial biomass estimated on each site. Food web calculations carried out to explain
the discrepancy between C and N mineralization patterns indicated that faunal activity played
a minor role but that the observed C and N mineralization rates could satisfactorily be
calculated using different bacterial C:N ratios as determined for the soil types (8 for the sandy
soils; 4.5 and 6 for the loams).

INTRODUCTION

It has been observed frequently that N mineralization is lower in fine-textured soils than in
coarse~textured soils (Catroux et al., 1987; Van Veen et al., 1985; Hassink, 1994%), while for
C mineralization these differences between fine- and coarse-textured soils were not found
{Hassink, 1994%). .

Pore size distribution seems to affect the biomass and functioning of bacteria and the soil
fauna (Hassink et al., 1993%). In coarse-textured soils the grazing pressure o'f bacteriw?rous
Nematodes and flagellates on bacteria was higher than in fine—texturt.:d 50115. The lugher
grazing pressure per bacterium coincided with a higher rate of N mineralization per ba.ctenum
(Hassink ez ., 1993%), while no correlation between grazing pressure and CO, producﬂoix was
found,

Soil fauna may significantly increase N mineralization (Cole
al,, 1983), since 1)} the C:N ratios of the soil fauna are usually hi .
of their food, whereas for microbes the opposite may be the case; €Xcess N will be e.xcret'ed
by the grazers as NH,* (Hunt ez al., 1987), and 2) the soil fauna may stimulate mlcr(.)‘t:}lfl
growth rates through grazing (Clarholm, 1985; Coleman et al., 1?78; Woods ef al., 1982); this
second mechanism would also stimulate C mineralization by microbes. .

An important factor determining the rate of N mineralization is the C:N rat?o of tl?e
Microbes and that of their substrate. When bacteria decompose 0Organic mater, more inorganic
N is released from the organic matter when the bacteria have a higher C:N ran.o, wl;;h?tc
Mineralization is not affected by the C:N ratio of the bacteria (Hunt ef al., 1987; De Ruiter

man e? al., 1978; Coleman e?
gh compared to the C:N ratio
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et al., 19939, Tn a comparison of six grassland soils it was found that the C:N ratio of the
microbial biomass was higher in sandy soils than in loams and clays and was positively
correlated with the N mineralization rate per unit of microbial biomass N {Hassink et «l.,
1993%),

Hassink (1994" studied C and N mineralization rates in a series of sandy, loamy and
clayey grassland soils. Some of the soils were analyzed with respect to the abundance of the
soil microbes and soil fauna (Hassink et al., 1993*%). In the present study we evaluated
whether differences in grazing by the soil fauna on microbes and the C:N ratio of the bacteria
may explain the observed differences in C and N mineralization between two sandy soils
(Heino and Tynaarlo) and two loams (Swifterbant and Burum).

MATERIALS AND METHODS

Field description and soil sampling

The top 10 ¢cm of two sandy soils (Heino and Tynaarlo) and two loams (Swifterbant and
Burum) were sampled in October 1990 and May 1991. The sites were intensively managed
grasslands, grazed by dairy cows. They had heen managed as grassland for at least eight years
prior to sampling. Some characteristics of the soils are given in Table 1. Three mixed samples
each consisting of 20 bulked cores were taken from each location at each sampling date. The

samples were sieved through a 0.008-m mesh screen; roots and stubble were removed and the
samples were analyzed separately.

Table 1. Soil characteristics of the grassland soils studied.

Location Soil type Og.C Org. N pH- Granular composition

(%) (%) K-Cl (% particles <)
2pym 16 pm 50 pm
Heino Sand 1.98 0.11 50 1.9 2.8 8.7
Tynaatlo Sand 438 025 4.4 2.4 44 235
Swifterbant Loam 1.77 0.15 70 230 384 722
Burum Loam 5.37 055 - 48 241 365 N7
Measurements

The soils were analyzed with respect to C and N mineralization rates (during incubation) and
to the abundance of bacteria, fungi, protozoa and nematodes,

. _ A description of the methods
1s given by Hassink er al. (199

3'*). The organisms were aggregated into functional groups
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(sensu Moore er al., 1988): bacteria, fungi, flapellates, amoebae, and bacterivorous,
predaceous, fungivorous and phytophagous nematodes, as to construct a food web diagram
(Fig. 1). Microarthropods (collembola and mites) and annelids were ‘neglected because their
contribution to mineralization was assumed insignificant (De Ruiter ef al., 19937).

Phytophagous
Nematodes

Predaceous

R o Nematodes
oots Saprophytic ’
Fungi Fungivorous _
Nematodes
Detritus Bacterivorous

Nematodes :
. Flagellates —
Bacteria \ Amoebae

Fig. 1. Diagram of the soil food web of the grassland soils.

Calculation of C and N mineralization

Hunt et af. (1987) presented a model to derive N mineralization from the feeding rates of soil
organisms. The model calculates feeding rates (C flows) among trophic groups based on the
Steady state assumption, i.e. production balances energy losses due to natural death and,
predation, ’

F_DuB+P | N ¢\

ea:t eprnd

eath rate (year'); B: biomass .

where F: feedi arl); D, specific natural d
cocing rate (kg © bat! year'); Do 5P assirnilation efficiency; €y’

(kg C ha'y; P: death rate due to predation (kg C ha* year'); e
Production efficiency.

type, then both the preference of

Ifa pred i ore than one prey,
predator was considered to feed on m f the prey types were taken into

the predator for a given prey and the relative abundances o
account:
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2)

where F;: feeding rate on prey i (kg C ha” year'); w;: preference for prey i relative to other
prey types and n: number of potential prey types.

The calculations started with the feeding rates of the predaceous ncmatodes,‘, since in tf%c
present food web description only natural death was assumed to reduce the biomass 01; thl;
group (Fig. 1). The predatory losses in the groups one trophic level down were calculate

from the feeding rates of the top predators. These losses were added to the nonpredatory
losses in order to calculate the feeding rates of the groups at this level. All feeding rates were
subsequently calculated throughout the food web, working back to the primary consumers%
Le. microorganisms and saprotrophs (see De Ruiter et al. 1993"). Feeding rates per type o

prey are needed to estimate P (eq. 1) at the lower trophic levels. C and N mineralization rates
for each trophic interaction were calculated as follows:

3
CO, ~e, (l-e, ) F 3

len = gas.s ( 1 _epmd) F (4)
¥

prey rpn’d

-1
where CO,: C mineralization rate (kg C ha year'); N, - N mineralization rate (kg N ha
year); Ioey: C:N ratio of prey; T’ C:N ratio of predator,

For the calculations, the following parameters are re
specific natural death rates, food preference wei
production efficiencies and C:N ratios {Table 2).

The biomass of the eight functional groups
average biomass at the two sampling dates
physiological parameter values were chosen e
specific (natural) death rates of bacteria that we

rates and biomass. Specific natura] death r.
lemperature of 1

quired: biomass of the functional grou‘psy
ghing factors, assimilation efficiencies,

are given by Hassink er al. (1993"). The
of each group is given in Table 2. All
qual to those by Hunt er al. (1987) eXCf‘fPt
re derived from the observed C mineralization
ates given by Hunt er al. (1987) refer to a

O°C, whereas the soil incubation was done at 20°C. Therefore, the
mineralization rates were adjusted to 10°C, using a Q, of 3.0 (Johnsson et al., 1987).
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First we calculated N mineralization rates using a bacterial C:N ratio of 4 at each site
(Hunt et al., 1987). In succeeding calculations the different C:N ratios for different soil types
were used according to Hassink {1994, The C:N ratio of the substrate (detritus) of bacteria
and fungi was kept constant at 12.5 for each site (Scholefield ez al., 1991).

Table 2. Biomass (kg C ha’; average of October 1990 and May 1991) and physiological parameter
values for each functional group in the top 10 cm of grassland soils.

v

Biomass of functional groups Phystological parameters

Heino Tynaarlo  Swifter- Burum C:N assimilation production. - natural

bant efficiency  efficiency  death.
rate
(year™)
Microbes : : .
Bacteria 144 2m 216 357 4 100 -0.30 . - *
Fungi 262 3.19 6.73 342 10 1.00 0.30 12
Protozoa _
Amoebac 175 5.64 5.75 519 5 095 040 - - 60
Flagellates 078 0.1 0.62 072 5 095 0.40 6.0
Nematodes
Phytophagous  0.16  0.17 0.28 000 5 025 0.37 1.08
Bacterivorous  0.65  0.51 0.10 030 S5 060 0.37 2.68
Fangivorous 0.11 008 0.19 009 5 038 0.37 192
Predaceous 0.19 020 0.08 003 5 050 037 3.00

* = Calculated (see Materials and methods)

RESULTS

Biomass of soil biota and observed C and N mineralization

The total biomass (microbes and soil fauna) is presented in Fig. 2. At all sites virtually the
total biomass consisted of bacteria. The biomass pattern closely resembled 'the pattern of
observed ¢ mineralization as shown in Fig. 3. This resemblancc. indicates that -C
Mineralization can be directly related to biological feeding act'w.ity, e{.pcgal[y of thef blzlictina;
according to equations (1) and (3). The observed annual N mlm?rah.zauon rates odt e (a)ue
grassland soils are shown in Fig. 4. The differences between the sites lm the (?bserv.e z.aver g
annual C mineralization did not resemble the pattern of differences in N mineralization.
Ignoring the C mineralization by other functional groups, a specific death ratt? of hz;ctcnz
{including natural death and death due to predation) can be derived from equations {1) an
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(3)- This led to approximately similar death rates of the bacteria at all four sites: 6.3, 5.9, 6.1
and 7.5 year' in Heino, Tynaarlo, Swifterbant and Burum, respectively. For further
calculations we used an average death rate of 6 year for all sites.

| P2 bacteria 7] ung Y fauna %
)
im0
*7 Heino M/aarlo Svém %

sand loam

Fig. 2. Observed biomass of bacteria, fun

gi and fauna {average of two measurements in October 1990
and May 1991; kg C ha').

Contribution of the fauna to mineralization

The fauna may contribute to C and N mineralization in two ways: directly through their own
C and N mineralization and indirectly through their effect on the growth rate of the microbes
Feq. .1). The contribution of the fauna to C mineralization as estimated by the model is shown
in Flg. 5a. Faunal C mineralization rates ranged from 5% (Burum) to 13% (Heino) of the total
C mineralization, The calculated pattern of faunal C mineralization did not resemble the
o_bscr.ved-overall C mineralization pattertt (cf. Fig. 5a and Fig. 3). From the calculated faunal
contnbutmrf to C mineralization it appeared that the death rate of bacteria due to predation
was approxu'nately 8% of the total death rate. The specific natural death rate of the bacteria
and _t]he specific death rate due to predation can therefore be estimated as approximately 5.5
year” and (0.5 year’, respectively, Incorporating the influence of the fauna, the calculated
overall C mineralization st} gave a fairly good approximation of t};c observed C

mineralization .rates (Fig. 3) because the faunaj influence did not substantially influence the
pattern determined by bacterial feeding activity,
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C mineralization
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Fig. 3. Observed (left) and catculated (right) overall C mineralization (kg ha'! year} in the top 10 cm
of four grassland soils at 10°C. Calculation with complete food web.

The faunal contribution to N mineralization was first calculated using a bacterial C:N ratio
of 4 (Hunt er al., 1987) for each site. The calculated contributions of the fauna to N
mineralization (Fig. 5b) resembled the calculated contributions of the f.auna_ to. C
Mmineralization (Fig. Sa). Using this model and parameter values, calculated N rmnerghzatxop
rates did not, however, resemble the observed rates (Fig. 4, calculation 1. The calculated
Tates were generally too Jow and, more importantly, the patterns of obscrved and galpulated
N mineralization did not match. Also, the faunal pattern did not resemble the observgd qverall

N mineralization pattern (cf. Fig. 5b and Fig. 4, observed).

Effect of bacterial C:N ratios on N mineralization

In calculation 2 the soil fauna was neglected and a distinction was made between the bactcn.zli_l
CN ratios in the sandy soils and in the loams. The value & was chosen:n fo.r th'c sagdytsms
(sites Heino and Tynaarlo), the value 5 was chosen for the loarqs (sites Swifter gn’ ar;

Buruim). These values were the C:N ratios of an average sandy 501.1 and‘]oalﬂ_l, reSPeCtiw v
(Hassink, 1994"). The use of these different C:N ratios led to N r.n.mt?rah.zatlo‘rIiI rat:s (; ;tst:
' the observed rates (Fig. 4, calculation 2). In calculation 3, a cllstllnctlon in C r;l:)d e
bacteria was made between the two loams as to impfove the fit bf:twcen predicte b

observed mineralization rates: a C:N of 6 for Burum, and 4.5 for Sv-'lfterbaflt Ve fou: 0
Mimic the observations more satisfactorily (Fig. 4, calculation 3). Incorporation of the fauna
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in the calculations using the latter bacterial C:N ratios did not result in a better fit between
calculated and observed mineralization rates.

N minéralization
(kg ha™ year ') sand loam
300 Heina Tynaario B Switerbant £ Burum

250 |

200 |-

e,

SREAF TR XK

ool 7 7
% ]
100 |- 4
91 i
50 - i : ’ ’ %
o gl 5l Iy %
observed calculation (1) calculation (2 calculation (3}

Fig 4. Observed (left) and calculated overall N mineralization (kg ha™ year") in the top 10 cm of four
grassland soils at 10°C.

Calculation (1): calculation with complete food web; bacterial C:N ratio at all sites = 4

Calculation (2): calculation with bacteria only; bacterial C:N ratio = § at sites Heino and Tynaarlo, and
5 at sites Swifterbant and Burum

Calculation (3); calculation with bacteria only; bacterial C:N ratio = § at sites Heino and Tynaarlo, 45
at site Swifterbant, and 6 at site Burum,

DISCUSSION

C mineralization

Differences in C mineralization rates between the four grasslands could satisfactorily be
explained by the differences in bacterial biomass. Bacterial specific death rates were derived
from the observed C mineralization rates {neglecting the contribution of the fungi and the

fauna) leading to approximately the same valye (6) on all sites, indicating that there were no
substantial differences in bacterial activity between the four g

fferences ites. The contribution of the
fauna to C mineralization was calcylated using a food web mo

del (Hunt ez af., 1987).
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Calculated faunal
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It appeared that in the present grassland soils the contribution of the fauna to C mineralization
was small. Also the pattern of faunal contribution to C mineralization was different from the
observed pattern of total C mineralization, indicating that activity of the soil fauna could not
have contributed substantially to the differences in C mineralization observed.

N mineralization

In a previous study we found a positive correlation between the grazing pressure on bacteria
by bacterivorous nematodes and N mineralization (Hassink et al., 1993, but the present study
did not reveal evidence that faunal activity contributed to the observed differences in N
mineralization between the four sites. First because N mineralization by the fauna was
estimated to be small and second because the calculated pattern of N mineralization did not
match the observed pattern of N mineralization. The direct contribution of the fauna to N
mineralization. ranged from 7.3% to 28.0%. These percentages are lower than those reported
in other studies (Hunt ef al., 1987; Andrén et al., 1990; De Ruiter et al., 1993"%) indicating
direct contributions of the fauna to N mineralization of 30-50%. De Ruiter e al. (19939
analyzed arable soil and found that the biomasses of bacteria, fungi and soil fauna were in
the same range as found in the present study, but the observed N mineralization rates were
much lower, De Ruiter ef al. (1993 calculated N mineralization rates using a speciﬁé
bacterial death rate of 0.5 year”, which is much lower than the presently derived death rate.
According to the present calculations, bacterial feeding activity is high in grasslands, reducing
the relative importance of other groups. This might be related to the continuous high input
f’f decaying root and leaf material in grassland soils, whereas the input of organic residues
in the arable system is much lower and concentrated at harvest time. This high input seems
not to lead to a high biomass of bacteria but to a high activity, This is in agreement with a
Swedish study where it was observed that the microbial biomass was not different under
afable cropping and a grass ley but that the activity of the microorganisms was considerably
higher under a grass ley than under arable cropping (Andrén ef ai., 1990).

C:N ratios of bacteria and their substrate

Earlifar studies indicated that N mineralization is very sensitive to changes in the C:N ratio
of microbes and their substrate (Hunt ez al., 1987; De Ruiter ez al., 1993%). The C:N ratio of
the substrate:‘was_ kept the same for all sites. The incorporatior; of fresh substrates into
grassland S(_)lls may be as high as 10 t ha" year! (Ryden, 1984); we therefore assumed that
the C:N ratio of the substrate of the bacteria will largely be det;,rmined by the composition
of thT fresh Ol'ganic' material supplied each year. As all our sites are intensively managed
grn::lfsosrZni[rilsc,uttl:;'quam.y of the incorporated organic material should be the same on ail sites.
e b lfng soil samples to measure mineralization, clearly visible roots and stubble

ved from the samples. So it could be assumed that bacteria used organic residues
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that were partly decomposed. Tt was assumed that the C:N ratio of this material was 12.5: the
C:N ratio of residual organic matter of dead plant material in grassland soils after 1 year of
decomposition (Scholefield et al., 1991). ‘ )

Bacterial C:N ratios were set at 8 and 5 for the sandy soils and the loams, respectively.
These values were found to be the average C:N ratios of the microbial biomass in sands and
loams, respectively (Hassink, 1994%). The variation in C:N ratio of the microbial bicmass
between sampling dates and between sites within one soil type, however, was large (Hassink,
1994* Hassink et al., 1993%). In the present study the it between the observed and calculated
N mineralization rates could be further improved when a distinction was made between the
C:N ratio of the bacteria in the two loams: a lower value (4.5) in the Swifterbant soil and a
higher value (6.0) in the Burum soil. Within the group of loams, the polder soils (e.g.
Swifterbant) often had lower microbial C:N ratios than the other loarns. When the polder soils
were excluded from the analysis, the average C:N ratio of the microbial biomass in loams and
clays was 6. So, the C:N ratios giving the best fit were very close to the measured C:N ratios.

The cause of the higher C:N ratios of the microbes in the sandy soils is not clear. It is °
assumed that fungi have a higher C:N ratio than bacteria. The fraction of fungi in the
microbial biomass, however, was very small in all soils. According to Tezuka (1990); thg C:N-
ratio of the bacteria depends on the C:N ratio of their food. This would object against the
assumption that the C:N ratio of the bacterial substrale Was similar in all soils. o

In conclusion, this study has shown that the C:N ratio of bacteria is an important 'factor: .
in N mineralization but more research is needed to explain the observed ;'c_elationship betwa_en

soil texture and bacterial C:N ratio.
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Chapter 7

DENSITY FRACTIONS OF MACROORGANIC MATTER AND MICROBIAL
BIOMASS AS PREDICTORS OF C AND N MINERALIZATION

ABSTRACT

Macroorganic matter of arable soils which had received different inputs of organic residues
for 25 years and grassland soils that had been under grass for at least 8 years was fractionated
into light, intermediate and heavy fractions using a stable silica suspension as heavy liguid.
For all residue treatments, the C-to-N ratios of organic matter decreased in the order light,
intermediate, heavy macroorganic matter (fraction > 150 um) and non-macroorganic matter
{fraction < 150 pm). Residue application had a stronger effect on the amount and C-to-N ratio
of macroorganic matter fractions than on the amount and C-to-N ratio non-macroorganic
matter,

Textural effects were apparent with the proportions of soil N in the light and intermedi:ate
fractions being higher in coarse-textured grassland soils than in fine-textured grassland 59115.

Cand N mineralization were positively correlated with the amount of C and N in the light
fraction and the active microbial biomass. The correlation with mineralization decreased with
increasing stability of the organic matter fractions. C and N mineralization per unit of Fot:lﬂ
Mictobial biomass were lower in fine-textured soils than in coarse-textured soils. This Is
ascribed to a greater physical protection of the organic matter in fine-textured soils than in
Coarse-textured sails,

INTRODUCTION

[tis generally accepted that soil organic matter contains fractions with a rapid tum_ovcr rgtc
0 fractions with a slower twrnover rate (Cambardella and Elliott, 1992). The fractions "f’“h
3 tapid turnover (active fractions) are assumed 1o play a dominant rol:.: in soil _nutnent
Umamics (Tanzen e al., 1992). One method of measuring active soil organic matter mvolves‘
e use of densiometric techniques to isolate the light fraction (Green!a'nd and _Ford, 1964;
Jnzen f al., 1992). The light fraction has been found to be more sensitive 10 dnffert-:nccs in
Mnagement and inputs of residues than total organic matter (Dalal and Mayej-r, 1987: Jan:en
elal, 1992). Meijboom et al. (1995) have developed a new and simp%e density frach:nat;gl;
Piocedure using silica suspensions and recovered threc density fractions: the !lghc; ratcm_al
“onsisting of recognizable plant residues, the intermediate fraction of pa‘rtly hum-lﬁe ‘ma “:as
™ the heavy fraction of amorphous organic material, The density fraCtlor'lalt;OH ot
Rerformed in the sand-size organic malter (macroorganic mateer; > 150 pm) as it :;s and
Uhserved that organic C in this fraction is much more labile than organic C in the ¢ 386)

S Size fractions (Tiessen and Stewart, 1983; Tiessen et al., 1984; Dalal and Mayer, 255
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My first objective was to test to what extent the amount and quality of density fractions
respond 1o differences in inputs of residues. No data on the effects of different residues on
the amount and quality of the light, intermediate and heavy macroorganic matter fractions are
available. I hypothesized that the effect of residue input on the quality and quantity of soil
organic matter fractions decreases in the order light, intermediate, heavy macroorganic matter
and non-macroorganic matter. To test this hypothesis we fractionated organic matter in a
sandy and a clay soil that had reccived a constant annual input of residues of varying guality
(C-to-N ratio) for 25 years.

The decomposition and mineralization of organic matter fractions and microbial turnover
is more rapid in coarse-textured soils than in fine-textured soils (Van Veen and Kuikman,
1990). This is caused by a greater physical protection of soil organic matter and the microbiai
biomass in fine-textured soils (Verberne er al., 1990). Therefore active organic matter pools
such as macroorganic matter and the microbial biomass (Jenkinson and Ladd, 1981) do not
necessarily correlate with C and N mineralization when soils of different textures are
compared (Hassink, 1993). It has been stated that the light fraction (which consists of
mineral-free organic matter) and the active microbial biomass (determined by the substrate-
induced respiration method) are not physically protected (Young and Spycher, 1979; Hassink,
1993). Therefore, 1 hypothesized that the light fraction and the active microbial biomass
correlate more strongly with C and N mineralization than with any other organic matter
fraction (such as total microbial biomass) when soils with different textures are included in

the analysis. To test this hypothesis 20 old grassland soils which differed in soil texture were
sampled.

MATERIALS AND METHODS

To test the first hypothesis samples were taken from the top 25 cm of sandy soils (17 % of
particles are < 16 pm; pH-KCI 7.4) and clays (66 % of particles are < 16 pm; pH-KCI 7.0)
which had been kept bare for 25 y and had received 1) no organic C and N, or 2) 10 tonnes
Cha* y"' by the application of either lucerne (2.5 % N; 43.6 % C); wheat chaff (0.8 % N;
42.3 % C); chaff + lucerne or; farmyard manure (2.9 % N; 42.7 % C; FYM). The residues
were applied at the beginning of June and mixed through the top 25 cm of the soil.

To test the second hypothesis samples were collected from soils (Table ) which had been

under grass for at least 8 y, A mixed sample consisting of 20 bulked cores was taken from
the 0-10 and 10-25 cm layers of each location.

Washing of the soil samples and size and density fractionation of organic matter

Dried soil s_amp]es (250 g) were rewetted and frozen for | week. After thawing, the samples
were wet-sieved over a 250 ym and a 150 pm mesh sieve. The samples were placed on the
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top sieve (250 pm) and washed with tap water. The macroaggregates were destroyed by
pushing the soil through the top sieve during the washing procedure until the water passing
the sieve became clear. The material present on both sieves was washed into a bucket. The
material in the buckel was swirled and the organic material was separated from the mineral
materiat by decantation. The organic material was poured into a small tray with a 150 pm
mesh sieve at the bottom and sides of 10 cm heigth. The mineral material was retained at the
bottom of the bucket. Switling and decantation was repeated several times until there were
no more visible organic particles in the mineral fraction. The mineral fraction was discarded.

The organic material was fractionated in Ludox TM. Ludox is an aqueous colloidal
dispersion of silica particles produced by Du Pont. The tray containing the organic material
was placed in Ludox with a density of 1.37 g cm”, and was stirred several times. The floating
fraction was collected and placed in a similar tray that was placed in Ludox with a density
of 1.13 g em™. Mixing was repeated until the quantity of floating material became negligible.
The organic material placed into the 1.13 g cm™ Ludox was also separated into a floatable
and a sinking fraction. Finally, three fractions were obtained: a light fraction with a density
<113 g cm™ an intermediate fraction with a density between 1.13 and 1.37 gem?, and a
heavy fraction with a density > 1.37 g cm?. The three fractions were washed with tap water
find dried. A more extensive description of the procedure and the characteristics of the Ludox
is given by Meijboom et al. (1995). ‘ o

The N content of the density fractions was determined according to Deys (1961) after
destruction with sulfuric acid and salicylic acid. Organic C was determined by treating the
samples with dichromatc-H,SO, according to Kurmies (Mebius, 1960).

Potential mineralization rates

ked cores, were taken from every residue
Jand soils). The field-moist samples were
60% of the water holding capacity for

Three mixed samples, cach consisting of 20 bul
Ifeatmem (sandy and clay soil) or location (grass
sieved (8 mm) and kept at a moisture content close to
12 weeks at 20°C.

N mineralization was determined by measuring the increa
of soil samples in glass jars at 20°C for 12 weeks. Drying of the samples was prevented by
covering the jars with an air-permeable, water-impermeable seal. Mineral N was meas.ured
ioéﬂrimclricaliy after extraction with LN KCl solution for 1 h using a soil-to-water ratio of

2.5,
_ C mineralization was measured by incubating the grassland soil samples in 1.5-1 airtight
jats containing a vial of 10 ml 0.56 NaOH. At the sampling dates, the trapped CO, was
measured after precipitation of the carbonate with excess BaCl,. The period bf"t“’?e“ 10 and
20 days after the start of the incubation was used to calculate the C mineralization rate. A
flush in €O, production was observed during the first 10 days, probably _Caﬂsed by the

disturbance of the soil.

se in mineral N after incubation
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Table 1. Characteristics of the 0-10 and 10-25 c¢m layers of the grassland soils studied (pH and
granular composition are only given for the top 10 ¢m because the differences between the two layers
were very small)

Site Location Soil Exp. C({%) CiN pH Granular comp.,
No. type vear (KCI) % particles <

0-10 10-25 0-i¢ 1025 010 2pm  16um  S0pm

Heino 1 sand 1989 198 197 180 179 5.0 i.9 2.8 87
Jubbega sand 1989 287 292 216 219 46 1.0 1.9 a7
Tollebeek sand 1989 095 092 100 1035 7.0 4.4 9.2 28.9
Agterberg sand 1989 309 226 175 174 409 3.0 5.8 9.0
Tynaarlo sand 1980 438 348 178 21.8 .44 24 44 23.5
Finsterwolde sand 1989 537 213 109 99 50 8.4 13.3 232
Cranendonck sand 1991 296 225 7.1 193 54 32 4.8 212
Dalfsen sand 1991 3.88 549 208 405 5.1 1.9 31 9.8
Maarheeze sand 1991 261 229 183 186 50 26 45 118
0 Tynaario 2 sand 1991 3.80 297 197 212 43 3.1 5.1 223

— D 00 ~] O\Uh B WD —

Il Swifterbant ~ loam 1989 1.77 187 116 108 7.0 230 384 722
12 Zeewolde loam 1989 353 301 129 143 69 267 454 772
13 Slootdorp loam 1989 384 338 146 147 69 170 - 260 388
14  Burum loam 1989 537 213 98 91 48 241 365 717
15  Lelystad loam 1991 307 168 111 121 71 216 356 564
16 Mijnshiand.  loam 1991 220 140 96 91 72 201 - 335 799

17 Zaltbommel 2 clay 1989 607 523 92 89 54 511 760 864
18 Haskerdijk clay 1991 560 404 111 111 49 3540 772 885
19 Finsterwolde clay 1991 323 180 101 .93 71 458 658 85.1
20 Zalbommel 3 clay 1991 398 328 95 89 54 51.0 743 906

Microbial biomass according to the FI and SIR method

The amount of .N i.n the microbial biomass was determined in field-moist samples by the
chloroform fumigation incubation (FI) technique (Fenkinson and Powlson, 1976). A k value

of 0.4: was used to calculate the biomass N from the flush; the actual procedure used has been
described by Hassink et al. (1991). Microbial biomass-

) N was used instead of microbial
biomass

: -C because the fumigation incubation method yielded unrealistically high biomass-C
values in the 10-25 ¢ layer of grasstand soils (Hassink, 1993). The active microbial biomass
was determined by the substrate induced respiration {SIR) method (Anderson and Domsch,
1?78). The actual procedure used was described by Hassink (1993). The active microbial
biomass was only determined in the grassland soils that were sampled in 1991.
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Staistical analysis

The relationships between organic matter fractions and C and N mineralization or soil texture
were analyzed with correlation and stepwise multiple regression techniques (Genstat, 1987).
The fraction < 50 um (clay + silt content) was taken as an index of soil texture (Hassink,
1994).

RESULTS

The amount of light, intermediate and heavy macroorganic matter in arable sandy and clay
soils after 25 years of different annual inputs of organic residues

The annual addition of chaff, lucerne or a combination of both materials incréased the total
amount of soil organic C by a factor 2.3 in the sandy soil and 1.7 in the clay soil after 25 ¥
in comparison with bare soil (Table 2). The largest increase in soil organic C was found in
the farmyard manure treatmeat, which caused a 5.9-fold increase in the sandy soil and a 3.6-
fold increase in the clay soil in comparison with bare soil. : ' '
For all amendments, the relative increase in the amount o
fraction exceeded the relative increase in total organic C. .
The annual addition of chaff led to a 7-10-fold increase of the light and in_termedxate
fractions in both soils, while the heavy fraction was 5.5 and 3 times higher than in the bare-
treatment in the sandy soil and the clay, respectively (Table 2). The contribu.tion of the thrc.e
fractions to the total amount of organic C had increased from 4.8%to 12.3% in the sandy soil
and from 3.3% to 7.6% in the clay (Table 2). _
The annual addition of lucerne led to a 4.5-, 6.6- and 3.5-fold increase qf' the llngt,z
intermediate and heavy fraction in the sandy soil and to a 1.6-, 3.2 and 1.9-fold increase n;
the clay soil, respectively. The contribution of the three fractions to the total amount o
organic C was 8.6% in the sandy soil and 4.0% in the clay (Table 2). . X
The annual addition of FYM gave the largest increase of the heavy fracnon. The amoun
of heavy fraction was 24 and 12 times higher than in the bare treatment in the sandy _and clay
Soil, respectively. The contribution of the heavy fraction to the total amm'mt of organic C x:as
14.8% in the sandy soil and 8.3% in the clay. This contribution was considerably gre'atert ag
in the chaff and lucernc treatments. In the sandy- soil the “amounts of the hgh.tl f:l“
intermediate fractions were 10-12 times higher than in the bare treatment, 10 the clay soil they

Were 4.6 and 13.6 times higher, respectively (Table 2).

f light, intermediate and heavy
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C-to-N ratios of the macroorganic matter fractions after 25 y of different annual inputs of
organic residues

The C-to-N ratio decreased in the order light, intermediate and heavy. The. C-to-N ratios of
these fractions were considerably wider than the C-to-N ratio of total organic matter (Table
3). The quality of the inputs had the strongest effect on the C-to-N ratio of the light fraction,
but the effect on the intermediate and heavy fractions was also much greater than on the total
soil organic matter pool. The C-to-N ratios of the macroorganic matter fractions were highest
in the chaff treatmernit and least in the FYM treatment (Table 3),

Table 2. The amount of C in the light, intermediate and heavy macroorganic matter fraction and in

the total soil, and the percentage total soil organic C in the fractions in a sandy and a clay seil after
25 y of different annual inputs of organic residues

Soil and treatments ~ Macroorganic matter fraction

Light Intermediate Heavy Total

mg kg (%) mg kg (%) mg kg (%) mg kg!
Sandy soil .
Bare h 18.7 (0.3) 43.9 {(0.8) 1989 (3.1 5433
Chaff : 1822 (1.4) 2909 (2.3) 10944 (8.6) 12767
Chaff + Lucerne 128.5 (1.0) 200.7 (1.6) 926.8 (1.5 12400
Lucerne L 846 (0T 2916 (2.3) 6983 (56) . 12533
FYM® 180.8 {0.6) 508.4 (1.6} 4779.8 (14.8) 32267
Clay soil o
Bare . 29.3 (0.3) 51.0 (0.5) 2760 (2.5 11150
Chaff 225.7 (L.1) 4228 (22) 838.0 (43) 19650
Chaff + Lucerne 79.4 (0.4) 162.4 (0.9) 931.0 (5.0 18500
Lucer'nc 473 (03) 1632 (0.9) - 5342 (2.8) 18000
FYM : 134.0 (0.3) 692.8 (1.7) 3317 (8.3 399550

* FYM = farmyard manure

Amounts of light, intermediate and heq

VY macroorganic matter in the grassiand soils and
their C-to-N ratio

The amounts of carbon in the light, intermediate and heavy fractions were considerably higher
in Fhe top 10 cm of the grassland soils than in the 10-25 cm layer (Table 4). The average C-
to-N ratio decreased in the order light, intermediate, heavy, and was generally lower in the
top 10 cm than in the 10-25 cm layer (Table 4). The contribution of the light, intermediate
and heavy fractions to total soil organic C and N ranged from 0.1 to 2.6% for the light
fraction, 0.3 to 23.8% for the intermediate fraction, and 2.2 to 34.0% for the heavy fraction
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(Table 5). The contribution was generally higher in the top 10 cm than in the 10-25 cm layer
(Table 5).

Table 3. C-to-N ratios of the Hght (L), intermediate (I) and heavy (H) macroorganic matter fractions
and the bulk soil of a sandy and a clay soil after 25 y of different annual inputs of organic residues

C-to-N ratio of macroorganic mafter fractions

Soil/treatment

L T H Total
Sand _
Bare nd® 16.4 139 - .94
Chaff 272 204 - 189 0.8
Chaff + Lucerne 20.5 199 17.5 83
Lucerne 20.5 185 15.2 7.1
FM 17.0 159 o 8.1
Clay | ' ‘
Bare nd' nd’ 145 70
Chaff 359 26.0 209 8.2
Chaf + Luceme 206 206 146 71
Lucerne 20.1 21.3 183 6.4
FYM 16.1 171 13.1 7.4

td = not determined; in these cases a C-to-N of 20 was used

There was no significant effect of soil texture on the amounts of the light, intermediate and
resent in those fractions. There was,

heavy fractions and the proportions of soil organic C p :
however, a significant negative correlation between soil texture and the proportions of soil
Organic N in the light and intermediate fraction for both the 0-10 cm and the 10-25 cm layers
(* values -0.74 and -0.67 for the light fraction, and -0.63 and -0.53 for the intermediate
fraction, respectively; Table 5). For the heavy fraction there was no such correlation.
C‘f" relation of light, intermediate and heavy macroorganic matier with C and N
Mineralization rates '

nger for the light fraction than

Gm‘“l‘md soils. The correlation with C mineralization was stro ;
C (Table 6). The correlations

fi ; . .
ozr the intermediate and heavy fractions and non-macroorganic - hial
C mineralization with microbial biomass N determined by the FI method and the microbia

biomasg determined by the SIR method (data of the soils of 1991 only) were weaker than the
“mtelation between C mineralization and the light fraction, but higher than for the other

0 .
"8anic matter fractions (Table 6).
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Table 4. Amount of C in the light (L), intermediate (I) and heavy (H) macroorganic matter fractions
of the top 10 cm and the 10-25 em layer of grassland soils

Amount of C (g kg™
Site Location

No. 0-10 cm layer 10-25 cm layer

L I H L I H
Sand
1 Heino 038 068 288 024 068 343
2 Jubbega nd od" nd 033 226 7.08
3 Tollebeek 023 065 191 013 048 140
4 Agterberg 081 202 5.09 014 032 1.10
5 Tynaarlo 036 120 415 0.13 045 2.15
6 Finsterwolde 090 195 485 003 018 130
7 Cranendonck 021 139 257 0.13 073 230
8 Dalfsen 065 541 322 038 829 251
9 Maarheeze 044 207 236 020 160 1.64
10 Tynaarle 2 042 203 239 023 052 105
Average
C-to-N ratio 20 18 16 25 22 21
Loam -
11 Swifterbant 019 034 1381 0.13 067 1.53
12 Zeewolde 058 147 358 009 058 249
13 Slootdorp 033 256 437 030 229 494
14 . - Burum 061 216 6.02 0.13 016 205
15  Lelystad 024 116 601 005 031 282
16 Mijnsh.land. 043 155 210 .18 019 0.89
Average
C-to-N ratio ' 20 18 14 25 18 15
Clay '
17  Zaltbommel 2 066 1.10 2.4 013 047 198
18  Haskerdijk 066 294 138" 025 0.69 509

19 - Finsterwolde 028 131 3.87 0.i5 023 440
20 Zaltbornmel 3 080 107 384 - 015 037 .12

Average

C-to-N ratio 20 18 14 . 25 18 5

* nd = not determined

The correlation with N mineralization was strongest for the light fraction and biomass-SIR

(Table 6; Figs 1 and 2). The correlation with N mineralization decreased in the order lights
intermediate, heavy and non-macroorganic N,
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Table 5. Percentage total soil C and N in the light (L), intermediate (I) and heavy (H) macroorganic
matter fractions of grassland soils ' - ' '

Macroorganic matter fraction

L 1 H
c
Sand .
0-10 cm 1.0-2.6 (1.8)° 2.7-17.5 (6.9) 74-174 (11.9)
10-25 em 0.2-1.2 (0.8) 0.8-23.8 (5.6) 4.1-24.3 (10.1)
Loam
0-10 em 0.5-2.3 (1.4) 1.9- 8.4 (5.1) 10.2-23.1 (13.2)
10-25 em 0.3-1.5 (0.7) 0.9- 6.8 (2.8) 82-14.6 (11.5)
Clay C
0-10 cm 1.0-23 (1.5) 1.8- 6.2 (4.0) 4.5-29.1 (14.8)
10-25 em 0.5-1.0 (0.7) 0.9- 2.2 (1.5) 3.8-29.3 (14.3)
N
Sand _ :
-0 cm 0.7-2.2 (1.5) 2.7-16.5 (6.3) 10.2-17.7 (12.1)
1025 ¢m 0.1-1.3 (0.7) 0.7-20.7 (5.3) 4.7-340 (11.2)
Loam
0-10 ¢m 0.5-1.1 (0.7) 13-5.5(2.8) 5.8-152 (9.5
1025 em 0.2-0.7 (0.4) 0.3- 5.5 (1.9) 3.7-134 (8.0)
Clay
0-10 em 0.2-1.0 (0.6) 04- 3.9 2.0) 2.2-203 (9.3)
10-25 cm 0.2-0.8 (0.4) 0.5- 34 {1.5) 39-18.5 (12.5)

+
0= average value

Cand N mineralization per unit of microbial biomass FI-N were significantly (p < 0.0’5)
higher in coarse-textured soils then in fine-textured soils (Figs 3 and 4). Th(? Falcareous soils
ate indjcated separately in Fig, 3, as some of the produced CO, may h.ave originated ffombty;
chalk, The relationships of the light, intermediate and heavy fractions and the microbt
biomass-SIR with N mineralization were unaffected by soil texture (Figs 1 and 2). .

-For the complete set of soils sampled in 1989 and 1991, the best predlc'tors of Chanb t
"neralization were calculated by multiple regression analysis. Thfa equation 'for tfe .es;l
predictor of mineraljzation included significant (p < 0.05) contribunm.ls of the 'hght rac.tmS
" the microbial biomass (FI-N). For N mineralization the light and mtermcdlatﬁ: fracm'i):’rllle
;I)ld the microbial biomass (FI-N) contributed significantly (p < 0.05) to the equation (Tal
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Table 6. Correlation coefficients for the relationships between the amount of C or N in the light (L-C
or L-N}, in the intermediate (I-C or I-N) and in the heavy macroorganic matter fraction (H-C or H-N),
in non-macroorganic matter (Non-MOM-C and Non-MOM-N}, in the amount of N in the microbial
biomass (Bio-N FI), in the amount of C in the active microbial biomass (Bio-SIR), and C and N
mineralization. All correlations coefficients are significant (p < 0.05) unless stated otherwise.

Mineralization

Grassland Arable after 25 years of
different annual inputs of
organic residues

.‘N

C

L-C : 0.79

I.C - - 0.20°

H-C 050

Non-MOM-C - 0.68

Bio-N FI 0.70

Bio-SIRT | 073

IL-N 0.77 0.94
I-N 0.59 0.75
H-N 0.56 0.83
Non-MOM-N 0.50 0.57
Bio-N FI 0.57 0.78
Bio-SIR? 0.77

* = linear comelation is not significant at P < 0.05
' = only determined in the soils sampled in 1991

Arable soils after 25 y of different annual inputs of organic residues. The correlation with N
mineralization was strongest for the light fraction. Again the correlation with N mineralization
was less for non-macroorganic N than for N in the intermediate and heavy fraction (Table 6).
In accordance with the results of the grassland soils, the relationship between N in the light
fraction and N mineralization was not affected by soil texture (Fig. 5), whereas N

mineralization per unit of microbial biomass FI-N was significantly (p < 0.05) higher in the
sandy soil than in the clay (Fig. 6).
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Fig. 1. Relationship between the amount of N in the light macroorganic matter fraction ang 2N0

wineralization in the top 10 cm and the 10-25 cm layer of grassland soils. N mineralization =
{0.09) + 0.034 (0.005) x N in light fraction.
() = standard error of difference.
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123



Density fractions, microbial biomass and mineralization

C mineralization (mg kg-1 d-1)
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Fig. 3. Relationship between the amount of microbial biomass-FI-N (MB-N) and C mineralization (C

min} in the top 10 cm and the layer 10-25 cm of grassland soils. C min:MB-N = 0.3055 (0.0241) -
0.00243 (0.00043) x % < 50 pm, -

() = standard error of difference.
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() = standard error of difference.

-N {MB-N) and N mineralization (N
yer of grassland soils. N min:MB-N = 0.01692 ((.00133) -
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Table 7. Equations calculated with multiple regression analysis giving the best predictors for C and
N mineralization (C min and N min in mg kg™ d”, respectively) in grassland soils

L = The amount of light fraction in mg C or N kg sail

MB-N = The amount of N in the microbial biomass determined by the fumigation incubation method
inmg kg soil

1= The amount of intermediate fraction in mg N kg™’ soil

C min = 0.0256 (0.0039) x L + 0.0451 (0.0091) x MB-N
N min = 0.021 (0.005) x L + 0.0018 {0.0005) x MB-N + 0.0025 (0.0007) x-I.

{) = Standard error of difference.

N mineralization (mg kg-1 d-1)
1r .

a

0er

06}

04

o2 0 Sand
A Clay

0 I L L L L -
0 2 4 8 8 10 12

N in light fraction (mg kg-1)

Fig. 5. Rela i N in the light macroorganic matter fraction and N
. elationship between the amount of N i B different inputs of residues. N

Mineralization in the top 25 c¢m of the sandy soil and clay with
Miteralization = 0.028 (0.063) + 0.0696 (0.0099) x N in light fraction.
0= standard error of difference.

DISCUSSION

Fffects of residye application on the amount and C-to-N ratio of organic matter f’f actons
My first objective was to test to what extent the amount and quality of density f;:;::::;
spond to differences in inputs of residues. The differences in residue application matter
the mounts and the C-to-N ratios of the light, intermediate and heavy Vmacroc.)rgamc ot
© a much larger extent than total soil organic matter. This .agrees with resu
Shaymukhavetov et al., 1985; Dalal and Mayer, 1987; Janzen e al., 1992).
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N mineralization (mg kg-1d-1)

1 r—
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Fig. 6. Relationship between the amount of microbial biomass-FI-N (MB-N) and N mineralization (N
min) in the-top 25 cm of the sandy soil and clay with different inputs of residues. Sandy sail N mn
= 0.0043 (0.0005) x MB-N; Clay: N min = 0.0028 (0.0005) x MB-N.

() = standard error of difference.

The hypothesis that the effect of residue input on the quantity of soil organic matter
fractions decreases in the order light, intermediate and heavy macroorganic matter was
confirmed only for the chaff treatment, Lucerne application increased the intermediate fraction
rglatively more than the light and heavy fractions, whereas the application of FYM gave the
strongest increase in the heavy fraction. I assume that the difference between chaff and
lucerne was caused by lucerne being less resistent to decomposition than chaff so the light
fraction of lucerne will be transferred (o other (heavier) organic fractions more rapidly than
that of chaff. The relatively high increase of the heavy fraction in the FYM treatment was due
to the different composition of FYM. FYM consists of partly decomposed material; it contains-
not only light, but also intermediate and heavy organic matter.

In agreement with the hypothesis, the effect of residue input on C-to-N ratios was greater
for the light fraction than for the intermediate and heavy fractions, whereas the C-to-N ratios
of non-macroorganic matter was hardly affected by residue input. This agrees with the results
of Adams (1982) and Christénsen (1988) and with the conclusion that clay--and silt-bound
organic matter are important in medium and long-term organic matter turnover (Christensen
and Sorensen, 1985). It may be concluded that once organics become part of the more
stabilized organic matter they have a constant C-to-N ratio, since 25 y of extreme differences
in residue input did not affect its C-to-N ratio. The differences in C-to-N ratios between the
different residue treatments were greatest for the light fraction, whereas residue application
had the same effect on the C-to-N ratios of the intermediate and heavy fractions. This agre®s
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with the observation that the light fraction consisted mainly of partly decomposed plant
residues, whereas the intermediate and heavy fractions contained more processed
organomineral-complexed soil organic matter (Greenland and Ford, 1964; Meijboom et al.,
1995).

Amounts of light, intermediate and heavy macroorganic matter in grassland soils

The light fraction accounted for 0.9-2.6% of soil C in the top 10 cm of the grassland soils,
the intermediate fraction for 1.8-9.4% and the heavy fraction for 4.5-19.4%. These values are
considerably lower than those reported by Greenland and Ford (1964} who found that the light
fraction accounted for 28.5-31.6% of soil C in two permanent pastures but cons_iderably
higher than the results of Warren and Whitehead (1988) who found that the macroorganic
matter made up 0.6-3.8%. of soil N in the top 15 cm of grassland soils. The difference with
the data of Greenland and Ford may be attributed to the lower fractionation density we used:
113 instead of 2.0. The lower recovery of macroorganic matter in the study of Warren and
Whitehead may be due to the larger mesh size they used (200 pm). .

The amounts of the light, intermediate and heavy fractions of the top 10 cm were higher
than those of the 10-25 ct layer. The proportion of soil C and N present in the. light fractlcfn
Wwas larger in the top 10 c¢m than in the 10-25 cm layer. The declining proportion of organic
Cand N in the light fraction with increasing depth has also been observed by Spycher. etal
(1983) and Janzen et al. (1992). The proportion of organic Cand N pre§ent in ‘the
intermediate and heavy fractions declined to a lesser extent with depth than in the light
fraction, This is related to the concentration in light fraction input in the top. layer of
grassland soils. _ _ _ . IO

I observed that the proportion of soil organic N present in the light and m.tcnnedta_te
fractions decreased signiﬁcantly-with increasing clay + silt content whereas this was not
observed for the heavy fraction. This agrees with the results of Greenland a'nd_Ford (1964'),
and it also confirms the conclusion that the light fraction is more important in sandy than in

clay soils (Christensen, 1992).

Labite fractions as predictors of C and N mineralization

. - ion an tive microbial
My second objective was to test the hypothesis that the light fraction and the active I]n:: anic
biomass arc better predictors of C and N mineralization than other (alctht?) s‘;'lrmeg s
fractions when soils with different textures are compared., The resulis obtained conr
hypothesis. : :

. e . : ' ' o elati ound between
Light, intermediate and heavy macroorganic matter. A go'od co_m’]fmo'.l was f:l):n 4 soils and
the amount of C and N in the light fraction and C and N nunerzj.hzajtm_n.u}\) %ir;:ercm Saputs of
N Mineralization in the soils from the long-term arable. experiment with di
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residues. The importance of the light fraction with respect to C mineralization has been
recognized before (Dalal and Mayer, 1987, Janzen, 1987; Skjemstad and Dalal, 1987,
Christensen, 1992). The light fraction consists of relatively labile constituents, such as
carbohydrates (Skjemstad et al., 1986). Plant structures were still recognizable in the light
fraction and they stained intensely with acridine orange, indicating a low degree of
decomposition (Meijboom ef al., 1995). The degree of decomposition increased in the order
light, intermediate, heavy macroorganic matter and silt- and clay-bound organic matter.
Organics associated with clay particles consisted of amorphous material that did not stain with
acridine orange {Hassink et al., 1993).

In agreement with Janzen (1987) I observed that N mineralization was strongly correlated
with the N content of the light fraction. Adams (1980) and Sollins e? al. (1984} did not find
strong correlations between light fraction and N mineralization.

Besides chemical recalcitrance, the biological availability of organics in the soil is
determined by the physical occlusion of the organic material (Cambardella and Elliott, 1993).
The light fraction has a low ash content, indicating that it is not strongly associated with soil
minerals (Meijboom et al., 1995), and hence has a low degree of physical protection. This is
supported by the observation that N mineralization per unit of N in light macroorganic matter
was not affected by soil texture. I infer that during decomposition the degree of physical
protection will increase since the heavy fraction includes the organomineral-complexed soil
organic matter. Organics bound to clay and silt particles might be physically protected even
more (Dalal and Mayer, 1986). .

Although the correlation between the amount of C and N in the light fraction and C and
N mineralization was high, the amount of light fraction was too small to account for total C
anFl N mineralization. A substantial part of C and N mineralized must have originated from
dying microbial biomass or more stabilized organic matter fractions. This is confirmed by
obser'tfatiox?s thr_:lt the equations giving the best predictors for C and N mineralization included
the microbial biomass, and the microbial biomass and the intermediate fraction, respectively-

Micmbia‘l biomass. We observed that although the microbial biomass-FI can be considered
a§ an actwel organic matter pool, it is not a good indicator of C and N mineralization when
d‘lffe:rent soils are compared. C and N mineralization per unit of microbial biomass-N was
sngnnﬁf:anlly (p < 0.05) higher in coarse-textured soils than in fine-textured soils (Figs 3 and
4). This suggests that the microbes arc more active in sandy soils than in loams and clays.
Tt ha§ been suggested that this is due to the fact that higher proportions of the microbes ar¢
phy31‘cally protected in loams and clays than in sandy soils (Rutherford and Juma, 1992;
Hass.mk et al._, 1993). This is in line with the observation that the relative contribution of light
sz mter;nc}(lhafe macroorg.anic matter (the most labile organic matter pools with the lowest
ﬁnir_‘::x(:uridys:;f:_ protection) to total organic N was greater in coarse-textured soils than in

Unlike the total microbial biomass-FI, the correlation of microbial biomass determined bY
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the SIR method with C and N mineralization was not affected by soil texture. Biomass-SIR
can be regarded as a measure of the active microbial biomass (Anderson and Domsch, 1978).
We assume that the active microbial biomass is not physically protected in the soit and that
the active microbial biomass feeds on labile organic matter-fractions such as light and
intermediate macroorganic matter, while the remainder of the microbial community, which
is less active, feeds on more stabilized organic matter, such as silt- and ¢lay-bound organics.
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Chapter 8

DECOMPOSITION RATE CONSTANTS OF SIZE AND DENSITY FRACTIONS
OF SOIL ORGANIC MATTER

ABSTRACT

One of the main drawbacks of models describing soil organic matter turnover is that most
pools can not be determined directly. The aim of this study was to define meaningful soil
organic matter fractions that can be determined directly and to determine their decomposition
rate constants so that they can be incorporated into models. This would be a major step
towards verification of models and the revision of inherent concepts. In the experiments soil
organic matter was separated into size and density fractions using silica suspensions as heavy
liquid. Two size and three density fractions were distinguished: C in microaggregates with
diameters < 20 pm and 20-150 pm, and C in light (density < 1.13 g cm™), intermediate
(density 1,13-1.37 g cm™) and heavy (density > 1.37 g cm?) fractions of the macroorganic
matter pool (> 150 pm). The decomposition rate constants of the fractions decreased in the
order light, intermediate and heavy macroorganic matter (23.9, 9.8 and 3.9 * 10* day™,
respectively) and were lowest for C in the microaggregate fractions < 20 pn and 20-150 pm
(0.5-0.7 * 10* day™"). Since the rate constants of the fractions seemed not to depend on soil
fexture, they can probably be applied widely. We propose (o use these fractions as the pools
i future soil organic matter models.

INTRODUCTION

amics have been consiructed more than

The first models describing soil organic matter dyn !
1977). Since then many mathematical

15 years ago (Jenkinson and Rayner, 1977; Van Veen,
and simulation models have been published, all being modifications of the first two, and no
major advances seem to have been achieved since then. Generally, organic matter dynamics
Models include pools with a rapid turnover rate and pools with a slower turnover rate (Van
Veen and Paul, 1981; Molina et al., 1983; Van Veen et al., 1984; Parton et al., 1987;
Vetberne et al., 1990). One of the main problems is that pools in organic matter madels are
mostly defined on a functional basis (degree of chemical of physical stabiliz.ation) and t?xat,
except for microbial biomass, they can not be determined directly by chemical or physical
nalytical fractionation procedures (Paustian et al., 1992). Successful 'devclopment of
techniques for direct measurement of pool sizes would represent a major stcp towards
appropriate verification of models and the revision of ipherent concepts (Bonde et al., 1?92),

Chemical fractionation has not proven particularly useful in following Fhe dynfumcs of
Organic material in soils (Duxbury et al., 1989). Physical fractionation. of soﬂ. organic matter
Is considered less destructive, and the results obtained from physical SOlll fI'aCHOI'lS are
dnticipated to relate more directly to the structure and function of soil organic matter in situ
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{Christensen, 1992). Macroorganic matter (> 150 pm) decomposes much faster than organic
C in clay and silt size fractions (Dalal and Mayer, 1986; Tiessen and Stewart, 1983; Tiessen
et al., 1984). Macroorganic matter contains a light and a heavy fraction. The light fraction
consists of partly decomposed plant residues, which has a rapid turnover and is hardly
associated with soil minerals and hence has a low degree of physical protection. The heavy
fraction consists of relatively more processed material, and has a slower turnover rate
(Greenland and Ford, 1964; Christensen, 1992) and a higher degree of physical protection
(Hassink, 1995}. Soil organic matter incorporated into microaggregates and adsorbed on or
coated by clay particles has a high degree of physical protection against microbial degradation
(Tisdall and Oades, 1982; Golchin et al., 1994), Microaggregates are considered to be the
basic structural units in soils (Tisdall and Oades, 1982) containing a large part of the most
stable organic matter in soil (Skjemstad et al., 1993). It is known that silt and clay particles
occur together in microaggregates (Anderson and Paul, 1984).

Although it is accepted that physical fractionation yields functional soil organic matter
fractions, models containing pools that are based on physical fractionation have not been
developed so far. This might be due to the uncertainty of how the widely proposed techniques
can be applied (Christensen, 1992) and to the lack of data estimating decomposition rates of
the individual fractions. '

Recently, a relatively simple size and density fractionation procedure, using stable silica
to obtain solutions varying in density, has been proposed by Meijboom et al. (1995). In this
procedure, soil is wet-sieved and macroorganic matter (> 150 pm) is separated into a light,
an intermediate and a heavy fraction. Stable silica has advantages over the commonly used
aqueous selutions of inorganic salts such as polytungstate; it does not penetrate the organic
matter fractions, it is relatively cheap, not toxic and the density separation is less time-
consuming (Meijboom ct al., 1995; Hassink et al., 1995), The wet-sieving procedure includes
a destruction of macroaggregates (> 250 um), whereas microaggregates are left intact. This
was Postulated to be a sensible and reproducible way 1o treat soil samples, since according
to Tisdall .and Oades (1982) macroaggregates can be destroyed by agricultural practices,
whf?reas microaggregates can not. Organics inside microaggregates would be largely protected
against microbial degradation under normal agricultural practices. The proposed procedure is
lhf?mff)re assumed to prevent the release of organic matter that is incorporated into
microaggregates (Gregorich et al., 1989),
imi:‘mgzage;:;lthzzid)ff:i:iOorgal;ichmatter was separated into five fractions: the lig;lt,
the microaggregate fra}c{tions wr";)o t'c ma.CTOOIgamC maner pool (Meqboom et al. 1992)6
um. The study included ﬁﬂe—a1 d e s bethfen 20 and 150 pm and smal o .thaﬂ t
constants for the decom ositionn f fl?arse-texFured Soils. The first aim was to ‘?Stathh i
soil texture affects the clI)eca N fractm‘n S'.T_he second aim was to investigate whether

y constants of the individual fractions.
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MATERIALS AND METHODS

The decomposition rates of soil organic matter fractions were studied in two ways.

1. First it was tested whether the decomposition rate of size and density fractions were
significantly different. To test this, samples were taken from the top 10 cm of a sandy
(Tynaarlo), loamy (Burum) and clay (Finsterwolde) grassland soil, in March 1993, which had
been under grass for at least 10 years; all sites were situated in'the Netherlands.
Characteristics of the soils are given in Table 1. Of each soil three coarsely sieved field-moist
samples (500 g) each consisting of 20 bulked cores were used for fractionation. Rates of C
mineralization of the isolated fractions and total soil were determined after incubating them
at 20 °C and a water potential close to -10 kPa. C mineralization was measured by incubating
soils and fractions in 1.5-1 airtight jars containing a vial with 10 mi 0.5 M NaOH. The trapped
CO, was precipitated as carbonate with excess BaCl, and the excess NaOH was titrated with
0.5 M HCI (Hassink, 1994). C mineralization was determined 7, 14, 21, 33, 45 and 67 days
after the start of the incubation. The decomposition rates of the soil organic matter fractions
were compared by expressing C mineralization as the percentage of C in each fraction which
was mineralized to CO,. '

Table 1. Some characteristics of the top 10 cm of the grassland soils that were sampled in 1993.

c N pH-KCl Granular composition,
(%) (%) % particles <
20 pm ' 50 pm
Tynaarlo 3.80 0.20 43 - 52 22.3
Burum 535 0.55 438 36.5 77
Finsterwolde 325 032 71 658 . 851

IL The rate constants of decomposition of the particle size and density fractions were

determined by measuring the decrease of C in these fractions in a safldy and a clay soil thzast
were kept bare for 15 years. In May 1961, 50 tonnes C per ha was mixed throug;x the wl;(e t
©m of a sandy and a clay soil by the application of Iucerne. From then on the soils were t:d
bare till the last sampling in November 1976. Individual plots werc.0.75 b}f 0.7.5 m sep;ra

by concrete frames, sunk 25 cm into the soil. The plots were lmd.out in mphca;e. Verjé
$pring the plots were emptied to a depth-of 25 cm, the soil was mixed al}d tl:je % ots w;;r
tefilled. In November 1961 and at later points in time till the last sampling in o?'en;l "
1976, samples were taken down to a depth of 20 cm. The samples were analy-zed fodr to::l N
and C. Stored samples that had been taken from November 1961 on were frac'uonat"'t ;1:1 each
dmount of C present in the fractions was determined. The amount of C presen

initi resent
.fracﬁoﬂ at the different sampling times was expressed as the Percent_age ;flc lilt:zzel;t s
10 the same fraction, November 1961 was taken as the starting point. The exp
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located in Groningen, the Netherlands. Mean annual precipitation at the site is 780 mm and
the mean annual temperature is 8.6 °C (KNMI, 1992). Characteristics of the soils at the start
of the experiment in 1961 and the lucerne are presented in Table 2.

Table 2. Some characteristics of the top 25 cm of the sandy and clay soil at the beginning of the long-
term experiment in 1961 and of the luceme that was mixed through these soils in 1961.

C N pH-KCI - Granular cormposition, -
(%) (%) % particles <
20 pm © 50 pm
Sand ~ 0.70 . 0.09 740 17.0 26.0
Clay 222 020 6.97 65.6 71.9
Luceme 436 - 2.50 |

Size and density fractionation of soil organic matter

Of the grassland soils field-moist samples were used for fractionation: the dried soil samples
of the 1ong-term experiment that started in 1961 were rewetted before fractionation. Samples
of 250 g were washed on two sieves (top sieve: mesh size 250 pm; bottom sieve: 150 pm).
Tl'.le soil was pushed through the top sieve, till the water passing the sieve became clear. In
this way all macroaggregates were destroyed. The mineral fraction was discarded by
decantation, and after combining the organic fractions from both sieves, it was further
frac.t‘ionated in silica suspensions with a density of 1.13 and 1.37 14 cm? as described by
Mcljboom et al. (1995). The organic matter recovered on both sieves (diameter > 150 pm)
will !Jc referred to as macroorganic matter. The macroorganic matter was separated into three
fractions: a light fraction {density < 1.13 g cm™); an intermediate fraction (density between
113 and 1.37 g cm™) and a heavy fraction (density > 1.37 g cm?). '

Samples of 50 g were washed on three sicves (top sieve: mesh size 250 pm; second sieve:
150 pm; I?ottom sieve 20 pm). The suspension passing the bottom sieve of 20 um Wwas
collected in a bucket. The soil was pushed through the top sieve again (destroying the
macroaggregates), till the water passing the sieve became clear. The material accumulating
on tt‘:e 20 ym sievc‘ will be referred to as particle size fraction 20-150 pum. The suspension
:);:S;ll‘leg a;he ]2'0.pmlswve was p!_aced i-it 4°C dll it had sedimentcd (usually after 24 hours) and
% Its:v z;ton was ﬁucked of; IhlS. fract.io‘n will be referred to as particle size fraction_ <
contair;ed n1.icrozsw’umﬂ that th,: particle size fractions 20-150 um and < 20 pm primarily
o8, Al o ggregates a§ microaggregates are resistent to wet-sieving (Tisdall and Oades,

. ractions were dried at 40 °C and analyzed for total C and N.
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Chemical analysis

Total C in soil, macroorganic matter fractions and the particle size fraction 20-150 pm was
defined as dichromate-oxidizable C according to Kurmies (Mebius, 1960). Total N in soil and
those fractions was determined according to Deys (1961) by destruction with sulfuric acid and
salycylic acid. Total C and N in the particle size fraction < 20 um was determined with a
CHN autoanalyzer (Carlo Erba NA 1500). ' - '

Calculation of first-order decomposition rate constants

The data of the long-term experiment with the bare sandy and clay soil were used to estimate
decomposition rate constants. The amounts of C in the particle size and density fractions were
assumed to decay exponentially, which is expressed by first-order decay rates (Paul and Clark,
1989). The exponential decay curves of the organic matter fractions were estimated by using
Genstat (Genstat Manual, 1987). First, the sandy and clay soil were analyzed separately.
When the rate constants were not significantly different (p < 0.05), the data of both soils

were pooled before analysis.

Statistical analysis

Student's t-test was used to assess differences in C mineralization between soil organic matter

fractions,

RESULTS

L C mineralization of organic matter fractions of grassland s_oi.ls

The rates of C mineralization were expressed as the cumulative percentage Of_ C present mt
3 fraction that was mineralized. The C mineralization rates for each ‘fractlon \;«ere '?:e
Significantly different between the sandy, loam 'and clay grassland soils. Therefore,

average results of the three soils are presented. - .
C mincralization (% of C mineralized) differed significantly (p < 0.05) between the light,

intermediate and heavy macroorganic matter fractions and the fractioqs < 150 pm dllﬂ?_lg tilc
otal period of incubation, and decreased in the order light > mt?rmedlate > hea i
Macroorganic matter, Rates of C mineralization were lowest for the fractions 20-159 l:[‘:l.m T;
<20 pm and total soil C, and did not differ significantly from each o;her (p < 0.05; Fig. 1)- .
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10 -~#~ Lightmom === Intermadiate mom —d— Heavy mom
=&= 20150 um == < 20um -+ Total C

C mineralized (%)

0 10 20 30 40 50 60 70
Time (days)

Fig. 1. Cumulative C mineralization of the light, intermediate and heavy macroorganic matter (mom)
fractions, and the particle size fractions 20-150 ym and < 20 pm. Average value of a sandy, a loam

and a clay soil, C mineralization is expressed as the percentage of C in the fraction mineralized to
CQ,.

IL. Decrease in the amounts of C in the organic matter fractions of the long-term field
experiment and estimation of the decomposition rate constants

In agreement with the C mineralization rates of the fractions of the grassland soils, the
decomposition rates of light, intermediate and heavy macroorganic C, and C in the fraction
< 20 um were not significantly (p < 0.05) different for the sandy and clay soil (Figs. 2, 3)
For the sandy soil it was not possible to determine the decomposition rate of C in the fraction
20-150 um, as the amount increased during the first years of the experiment. Hence
decomposition rate constants were calculated after combining the results of both soils, except
for the ffacm’“ 20-150 pm where only the decompesition rates of the clay soil were used.

Also in agreement with the C mineralization rates of the fractions of the grassland soils,
the rate constants of decomposition decreased in the order light (0.24 % day™) > intermediate
(0'098 % day™) > heavy (0.039 % day™) macroorganic matter. The differences between the
fra.cuons were statistically signficicant (p < 0.05) (Fig. 2; Table 3). Decomposition rates of
Cin .the fractions 20-150 ym and < 20 um were significantly lower (0.005-0.007 % day’)
than in tho?j macroorganic matter fractions and did not differ significantly from each othet (P
< 0-_053 Fig. 3; Table 3). The decomposition rates of total soil organic C did not differ
significantly (p < 0.05) between the sandy soil and clay; they were similar to (e ¢
decomposition rates in the fractions 20-150 um and < 20 um, (Table 3; Fig. 4)-

For all fractions, the fitted first-order decomposition curves were clos,e to the observed dat
(87 t0 99 % of the variation in residual C was explained; Table 3).
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Fig. 2. ReSifiual organic C {% of original amount) in th
macroorganic mater fractions of the sandy and clay soil after keeping the soils bare.
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of the sandy and clay soil after keeping the soils bare.

the particle size fractions 20-150 p
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20 ,
¢ Total Csand C  Total Cclay —— Total Cfited
1] 1 | i 1 1 1 —

0 1 2 3 4 5 6 7
Time {thousands of days)

Fig. 4. Residual total amount of organic C (% of original amount) in the sandy and clay soil after
keeping the soils bare. .

. . . e Its
Table 3. Decay rate constants of the soil organic matter fractions under field conditions. The rest;
of the sandy soil and clay were combined.

Soil organic k value (day™) % of variance
matter fraction , explained
Light mom? ' 0.00239  (0.0001863) 98.7
Intermediate mom 0.000984  (0.0000957) 978

Heavy mom 0.0003943  (0.0000397) - 960

20-150 pm 0.000052  (0.0000045) 932

<20 pm 00000707 (0.0000086) 86.6

Total soil C 0.0000713  (0.0000053) 902

0 = Standard error . T
t mom = macroorganic matter (> 150 ym)

'DISCUSSION'

By measuring C mineralization rates of the size and density fractions that were iSOlate(.l fm]:
grassland soils it was shown that the decomposition rates decreased in the order 11gh‘t e
intermediate > heavy macroorganic matter and that decomposition rates of C in the pfmlco
size fractions 20-150 Hm and < 20 pm (microaggfegates) were lowest. The fr_actionatlon
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soil organic matter of the sandy and clay soil that were kept bare for a long time enabled us
o estimate the decomposition rate constants of the particle size and density fractions. These
constants also decreased in the order light > intermediate > heavy macroorganic matter > 20-
150 pm and < 20 pm (microaggregates). In addition, it was found that the decomposition rate
of the particle size and density fractions did not differ between the sandy and clay soil. This
is in line with the assumptions of Van Veen et al. (1985) and Verberne et al. (1990). The fact
that soil texture did not affect microbial availability of C in a certain fraction shows that the
fractionation procedure can be widely applied. It may be concluded that the generally
observed lower turnover of organic matter in fine-textured soils than in coarse-textured soils
is due to a different distribution of soil organic C over fractions with a high and lower
decomposition rate and not to differences in decomposition rates of the fractions.

The initial decrease in total organic C was somewhat higher in the sandy soil than the clay
(Fig. 4), probably due to the higher percentage of soil C that was present in macroorganic
matter fractions. During later periods, differences disappeared. In line with this it has been
found that in fine-textured soils a greatér part of soil C is present in fractions with a low
decomposition rate (fractions that contain physically protected organic matter) than in coarse-
textured soils (Hassink, 1995). ' '

In many fractionation studies, the fate of soil C associated with primary particles (sand,
silt and clay) was studied (Tiessen and Stewart, 1983; Balesdent et al., 1938, Bon_de et al,
1992). There are conflicting data conceming the decomposition rales of clay-associated and
silt-associated organic C. It is often found that silt-associated C is more stable than clail)"
associated C (Christensen, 1987); however, the opposite has also been observed (Gregonc'h
¢t al, 1989; Bonde et al., 1992). The discrepancies probably relate to the'use of soil
sonication, o obtain primary particles, soils are usually dispersed ultrasonically and 2
variable percentage of the microaggregates is destroyed and a variable Perccntagc of organic
matter is redistributed among size fractions (Gregorich et al., 1988; Elliott and Cambardella,
1991). .

The basic structural units in soils are considered to be microaggregates that are waterc-l
stable and not affected by aggicultural practices (Edwards and Bremnet. 1967; jI'lsdz';}.l :n“
Oades, 1982). Microaggregates protect organic matter against mlcmblal'degradatl'on (Tisda
and Oades, 1982). Destruction of microaggregates leads .to a. co.r_:slderablr.: 1m.:reaszf12
Mineralization (Gregorich et al., 1989). By leaving these basic umts? mtacft, e‘snmattfons' o
Mineralization rates are more realistic than estimations of C mineralization ;1 pri anl;i
Particles, Silt-sized aggregates (2-20 pm) contain a major part of the m‘:‘fs‘a C‘;ﬂ"’i ol
Matter in soil (Skjemstad et al., 1993). It is likely that silt and coarse an zsz)nem d);amcter
ogether in microaggregates (Anderson and Paul, 1984). Aggregates of 2O'thv:r }ETisdall and
consist mainly of particles with diameters between 2-20 pm bonded toge

Oades, 1982)

’ : L - : are net

The decomposition rate constants that were estimated assun.un‘g S::;f?;:zrtge;?rc able
) sy ra

decay rates. When part of the labile material (light > 150 pm) is ¢ b fractions are

. . sta:
fractions during decomposition, gross decay rates of the more
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underestimated. As the rate constants of the particle size fractions 20-150 pm and < 20 pm
were, however, close to the rate constant of total soil organic C, any underestimations must
have been small. A study of the fate of labelled material that is applied to the soil may reveal
whether significant fractions of labile material are transformed to more stable fract%ons.
The percentage of soil C present in the light, intermediate and heavy macroorganic rrTattcr
fractions in the top 10 cm of grassland soils were approximately 1.5, 5 and 13 %, respecuve!y
(Hassink, 1995). So approximately 80% of the total amount of soil C was prestsnt 1_n
microaggregates. The decay rate constants of the size and density fractions described in this
study in some cases showed a very good correlation with the rate constants of non—measura.ble
pools in organic matter models: the rate constant of the heavy macroorganic matter fr:lictlon
was similar to the rate constant of the active physically protected organic matter pool in the
model of Van Veen et al. (1985) and the chemically stabilized pool in the model of Jenkinson
and Rayner (1977). The percentage of soil C present in the heavy macroorganic matter
fraction (13%) was, however, considerably lower. The rate constants of organic C in the
particle size fractions 20-150 pm and < 20 pm and the percentage soil C present in these
fractions were close to the corresponding values of the stable soil organic matter pool in the
NCSOIL model of Nicolardot and Molina (1994). )
For the analysis of organic matter dynamics in soil we propose to distinguisll
organic C fractions: C in light, intermediate and heavy macroorganic matter (> 150 lm'])
fractions and C incorporated in microaggregates (< 150 um), and to use these units in organic
matter dynamics models. Our study showed that the decomposition rate constants of the
fractions were not affected by soil texture. Future research should be directed to the

development of models based on physical fractionation and on the analysis of decay constants
of those fractions in other soil ecosystems,
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Chapter 9

DECOMPOSITION AND TRANSFER OF PLANT RESIDUE “C BETWEEN SIZE
AND DENSITY FRACTIONS IN SOIL

ABSTRACT

Fg:;;“}rzit?:;:“;dy was 10 .follow tht? transfer of *C-labeled ryegrass between size and
bt the appliod M((): soil organic matter in a sandy and a loam soil. Our hypotheses were a)
heavy maclzogr : would be trar‘lsferrcd from light and soluble fractions to intermediate and
by that the ol S!g:anic mattcxl' fI‘aCtlﬁl'lS and ﬁnally become stabilized in microaggregates, and
would decrzazelca_t lf){uteCtm_n of *°C as_somated with microaggregates against decomposition
Generall thw; increasing saturat%on of the microaggregates with soil organic matter.
was presen)t(,in ethypothcses were c‘onflrmed. Imme@iatcly after application most of the label
microbial biom t;; ;oluble and light macroorganic matter fractions. Newly synthesized
soluble and i lflitSS ed on the ‘Iabcled comp(.ments of the fractions. The amounts of 4~ in the
in the intermefl' macroorganic matter fra'cnons decreased rapidly, while the amounts of "C
O o loss tlzll;;: and heavy macroorg.amc matter fractions and in microaggregates remained
ihe micros stable. At the end of the {nclzlbation most of the residual soil *C was found in
whereas ingtﬁreigates. In the sandy s:.onl C was concentrated in the 20-150 pm fraction,
The minerel‘ Oafn a larger pll;opomon was present in the < 20 pm fraction.
heavy i alization rates of ‘ C-labeled ma.terial were similar in the light, intermediate and
spplication E?S;‘tof macroorganic matter and in .the microaggregates 0 and 180 days after the
C Tho e 'C—l'abeled ryegrass. In all fractions, “C mineralized mose rapidly than total
celuble a1 l_tshmdlcate that .conSIderable 'flIIlOl]IltS of MC must have transferred from the
the intermed llft t mgcroorgamc matter ﬁ.'acnons and n;wly synthesize.d microbial biomass 10
HC was ot eeim hhcz?.v;'] 1macmorgamc ma-tter fra.ctlon_s and the mlf:maggn?gates, and that
- ncubation er?’ . physically protected_ against rn'lcrobla}d degra.datmn during .t.he ?vhnle
microag period, T_he degree of physical protection of "C against decomposition In the
gregate fraction < 20 pm was negatively correlated with the degree of saturation of

this : . .
particle size fraction with soil organic matter.

INTRODUCTION

| has been studied extensively. In most
Ly, environmental factors and soil
C (e.g. Jenny et al., 1949; Van
e C in the soil, however,
al that enters the soil as
adsorbed by mineral

:l?:iiiztfhd plant residues irllcorporated into the soi :
texture 02 alllm was to qUE.lfftlfy the cffe(ft§ of. resource quall
Cleve 197‘:' ¢ decomposition and stabilization of res.1due :
have ;eCB- X Afnato and I:.add, 1992). The transformations of res:du.
Pal'ticulatwed lm.le attention. It has been observed that. plant _matcle

¢ organic matter is colonized by the microbial community,
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particles and reduced in particle size by abiotic factors or by the feeding activity of
decomposer organisms (Swift et al., 1979; Golchin et al., 1994). Soluble matter can be
adsorbed on mineral surfaces, immobilized by the microbial biomass or leached (Swift et al,,
1979; Tiessen et al., 1984). During the last decadés it has been recognized that soil structure
exerts a dominant control over the stabilization of organic matter in soil (Van Veen and
Kuikman, 1990} and it is generally accepted that most soil organic matter is finally profected
by their association with clay and silt particles and by their location in microaggregates
(Tisdall and Qades, 1982; Skjemstad et al., 1993; Golchin et al., 1994).

In most models that describe organic matter dynamics it is assumed that all plant residues
(except lignin-like components) that enter the soil must pass the microbial biomass that partly
mineralizes them, partly converts the residues into new products (Van Veen ct al., 1984) and
that residue C remaining in the soil is gradually transferred from labile pools to more
stabilized pools. ‘

Although the combination of size and density fractionation, measurements of the soil
microbial biomass and isotope techniques would be a major step towards verification of
concepts behind organic matter models (Bonde et al., 1992), the combination of these
techniques has not been used yet in experiments studying the fate of plant residues.

Recently, a relatively simple size and density fractionation procedure using stable silica to
produce solutions of different densities has been proposed to distinguish soil organic mattisr
fractions (Meijboom et al., 1995; Hassink, 1995%%), This technique separates macroorganic
matter (> 150 pm) into a light fraction containing partly decomposed plant residues that ar®
nol yet associated with soil minerals, an intermediate fraction containing organic matter of
which the plant structure is less clear, and a heavy fraction consisting of more Pfocessed
decomposition products in which plant structure can no longer visually be recognized
(Greenland and Ford, 1964; Meijboom et al., 1995). Microaggregates of 0-20 pm and 20-150
Hm size were found to contain the most stable organic matter fractions (Hassink, 1995°). The
application of labeled residues enables us to determine to what extent organic C is transferred
from one soil organic matter pool to another. '

. Inthe present study we applied “C-labeled grass 1o a sandy and a loam soil and at various
times after application we determined C and "¢ in seven soil organic C fractions: microbial
blf)mass, soluble fraction, light, intermediate and heavy macroorganic matter @d
Jcroaggregates (< 20 um and 20-150 um). The first objective of this study was to determin®
whether. and to what extent residue C was transferred from one pool to another in soils of
contrasting texture. . ,
ma:;gfg?i‘ﬁgr tilati irr'?ispective o.f so'il texture most “*C would 'bc found in th:i;:]g;:
before gradualy tran:fe soluble fraction immediately after application of plant :{e Leavy
macroorganic. matter an;ml;g frO_m these labile fractions to interme.dlate an s a5
decomposition proceceds. | e oo, e and more protected in mlcro?ggrigc to be
associated with clay angd ;ihn the. long term we expected most of the applied

particles in the microaggregate fractions.

Changes i . ; . iofl,
ges In the amounts of C in a fraction are the result of decay of "C in'this fractio
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and the supply of "C to this fraction from more labile fractions. This means that the transfer
of “C between fractions can be considerably larger than the observed net changes of "“C in
a fraction. To estimate the gross decay rates of '“C in the different fractions, the isolated
fractions of the sandy soil at day O and day 180 were incubated for determination of the
mineralization rates. ~ o

Soil organic matter can be preserved by its association with clay and silt particles and by
its location in microaggregates. Organic maiter associated with clay and silt particles and
microaggregates can be a heterogeneous pool of soil organic matter (Elliott and Cambardella,
1991; Matus, 1995). Studies with pure clays showed that adsorption of organics to clays
decreases as the coverage of the clay surface with soil organic matter increases (Stotzky,
1986). It has been suggested that organics can form different layers around clay and silt
particles and aggregates. Organics in external layers are less protected against decomposition
than organics in internal layers (Skjemstad et al., 1993; Buyanovski et al,, 1994). In a
previous study the maximum amount of organic matter that can be associated with clay and
silt particles in the soil was determined (Hassink, 1995°). . By

The second objective of this study was to test-whether the degree of saturation of tBe clay
and silt particles (< 20 pm) with soil organic matter affects the decomposition rate of “C that
is associated with microaggregates with diameters < 20 pm. To test this, HC-labeled grass was
applied to soils that differed in the degree of saturation of the clay and silt particles with
organic matter (Hassink, 1995%. The microaggregate fractions < 20 pm were isolated 53 days
after the application of '“C, they were reincubated and the mineralization rates of C and

in these fractions were determined.

l4C )

MATERIALS AND METHODS

Experiment on residue ¢ transfer between fractions and decomposition of residue C
in these Jractions
Dried, uniformely. '“C-labeled Lolium perenne shoot material was. cut i[.m pieces Of
Approximately 1 cm length and mixed through sieved (0.008 m mesh size) 3011,‘;501 mg t;:)e-
100 & taken from the top 10 cm of a sandy and a loam soil with a water _potcnh T oi; 9
10 kPa. The Lotium perenne plants had been grown in a phytotron (Gorissen et al., g
Some characteristics of the soils and the grass are given in Tables .l and2. - —
.Aﬁer mixing the grass through the soils, samples Wf.:rc mcqbated” é\tin micr.Obia]
Mieralization (at 20°C), distribution of “C over density and size fract.loqs, e
lomass and “C in the soluble fraction wete determined in separate triplicate sanzlg 3.0 »
ﬁoc“mulativé MC mineralization was determined in 50-g soil samples 2, 6, 10, 20, 30
|

er th i assink 1994).
|+ 1 i i 14C0 in eXcess NB.OH (H 51NK,
4a}’S aft the start of the incubation by trapping .2 i cacti . ( ¢

C in microbial biomass was determined by the fumi
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al., 1987) using a kg value of 0.45 (Wu et al,, 1990) in soil samples of 20 g (separate
fumigated and non-fumigated sample) 0.5 h (0 days), 3, 7, 21, 60, and 180 days after the start
of the incubation. '*C in non-fumigated samples will be referred to as the soluble fraction.

C in size and density fractions was determined on the same days as microbial biomass
according to Hassink (1995% in 75-g soil samples. Five size and density (d) fractions were
distinguished: light (d < 1.13 g cm™), intermediate (d 1.13-1.37 g cm™) and heavy (d > 1.37
g em™) macroorganic matter (> 150 um), microaggregates with diameters between 20 and 150
um and diameters < 20 pm (Hassink, 1995%). Unlike an earlier experiment (Hassink, 1995,
the mineral fraction was not discarded by decantation, but was included in the macroorganic
matter fractions in order to recover all applied "“C. The distribution of C over the different
fractions was determined in the unamended soils at the start of the experiment (Table 1).

Soil C was determined using a wet oxidation method (dichromate-oxidizable C; Mebius,
1960). CO, was trapped in 0.5 M NaOH. Soluble C and “C in the grass were determined by
shaking 100 mg grass with 100 m! 0.01 M CaCl, for 1 h. Soluble C in grass was measured
using a dry oxidation method; 30 l of the CaCl, solution was injected in an analyzer for total
organic C (TOC-500 Shimadzu) equipped with a furnace to reach 680°C and an infra-red CO;
analyzer.

“*C resulting from mineralization and "“C in the size and density fractions were determined
after mixing | ml aliquots of the NaOH solutions diluted with 1 ml of water in 8 glass
scintillation vial with 10 ml of a scintillation cocktail (Insta-Gel, Packard Instruments
Company). Soluble “C in grass was determined in the CaCl, solution in the same Way-
Soluble “C in the soil samples and “C in microbial biomass were determined after mixiog
0.4 ml of the 0.5 M K,S0, solutions diluted with 1.6 ml water with 12 ml of the scintillation
cocktail, Samples were counted in a liquid scintillation counter Rackbeta II 1215, Waliac..
~ Toestimate the gross decay of “C in the different fractions, the fractions of the sandy 8911
::z:::l;:tiia:t?oizﬂ and 139 were mixed through the sandy soil and the percentages of “Cin

at. were mineralized to *CO, were determined 3 (only at day 0) and 21 days
f';lfter the start of incubation at 20°C and at a water potential of -10 kPa. The samples WeI®
mf‘.ubau?d in triplicate. C mineralization was only determined in the samples of day 180. €
mincralization of the incubated fraction was calculated as the differcace between C

mineralization ‘in soil samples to which a fraction was added minus C mineratization in sol
samples to which no fraction was added.
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Table 1. Some characteristics of the top 10 cm of the sandy and the loam soil

Characteristics . Sand L
7 . oam
C{%
%) 4.38 5.37
Distribution of C over fractions (%)
s_olub]e fraction 0.2
!1ght mag‘roorganic matter 3:3 (1)§ .l
intermediate macroorganic matter 14.5 36
he'avy macroorganic matter 16.6 4.7
microaggregates 20-150 um . 415 ' 23
microaggregates < 20 pm 23.9 Y
pH (KCI) 4.4 48
Gral;ular composition, % particles < |
o 4.4 36.5
| 23.5 7.1

Tab .
able 2. Soluble C and specific activity of labeled ryegrass C

C soluble in Speci ivi -
fi 1
6,01 M Cac, pecific activity (Bq mg' C)
(%) : grass soluble fraction
22,5 546 576

Experi ;
periment on residue C decomposition in aggregales < 20 pim, as related 1o the

de )
8ree of saturation of these aggregates

d in the first experiment was mixed through 75
mount of C that can be associated
and silt-assoctated C (saturation
hey were incubated

Ez\fzztlgﬂve mg (?f the cut ryegrass describe
with o Ofél .sml Safnples that differed in the maximum a
deficir }}; ;D. silt part:cles minus the .actual amount of clay-
at 4 \;me:fil.ﬂk, 1995°). Grass was mixed through triplicate samples and they 3

potential close to - 10 kPa at 20°C. The setup of the experiment and the

?;i‘;?;;erlstzics of the samples have been described by Hassink (1995°). After 53 df‘YS the
camples < 20 pm \fvas collected from one of the triplicates of e?ch sample by washmg. the
20 .([)1: three sieves (top sieve: mesh size 250 pm; second sieve: 150 pm; bottom sieve

. The samples were pushed through the top sieve to destroy all macroaggregates. The
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suspension passing the bottom sieve of 20 pm was collected in a bucket and placed flt 4“?
until it had sedimented (Hassink, 1995%). The < 20 pm fraction was dried at 30°C; "C in this
fraction was determined as described above. The isolated < 20 pm fractions of seven samples
that differed considerably in saturation deficit {(samples 1, 2, 3, 4, 8, 10 and 11; Table 3;
Hassink, 1995% were rewetted by application of a soil suspension (sandy soil of experiment
1 mixed with demineralized water at a ratio of 1:10). The fractions were incubated at 20°C
and at a water potential of -10 kPa. Cumulative C and '*C mineralization was determined after
14 days of incubation.

Statistical analyses

Student’s t test was used to assess differences in distribution of “C and specific activity
between soils and dates (Genstat, 1987). The relationship between *C mineralization of .thﬂ
fraction < 20 pm and saturation deficit was analyzed with correlation and linear regresston
-analysis (Genstat, 1987).

Table 3. Some characteristics and the saturation deficit of the soil samples that were used in the second
experiment (Hassink, 1995%) '

Soil ' Granular pH -~ C C in particle Saturation deficit’
no.  composition, © (KCD' {gkg"y size fraction (g kg soil)
% particles < < 20 pm
{g kg’ soil)
2 pm 20 pm 50 pm
1 9 17 26 70 49 . 58 5.0
2 9 17 26 7.0 28.1 T 128 20
3 45 66 72 7.0 11.3 10.2 i8.4
4 45 66 72 10 40.0 27.6 1.0
g 24 31 T2 4.8 43.0 216 - 40
10 23 38 712 7.0 340 13.0 - 5.3
11 23 38 72 70 300 , 119 64

" Derived from the equation: Protective capacity (g C kg soil) = 4.09 + 0.37 x % particles < 20 pm
(Hassink, 1995% 7 ,
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RESULTS

Experiment on residue C transfer between fractions and '
decomposition of residue C in these fractions

Recoveries of *C

The recovery of “C, as *CO, or as “C, in the soluble and size and density fractions was over
85% at day 0, but only 75% at day 3. Applied "*C that was not recovered in these fractions
is indicated as ’not recovered’(NR, Figs 1 and 2). Between 3 and 180 days, the recovery
increased to 100% (Figs 1 and 2).

Distribution of C immediately after the application of grass

most of the applied "“C was recovered in the

Immediately after the application of grass,
Figs. 1 and

soluble fraction (26-28%) and the light macroorganic matter fraction (31-32%:;
2). The percentages of applied '“C present in the intermediate and heavy macroorganic matter
fractions were less than 8%. For all these fractions there werc no differences between the
sandy and loam soils. Substantial amounts of “C were found in the microaggregate fractions
(0-20 and 20-150 pm). The sandy soil contained relatively more 14C in the 20-150 pm size
class than the loam (16 vs 11%), whereas for the < 20 pm size class the opposite was true

{5 vs 19%; Figs. 1 and 2).

Distribution of applied 14C over fractions (%)
100

N 7 >
ANAN
75f
80
25 I -
o Eee _,%__
7 21 60 180
‘ s Time {days)
Light Intermediate EZ1 Heavy
= Soluble [¥ o

BR 20-1504m <20pum [ZJ CO2

K istributi : ic matter, light, intermediate and heavy
is. 1. Distribution of applied C (%) over soluble o ogates, and mineralized “C (CO,) in the

macroorganic matter, 20-150 pm and < 20 um microaggre t4
$andy soil 0, 3, 7, 21, 60 and llé{] days after the application of MC-labeled ryegrass. 'C not recovered

n any of those fractions is known as NR.
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Changes in the distribution of "*C in time

Rates of “C mineralization were very high initially and decreased during incubation. "*C
mineralization was not significantly (P < 0.05) different between the sandy and loam soils.
After 7 days 36-43% of the applied 'C was mineralized and after 60 days 67-75% (Figs. 1
and 2). ' : _
High initial "C mineralization rates coincided with a rapid decrease. in soluble and light
macroorganic matter “C. After 3 days the percentages of C in the soluble and light
macroorganic matter fractions had fallen to 3-4% and 17-20%, respectively. The amounts of
"“C in the other size and density fractions changed little (Figs. 1 and 2).

Microbial "*C amounted to approximately 40% of the applicd '*C after 3 days in both soils
and decreased rapidly thereafter (Fig. 3).

* Distribuion of applied 14C over fractions (%)
" 100

N § 7
50 /
B :
21 €0 180
Time {days)
& Soluble Light Intermediate g8 Haavy
B2 20-150 um <20pum 3 CO2 3 NR

Fig. 2. Distribution of applied '“C (%) over soluble organic matter, light, intermediate and heavy

macroorganic matter, 20-150 um and < 20 pm microaggregates, and mineralized "C (CO,) in the

!oamy s0il 0, 3, 7, 21, 60 and 180 days after the application of "*C-labeled ryegrass. "*C not recovered
in any of those fractions is shown as NR.

Egr_centage of applied 14C in microbial biomass

40} ' — Sand —+— Loam
aoH
201

10

o N 1 —

50 100 . . 150 . 200
Fig. 3. ' o ) Time {days)
18- 2. Percentages of applied “C present ; the i - . 80 days after
the application of “C-labeled T)‘eggass. 1 fhe microbial biomass 0, 3, 7, 21, 60 and | ’
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The distribution of **C in the soil over the different fractions changed considerably during
incubation. The contribution of the soluble fraction to total soil *C decreased from more than
25% to less than 5% in 7 days (Figs. 4 and 5). The contribution of the light macroorganic
maiter fraction had fallen to less than 13% after 60 and 180 days (Figs. 4 and 5). The relative
nl:“ont.ribution of "C in the intermediate and heavy macroorganic matter fractions to total soil

.C 1_ncreased significantly (P < 0.05) during the first week of incubation and did not change
significantly (P < 0.05) afterwards (Figs. 4 and 5). The percentage of soil MC present in the
microaggregates increased significantly (P < 0.05) during incubation; in the sandy soil their
contribution increased to approximately 60% and in the loam soil to approximately 85%. In
the sandy soil C was concentrated in the 20-150 pm size class, and in the loam in both the
20-150 and < 20 pm size classes after 60 days and primarily in the < 20 pm size class after
180 days (Figs. 4 and 5). At the beginning of the incubation the distribution of soil "C over
the different pools was very different from that of total soil C, but as time proceeded the
distributions became similar (cf. Table 1 with Figs. 4 and 5).

Distribution of 14C in the soil (%)

100 pgg
75F B2
50
251
0 2 60
o Time (days)
4 Soluble [ Light Intermediate

Heavy B3 20-150 um < 20um

light, intermediate and heavy

Fig. 4. Distribution of residual soil "*C (%) over soluble organic matier,
dy soil 0, 3, 7, 21, €0 and

I]“acroorganic matter, 20-150 pm and < 20 pm microaggregates in the san
80 days after the application of '*C-labeled ryegrass.

Comparison of '*C mineralization rates of reincubated fractions of the sandy soil isolated

after 0 days and net changes in the amounts of H( in the fractions in the sandy soil during

Incubation

ot different for “C in the macroorganic

During the first 3 days, mineralization rates were I oroo!
). Between 3 and 21 days, "“C in the

Matter fractions and the microaggregates (Table 4 L
Macroorganic matter fractions mineralized slightly faster than "“C in the microaggregates, but

the differences were only significant (B < 0.05) for the light fraction. Between 0 a.nd 3_, and
between 3 and 21 days, the amount of "'C in the light macroorganic matter fraction in the
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sandy soil decreased significantly (P < 0.05) faster than the amount of “C in the incubated
light macroorganic matter fraction. For "“C in the microaggregates, this was the case for thf:
period 0-3 days.

Distribution of 14C in the soil (%)
100

75 L Tl

N

50
o5l
0 60 180
Time {(days)
£ Soluble Light Intermediate

3 Heavy B 20-150 prn < 20um

Fig. 5. Distribution of residual soil “C (%) over soluble organic matter, light, intermediate and heavg
macroorganic mater, 20-150 pm and < 20 pm microaggregates in the loamy soil 0, 3, 7, 21, 60 an
180 days after the application of "C-labeled Tyegrass,

Table 4. Amounts.of "“C present in size and density fractions isolated from the sandy soil 3 ffmd 2
days after the application of “C (Scil); in size and density fractions isolated from the sandy 50‘! fﬁfx
0 days and reincubate! for a period of 3 and 21 days (Isolated day 0), and amounts of C and . Cin
size and density fractions isolated from the sandy soil after 180 days and reincubated for a pel'lOd of
21 days (Esolated day 180). Results are expressed as % of the amounts present in the fractions at day
0 (Soil) or at the beginning of the incubation period (Isolated).

Sail, Isolated Isolated day 180
4o day 0,
MC ) 14C C
32 32 21 21
Macroorganic matter :
Light 64 24 w1 7 nd. nd.
Intermediate 109 64 94 76 88 96
Heavy L1212 o n3 88 98
Microaggregates . ) -
20-150 pm 72 80 92 73 88 99
<20 pm . 56 58 93 80

90, 99

n.d. = not determined
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C and *C mineralization rates of reincubated fractions of the sandy soil isolated after 180
days

There was no difference between the mineralization rate of ™C in the macroorganic matter
fractions and the microaggregates (Table 4). '“C mineralization rates of the fractions isolated
after 180 days were significantly (P < 0.05) lower than *C mineralization rates of the
fractions isolated on day O (Table 4). C in the microaggregates mineralized significantly (B
<0.05) slower than C in the intermediate and heavy macroaggregate fractions. C mineralized
significantly slower (P < 0.05) than "'C (Table 4).

Specific activity of the grass, mineralized C, microbial biomass and soil organic matter
fractions

To compare the decomposition rate of freshly applied UC with that of native soil C in a
different way, we established the specific activity (s.a) of CO, produced during
mineralization. We present average values of the soils because the s.a. of mineralized C and
soil fractions between both soils did not differ significantly (P. < 0.05). At the start of the
incubation the s.a. of mineralized C did not differ from the s.a. of the grass and its sofuble
fraction (cf. Table 2 and Fig. 6). The s.a. of mineralized C decreased. rap%dly during
incubation, During the first weeks of the incubation, the s.a. of the microbial b}omass was
lower than the s.a. of mineralized C. However, after 3 weeks the difference had d'isgppeared

(Fig. 6),

Specific activity (Bq mg-! C}
1000

-
-
10 .--‘-"----.

L LI —
1 150 200
100
o Time {(days)
—C0Os —-Soluble —-—MB Light

i ; i icrobial
Fig. 6. Specific activities (Bq mg” C) of mineratized C (COy), sotuble C 33031“;132)1 Cﬁ!(;‘ ;2:'1 Té?)r‘:lays
biomags (MB), and C in the light macroorganic matter fraction (Light} O, 3, ¥ and loam
after the application of “C-labeled ryegrass. Average values for the sandy 501 -
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The s.a. of the soluble fraction was lower than the s.a. of the microbial biomass and decreased
rapidly during incubation (Fig. 6). : : '

The s.a. of the light macroorganic matter fraction decreased considerably during the
incubation and was approximately 7 times lower than the s.a. of mineralized C (Fig. 6).
Theé s.a. of the intermediate and heavy macroorganic matter fractions and the microaggregates
20-150 ym and < 20 pm were very low (< 10 Bq mg™ C) during the whole incubation and
remained almost constant (Fig. 7). :

Specific activity (Bq mg-1 G)
100

1 1 1 : 1 -
Y _ 50 100 150 200
: Time {days}
----- Light ---interm. ——Heavy =--20-150um —--< 20um

Fig. 7. Specific activities (Bq mg"' C) of the light, intermediate and heavy macroorganic matter, and
the .20~.l50 pm and < 20 um microaggregate fractions 0, 3, 7, 21, 60 and 180 days after the
application of “C-labeled ryegrass. Average values for the sandy soil and loam.

1840 mineralization in fraction < 20 um

o Sand 4 Loam and clay

75 A

(3

5L

4 L : T S—
-10 -5 0 5 10 15 20 25

Saturation deficit {g C kg1 soil)

Fig. 8. Relationship between the percentage “C respired to “CO, in the fraction < 20 pm after 14 days
of incubation ﬂ{‘d the saturation deficit of a soil (g C kg soil). (% "C respired = 7.03 (0.16)- 0.10
(0.02) x saturation deficit; () = standard error of difference.) .
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Experiment on the decomposition of residue C in aggregates < 20 wm, as related 1o
the degree of saturation of these aggregates

The percentage of '*C in the isolated fraction < 20 um which mineralized after incubation of
this fraction for 14 days ranged from 5.2 to 7.4%, and was negatively comelated (r = -0.9)
with the saturation deficit of the fraction < 20 pm with organic matter (Fig. 8).

DISCUSSION

Transfer of "C between soil organic matter fractions

The first atm of this study was to determine whether plant C that is mixed through the soil
is transferred from light macroorganic C and soluble C to intermediate fmd heavy
macroorganic C fractions and accumulates in microaggregates in soils of contrasting tc‘xture.

We observed that 30% of the applied ryegrass "*C was recovered in the light frac‘tmn of
macroorganic matter and 25% in the soluble fraction immediately after application in bﬂth
soils. The amount of "C recovered in the soluble fraction equalled the amount of g.rass C
that was extractable with 0.01 M CaCl,. In contrast with our expectations, considerable
amounts of "C were already pgsem in other fractions: 20-30% in both micrc.:aggr_egat'c
fractions and 7-11% in the intermediate and heavy macroorganic matter frajctmns. This
suggests that the binding of organics to mineral particlés (Jeading to the formation of h:a;’ly
material) can take place very quickly (Strickland et al,, 1992). The fa;t that 20-30% of the
applied *C was recovered in the microaggregate fractions (< 150 pm) s.uggests also that tlTe
grass sample contained particles that were t00 small to be recovered in the macroorganic
matter fractions,

The amounts of "*C in the light macroorganic m
decreased very rapidly, whereas the amounts of )
mﬂCTOOrganicrfnattgr ﬁ?; ctions and the microaggregate fractions remained almost consla;nl
during incubation. Erom this observation it was not directly clear whether there was a trans t.',l‘
of “C from the Ii ght macroorganic mattet fraction to the intermediate and. heavy macroorogfa:il:;
matter fractions and finally to the microaggregate fractions. The .relatlve constanf:y i
amounts of “C in the intermediate and heavy macroorganic 'matter fractions :
microg ne fact that “C in these fractions had a ver?' Ic:w

ggregates may be due to 1 ) . he supply of “C
decomposition rate, or that the decay of '“C in a fraction was matci'led by the S after 0
from more labile fractions to this fraction. The reincubation of thc]:solatefl ﬁ"ac"-oz?ﬁcamly )
and 180 days of the sandy soil showed that mineralization rates of ' C wc:: ng:rizig regates,
different for light, intermediate and heavy macroorganic matter fractions an‘ mi N ggand o
The similar mineralization rates of the reincubated light macroorganic matter

atter fraction and the soluble fraction
4C in the intermediate and heavy
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microaggregate fractions corresponded with the decreases of "C in these fractions in the soil
between 0 and 3 days (Table 4). Unlike the fast decrease of 2 in the light macroorganic
matter fraction, the amount of “C in the intermediate fraction of macroorganic matter
increased in the sandy soil during the first 3 days and of the heavy macroorganic matter
fraction during the first 21 days (Table 4). As 140 had similar mineralization rates after 0 and
180 days in all fractions, therc must have been a transfer of “C from the most labile fractions
(“C in the light macroorganic matter fraction, soluble “C and microbial C) to the
intermediate macroorganic matter fraction during the first few days after '“C application and
to the heavy. macroorganic matter fraction during the first weeks after this application. The
results suggest that transfer of *C to the microaggregate fractions was not important between
{} and 3 days but became significant between 3 and 21 days as the amount of *C recovered
in the microaggregates did not decrease during that period.

Tt is not clear why the "*C mineralization rates of the isolated, incubated light macroorganic
matter fraction and the microaggregate fractions were smaller than the decreases in the
amounts ‘of “C present in the same fractions in the soil. The microbes decomposing the
fractions might have been washed away during the isolation of the fractions, which might
have caused a reduction in the mineralization rate of the fractions.

At the start of the incubation the distribution of “C over the fractions was very different
from the distribution of total C, but after 60 days they became similar. After 60 days, most
of the residual soil *C was found in the microaggregates; in the sandy soil in the 20-150 pr
size fraction and in the loam in the 20-150 and < 20 pm size fractions. Unlike our results,
Ladd et al. (1977) and Nicolardot et al. (1992) found that, independent of soil texture, most
of the applied labeled C and N ended up in the silt and clay fraction. The discrepancy with
our .Study is caused by the fact that they used sonication to obtain primary particles.
Sonication destroys most of the microaggregates in the 20-150 pm size class and releases the
clay and silt particles present in these aggregates (Tisdall and Oades, 1982) with the result
that most of the label is found in the clay and silt size fraction. With the wet sieving
pr‘ocedure performed in our' study, only the macroaggregates were destroyed and the
ricroaggregales (which are not destroyed by agricultural practices) remained intact (Hassiok
19957). The observation that most of the “C ended up in microaggregates is in agreement
with Previous observations that microaggregates contain a large proportion of the most stable
organic matter in soil and protect organic matter (Skjemstad et al., 1990; Skjemsltad et al,
1993; Go_ltj,hin et al., 1994). It is also in agreement with the observation that the
decomposition rate of organic € incorporated in microaggregates is much lower than that of
other parts of the soil organic C pool (Hassink, 1995%). '

After 3 days approximately 25% of the applied '“C was not recovered in on® of the

fracti [ !
Tactions (Flgs: 1 and 2, not recovered). This amount decreased during incubation. Tis ot
clear where this “C was located, - |

and
ons
his

Tt may. . - . .
solubllnay be concluded that residue C was transferred from the light macroorganic mater
o ace organic n'.lattex" fractions to the intermediate and heavy macroorganic matter fract!

cumulated in microaggregates and that newly synthesized microbial biomass fed ont
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labile material. The transformations of *C were identical in the sandy soil and loam, except
that there was a greater accumulation of “*C in 20-150 um microaggregates in the sandy soil,
in the loam the accumulation was highest in the 0-20 pm microaggregates. -

Heterogeneity of the isolated fractions

Several of our observations showed that the isolated fractions consisted of soil-derived C with
a relatively low mineralization rate and applied “*C with a higher mineralization rate.

The decrease in the s.a. of the soluble and light macroorganic matter fraction indicates that
material derived from the grass decomposed much faster than soil- derived C recovered in the
same fractions. . )

The observation that the s.a. of mineralizéd C was greater than that of soluble C, C in the
light macroorganic matter fraction and microbial C (during the first weeks after MC
application) also shows that '*C compounds in those fractions mineralized faster than n.un-
labeled (soil-derived) C in the same fractions. In agreement with a previous study (Hassullk,
1995") we found that less than 5% of the amount of C present in isolated size and density
fractions was mineralized when the fractions were incubated at 20°C for 21 days.. Thcﬁe‘
values are considerably lower than the decomposition rates for 4C that were determined in
this study when isolated fractions of day 0 and 180 were incubated. It is gencrall‘y found that
applied C remaining in the soil decomposes faster than the native soil C (Christensen and
Sérensen, 1985). In addition, the results of the present study show-thgt 180 days after the
application of plant C, plant-derived C in a recovered fraction still depqmposed fastejr than
svil-derived C. S - T

In addition, it was found that - contrary to soil-derived C - the decomposition rates of 'C
Were not significantly different between the isolated fractions, both .0 and l§0 days af::;
application of "C. This suggests that even "C that was recovered in thc.nucr?jagdg;e?c’m
fractions was not yet physically protected in the soil. Apparently more time is neede tew“h,
pplied C becomes physically protected against microbial attack. rljhm is in agreemtel;de ”
the results of Matus (1995) and the observation that: mater.lals on the ou Z e e
Microaggregates are made up of more labile material, while matena}s inside aggfi"fd e is
much more stable (Skjemstad et al., 1993} and with the ‘postulatlor‘l that 'a;l)ps e the
associated with external layers of organic matter coatings on clay and silt iartut: :1 ) o5,
Internal layers contain the physically protected organic matter gBu;;f‘anovs ye a.. regatos <

The second experiment showed that the preservation of applied "C by m{crof iﬁtion <20
20 pm s negatively correlated with the degree of saturation of the Pa_mdz mzc rrvations d
Pm with soil organic matter. This is in line with the above- .mﬂn_tlons a‘;) if:ic 1 biotic
Postulations. Apparently, plant-derived C is gradvally reduced in size bY : T eate sine
facmrls and considerable amounts of residual plant C are xfeclovmjed in ?heortljli:l deify b sbably
fractions_ The degree of physical protection of this mathal ag.auns.tt]1 ;l:lr;l;c T oable. The
0creases in time and depends on the amount of p_rotecuve sites fa
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high decomposition rates of “C in the microaggregate.sizc _fraction's of the soils ir; tl:m ﬁrls;
experiment are in line with the observation that the particle size fractions < .20 pm o ct e soi
used in the first experiment were saturated with soil organic matter (Has.smk, 199.5 ). -

The observation that all fractions contain relatively young plant—demfed C with a hlglh
decomposition rate that is independent of the size and density of tht? fraction anc? older soil-
derived C with a lower decomposition rate that is different for each isolated frac-:tmn, and the
observation that the decomposition rate of plant-derived C assoctated with t-he @croaggregati
fraction < 20 pm is affected by the degree of saturation of the prot.ecuvc sites with s01
organic matter, complicates the simulation of the fate of recently applied C.
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Chapter 10

A MODEL OF THE PHYSICAL PROTECTION OF ORGANIC MATTER
IN SOILS

ABSTRACT

A computer simulation model describing the turnover of organic matter in soil in relation to
physical protection is presented. The essential innovation of the model in comparison with
others is that it describes physical protection explicitly as a function of the adsorption of
organic matter to clay and silt particles. The net rate of decomposition of organic matter
depends not simply on soil texture therefore, but on the degree to which the protective
capacity of the soil is occupied. The rate at which organic matter becomes protected depends
on both the amount of free organic matter and the degree to which the protective capacity is
filled (or covered). The rate at which organic matter is released depends only on this degree
of cover of the clay and silt particles with organic malter.

With this new model we were better able to predict the build-up and decline in amounts
of soil organic matter in soils of different textures and initial organic matter contents, than
with conventional, implicit descriptions of protection. The model closely followed the build-
up and decline of organic matter in 10 soils to which grass residues were added each year for
10 years and then left without addition for a further 10 years. An estimate made with the
model of the maximum capacity of each of these soils to protect organic matter was closely
correlated with the clay plus silt fractions in the soils.

INTRODUCTION

The rate of decay of organic materials in soil is generally thought to be reduced by the
Presence of clay. Clay and organic matter interact in soil to form co.mplexes :fnd
Microaggregates which render organic substances Jess susceptible to biodegradation
Uenkinson, 1977; Ladd et al., 1981, 1985; Tisdall and Oades, 1982; Amato and Ladd, 1992;
Skjemstad et al., 1993). As a result of this stabilizing effect, fine-textured soils. usualtly contal.n
more organic matter than coarse-textured soils that have received the same input of organic
material (Kortleven, 1963; Jenkinson, 1988; Spain, 1990; Felter et al. 19_9?)' In many
‘omputer models describing the turnover of carbon and nitrogen in soil_, Physwal pmtecuor{;
of otganic matter has heen treated empirically, whether explicitly of implicitly (Van Vecn an
Paul, 1981; Van Veen et al., 1985; Parton et al., 1987; Jenkinson, 1990: VFrbeme et al.,
1990). In these models it was proposed that (i) clay soils have a greater .capacxtg to Il))rcserv;
OF protect microbial biomass and provide an environment for closer 1ntf:ract1f0n betw:zd
n_ﬂcmmganisms aﬁd the products of decay which results in a larger PI'OPC?ﬂlon ovcar ‘;)IL o
nilrogen from decomposing microbial biomass becoming protected physicatly (Van e
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al., 1985; Verberne et al., 1990), or (ii) clay soils promote a higher efficiency of use of
metabolic products by the soil biota (Van Veen et al., 1985; Parton et al., 1987; Jenkinson,
1990).

The mechanisms whereby organic compounds are bound to clay surfaces are seldom
known. Organic matter can be bound to clay particles by cation and water bridging, anion and
ligand exchange, hydrogen bonding and van der Waals forces (Theng, 1979). The binding of
organics to clay surfaces has been described by adsorption-desorption kinetics (Burchill et al.,
1981). Equilibrium adsorption is attained when the rate of adsorption equals the rate of
desorption. The equilibrium adsorption of organics to clays can properly be described by
isotherms (Harter and Stotzky, 1971). McLaren and Peterson (1963) gave equations to
describe the adsorption and désurption' of organic molecules to clay which depend on both
the fraction of the free space on the surface of the clay and the fraction of the organic
polymer bonded., _ . _

Hassink (1995 suggested that the physical capacity of a soil to preserve organic matier
is limited. The protective capacity was defined as the maximum amount of C that can be
associated with clay and sili particles in the soil: C,,, in the fraction < 20 pm (g kg™ soil) =
4.09 + 0.37 x % particles < 20 pm (Hassink, 1995%). It was suggested that the degree of
saturation of the protective capacity of a soil with organic matter would affect the
preservation of applied carbon in residues in the soil. Less of the applied C should be
preserved in the soil when all protective siies are occupied than when sites are available to
stabilizc organic C. Hassink (1995®) provided additional evidence of this by observing that
the amount of carbon in residues decomposed in soil correlated better with the degree of
.saturatipn of the protective capacity of a soil than with its clay content. These ideas are also
in line with the observation that adsorption decreases as the coverage of the adsorbing surface
Increases (Stotzky, 1986) and the observation that the amount of organics that can be bound
to dispersed clay particles is limited (Pinck et al., 1954; Harter and Stotzky, 1971; Marshman
and Marshall, 1981},

T.hc aim of this paper is to test whether the long-term dynamics of soil organic matter can
be simulated with a simple simulation model that is based on the assumptions that i) the
preservation of applied C is controlled by the degree of saturation of the clay and silt size
fre}ctlon. with soil organic matter (instead of soil texture per se) and ii) that the protection of
soil organic matter can be described kinetically in the same way as adsorption and desorption.
W.e. smulate.d both the increase in organic C in soils with different textures and different
initial 0rgan10 C contents receiving grass residues each spring as well as the subsequent
decrease in soil organic C after the additions were stopped. We compared the results of this
model with the predictions of two alternative descriptions of organic matter turnover and

p1_"c1>tection in which the stabilization of residues is controlled by the clay content of the soil
only. :
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MATERIALS AND METHODS

Incubation experiment

In March 1966 soil from the top 20 cm of nine arable fields and onc grassland field was
taken, roots and stubble removed and sieved through a 0.008 m mesh screen, Four plaétic '
containers were filled with approximately 6 1 of each soil. The containers were placed
outdoors under a roof during the initial four years. Subéequently they were kept in the
greenhouse at ambient air temperature. The soils were kept bare during the whole incubation
and the moisture content of the soils was kept between 50 and 70% of the water holding
capacity by regularly watering. In two replicates of the containers of each soil 100 g of milled
tyegrass was carefully mixed through the samples each spring (starting in 1966). After 10
years (from 1976) the application of ryegrass was stopped but the soils continued to be mixed
each spring, and the containers were incubated for 10 more years. The samples in the two
other containers of each soil were also mixed carefully each year, but did not receive rycgrass
during the whole period.
Each year, before the addition of ryegrass, but after mixing, soil samples were taken and
analyzed for their organic C content. Organic C is defined here as dichromate-oxidizable C -
according to Kurmies (Mebius, 1960). The pH (KCI) of the samples was determined in 1966
and 1976, Some characteristics of the soils are given in Table 1. As the containers were not
%ﬂached during the incubation, concentrations of mineral N in the soils were P«XP?Cted o
Increase, especially in the treatment where grass was added. Minerat N ¢ammnonium and

nitrate) was measured colorimetrically after extraction with 1N KCl solution for 1h using a

soil:water ratio of 1:2.5 in 1976 (Table 2). The soils Joh. Kerkhovenpolder 1-5 are located
hich was reclaimed from the sea

in a polder in the northeastern part of the Netherlands W i

aproximately 150 years ago. The soils have been used as arable fields since Lhcr.l. The five
bocations were chosen to obtain soils with a range in lexture but with a similar history. The
other soils are located in other parts of the Netherlands and their history is not known. For
Meppen and Heemskerk, the C:N ratio of the soil organic matter was considerably higher than
10. Tt was observed that as in many other sandy soils, they contain charcoal, probably due to
the burning of the vegetation (Hassink, 1994). For the calculations, the C contents were

adjusted to obtain a C:N ratio of 10.

Description of the model
We have borrowed ideas from the kinetics of adsorption and desorption in. order to den)fe a;h:,i
model but in fact the description should be quite general t0 all mechanisms of .phySlct 0
Physico-chemical protection. Chermical protection, that is the resistance of organic mat c‘; s
altack purely as a result of its chemical properties, will not be' treated here becall;s:mls -
largely independent of the physical characteristics of soil. We will present the argu
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Table 1. Some characteristics of the s0ils used in the long-term study.

Granular pH C N

composition " KCl (%) (%)

% particles <

2 pm 20 pm 50 pm 1966 1976 1966 1966
Joh. Kerkhovenpolder 1 . 99 140 -384 7.2 6.6 121 012
Joh. Kerkhovenpolder 2 112 159 421 7.3 6.6 146 0.14
Joh. Kerkhovenpolder 3 203 294 772 73 7.0 1.57 015
Joh. Kerkhovenpolder 4 254 375 837 7.2 7.2 197 020
Joh. Kerkhovenpolder 5 444 649 951 7.1 7.1 231 021
NOP 33 43 695 7.3 6.3 077 009
Tzum I58 258 710 7.1 4.5 097 011
Heemskerk 23 40 94 6.8 44 1.00 0.6
Burum 2711 399 74.1 44 44 260 028
Meppen nd.  nd. ad 54 44 3.03 018

Table 2. Ammonium (NH,') and nitrate (NOy) concentration in the soils (ng N kg™ soil) in 1976
in the treatments without and with annual addition of grass residues,

Without grass With grass

" NH# NO, NH, NO;
Yoh. Kerkhovenpolder 1 2 296 7 1826
Joh, Kerkhovenpolder 2 2 390 8 2546
Joh. Kerkhovenpolder 3 2 409 7 2318
Joh. Kerkhovenpolder 4 2 466 4 1500
Joh, Kerkhovenpolder 5 2 500 5 2463
NOp ¢ 265 21 2849
Tzum 1 e 141 1768
Heemskerk 0. 213, 32 1752
Burum 24 768 43 1553
Meppen 6

317 13 1322

general terms.

Suppose the soil has a fixed capacity X to protect organic matter physically in soil. We
assume that organic matter is mainly protected through physico-chemical adsorption 0n
surfaces of clay and silt particles. If © is the fraction of this capacity currently holding organic
matter, the rate at which more organic matter becomes protected is proportional to both the
amount of free organic matter and to the fraction of the capacity (space or volume) available
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capacity X to be related to the clay or clay plus silt content of the soil.

In model (b) microbial products are distributed between non-protected (N,,,) and protected
organic matter (Py,,); the actval distribution is governed by a specific parameter o, that we
expect to be related to the clay content of the soil. With increasing clay content, a greater
proportion of microbial products becomes physically protected. Physically protected organic
matter is able to decompese, but it decomposes at a slower rate than non-protected organic
matter. : -

In model (c) there is a single pool of humified organic matter in soil but physical
protection is modeled implicitly during the conversion of inputs. The higher the Cation
Exchange Capacity (CEC) or clay content of a soil, the higher the efficiency (E) of utilization
of metabolic products by the soil biota.

. The essential innovation of model (a) is that, unlike the other models, the rate at which
| organic matter may become protected is not directly related to soil texture, but to 8. It allows
gall soils to protect or release organic matter in the same way regardless of organic matter
{ content or soil texture if 6 is currently the same,

The models (a) to (c) were programmed within MOTOR (Whitmore, 1995). In this way
we ensured that the turnover of organic matter differed only in the ways explained above and
not through any peripheral differences in differently programmed models. Each model (a) to
(c) was coupled to the FSEOPT system (Stol et al., 1992) which seeks the least residual sum
of the squares of the difference between measurements and simulations using the downhill
simplex approach (Press et al., 1986). The best values of the parameters E (efficiency), Kz
(rate of decomposition of residues), K, (rate of decomposition of microbial biomass), Ky (rate
of decomposition of N,,,), X, (rate of adsorption) and K, (rate of desorption) were sought;
these were the same for all ten data-sets, but X varied from soil to soil. Combinations of
parameters from this system were also used during the sensitivity analysis. Initial values of
the non-protected organic matter pools were set at 25% of the total because initial simulations
.with the model suggested that this pool would be at about this level with regular annual
tnputs of organic matter. Long-term monthly weather data from the nearby weather station
at Eelde airport were used to run the model for the first four years. During later years when
the containers were kept inside the temperatures were rather higher. Measurements of the
temperature in the greenhouse during 1993-94 alloweg us to estimate how much.

Nit::ate concentrations in the soils had increased considerably during the incubation,
espeecially in the soils where grass was added. Ammonium concentrations remained low,
however (Table 2). We assumed that the accumulation of nitrate in the soils did not affect the
rates of organic matter decomposition.
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RESULTS

By systematically varying the rate constants and efficiencies, all three models could be tuned
to produce good fits of the data, The values of the derived rate constants and efficiencies of
model (a) at best fit are given in Table 3 and the residual sums of squares found with each
model are given in Table 4.

Table 3. Values of the most important parameters in our model (a) of protection of organic matter.

Description Symbol Value
Efficiency of use of organic matter E 0.587
Rate of decomposition of fresh organic matter (residues) K, 0.494!
Rate of decomposition of biomass (2nd order) Kp 0.487*
Rate of decomposition of N, K, 0.0225'
Rate of protection (adsorption) K, 0.0025'
Rate of release (desorption) of P,,, K, 0.0354!

Noy = Non protected organic matter, P,,, = Protected organic matter.
1 -1 N

month
2 g pg”* month?

Table 4. Statistics indicating the success of each model.

Model  Residual sum Mean deviation (% C)
of squares

(@) 2.856 0.0919

(b) 31125 0.1001

(¢} 3510 0.1129

Fig. 2 shows the data and the fit attained with model (a) to the measurements made on the
soils taken from the Joh. Kerkhovenpolder. It is quite clear that the miodel is able to reproduce
the build-up and decline of organic matter in soil very well (Fig. 2a). The organic mattel
build-up and decline was simulated almost equally well in soils made up of very different
amounts of clay and silt. The decrease in soil C in the soils without additions was also
simulated very well (Fig. 2b). Fig. 3 a and b show that the model fitted the data from the
other five soils equally well. Judged by the statistics in Table 4 our model () is clearly
supetior to the others; judged by eye, our model remains better (diagrams for models b and
¢ not shown), but all the models were within both experimental and a sensible error of about
3% to which organic matter in soil cannot be more precisely measured. Model (a) remained
superior for a different reason, however. Because adsorption of organic matter onto the
surfaces of clay and silt particles is the mechanism of physical protection in our model, there
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a part of the protection of organic matter in soils was not related to the clay and silt content
of the soil. A multiple regression of X on clay and silt content (giving separate weight to the
two components) accounted for rather more of the variance in X but the relationship still
possessed a large intercept (second relationship mode! (a); Table 5). The clay content accounts
for about three times as much of the variation as the silt content.

Qrganic Carbon (%)

a. with addition of grass residues b. without addition
A A

Time (years)

Fig. 3. The build-up and decline of organic carbon in soils number 6 to 10 in Table 1 (a) with the

additiop_of grass residues every year for 10 years and no addition during a subsequent 10 years; ®
no addition throughout the 20 year period. ‘

The‘ amount of soil initially added to the containers was relatively smail and $0 2
correc‘txon was made in the model for the amount of soil removed and not replaced during
sampling. The measured changes of the masses of the soils to which grass was added during
the incubation, agreed quite wel} with the calculated changes of the masses of the soils. This
shov?fs.that the correction is sound. Surprisingly, the correction is far less good for the soils
feceiving no organic matter addition, Soils appear to be losing mass at a greater rate than the
sampling record suggests and no explanation can be offered for this observation. Accordingly

the re‘sults a.ncl _simulati_ons in Figs. 2(b) and 3(b) should be given less weight than the resuli
and slmulatxons in Figs, 2(a) and 3(a). ’ ’
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Sensitivity Analysis

The rate constants derived from the ideas in medels (b) and (¢) have already been subjected
to a sensitivity analysis in order to check that no one model parameter is responsible for
explaining most of the variation in the simulated results (Burgers and Verberne, 1991,
Bradbury et al., 1993). Model (a), however, contains novel ideas: saturation X, a rate of
protection (X,) and a rate of release (K,). We examined the effects of changes of up to 40%
in these parameter values on one of the soils in Table 1, Joh. Kerkhovenpolder (4). We
estimated the effect of changes in each parameter of up to 40% on the organic carbon found
in the soil after 10 years of addition of grass when we expecied the changes to be at
maximum. For comparison we also examined the sensitivity of the model in simulating
measurements made on the same soil without addition of grass. The results are shown in Figs.
5 (a) and (b). We have also tested the sensitivity of the model to K. the rate of
decomposition of non-protected organic matter; although this has been done by the other
authors it seemed wise to check that our new concepts did not make the model over-sensitive
to changes in this parameter. The gradient and rate of change of gradient of each of the lines
relates how cach parameter affects the retention of organic matter. The model is most
sensitive to the value of X but this parameter has more effects if it underestimated than when
overestimated. The model is Ieast sensitive (in terms of percentage change in the parameter
value) to the rate of release of organic matter from protected sites, X,

The effect on organic C retained in soil of a change in K, of 40% was about 10%. This
is very much in line with what Bradbury et al. (1993) found for the decomposition of their
humus pool in a model roughly similar in structure to model (c) and in line with what
Burgers and Verberne (1991) observed with a pool of organic matter turning over more
slowly than the others such as in (b). This suggests that our addition of a mechanism for
protection has not made the description of the decomposition of non-protected organic matter
unsound. There is no great difference between the sensitivity of the model to each of these
parameters whether or not grass residues were added to soil.

Table 6 shows the results of correlations between parameter values found during the final
stages of the iteration. Five rate constants, the 10 different values of X (for each soil type) and
the efficiency factor E were estimated during this procedure. Correlations between parameters
often indicate that a model is over-parameterized, that is to say one parameter could easily
serve the purpose of two or more if the model were to be phrased differently. A classic
example of correlation in models of organic matter turnover is the size of an organic matter
pool and its rate constant. Where these must both be estimated from data they are almost
always highly correlated. Model (a) introduces more parameters into the calculation of organic
matter turnover than models (b} or (c) and it is therefore particularly important to show that
these are not redundant but do describe an important mechanism. Table 6 shows that none of
the quantities was highly correlated with another in particular, the parameters introduced in
model {2) X, K, and K, were indeed independent of one another,
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Percentage C found in soil after 10 years
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Fig. 5. The sensitivity of simulations made with model (a) of the amount of organic carbon found in
soil 4 (Table 1) after 10 years to changes in each of four of the parameters listed in Table 3: (z_l} with

addition of grass residues (b) without.

Table 6. Correlations between parameters in mode! (a).

Coefficients of correlation

E 1 ‘

Ky -0.490 1 S

K, -0.551 0414 .1

£, -0.398 0.429 0326 1

X 0.620 0.493 0.553 0.265 1

E = Efficiency, K, = rate of decomposition non-protected organic matter, K, = rate of protection
(adsorption), K, = rate of release (desorption), X = Capacity of a soil to protect oTganIc matter.
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DISCUSSION

The fact that we observed a good relationship between the simulated protective capacities and
clay contents of soils suggests that the degree of saturation of the protective capacity controls
the build-up and decline of organic matter and that the adsorption-desorption mechanism
provides a good explanation for the processes actually occurring in the soil. This observation
is in line with the results found in laboratory studies with pure clays where it became
increasingly difficult for adsorption to proceed as the coverage of the adsorbent surface
increased (Stotzky, 1986). - ‘

The observation that the simulated protective capacity was closely correlated with soil
texture, while o, and E were not, suggests that the build-up and decline of soil organic matter
is not regulated by soil texture per se. This is in line with previous findings (Hassink, 1995%)
and it explains why clay soils with a low organic matter content preserve more applied C in
soil than sandy soils (Amato and Ladd, 1992; Hassink et al., 1995), while the preservation
of residue C.in clay soils with a higher organic matter content is not different from that in
sandy soils (Gregorich et al., 1991; Hassink ef al., 1995).

. In our model (a) we assumed that the mechanism of physical protection is adsorption of
organic C to clay and silt particles. Considerable published evidence indicates that one of the
principal factors responsible for enhanced retention of organic matter in soils is its ability to
associate with clay and silt particles (Allison et al., 1949; Pinck et al., 1954; Theng, 1979,
Marshman and Marshall, 1981; Martin and Haider, 1986; Hassink, 1995%). The assumption
expressed in model (b) that with increasing clay content a greater proportion of the newly
formed microbial products becomes and remains physically protected (Van Veen et al., 1985;
Verberne et al., 1990) contradicts the results of Gregrorich et al., 1991 and Hassink, 1995°,
while the assumption in model {(c), that the efficiency of utilization of metabolic products by
soil biota increases with the clay content of the soil {(Jenkinson, 1990), is greatly questioned
{Van Veen and Kuikman, 1990),

In most cases a decrease in pH favors increased bonding of organics (Weber, 1970,
Varadachari et al., 1994), although this is not always the case (Harter and Stotzky, 1971). If
organics are held at clay surfaces through cation bridging, adsorption should increase as the
pH decreases, because the protonation of amino and carboxyl groups will give rise to an
increase in positive charges and correspondingly more attraction to anionic clays (Huang,
1990). If adsorption proceeds through van der Waals forces, however, this does not have to
be the case (Hamzehi and Pflug, 1981). At low pH values, adsorption of organics can occur
in the interlamellar spaces (Schnitzer and Kahn, 1972). The low pH of the Burum soil might
have increased the strength of the binding of organic matter explaining why we estimated its
protective capacity to be greater than that of soils with similar silt and clay contents.

The size of the intercept in Fig. 4 shows that a part of the protection being afforded to
organic matter in soils was not related to the clay or silt content of the soil. About one third
of the total protection of organic matier in clay rich soils appears not to be related to the clay
content. This additional protection may occur through stabilization of organic matter by
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organic or ferritic soil colloids (Burchill et al., 1981} or chemical stabilization of organic
matter. Alternatively it is possible, even likely, that at low clay contents the relationship
shown in Fig. 4 is no longer linear. Dilute clay particles in sandy soils associate far more
organic matter per unit of clay than the clay particles in clay soils {Hassink et al., 1993;-
Matus, 1995; Hassink et al., 1995). :

Elliot and Cambardella (1991) pointed out that clay- and silt-associated organic matter can
be a heterogencous pool of soil organic matter. It has been observed that in addition to
adsorption on the surface of clay and silt particles, organics can also be incorporated into the
interlamellar spaces (Theng et al., 1986; Boyd and Mortland, 1990). At loadings that exceed
monolayer exterior surface coverage, it seems that organics are held by secondary surface
adsorption forces and the organics appear to retain high activity (Hughes and Simpson, 1978).
Tt has also been suggested that organics can form different layers around clay and silt particles
and aggregates. Materials associated with external layers of organic matter coatings on clay
and silt particles are younger and less protected than organics associated with internal layers
(Skjemstad et al., 1993; Buyanovski et al., 1994). All these observations suggest that there
is probably a continuum from non-protected to completely protected organic matter. If
organic matter can itself bind further organic molecules then the Langmuir type description -
underpinning equations (1) and (2) is no longer valid. A Freundlich type approach which
allows coverage to a depth greater than a mono-layer might be more appropriate but we have
preferred the mechanistic Langmuir approach expressed as it is in terms of tangible properties
of soil. McLaren and Peterson (1965) suggested that the adsorption of large molecules would
depend not just on the probability of finding an available space but also on the probability
of finding v empty spaces where v is the number of binding groups in the organic molecule.
Likewise desorption would depend on V toc. It is, however, virtually inpossible to

characeristize v of the diverse molecules of the soil humus. If, however, protection is as much
or "bottlenecks’ the number of adjacent sites

fied assumplions that only a mono-fayer of
ly free and completely protected organic
d decline of soil organic matter in

as entering or escaping from narrow pore necks
may be less important. In spite of our simpli
organic matter can be built up and that there is on
maiter, the model appeared to predict the build-up an
different soils remarkably well.

CONCLUSION

an explanation for the apparently contradictory
1 amounts of fresh residues as input but differing in
texture have sometimes been reported to build up soil organic matter to the same extent
(Gregorich et al., 1991) but on other occasions to different extents (Amato and Ladd,' 1992).
The net rate of accumulation of organic matter depends not on the protective capacu.y o’f a
80il per se, but on the extent to which this capacity is filled with organic matter. The binding

A model is presented that provides-
observations that soils receiving identica
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and release of organic matter to these protective sites can be described well by snnple
adsorption-desorption kinetics.
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PREDICTION OF THE NON-FERTILIZER N SUPPLY OF GRASSLAND SOILS

ABSTRACT

Different methods to estimate the non-fertilizer N supply (NFNS) of mineral and peaty
grassland soils were compared. NFNS was defined as the N uptake on unfertilized plots. For
mineral soils the potential mineralization rate (0-12 weeks), macroorganic matter and active
microbial biomass (determined by the substrate-induced respiration method; SIR) were
correlated positively with NFNS. The difference between the actual soil organic N or
- microbial N content (determined by the fumigation incubation method) and their contents
under equilibrinm conditions (A org. N and A MB-N), however, gave the best estimations of
NENS. For field conditions the best estimation for NENS was: NFNS (kg N ha' yr')=132.3
+42.1 * A org. N (g kg’ soil; r = 0.80). This method is based on the observation that under
old grassland swards close relationships exist between soil texture and the amounts of soil
organic N and microbial N. These relationships are assumed to represent equilibrium
conditions as under old swards under constant management, the gain in soil organic N and
microbial N equals the losses. Soils under young grassland and recently reclaimed soils
contained less soil organic N and microbial N. In such soils the amounts of organic N and
microbial N increase with time, which is reflected in a lower NFNS. The annual accumulation
of organic and microbial N gradually becomes smaller until organic N, microbial N and
NENS reach equilibrium. The main advantage of the "difference method" in comparison with
the other methods is its simplicity and fastness.

For peat soils no relationship was found between soil texture and the amount of soil

organic N. The NFNS of peat soils could easily be estimated from the average deepest

groundwater table: NFNS (kg N ha' yr'} = 188.8 + 3.1 * deepest groundwater table (cm

below the surface; r = 0.86).

INTRODUCTION

On unfertilized fields, the non-fertilizer N supply (NFNS) consists of soil organic N that is

mineralized during the growing scason, mineral N that is present in the soi! proﬁle_ in Spﬁn?,,
N in dry and wet deposition, and N fixation by free and symbiotic living microbes in ll}e soil.
Soils differ greatly in the amounts of nitrogen made available for uptake by plants du::mg t.he
growing season; the contribution of deposition and N fixation {0 NFNS, however, is quite
constant or small (in the absence of clover), respectively. So, the amount of N taken up from
plots receiving no fertilizer N provides a good indication of the NFNS (Warren and

Whitchead, 1988). Annual N uptake rates on unfertilized plots can range between 10 and 900

kg N per ha in grassland soils (Brockman, 1969; Richards and Hobson, 1977). A reliable
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prediction of NFNS would be very helpful to advise farmers on the optimum fertilizer
application rate. Different methods have been proposed to predict NENS, such as
quantification of actual mineralization rates in the field (Raison et al., 1987) and potential
mineralization rates in the laboratory (Stanford and Smith, 1972; Nordmeyer and Richier,
1985). The determination of potential mineralization rates in the laboratory has the advantage
that soils from different locations can be compared relatively simply under the same
conditions. Hassink (1994) incubated field-moist, homogenized samples from different
grassland sites and determined the potential mineralization rate as the increase in inorganic
N after 2 and 12 weeks incubation. When field-moist samples are incubated, N mineralization
rates remain relatively constant during incubation (Addiscott, 1983; Hassink, 1994). So a short
incubation period might be sufficient to give a good estimation of NFNS.

The active organic matter fractions {such as macroorganic matter and the microbial
biomass) are assumed to play a dominant role in the availability of nutrients (Janzen et al.,
1992). Warren and Whitehead (1988) observed that the amount of N in macroorganic matter
contributes substantiaily to available N. It has been found that for scils differing in texture
especially the light fraction of macroorganic matter (> 150 pm; Meijboom et al., 1995) and
the active microbial biomass (determined by the substrate-induced respiration method;
Anderson and Domsch, 1978) correlate very well with their potential mineralization rates
(Hassink, 1995). So the amounts of active organic matter and microbial biomass could also
give a good estimation of the amount of available soil N. A drawback of the developed
methods to estimate NFNS is-that they are time-consuming and consequently not very
attractive for general application. -

- A new approach to estimate NFNS is based on the observation that in old grasslands a
close relationship exists between the organic N content and the granular fraction < 50 pm
{clay and silt fraction; Hassink, 1994). The increase in organic N content with increasing clay
and silt content is due to the higher physical protection of organic matter in fine-textured soils
than in coarse-textured soils (Tisdall and Oades, 1982; Hassink et al., 1995). In addition to
organic N, microbial N generally also correlates positively with the clay and silt content of
a soil (Gregorich et al., 1991; Amato and Ladd, 1992; Van Veen et al., 1985; Hassink et al.,
1995). It may be assumed that in grassland soils, where the amount and quality of inputs of
organic residues to the soil is relatively constant, the amount of both organic N and microbial
N reach an equilibrium that is mainly controlled by soil texture (Hassink, 1994). When the
organic N content is in equilibrium, the annual amount of N that is incorporated into the
organic matter pool balances the amount of N that mineralizes. in the same year. Soils that
have an organic N content that is below the equilibrium level will mineralize less N than is
incorporated into the organic N pool and will consequently increase their organic N content
(Ryden, 1984; Hassink et al., 1990; Cuttle and Bourne, 1992). It was found that under young
swards and in recently reclaimed polder soils in the Netherlands, the amount of soil organic
N in grasslands increased with more than 100 kg N per ha annually (Hassink and
Neeteson,1991; Hassink, 1994). During the first years after arable soil is sown to grass, the
difference between the actual soil organic N content ‘and the equilibrium value is at its
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maximum and the accumulation of organic N is high.' Accumulation of organic N is finite,
however, and the annual increases. become smaller with time, and the organic N content
reaches equilibrium asymptotically (Jenkinson, 1988; Ryden, 1984). In line with this, the
difference between the actual amount of organic and microbial N, and the amounts under
equilibrium conditions might give a good estimation of the NFNS. The great advantage of this
new approach to estimate NFNS is its simplicity and fastness.

The objective of this paper is to test which approach gives the best estimation of the non-
fertilizer N supply of grassland soils under field conditions. Tn order to test this, estimates of
N availability obtained with the different approaches were correlated with the amounts of N
taken up by unfertilized perennial ryegrass growing under uniform environmental COIldlthl‘lS

in the greenhouse and under field conditions.

MATERIALS AND METHODS

Fields sampled for incubation and determination of potential N mineralization rates and soil

organic N

In March 1989 and in March 1991 samples were collected from mineral grassland soils that
were located in different areas in the Netherlands. The land was grazed by dairy cattle and
received 400-500 kg fertilizer-N per ha per year. Three mixed samples, each consisting of 20
bulked cores, were taken from the 0-10 and 10-25 cm soil layer at each location.
Characteristics of the soils are given by Hassink (1994).

Soil samples were sieved through a 0.008-m mesh screen; roots and stubble were removed
N mineralization was determined by measuring the increase in mineral N after 2 and 12
weeks of incubation of soil samples in glass jars at 20 °C. The exact procedure is given by

Hassink (1994). '
Mineral N was measured colorimetrically after extraction with 1IN KCI solution for 1 h

using a soil:water ratio of 1:2.5.
Total soil N, including mineral N, was determined according to Deys (1961), after

destruction with sulfuric acid and salycylic acid.
Determination of the microbial biomass and the active microbial biomass

The amount of N in the microbial biomass was determined in field-moist samples by the
chloroform fumigation-incubation (FT) technique (Jenkinson and Powlson, 1976). A k value
of 0.4 was used to calculate the biomass from the.flush. The exact procedure has been
described by Hassink et al. (1991). :

The active microbial biomass was determined by the substrate-induced resplranon {SIR)
method (Anderson and Domsch, 1978). The exact procedure has was described by Hassink
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(1993). The active microbial biomass was only determined in the grassland soils that were
sampled in 1991.

Determination of the amount of macroorganic matter and its light fraction

Rewetted so0il samples (250 g) were washed on two sieves (top sieve: mesh size 250 pm;
bottom sieve: 150 pm) till the washings became clear. By pushing the soil through the top
sieve all the macroaggregates (> 250 pm) that can be destroyed by agricultural practices
(Tisdall and Oades, 1982) were destroyed. When a sieve with a mesh size < 150 pum was
used, clogging occurred which made the washing procedure much more time-consuming. The
mineral fraction was discarded by decantation. The organic fraction > 150 pm was called
macroorganic. matter. After combining the organic fraction from both sieves it was
fractionated in silica suspensions with a density of 1.13 g cm™. The light fraction is the
fraction with a density < 1.13 g cm™. The exact procedure of the density fractionation has
been described by Meijboom et al. (1995). Macroorganic matter was only determined in a
selection of the soils sampled in 1989 and 1991. The characteristics of these soils are given
by Hassink (1995). '

Assessment of the non-ferti!.izer‘ N supply (NFNS) of soils

NFNS is defined as the amount of N taken up by ryegrass from unfertilized plots during a
growing season. Information on NFNS was obtained from different sources:

(i) In March 1989 and in March 1991 soil samples were taken for the determination of
potential N mineralization. At the same time undisturbed soil columns with a diameter of 20
cm and a height of 30 cm were pushed into those soils. From each location 5 undisturbed
columns were taken to determine the N uptake by the herbage. They were installed in a
greenhouse with a sliding roof that was closed automatically when it started raining. The
temperature in the greenhouse was the same as outside. The columns were placed in distilled
water, so that the water table was constant at 30 cm below the soil surface. Every week some
distilled water was given on top of the columns to prevent salt accumnlation in the top layer
of the soil. All columns were fertilized with P and K to prevent these nutrients becoming
limiting. The grass was harvested by cutting 2 cm above the soil surface at five successive
occasions, As mineral N was determined at the time of samp]mg, NFNS could be corrected
for the initial amount of mineral N,

At some of the sites where columns were taken in 1991, N uptake by the herbage was also
determined on unfertilized plots in the field. At the selected sites unfertilized plots were laid
out in triplicate, and these were cut at five successive occasions.

(i1) Information on NFNS under field conditions of other mineral grassland soils was
obtained from fertilization experiments on mown grassland fields that were performed by the
Nutrient Management Institute (NMI, Wageningen) and the Research Station for Cattle, Sheep
and Horse Husbandry (PR, Lelystad) at different locations in the Netherlands. At all locations
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plots that received no fertilizer were laid out in triplicate. From thesé locations only the
organic N and clay and silt content of the top 20 cm of the soil were determined. When N
uptake on unfertilized plots was determined in more than one year, the average value was
taken. Some characteristics of these soils are given in Table 1.

NFENS in peat soils was determined at 9 locations (6 in the southwestern part and 3 in the
northern part of the Netherlands) as N uptake on unfertilized plots in the field i in 1993, Only
the organic N ‘and clay content and the water table during the growing season were
determined. Some characteristics of these peat soils are given in Table 2. The results obtained
from these sites were combined with data of peat soils that were sampled by Schothorst

(1977).

Table 1. Some soil characteristics of the top 20 cm of mineral grassland soils where NFNS was
determined under field conditions (experiments of NMI and PR) L

Years af _ Total N Particle size distribution,
experiment (gkg) % particles <
2 pm 50 pm

Sandy soils )
Gortel 1973-83 1.4 4 12
Finsterwolde 1977-78 1.0 10 23
Hemrik 1978-81 2.1 3. 15
Den Ham 1979-83 4.2 8. 35
Ruurlo 1980-84 .20 4 30
Achterberg 1988 1.6 4 9
Peest © 1988 2.7 5 17 -
Cranendonck 1989-92 1.1 3 15 -
Tynaarlo 1989-93 23 3 25
Dalfsen 1991 - 1.9 .2 10
Slootdorp - - 1992 1.6 5 45
Wageningen 1993 1.0 4 10
Loams and clays .
Finsterwolde 1977-78 ’ 1.4 - 59 85
Ten Boer - 1977-78 . - 40 . 40 63
Friens 1981-83 338 25 70
Burum _ 1982-91 .41 ‘ 29 72
Aduard . 1987-88 34 30 70
Marknesse 1988 18 237 67
Swifterbant 1988 18° 21 - 12
Zaltbommel -~ - 1991 C 40 51 . 91
Lelystad o199l ) 50 22 60
Haskerdijk 1991 44 54 .. 8
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Table 2. Some soil characteristics of the top 20 cm of the peat soils in the southwestern part and the
northern part of the Netherlands where NFNS was determined under field conditions in 1993

Total N Particle size distribution,
(g kg™ % particles <
2um - 16 pm

South West
Zegveld 1 21.0 28.1 403
Zegveld 2 ' 269 17.0 28.1
Zegveld 3 : 13.5 38.7 573
Zegveld 4 19.8 313 442
Zegveld 5 17.5 224 382
Mijdrecht 16.3 153 26.7
Npr!h
QOnnen 242 16.6 274
De Wilgen 12.9 83 12.4
Boornzwaag 11.4 353 50.0

Statistical analysis

The relationships between NFNS and soil characteristics and between soil texture and soil
organic N and N in microbial biomass were analyzed by correlation and stepwise multiple

regression techniques (Genstat, 1987). The fraction < 50 um (clay + silt content) was taken
as an index of soil texture (Hassink, 1994),

RESULTS
Relationship between soil texture and soil organic N content and N in microbial biomass

Mineral soils: There were highly significant (p < 0.05) positive correlations between (i) the
organic N content and (if) the amount of N in the microbial biomass and the fraction < 50
pm (clay + silt content) for both the top 10 ¢m and the top 25 cm of old (soils more than 10
years under grass} grassland soils that were sampled in 1989 and 1991 to delermine potential
N mineralization (Table 3; Figs. 1, 2). Recently reclaimed polder soils and arable soils that
had recently been sown to grass had lower organic N contents and less microbial biomass
than other grassland soils with the same texture. It is assumed that the relationship between
soil texture and organic N and microbial N of the old grassland soils represents equilibrium
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conditions. This allows the calculation of the difference between the actual amounts of
microbial and organic N and the amounts under equilibrium conditions for each soil.

In a previous paper the relationship between the organic N content in the top 20 cm and
the fraction < 50 um of old grasland soils with a deep groundwater table was given as N
organic (%) = 0.147 (0.014) + 0.0026 (0.00039) x % < 50 pm (©* = 0.76; Hassink, 1994).
This relationship was assumed to represent the equilibrium conditions for the soils that were

sampled by NMI and PR (soils of Table 1}.

Table 3. Correlations and relationships between soil organic N (g kg™"), microbial biomass-N (g kg™)
and the fraction < 50 pm (clay and silt content) for the top 10 cm and the §-25 cm layer of old
grassland soils sampled in 1989 and 1991 for the determination of potential N mineralization

0-10 cm:
Soil organic N (g kg''y = 1.4 (0.2) + 0.03564 (0.005) * % < 30 ym; T = 0.87
Microbial biomass-N (g kg'") = 0.0465 (0.0168) + 0.00285 (0.00034) * % < 50 pm; £ = 0.90 .

0-25 cm:
Soil organic N (g kg') = 1.2 (0.2) + 0.02833 (0.0037) * % < 50 um; r = 0.88
Microbial biomass-N (g kg™) = 0.0404 (0.0139) + 0.001775 (0.000285) * % < 50 pm; r = 0.83

() = standard error of difference; r = coefficient of correlation

Organic N (g N kg-1 soil; 0-10 cm)
6r

a 20 40 60 80 100

Clay and silt content {% < 50 pm)

e Old grassland & Polder soils o Young grassland

Fig. 1. Relationship between soil texture (% soil particles < 50 pm) and the organic N content (g N

kg!) in the top 10 cm of the grassland soils sampled in 1989 and 1991. Old grassland soils have been
under grass for more than 10 years, young grassland soils for less thal} 10 years. Polder soils were
reclaimed from the sea less than 50 years ago. Significant relationship: N = 1.4 {0.2) + 0.03564

(0.005) * % particles < 50 pm.
{ ) = standard error of difference.
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Microbial biomass (g N kg -1 sail; 0—10 cm}
. 04r

03
0.2

01

0 20 40 - 60 80 100
Clay and silt content (% < 50 um)
® Oldgrassland 2 Poldersoils 0 Young grassland

Fig. 2. Rclationship between soil texture (% soil particles < 50 um) and the amount of microbial
biomass (g N kg") in the top 10 cm of the grassland soils sampled in 1989 and 1991. Significant
relationship: microbial biomass N = 0.0465 (0. 0168) + 0.00285 (0.00034) * % particles < 50 pm.

{ } = standard error of difference.

Peat soils: Of the peat soils that were sampled in 1993, only clay and organic N contents of
the top 20 cm and the groundwater table were determined. Peat soils had higher organic N
contents than mineral soils. In contrast with minerals soils, the organic N content of peat soils
did not correlate with soil texture. There was neither a significant correlation between the
groundwater table and soil organic N.

Non fertilizer N supply (NFNS)

NFNS, defined as the amount of N taken up by unfertilized ryegrass, ranged from 58 to 208
kg N per ha per growing season in the soil columns that were taken from the mineral soils
in 1989 and 1991 and which were placed in a greenhouse. For the sandy and loamy seils the
field N uptake on unfertilized plots was not significantly different from the amounts taken up
in the greenhouse (Table 4). The N uptake on the clay soils, however, was significantly higher
- (average 30 kg N ha'') under field conditions than under the non- limiting conditions in the
greenhouse (Table 4). It is assumed that the lower N uptake in the greenhouse was due to the
wet conditions in the greenhouse experiment which caused denitrification (see discussion). It
was, therefore, assumed that for clay soils, NFNS was 30 kg higher than the N uptake by the
sward.

For the mineral soils from the field experiments of NMI and PR (soils of Table 1), NFNS

ranged from 45 to 233 kg N ha™. For the peat soils (soils of Tahle 2) it ranged from 171 to
500 kg N ha™.
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Table 4. Comparison of N uptake by the herbage on unfertilized columns incubated in the greenhouse
and on unfertilized plots in the field (kg N ba™ yr)

Greenhouse Field

Sand

Achterberg 145 108
Crandendonck 127 126
Tynaarlo 134 166
Dalfsen 208 175
Average 154 7 ' 144
Loam

Burum 181 : 181
Swifterbant 134 -9
Slootdorp 58 : ' 67
Lelystad 180 166
Average 138 126
Clay

Zaltbommel 134 151
Haskerdijk 163 : 208
Average 149 180

Correlation between herbage N uptake in soil columns incubated in the greenhouse under
non-limiting water conditions and estimates of NFNS by different approaches

When all soils were pooled, N mineralized during an incubation period of 12 weeks correlated

best with N uptake by the herbage (NFNS), but the coefficient of correlation was still only
0.60 for the top 10 cm and 0.63 for the top 25 cm (Table 5). As NFNS is affected by the
amount of mineral N in the soil at the time of sampling, NFNS was also expressed as total

N uptake minus mineral N in the top 10 cm. However, when NFNS was defined in such a

way, correlation coefficients between NFNS and soil characteristics actually decreased (Table

5). Higher correlation coefficients were obtained when NFNS was defined as total N uptake
minus N uptake in the first cut (Table 5). The highest correlation coefficients with NFNS
were abtained with the difference between the amount of N in the mic:obial biomass and the
amount under equilibrium conditibns (A MB-N; r =075, for N mineralized during an
incubation period of 12 weeks (r = 0.74), for the amount of macroorganic N (r = 0.69), for
the difference between the amount of organic N and the amount of organic N at equilibrium
(r = 0.65) and for the amount of active microbial biomass (r = 0.65; Table 5). The
correlations of NFNS with the light fraction of the macro-organic matter and the amount of

199



Non-fertilizer N supply of grassiand soils

N mineralized during an incubation period of two weeks were considerably lower.
Correlations between NFNS and soil characteristics were stronger for the top 10 cm than for
the top 25 c¢m (Table 5). ' '

The correlation with NFNS increased when the sandy soils and loams and clays were
analyzed as two separate groups (Table 5). N in the light fraction of macroorganic matter was
not analyzed, as the correlation with NFNS was low when all soils were pooled. For the
sandy soils, the highest correlation with NFNS was obtained with the difference between the
amount of N in the microbial biomass in the top 10 cm of the soil and the amount of N in
the microbial biomass under equilibrivm conditions (A MB-N), The correlation was higher
again when NFNS was expressed as total uptake minus N in the first cut (r = 0.90) than when
expressed as total N uptake (r = 0.71), The relationship giving the best estimation of NFNS
(N uptake minus N in first cut) was: NENS (kg N ha') = 115 {4) + 740 (100} * A MB-N (g
N kg'! soil; Table 5). :

For the loams and clays, correlations of soil characteristics with NFNS were higher again
when NFNS was defined as N uptake minus N in the first cut, than as total N uptake or total
N uptake minus the initial amount of mineral N (Table 5). The difference between the soil
organic N content of the top 10 cm and its organic N content under equilibrium conditions
{A org. N) showed a better correlation (r = 0.89) with NENS (N uptake minus N in the first
cut) than any other soil characteristic. The best estimation of NFNS was: NFNS (kg N ha'}
=114 (3) + 12.0 (3.1) * A org. N (g N kg’ soil) + 130 (50) * A MB-N (g N kg"! soil; Table
5).

Correlation between NFNS and A org. N under field conditions for the soils of Table 1

As we had only data on the organic N content of the top 20 cm of the soils and total N
uptake on unfertilized plots, we correlated the N uptake on unfertilized plots (including the
first cut; NFNS) only with the A org. N values of the soils. When all soils were pooled, the
correlation between NFNS and A organic N was high (r = 0.80). Correlation coefficients were
higher for the foams and clays (0.84) than for the sandy soils (0.72). The relationship giving
the best estimation of NFNS was: NFNS (kg N ha'' yr') = 132.3 (7.3) + 42.1 (7.1) * A org.
N (g N kg'' soil; Fig. 3).

Correlation between NFNS and soil characteristics of peat soils

Since no correlation was found between soil texture and organic N content in the peat soils,
the equilibrium concept could not be used. It appeared that the groundwater table correlated
negatively with NFNS (total uptake of N on unfertilized plots). When the results of the soils
of Table 2 (sampled in 1993) and the results of the soils sampled by Schothorst (1977) were
analyzed together, the best correlation with NFNS was found for the average deepest
groundwater table (r = 0.86; Fig. 4). The best estimate of NFNS was: NFN§S (kg N ha'! yrh)
= 188.8 (27.7) + 3.1 (0.44)* decpest groundwater table (in cm below the surface).
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Table 5. Correlations between soil characteristics and NENS calculated as the amount of N harvested
in herbage (total amount or corrected) in unfertilized columns incubated in the greenhouse, The highest

carrelation coefficients are underlined

Soil characteristic NENS calculated according to:
and soil depth All soils Sandy soils Loams and Clays
a b c a b c a b c

A. Potential mineralization

0-2w 0-10 cm 0.18 048 022 028 031 028 0.27 0.61 0.11
0-2w 0-25 cm 030 051 043 052 060 055 . 031 055 034
0-12w 0-10 cm 0.60 0.74 049 062 071 0351 0.58 0.78 048
0-12w 0-25 cm 0.63 062 061 065 067 0.56 070 058 0.68
B. Active microbial biomass (SIK) . _

0-10 cm 034 065 0 0.55 065 039 0.13 0.67 -0.36
0-25 cm . 026 060 0 046 063 029 0.19 0.68 -029
C. N in I jraction of macroorganic mater ' '

0-10 cm 024 043 025 nd. nd nd nd. nd od
0-25 cm 019 035 021 nd. nd nd nd. nd nd
D. N in total macroorganic matter

0-10 cm 049 063 017 054 079 0.51 p60 079 022
0-25 cm 044 066 Q.17 051 074 0.50 058 075 022
E. A soil organic N :
0-10 cm 040 065 034 0.50 0.56 041 048 0.89 030
0-25 em 027 056 024 051 054 0 021 0.70 006
F. A MB-N o

0-10 cm 0.57 075 051 071 050 067 0.63 0.83 051
0-25 cm 039 068 039 0.53 077 053 035 065 026
Sandy soils:

Best relationship: N uptake {minus cut 1; kg N ha'y = 114.6 (3.9) + 740 (100) * A MB-N
{8 N kg')

Loams and Clays: . N
Best relationship N uptake (minus cut 1; kg N ha') = 1139 3. + 120 (3. A org.

(g N kg')+ 130 (50) * AMB-N (g N kg"

= total N harvested
= total N harvested minus N harvested in the first cat
total N harvested min the initial amount of inorganic N present

.d. = not determined.
) = standard error of difference

a
b
c
n
(
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NFNS (kg N ha™)
200~

250
200
150

100

3 -2 -1 0 1 2 3
A organic N (g kg ™ soil)
o Loams andclays = Sandy soils

Fig. 3. Relationship between the N uptake by the herbage (NFNS in kg N ha'! yr?) on unfertilized
field plots located on different mineral soils (soils of Table 1) and the difference between the actual
organic N content in the top 20 cm and the organic N content at equilibrium (g N kg soil).
Significant relationship: NFNS = 1323 (7.3) + 421 (7.1} * A org. N

( ) = standard error of difference.

NFNS {kg N ha")
o .

0 L L 1 1 L J
0 20 40 &0 80 100 120

Av. deepaest groundwater table (cm below surf.)
© Thispaper 4 Schothorst {1977)

Fig. 4. Relationship between the N uptake by the herbage (NFNS in kg N ha! yr'') on unfertilized
field plots located on different peat soils (soils of Table 2 and soils sampied by Schethorst, 1977) and
the average deepest groundwater table (cm below surface). Significant relationship: NFNS = 188.8
(27.7) + 3.1 (0.44) * deepest groundwater table (cm below the surface).

( ) = standard error of difference.
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DISCUSSION

Estimate of the non-fertilizer N supply (NFNS) in mineral soils

The objective of this study was to test which approach gives the best estimate of the non-
fertilizer N supply of grassland soils under field conditions. Although the amount of N
mineralized in 7- to 14-d incubations is generally considered to be the most accurate method
currently available for assessing the N availability of soils (Keeney, 1982), the potential N
mineralization rate determined by incubating samples for 14 days did not give a good estimate
of NFNS: apparently the time of incubation was too short, The correlation with NFNS was
better when an incubation period of 12 weeks was used. In previous experiments both close
(Warren and Whitehead, 1988) and very poor (Fox and Pickielek, 1984) correlations were
observed between N mineralized during a short incubation and NFNS. The goodness of the
correlations found is expected to depend on the range of soils that are used and the variation
in mineral N in spring (Machet, 1991). Although it has been found that the light fraction of
s better with the potential mineralization rate (12 weeks
nt of macroorganic matter (Hassink, 1995) the opposite was
FNS. This might be due to the fact that the light fraction can
hereas the total amount of

macroorganic matter correlate
incubation) than the total amou
found for the correlation with N
change considerably during the growing season (Table 6), w
macroorganic matter changes less rapidly.

The difference between the actual amount of soi
their amounts under equilibrium conditions correlated better with NENS than the commonly

determined potential mineralization rate and the amounts of macroorganic matter and active
microbial biomass. For all mineral soils, the difference between the actual soil organic N
content and the content under equilibrium conditions correlated well with NFNS. The resulis

suggest that for sandy soils the difference between the actual amount of microbial N and
microbial N under equilibrium conditions might even improve the correlation with NFNS. The
difference between the actual organic N and

advantage of this new method is that the L5 .
microbial N contents and their equilibrium values is easy to determine and that 1t 18 less time-
consuming than determination of the potential N mineralization rate or the amount of

macroorganic N. '
The mineral soils that were sampled all had a deep groundwater table (average highest

water table > 40 cm below the surface). Soils with a higher water table have a highu'ar organic
N content under equilibrium conditions (Hassink, 1994). This means that for soils wn.h a
different water table level another equation for equilibrium contents should be used (Hassink,

1994).

] organic N and microbial biomass and
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Calculation of NFNS in mineral soils under equilibrium conditions

It is accepted that the accumulation of organic N is controlled by the input of organics and
is independent of the input of mineral N (Clement and Williams, 1967; Hassink and Neeteson,
1991; Ryden, 1984). On intensively managed grasslands, the input of organic C and N
consists of dying roots, decaying leaves, stubble, and manure. According to Hansson and
Andren (1986) the production of grassroot material is 4600 kg dry matter per year. Assuming
that the hiomass of roots remains constant, the same amount will decompose in the soil.
Deinum (1985) came up with the same estimate. Assuming that roots have an N content of
15 g kg™ (Whitehead, 1986), this corresponds with about 80 kg N ha' yr'. It is assumed that
decaying leaves and stubble add considerable amounts of organic matter to the soil. According
to Aarts et al. (1988) the annual input of aboveground plant residues amounts to 165 kg
organic N ha?. The average amount of organic N returned to the soil in dung during grazing,
and by application of manure’ was estimated to be 70 and 120 kg N ha* yr', respectively
{Deenen and Lantinga, 1993; Aarts et al., 1992). Assuming that 50% of the N in the applied
manure is present in the organic form (Beauchamp and Paul, 1989), the annual organic N
input into the soil as manure is approximately 130 kg N ha''. Most of the organic N input into
the soil will be mineralized during the same growing season and will not contribute to the
increase of the soil organic N pool. According to Jenkinson (1977) approximately 70% of
ryegrass roots and tops decompose within 0.5 to | year; approximately 20% of the organic
N in manure will mineralize during the year of application (Beauchamp and Paul, 1989). This
means that about 375 kg organic N will be incorporated into the soil per ha every year, but
only 178 kg of this input will contribute to the soil organic N pool. The rest (approximately
200 kg N ha) will mineralize in the year of application (Table 6). So, when we assume that
the amount of soil organic N does not change, annual net mineralization from the soil organic
N pool should amount to approximately 178 kg N per ha. The N input by atmospheric
deposition (approx. 40 kg N ha™ annually, Aarts et al., 1992) should be added to this amount.
Under field conditions, the annual N uptake on unfertilized plots that are in equilibrium was
found to be 138 kg N ha™ on loams and clays, and 126 kg N ha'! on sandy soils. This amoont
is lower than the sum of the estimated net mineralization (178 kg N ha™! yr') and deposition.
This might be due to the fact that the efficiency of uptake of available N is generally less
than 100% and that mineralization rates are often depressed by moistyre limitations during
dry periods in summer.

Variation in NFNS in individual grassland soils

To exclude differences in soil temperature and water status between sites, soil columns were
incubated under uniferm environmental conditions in the greenhouse. At the beginning of the
incubation, the amount of mineral N differed considerably between columns of different sites.
Mineral N concentrations were highest in the clays, For the clays, N uptake in the first cut
was considerably lower than the injtial amount of mineral N in the soil. The water table was
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Table 6. Estimate of the organic N input into the soil (kg ha” yr") on intensive managed grasslands,
the amount mineralized during the first year and the amount contributing to the soil organic matter

pool

Source Organic N Mineralization organic N
input ‘
during first yr left after 1 yr

Roots! 80 56° ' 24
Grass residues? 165 116° : 50
Dung patches® 70 14° 56
Manure* 60 128 - L 48,
Total 375 198 . 178

! Hansson and Andren, 1986; Deinum, 1985; Whitehead, 1936
% Aarts et al., 1988

* Deenen and Lantinga, 1993

* Aarts et al., 1992

¥ Jenkinson, 1977

¢ Beauchamp and Paul, 1989

kept at only 30 cm below the surface, leading to partially anaerobic conditions in the clay
soils. This suggests that at least a part of the mineral N initially present was denitrified in'the
fine-textured soils. This is in line with the observation that for clays, N uptake under field
conditions was higher than N uptake in the greenhouse, while this was not found for loams
and sandy soils, Partial denitrification of mineral N in the fine-textured soils at the _beginning
of the incubation might also explain why the correlation of soil parameters: with NFNS
increased especially for the fine-textured soils when the first cut was not taken into account.
Tt was expected that the NFNS in the field would vary between years as temperature @d
moisture conditions are different every year. At four locations NFNS was determined during
four or five years. In these soils NENS could differ 40% from the average value' in individual
years. The variation was higher in the soils with a low moisture supl?lying capficxty (Den Ham
and Tynaarlo) than in soils with a high moisture supplying cap_acny (Hequ ai.md Ruurlo).
Variations in nitrogen supply between years were caused by .dlfferenccs in available N in
spring and differences in N uptake during the summer period (Jur}e-September'). A's an
example the cumulative NFNS in five successive years in Den Ham is presented in F}gure
S). Variations in NFNS during the summer period were related _to.the amount of ramfall
between June and September; 1982 and 1983 were dry years. .Vanat:ons in NENS in spring
could not be explained from differences in temperature or mt.:usture conditions. -y
‘Another aspect to take into account is the fact that mineralized N not oniy accg(rinu al Ts :lr:
aboveground plant parts that are harvested, but also in stubble, roots and plant residues (lig
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fraction of the macroorganic matter pool; Meijboom et al., 1995). When the sum of the
amount of N in roots, stubble and plant residues at the end of the growing season differs from
the amount at the beginning, NFNS is under- or overestimated. For a sandy soil and a loam,
the amounts of N in roots, stubble and light fraction were determined, and they were not
significantly different between spring and autumn (Table 7).

Cumulative NFNS (kg N ha ™)
300

250}
‘200

150

D 1 1 1 ] ]
100 150 200 250 300 50

Julian days after January 1
—— 1979 —= 1980 -4—1981 —o— 1082 —— 1983

Fig. 5. Cumulative N uptake by the herbage on unfertilized plots in Den Ham (kg N ha 1y in 1979,
1980 1981 1982 and 1983

Table 7. Amount of N (kg ha®) in stubble, roots and the light fraction Aof macroorganic matter (fight

M.Q.M.) in the top 25 cm of a sandy (Tynaarlo} and loamy (Lelystad) grassland soil in spring and
autumn of 1992

Tynaario Lelystad

spring  autumn spring autumn
Stbble : 17 19 15 20
Roots | 121 55 112 41
nght M.OM. 49 17 50 83
’I‘ota! 187 191 177 © 144

Estimation of NFNS in peat soils

In peat soils no relation was found between soil texture and organic N content. Peat soils have
been formed under (partially) anaerobic conditions. Decomposition of organic matter is less
complete and slower under anaerobic conditions than under aerobic conditions (Jenkinson,
1988) and due to the wet conditions organic N contents are higher in peat soils than in
mineral soils. The organic N contents reflect the drainage conditions of the past. The amounts
of organic N in peat soils are higher than the equilibrium level, as NFNS was generally higher
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than 200 kg N ha' yr’, thus leading to a decrease in the amount of soil organic N.

The observation that NFNS correlated with the average deepest water table is in line with
the conclusions of Schothorst (1977) and Moore and Dalva (1993) that the water table and
the drainage conditions affect the decomposition rate of peat.

CONCLUSION

It may be concluded that the "difference method" gives a good estimate of NFNS (r = 0.80)
on mineral grassland soils. The method has advantages aver other methods because it is less
time-consuming and simpler. NFNS on peat soils can not be estimated with the "difference
method”, but here NFNS can easily be estimated from the average deepest groundwater table

{r = 0.86).
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Chapter 12

EFFECT OF THE NON-FERTILIZER N SUPPLY OF GRASSILAND SOILS
ON THE RESPONSE OF HERBAGE TO N FERTILIZATION
UNDER MOWING CONDITIONS

ABSTRACT

We tested whether the non-fertilizer N supply of grassland soils (NFNS; N uptake on
unfertilized plots) affects the relationships between N uptake and dry matter production, N
application and N uptake, N application and dry matter production, as well as the optimum
fertilizer application rate.

At low N uptake rates the amount of dry matter production per kg of N uptake was
negatively correlated with NFNS; at higher N uptake levels the correlation was not significant.
The apparent nitrogen recovery of fertilizer N was not correlated with NFNS. The optimum
fertilizer application rate was correlated positively with the maximum dry matter production
(Max DM) and negatively with NFNS. The relationship optimum fertilizer application = -81 -

0.8 * NENS + 0.0375 * Max DM accounted for 89% of the variance in optimum fertilizer
application rate between soils at a marginal N effect of 7.5 kg dry matter per kg N applied.
So an increase in NENS of 100 kg N resulted in a decrease of the optimum N application rate

of 80 kg N.

INTRODUCTION

Until recently, the N fertilizer recommendation for intensively managed mown grasslands on
mineral soils was 400 kg N ha' yr' in the Netherlands, irrespective of soil characteristics.
This recommendation was based on the results of field experiments in the early seventies; the
optimum application was defined as the level of N input at which the response falls to less
than 7.5 kg dry matter per kg N applied (N;5); in the UK the optimum was defined at (N,
(Prins et al., 1980; Prins, 1983; Morrison et al, 1980). It is now realized that this
recommendation was too general and that soil characteristics should be taken into account to
improve the recommendation for N fertilizer application (Ruitenberg et al,, 1991). The N
uptake on unfertilized fields gives a good estimation of the non-fertilizer N supply (INFNS;
Warren and Whitehead, 1988). NFNS consists of soil organic N that is mineralized during the
present in the soil profile in spring, dry and wet deposilion and
In the absence of clover, differences in NFNS
mineralization of soil organic N. As grass
o from sources that are included in
f herbage to N fertilization and the
rates in the Netherlands
et al., 1991)

growing season, inorganic N
biological N fixation (Ruitenberg et al., 1991).
between locations are mainly due to differences in
derives its N not only from applied fertilizer, but als
NENS, the level of NFNS should affect the response 0
optimum N fertilizer application rate. Optimum fertilizer application
and in the UK range from 260 to 540 kg N ha” yr' for mineral soils (Ruitenberg
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and are affected by NFNS and water supply (Whitehead et al., 1981; Salette, 1988,
Ruitenberg et al., 1991). . . :

The relationship between N application rate and dry matter production is the result of
NFENS, the relationship between N application and N uptake and the relationship between N
uptake and dry matter production (Frankena and De Wit, 1958; Fig. 1). Environmental
conditions affect the apparent recovery of N fertilizer (ANR; i.e. N uptake by the fertilized
sward minus that by the control expressed as a percentage of the N applied) and the
efficiency of the N taken up (NUE; nitrogen use efficiency, i.e. the response in dry matter
production per kg of N taken up by the sward); ANR and NUE are higher at optimum
conditions for plant growth than at suboptimal growing conditions {Garwood et al., 1980;
Ruitenberg et al., 1991). The level of NFNS could also affect the ANR and NUE. Salette
{1988) observed that at low N uptake levels, NUE was higher on a soil with a low organic
matter content than on a soil with a high organic matter content. When NFNS affects NUE
or ANR, an increase in NFNS does not necessarily lead to a corresponding decrease in the
optimum fertilizer application rate.

The aim of this paper is to test whether NUE and ANR are affected by NFNS and to what
extent differences in NFNS affect the optimum fertilizer N application rate.

MATERIALS AND METHODS
Field experiments

We analyzed N fertilization of mown grasslands in experiments that were performed by the
Nutrient Management Institute (NMI-Wageningen) and the Research Station for Cattle, Sheep
and Horse Husbandry (PR-Lelystad) at different locations in the Netherlands. Information
about the characteristics of these soils is given by Hassink (1995). The rates of fertilizer N
that were applied ranged from 0 to 550 kg N per ha per year. In spring, fertilizer N (calcium
ammonium nitrate) was applied in all treatments when the accumulated mean daily air
temperature above ¢ °C since 1 January was approximately 200 (Jagtenberg, 1970).
Thereafter, applications were made in diminishing amounts until target rates were reached.
Grass was mown when the treatments with the highest N application rate reached a dry matter
yield of approximately 2500 kg dry matter per ha, Fertilizer was again applied immediately
thereafter. _ '

In March 1991, tensiometers were installed at 20 ¢m depth at four different sites to
determine the water potential three times a week.

Statistical analysis

For each soil and in each year, the relationships betWeen N uptake and dry inatfer production
and N application and dry matter production were fitted with a Mitscherlich curve (Genstat,
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1987). From the relationship obtained between N application and dry matter production the
maximum dry matter production {Max DM) on a soil was estimated. To test whether NFNS
affected the relationship between N application and dry matter production, the N application
rate at which the marginal N effect was 15, 10 and 7.5 kg dry matter per kg of N applied was

determined.

Dry matter production
{kg ha-1x1000} -
16 T : -

% !
v T

600 400 200 200 400 600
N-fertilizer N-yield
{kg N ha-1) ' - 200 T {kg N ha-1)

1

400 +

600 +

BOO L
N-fertilizer
{kg N ha-1)

Fig. 1. Relationships between N uptake and dry matter production (quadrant I), N application and N
uptake (quadrant IV) and N application and dry matter production {quadrant II). _

The following relationships were analyzed with correlation techniques (Genstat, 1987): i) |
between NFNS and the apparent recovery of fertilizer N, ii) between NFNS and thﬁ dry
matter production at N fertilizer application levels of 0, 100, 200, 300 and 400 kg N ha’", iii)
between NENS and the dry matter production of the herbage for the first and each of the
following amounts of 100 kg N ha'! taken up by the herbage, and iv) between NFNS and N5,
Njp and Nys.

Not only NENS, but also Max DM was corr
application rate, as il has been observed that N,‘S'

clated with the optimum fertilizer N
for sandy grasstand soils is related to
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maximum dry matter production (Noy, 1989).

The relationships between NFNS, Max DM and optimum N fertilizer application rates set
at N, 5, Ny and N, were also analyzed with multiple regression techniques (Genstat, 1987).

For all soils the analyses mentioned above were performed on the average values for all
the experimental years. Results of five experimental years were available for the soils of Den
Ham, Ruurlo and Tynaarlo; for these locations the effects of NFNS in different years on the
relationship between N uptake and dry matter production by the herbage and on the optimum
N application rate were also determined by correlation analysis (Genstat, 1987),

RESULTS
Effect of NFNS on the relationship between N uptake and dry matter production

When the N uptake amounted to 100 kg ha'', the amount of dry matter produced per kg N
uptake (nitrogen use efficiency; NUE) showed a significant (p < 0.05) negative correlation
with the NENS of the soil (Fig. 2). The amount of herbage dry matter produced at an uptake
of 100 kg N ha' ranged from 4000 to 6300 kg dry matter ha' (Fig. 2). The NUE decreased
with increasing amounts of N taken up and the relationship between NFNS and NUE
disappeared (Fig. 2). Variations in NFNS between years in the soil from Tynaarlo, Den Ham
and Ruurlo had no significant effect on the NUE. At low levels of N uptake, NUE was
constant between years in Tynaarlo and Den Ham (variation less than 6%); in Ruurlo the
variation was larger (14%).

Effect of NFNS on the apparent N recovery (ANR)

The ANR ranged from 64 1o 103% among different grassland sites with fertilizer application
rates up to 400 kg N ha''. There was no significant correlation between NFNS and ANR of
a particular soil: Variations in ANR between years in Tynaarlo, Den Ham and Ruurlo did not
correlate significantly with differences in NFNS.

Effect of NFNS on the relationship between N application and dry matter production

On unfertilized plots, dry matter production increased with increasing NFNS of the soil. The
correlation between NFNS and dry matter production decreased with increasing level of N
application (Fig. 3). : : '

The optimum fertilizer N application rates (at N;4, Nj, and N,5) showed a significant (p
< 0.05) negative correlation with the NFNS of a particular soil; the coefficient of correlation
decreased with decreasing marginal N effect (Fig. 4).

216



Chapter 12

thgoprwudion (kg per 100 kg N uptake) - . oo 'l
- - uptake levels
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Fig. 2. Relationship between NFNS (kg N ha yr'") and the amount of dry matter production on that
soil for each 100 kg N ha' yr” that has becn taken up by the herbage (kg ha! yr'). .

0. - 100 : 6166 (253) -8.58 (1.76) * NFNS; r=-0.75 -

100 - 200 : 4152 (441) -3.56 (1.70) * NFNS; r = -0.49

200 - 300 : 2642; ns.

300 - 400 : 1910; ns. .
() = standard error of difference; n.s. = non-significant relationship with NFNS.

The results of the individual soils are only given for 0-100kg N uptake (@) and 300-400 kg N uptake
(0} : - .

In contrast with NENS, the optimum N application rates (at N;5, Nyo and N5} showed a
significant positive correlation (p < 0.05) with the maximum dry matter production on each
soil (Fig. 5). .

For N, 5, N, and N,; more than 89% o
explained by differences in maximum dry matter pro

the variation in optimum N application rate was
duction and NFNS {Table 1).

analysis giving the best predictions of N

Table 1. Equations calculated with multiple regression
(_iuctions of 7.5, 10 and 15 kg DM per kg N

fertilization (kg N ha™' yr') at marginal dry matter pro
applied for grassland soils

N application for N;; = -81.4 {68.8) - 0.803 (0.199) * NENS + 003751 (0.00354) * Max DM
N application for Ny, = -61.8 (42.6) - 0.805 (0.123) * NENS + 0.0318 (0.00219) * Max DM
N application for N;g = -33.2 (25.4) - 0.813 (0.073) * NENS + 0.0238 (0.0013) * Max DM

0= Standard error of difference; 89, 94 and 97% of the variation in the optimum fertilizer
application rate between sites was explained by the equations at a marginal DM production of

7.5, 10 and 15 kg DM per kg N applied, respectively.
Max DM = Maximum dry matter production in kg ha'.
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The difference between the measured and predicted (according to the equation in Table 1) N
(the marginal résponse commonly used in the Netherlands) was generally less than 30 kg N
ha! (Fig. 6). For this marginal response the optimum fertilizer application rate ranged from
247 to 750 kg N ha’ yr' (Fig. 6). An increase in NFNS of 100 kg N resulted in a decrease
of the optimum N application rate of 80 kg N. Maximum dry matter productions that were
reached on the sites in 1991 were related to moisture stress. Table 2 shows the relationship
between the maximum dry matter production and the length of the period that the soil water
potential was above 50 kPa.

Table 2. Maximum dry matter production in 1991 (Max DM in kg ha™) and the numbers of days with
the water potential at 20 cm depth above 50 kPa

Location ' Soil type Max DM Number of days with
s water potential > 30 kPa
Tynaarlo Sand 14938 27
Burum Loam 11490 70
Haskerdijk Clay 19036 0

Zaltbommel Clay 14087 - 60

The variation in NFNS between years for the soils of Tynaarlo, Den Ham and Ruurlo did
not correlate significantly with N, 5, Ny, and N5, For Tynaarlo the variation in optimum N
application rate between years could be explained by differences in the maximum dry matter
production and NFNS, but not for Den Ham and Ruurlo. Although the variation in N,
between years at one location did often not correlate with variations in maximum dry matter
production and NFNS, the differences between predicted and measured N, ; in individual years
was generally less than 50 kg N ha',

DISCUSSION
Effect of NENS on NUE

One of thc aims of this paper was to test whether NENS affected NUE. We observed that at
low levels of N uptake, NUE was negatively correlated with the NFNS of the soil.

It has been shown before that at low N fertilizer levels the variation in dry matter
production per kg N taken up by the herbage (NUE) can be considerable between soils,
whereas at high N fertilizer levels, the variation is small {Lantinga, 1985; Wieling and De
Wit, 1987, Sale_tte 1988). These studies did not reveal the cause of the variation in NUE and
it was concluded that better knowledge of the underlying causes was required (Salette, 1988).
The present study showed that the variation in NUE was negatively related with differences
in NFNS among soils. The difference in NUE can be due to the fact that in soils with a low
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DM production (kg ha-1yr-1) : _ N applicaton
20000 : ratas
0.
—-= 100
. o O o O ------ 200
15000 [ o : “ © s - ﬁ

1 1 1 1 L i
0 50 100 150 200 250 300
NFNS (kg N ha-1yr-1)

Fig. 3. Relationship between the NFNS of a soil and the dry matter production at annual N application
rates of 0, 100, 200, 300 and 400 kg N ha™. ‘

0 : DM = 1691 (1688) + 29.3 (2.8) * NFNS; r = 0.92

100 : DM = 6482 (1036) + 18.2 (4.2) * NFNS; r = 0.77 -

200 : DM = 9752 (1381) + 10,2 (5.6) * NFNS; ¢ = 0.51

300 : DM = 12082 (1657); n.s.

400 ; DM = 13751 (1555); n.s. . . T
{) standard error of difference; n.s.= non-significant relationship with NFNS.

The results of the individual soils are only given for application rates of 0 (®)
and 400 kg N (O). . ‘

NFNS, herbage derives most of its N from the fertilizer application at the beginning of the
growth period affer a cut. On soils with a high NFNS, herbage derives relatively more of its
N from mineralized organic matter that becomes available during the whole growing period
of a cut. This relatively higher availability of N during later periods of a cut in soils with a
high NENS might increase the N content of the herbage. This phenomenon has been observed
for lettuce (Bakker et al., 1984). It is also in line with the observation that when herbage is
deprived of mineral N during the second part of the growth peried of a cut, herbage dry
matter production is affected much less than N uptake (Jarvis and Macduff, 1989). At the

beginning of a cut the availability of N affects dry matter production to a much greater extent.
The photosynthetic activity is low after mowing ds the leaf aréa index is low and not all light
can be intercepted. With high N availability at the beginning of the growth period of a cut,

d earlier than when N availability is low and

the stage of maximum light interception is reache:
riod (Gosse et al., 1986; Gastal and

more dry matter can be produced during a growing pe

Lemaire, 1988; Rabbinge et al.,-1989)'. The observation that NUE was not affected by the
NENS of a soil at higher levels of N uptake, is in line with this concept. At high N uptake
levels, the proportion of N taken up that was derived from fertilizer N must have been high

on all soils.
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Optimum N fertilization (kg N ha-? yr-1)
800 -

250 300
NFNS (kg N ha-1yr-1}

Fig. 4. Relationship between the NENS (kg N ha™' yr'} of a soil and the optimum fertilizer application
rate at Ny, N, and Nj5 (kg N ha''yr").

7.5: 739 (252) -2.0(1.0) *  NFNS;r=-0.51

10 : 632 (206) -1.84 (0.84) *  NFNS;r=-0.57

15 : 482 (144) -1.62 (0.59) *  NFNS;r=-0.65

{) standard emror of difference.

The results of the individual soils are only given for N;s (@) and N, (O).

Optimum N fertilization (kg N ha-1 yr-1)

1000

B .0

Boo I

600 |-

400 -
Marginal
N effect

200 —_15
— =10
...... 7.5

1] L L ]

10 12 14 16 18 20 22 24 2% 28 30
Max, DM production {kg ha-1 yr-1* 1000)

Fig. 5. Relationship between max DM production (kg DM ha' yr*) of a soil and the optimum fertilizer
application tate at N5, Nig and N, (kg N ha'yr").

7.5 : -705 (120} + 0.064 (0.0086) * Max DM; r = 0.91

10 : -597 (116) + 0.035 (0.007) * Max DM; r = 0.90

15 :-436 (93) + 0.038 (0.0058 )* Max DM; r = 0.88

() standard error of difference.

The results of the individual soils are only given for N, (®) and N:5 (O).

220



Chapter 12

Measured N, 5 (kg ha-1)
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Fig. 6. Relationship between the observed and predicted optimum fertilizer application rate (N.,_,} for
different grassland soils (kg N ha” yr'). : : ‘

Effect of NFNS on the apparent nilrogen recovery (ANR}

We also tested whether NFNS affected the apparent recovery of fertilizer N (ANR) on a seil
and found that ANR was not affected by the NFNS of the soil. This is in agreement with the
results of other studies (Whitehead, 1084; Herlihy et al., 1978). it confirms the observations
that accumulation of N in the soil is essentially independent of the input of mineral N
(Clement and Williams, 1967; Hassink and Neeteson, 1991). ANR ranged between 64 and
103%. These are common values in the Netherlands (Van der Meer and Van Uum-van

Lohuyzen, 1986}
Effects of NFNS and Max DM on the optimum fertilizer N application rate

Finally, we tested to what extent differénces in NENS and Max DM affected the optimum
fertilizer N application rate. Herbage derives its N not only from applied fertilizer, but also
from the pools that are defined as NFNS. As at N uptake levels higher than approximately
200 kg ha'!, no effect of NFNS on NUE was found while ANR was not affected by NFNS
at all, the level of NFNS of a soil should affect the optimum N fertitizer application rate. We
found that the correlation between NFNS and the optimum fertilizer application rate decreased
with decreasing marginal N response. At low marginal N response, the variation in the
maximum dry matter production affected the optimum N application rate o a greater extent
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than NFNS. We obtained some evidence that variations in the maximum dry matter
production were related to the availability of moisture. This is in agreement with the results
of Morrison (1980} and Noy (1989) who observed that the annual yield was refated to the
amount of rainfall from April to September plus the water-holding capacity of the soil and
Garwood et al. {1977) who found that 67% of the variation in vield on a site could be
accounted for by soil moisture conditions,

Multiple regression analysis showed that when thc variation in maximum dry matter
production was taken into account, a change in NFNS of 100 kg resulted in a change in the
optimum fertilizer application rate of 80 kg N, irrespective of the level of marginal N
response. More than 89% of the variation in optimum fertilizer application rates between
locations was explained by differences in NFNS and Max DM..

Concluding remarks

NENS can be estimated from the difference between the actual soil organic N content and the
organic N content when equilibrium has been reached (Hassink, 1995). In years with
favourable moisture conditions Max DM can be obtained from results of previous years and
thus the optimum N fertilizer application rate can be calculated very simply for each location
using the equation presented in this paper. In years with less favourable moisture conditions
it is more difficult to estimate the optimum N fertilizer application rate.

The original N fertilizer recommendation for intensively used mown grasslands on mineral
soils was 400 kg N ha" yr''. We observed that the optimum N fertilizer application for the
soils in this study ranged from 247 to 750 kg N ha’ yr'. When the maximum application
level is set at 400 kg N ha'! yr', the average reduction in N fertilizer application on these
soils was 42 kg N ha'' yr' when the calculated optimum amount of fertilizer N was applied
instead of the original recommendation of 400 kg. In the Netherlands approximately 1.3
million hectares of mineral soils are under grassland (Ruitenberg et al., 1991). If the soils
under study are representative for the mineral grassland soils in the Netherlands, the annual
reduction in N fertilizer application is approximately 54.6 million kg N in the Netherlands
when the optimum N fertilizer application is given instead of the general 400 kg N ha™* yr'.
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Chapter 13

GENERAL DISCUSSION AND SUMMARY

GENERAL

The N demand of grass is mainly satisfied by the uptake of fertilizer N and inorganic N
produced by mineralization when organic matter is decomposed in the soil. Annual N
mineralization rates may vary dramatically, and values between 10 and 900 kg N ha' have
been reported (Brockman, 1969; Richards and Hobsen, 1977). When differences in N
mineralization would be taken into account, a beiter match could be reached between fertilizer
supply and grass demand, and consequently the losses to the environment would be reduced.
A major problem, however, is the prediction of N mineralization in grassland soils.

N mineralization is driven by the decomposition of organic matter (C) by soil organisms.
This means that the prediction of N mineralization requires understanding of the process of
organic matter decomposition. Several models have been constructed to predict organic matter
dynamics and N mineralization. There are, however, several problems associated with
modeling soil organic matter dynamics and N mineralization:

iy it is widely recognized that soil texture and soil structure have a predominant effect on
the activity of soil biota, organic matter decomposition and N mineralization, but the extent
of the interactions between soil texture, soil structure, soil organic matter, soil biota and

mineralization are insufficiently known;
ii) the contribution of the soil microfauna to organic matter dynamics and N mineralization

in different soil types is not clear, and

iii} models cannot be verified properly because the soil organic matter peols that are
distinguished in soil organic matter models can not be determined directly (Chapter I;
Buurman, 1994}, '

The aims of this thesis are i) to improve our understanding of the interactions between soil
texture, soil structure, organic matter, soil biota and mineralization, i) to develop a procedure
that yields soil organic matter fractions that can be determined directly and that can be used
in soil organic matter models, iii} to develop 2 model that predicts the long-term dynamics
in soil organic matter, iv) to develop a simple model that can be used by farmers and advisers
to predict the non-fertilizer N supply of grassland soils, and v) to quantify the effect of the
non-fertilizer N supply of grassland soils on the optimum fertilizer application rate. The.
results obtained were presented and discussed in the preceding chapters. In this chapter we
summarize and discuss the main findings and give some suggestions for further rescarch.
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INTERACTIONS BETWEEN SOIL TEXTURE, SOIL STRUCTURE, SOIL ORGANIC
MATTER, SOIL BIOTA AND MINERALIZATION

During the last decade it became generally accepted that soil structure exerts dominant control
over microbially mediated decomposition processes in terrestrial ecosystems (Van Veen and
Kuikman, 1990; Ladd et al., 1993). In order to understand some of the interrelationships
between soil structureftexture and microbial/microfaunal activity, it is necessary to quantify
pore and aggregate size distributions, microbial and microfaunal populations, and C and N
dynamics; it is also necessary to integrate the different concepts of physical protection (Ladd
et al., 1993; Juma, 1993; Hassink et al., 1995). We studied soil structure, soil biology and
organic matter dynamics in fine- and coarse-textured soils.

Mineralization

In mineral seils we found a positive relationship between the amount of organic N in the soil
and the clay + silt content, and a negative relationship between the percentage of soil N
mineralizing during incubation and the clay + silt content of the soil (Chapter 2). This
indicates that there is more protection of organic matter in fine-textured soils than in coarse-
textured soils. For C the relationships with soil texture were less clear as a result of
differences in the C:N ratio of the organic matter in sandy soils. The relationships between
soil texture and organic C and N were affected by the soil moisture regime. The effects of
the rate of N fertilization and grassland management on the amounts of soil organic C and
N, and the rates of C and N mineralization were small and non-consistent.

Soil structure

Pore and aggregate size distributions are very different between fine- and coarse-texture soils
(Chapter 3). In loamy and clay soils, pores with neck size diameters < 0.2 pm were dominant.
Also, pores with neck size diameters between 0.2 and 1.2 pm and between 1.2 and 6 pm
were more abundant in these soils than in sandy soils. In sandy soils pores with neck size
diameters between 6 and 30 pm were most abundant; the pore size class between 30 and 90
pm also made up a larger part of soil volume in the sandy soils than in the loamy and clay
soils. . _ : ,

In the sandy soils microaggregates with diameters between 50 and 250 um were dominant,
while in the loamy and clay soils macroaggregates (diameters > 250 pm) made up
approximately 50% of total soil weight (Chapter 3). :

Physical protection

Several mechanisms have been suggested to explain the physical protection of soil organic
matter against decomposition: adsorption to or coating by clay particles (Waksman, 1936;
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Tisdall and Oades, 1982), entrapment in small pores or incorporation into soil aggregates
(Tisdall and Oades, 1982; Elliott and Coleman, 1988; Golchin et al., 1994). From these
studies it is not clear, however, to which extent the different mechanisms apply to different
soils. In sandy soils, the C and N contents of the clay-sized particles were much higher than
the C and N contents of the total soil; in the loamy soils the differences were less
pronounced, while in the clay soils the C and N contents of the clay fraction did not differ
from the C and N contents of the total soil (Chapter 3). In sandy soils, the C contents of the -
aggregates were closely correlated with their clay content and the decomposition rate of
aggregate-C was negatively correlated with the clay content of the aggregate. In loamy and
clay soils C contents and decomposition rates of aggregate-C were not correlated with the
clay content of the aggregates {Chapter 3). Fine-sieving increased mineralization in loams and
clays (the increase being highest in clays), while the mineralization rate in sandy soils was
not affected (Chapter 3). We assume that disruption of the soil structure by fine sieving would
release some of the organic material that was physically protected by its location in small

pores or in aggregates. The results of the particle and aggregate size analysis and the
disruption experiment {(Chapter 3) suggest that in sandy soils organic matter is physically
protected by its association with clay particles, while in fine-textured soils organic matter i$

also protected by its location in small pores and in aggregates. .

Estimation of the protective capacity of soils

Although it has been recognized that there is more physical protection of organic matter in
fine-textured soils than in coarse-textured soils (Jenkinson, 1988; Van Veen and Kuikman,
1990), it has not been studied whether the capacity of soils to physically protect organic
matter is limited and whether this capacity can be quantified. Soil organic matter can be
physically protected by incorporation into' microaggregates and adsorption on or coating by
clay and silt parlicles (Tisdall and Oades, 1982; Golchin et al,, 1994). As microaggregates
consist mainly of clay and silt particles (Skjemstad et al., 1993), the amounts of C and N
associated with clay and siit particles should correspond ‘with the amounts of C and N
protected in microaggregates. Laboratory studies showed that the amount of organics that can
be bound to dispersed clay particles is limited (Pinck et al., 1954; Harter and Stotzky, 1971).
We determined the amounts of C and N that are preserved by association with clay and silt
particles in old grassland soils, and compared those with published results of corresponding
measureiments in uncultivated soils in temperate and tropical regions (Chapter 4). We assumgd
that the amounts of clay- and silt-associated C and N are at equilibrium and at a maximum
in these soils. We observed close relationships between the proportion of clay and silt
particles in a soil and the amounts of C and N that are associated with these particles (* =
0.81). The capacities of soils to preserve C and N by association with clay‘ and silt particles
were estimated from the observed relationships. The relationships were valid for soils from-
both temperate and tropical regions, showing that equilibrium levels of organic matter are not
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necessarily lower in tropical soils than in soils of temperate regions (Greenland et al., 1992).

Organic C and N in the size fraction > 20 pm was not correlated with soil texture. The
results confirmed the hypothesis thiat the amounts of C and N in coarser size fractions depend
primarily on the amount of residues incorporated into the soil and are not affected by soil
texture: (Garwood et al., .1972). Converting grassland and uncultivated soils to cultivated
arable land decreased C and N in the particle size fraction > 20 pm to a larger extent than
C and N associated with clay and silt particles (< 20 pm). This confirmed that particles in
the clay and silt size fraction are better protected against microbial degradation than C and
N in larger size fractions. ‘

Preservation of residue c

We hypothesized that the degree of saturation of the protective capacity of a soil affects the
decomposition rate and stabilization of freshly applied residues: less of the applied C is
thought to be preserved in the soil when more of the protective sites are occupied. This is in
conflict with the general assumption that the preservation of organic residues in soil is directly
positively. correlated with its clay content (Ladd et al., 1981, 1985; Merckx et al., 1985; Van
Veen et al., 1985; Jenkinson et al., 1987; Verberne et al., 1990; Jocteur Monrozier et al.,
1991; Amato and Ladd, 1992). To test the hypothesis we mixed *C-labeled ryegrass through
soil samples that differed in soil texture and in saturation deficit (difference between the
maximum and actual amount of clay and silt associated C; Chapter 5). Our hypothesis was
generally confirmed: the saturation deficit of the soil was much better correlated with “CO,
production:than soi} texture per se.

The observation that the saturation deficit affects the preservation of residue C in soil can
explain the results of experiments where no effect of soil texture on the preservation of
residue C in soil was observed (Gregorich et al., 1991; Bremer and Kuikman, 1994). Most
studies in which the preservation of residue C in soil was positively correlated with the clay
content.of the soil were carried out with Australian soils, and it seems that in these soils the
protective’capacities of fine-textured soils were saturated to a lesser extent than those of the
coarse-textured soils (Ladd et al., 1981, 1985; Merckx et al.,, 1985; Van Veen et al., 1985;
Jocteur -Monrozier et al.,, 1991, Amato and Ladd, 1992). In the study of Gregorich et al.
(1991) the protective capacity of coarse- and fine-textured soils seems to be saturated to the
same extent (Hassink et al:, 1995). The results of our study are in agreement with laboratory
studies with pure clays where it was observed that at low protein:clay ratios added protein
was protected, whereas at high protein:clay ratios the clays had little effect on biodegradation
of added protein (Pinck et al., 1954; Marshman and Marshall, 1981). -

Soil organisms

The soil microfauna may stimulate microbial growth rates through grazing (Clarholm, 1985;
Coleman et al, 1978), and predation of microbes by protozoa and nematodes can increase C
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and N mineralization (Coleman et al.,, 1978; Clarholm, 1983; Brussaard et al., 1991;
Rutherford and Juma, 1992; Bouwman and Zwart, 1994; Brussaard et al., 1993). We tried to
determine whether soil structure affects the biomass of soil organisms and the interactions
between microbes and soil microfauna, and whether differerences in C and N mineralization
rates hetween soils are caused by differences in the grazing activity of the soil microfauna.
We found that the biomass of bacteria was closely correlated (r* = 0.91) with the soil volume
made up by pores with diameters between 0.2 and 1.2 pm and the biomass of nematodes with
the soil volume made up by pores with diameters between 30-90 ym {(* = 0.84; Chapter 3).
The biomass of fungi and protozoa showed a poor correlation with any of the pore size
classes. The results suggest that bacteria and nematodes are spatially separated and that most
bacteria are physically protected against grazing by nematodes. In agreement with this we
found no correlation between the grazing pressure of the nematodes and the activity of the
bacteria (expressed as the amount of CO, produced per unit of bacterial biomass; Chapter 3).
Analysis with a soil food web model indicated that in intensively managed grasslands, soil
microfauna did not contribute significantly to C and N mineralization and that differences in
microfaunal activity could not explain the differences in. mineralization between soils:
According to the calculations with the food web, bacterial feeding activity is high in grassland
soils, reducing the relative importance of other groups (Chapter 6). These results are in
contrast with most studies of natural and agro-ecosystems, where the contribution of the fauna
to the transfer of nitrogen in the soil approximates 30% (Verhoef and Brussaard, 1990). This
discrepancy might be related to the continuous high input of easily decomposable root and
leaf material in grassland soils, whereas in arable soils the input of organic residues is much
lower and is concentrated at harvest time. This high input does not seem to lead to a high
biomass of bacteria but to a high activity. : -
In contrast with our results, it is generally found.in microcosm studies that microfaunal
grazing increases the activity of the microbes. In all microcosm studies bacteria and
microfauna have been applied to sterilized soil. These conditions are very different from the
natural situation in our studies. The indigenous bacterial population will mainly be present
in protective niches, whereas inoculated bacteria are located in more open areas (Postma,
1989). The inoculated bacteria can be grazed upon to 2 much higher extent t!lan ll"lc
indigenous bacterial population. The inoculated bacteria can find more protective mcllles in
fine-textured soils than in coarse-textured soils, leading to a higher grazing pressure in the
coarse-textured soils {Postma, 1989) and a stronger increase in C mineralization (dve to faunal
activity) in coarse-textured soils than in fine-textured soils (Rutherford a.nd Jun}a, 1992). It
may be expected, however, that under natural conditions the differences 1n grazing pressuf'e
are much smaller as most bacteria in both fine- and coarse-textured soils are located in
protected sites. It should therefore be realized that results of microcosm studies cannot be

easily translated to field situations.
Analysis with a food web mode
parameter that strongly affects N mine:

1 showed that the C:N ratio of the microorganisms is a
ralization (De Ruiter et al., 1993). We observed that
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the C:N ratio of the microbial biomass was higher in sandy soils than in loams and clays, and
that there was a positive correlation between N mineralization per unit of microbial biomass
and the C:N ratio of the microbial biomass. Food web calculations indicated that observed C
and N mineralization rates could not be explained by differences in microfaunal activity, but
could satisfactorily be calculated using different bacterial C:N ratios as determined for the soil
types (Chapter 6).

Suggestions for further research

Soil structure is usually related to soil texture. To gain more insight into the relationships
between soil structure, soil organic matter dynamics, soil organisms, and mineralization,
measurements should be done in soils with similar textures but with different pore and
aggregate size distributions. To obtain more direct proof of the exact location of soil organic
matter and soil organisms ultrastructural studies should be performed.

In most physical fractionation studies, clay- and silt-associated C and N, rather than C and
N incorporated into aggregates have been determined. Future research might indicate whether
it is better lo relate the protective capacity of a soil to the content of microaggregates instead
of the amount of clay and silt particles. Future research, including microscopic observations
and determination of the specific. surface area (Burford et al., 1964}, might show whether the
capacity of soils to preserve organic C and N can be related to specific characteristics of clay
and silt particles and microaggregates. Further research might also indicate whether factors
such as drainage, pH and climatic conditions affect the capacity of a soil to preserve organic
C and N by their association with clay and silt particles or by incorporation into aggregates.
- .We observed that the biomasses of bacteria, fungi, and soil microfauna in the grassland
soils were in the same range as found in a Dutch arable soil (De Ruiter et al., 1993), while
the activity of the bacteria and rates of N mineralization were considerably higher. We
suggest to determine the biomasses of bacteria, fungi and soil microfauna and rates of C and
N mineralization in a range of ecosystems, in which the quantity and guality of inputs of
organic residucs are very different, to test to what extent the activity and biomass of groups
of soil organisms are affected by the input of organic residues.

The cause of the higher C:N ratio of the microbial biomass in sandy soils is not yet clear.
Fungi generally have a higher C:N ratio than bacteria, but their contribution to the total
microbial biomass was low. in all soils studied. As all soils were intensively managed
grasslands, the quality of the residues entering the soil was neither expected to be different.
The differences in C:N ratio of the microbes between coarse- and fine-textured soils might,
however, be related to differences in the composition of soil organic matter, as fine-textured
soils generally contain more stabilized clay- and silt-associated organic matter (with a low
C:N ratio) than coarse-textured soils, which contain relatively more labile organic matter
fractions (with a bigher C:N ratio; Chapters 4 and 7). To estimate the dynamics of N
mineralization it might be necessary to study the relationships between soil texture and the
C:N ratio of the microbial biomass in more detail. By separating bacteria from the soil
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(Bakken, 1985) we might be able to determine the C and N contents of bacteria feeding on
different soil organic matter pools. ' '

FRACTIONATION OF SOIL ORGANIC MATTER

One of the main drawbacks of models describing soil organic matter turnover is that most
pools are hypothetical and cannot be determined directly (Paustian et al., 1992). Successful
development of techniques for direct measurement of poot sizes would be a major step
towards appropriate verification of models and the revision of inherent concepts (Bonde et
al, 1992). Although it is accepted that physical fractionation yiclds functional soil organic
matter fractions, models containing pools that are based on physical fractionation have not
been developed so far. This might be due to the lack of data estimating decomposition rates
of the individual fractions and the uncertainty of how widely the proposed techniques can be
applied (Christensen, 1992). We described a new and relatively simple procedure that
separates soil organic matter into size and density fractions using silica suspensions as heavy
lignids {Meijboom et al., 1995). The fractionation is based on the phenomenon that plant
residues that enter the soil have a low density of approximately 1 g cm™; residue material
remaining in the soil is gradually adsorbed by mineral particles, leading to an increase in
density, and gradually reduced in particle size. Two size fractions and three density fractions
were distinguished: C in microaggregates with diameters < 20 pm and 20-150 pm and C in
light (density < 1.13 g cm™), intermediate (density 1.13-1.37 g cm”) and heavy (density >
1.37 g cm™) fractions of the macroorganic matter pool (> 150 pm). The decomposition rates
of the fractions were measured in a sandy and a clay soil that were kept bare for 15 years
(Chapter 8). The decomposition tates of the fractions decreased in the order light, intermediate
and heavy macroorganic matter (> 150 pm; k = 23.9, 9.8 and 3.8 x 10" day™, respectively)
and were lowest for C incorporated in microaggregates (< 150 pym; k = 0.5-0.7 x 10* day™;
Chapter 8). As the rate constants of the fractions were found te be independent of soil texture,
the fractions seem to be widely applicable. We therefore propose to use these units in organic
matter dynamics models. '

C and N mineralization of total soil were positively correlated with the amount of C and
N in the light macroorganic matter fraction. The correlation with mineralization decreased
with increasing stability of the organic matter fractions (Chapter 7). In agreement with
previous results (Dalal and Mayer, 1987; Janzen et al., 1992) we found that macroorganic
matter (> 150 pm) was much more affected by residue input than organic matter incorporated
in microaggregates (< 150 pm; Chapter 7).

The transformations of plant residues in the soil have received little attention so fz.tr. We
tested whether applied crop residues (*C-labeled grass) would be transferred from !;ght fo
intermediate and heavy macroorganic matter fractions and finally become stabilized in
microaggregates (Chapter 9). Immediately after application most of the label appeared to be
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present in the soluble and light macroorganic matter fractions. Newly synthesized
microorganisms fed on the labeled components of these fractions. The amounts of "“C in these
fractions decreased fast, while the amounts of "*C in the other fractions remained more stable
as a result of the transfer of '*C from the soluble or light macroorganic matter fractions to the
other fractions. Six months after the application of *C-labeled ryegrass, most of the residual
¢ was found in the microaggregates. In agreement with Matus (1995) we observed that 180
days after the application of labeled grass, grass-derived C in a fraction was protected to a
lesser extent than soil-derived C. The decomposition rate of ™C associated with
microaggregates in a soil was negatively correlated with the saturation deficit of the clay and
silt fraction of the soil.

Si dgge&tians for further research

Future research should be directed to the comparison of different methods to obtain size and
density fractions and to the analy51s of decay constants of size and density fracuons in a
wider range of ecosystcms

MODELING SOIL ORGANIC MATTER DYNAMICS AND N MINERALIZATION

In Chapter 1 we identified the following problems that are associated with modeling soil
organic matter dynarmics: i) the limited knowledge of the interactions between soil texture/soil
structurga/soil_ organic matter/soil biota/mineralization; the mechanisms of physical protection
of sbi_l organic matter in different soils are not clear; it is not clear whether the capacity of
soils to preserve organic C and N is limited and whether it can be guantified, ii) the limited
knowledge about the contribution of the soil microfauna to C and N mineralization, and iii)
the faét that organic matter models contain pools that can not be determined directly.

These aspects were studied in this thesis and resulted in the following conclusions:

- The main.mechanism of physical protection is partly different between fine- and coarse-
textured soils; in coarse-textured soils seil organic matter is protected by association with clay
and silt particles and in fine-textured soils also by incorporation in small pores and
aggregates.

- Soils have a limited capacnty to preserve organic C and N, wh1ch is positively correlated
with the clay and silt content of the soil.

- The soil microfauna does not contribute 51gn1ﬁcantly to C and N mineralization in
mtenswely managed grassland soils.

- The C:N ratio of the microbial biomass differs between fine- and coarse-textured soils,
which explains differences in N mineralization between soils.

- Size and density fractions differ in decomposition rate; such fractions can replace the
currently used fictitious fractions in organic matier models.
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The prediction of arganic matter dynamics and N mineralization can be improved when these
findings are included in organic matter models. It should be realized that the aim of a model
determines its level of resolution. To predict the long-term dynamics of soil organic matter
it might be sufficient to only take the capacity of soils to preserve soil organic matter into
consideration. To predict the short-term dynamics of soil organic matter it might be necessary
to distinguish different active organic matter pools, and for the prediction of the short-term
dynzmics in N mineralization it might be necessary to determine the C:N ratio of the
microbial biomass feeding on different organic matter pools. _ o

We developed two simple models. The first model predicts the long-term changes of soil
organic matter, It includes the assumption that each soil has a maximpm capacity to protect
soil organic C and that the degree of saturation of the protective capacity determines the
degree of physical protection of residue C (Chapter 10). The mechanism of protection of
organic matier is adsorption to clay and silt particles or incorporation in microaggregates. The
rate at which organic matter becomes protected depends on the amount of free organic matter
and the degree of saturation of the microaggregates with organic matter. This new model
allows a better prediction of the build-up and decline of soil organic matter in soils of
different textures and initial organic matter contents than with the conventional implicit
descriptions of protection (Van Veen et al.,, 1985; Jenkinson et al., 1987; _Verbcme et al.,
1990). Our model makes a distinction between physically protected microaggregate C and
non-protected microaggregate C in accordance with the observation that the preservation of
“C i micfoaggregates is negatively correlated with the degree of saturation of these
aggregates with soil organic matter (Chapter 9) and with the findings that microaggregates’
and clay and silt particles contain external layers of orgalnic matter coatings that are
mineralized much faster than orgénic matter physically protected in internal Igyers (Skjems_tad
et al,, 1993; Buyanovsky et al., 1994). o ' .

The second model is an empirical relationship that can be used by farmers and advisers
to estimate the Non Fertilizer Nitrogen Supply (NFNS) of grassland soils under field
conditions in order to be able to optimize the fertilizer application rate on grasslands. We
defined NENS as the N uptake on unfertilized plots. The amount of N mineralized duiiii'g
incubations is generally considered to be an accurate method for assessing the N availability
of soils (Keeney, 1982). We observed that an incubation period of 2 weeks was t(')o short' to
give a good estimation of NFNS. Correlations with NFNS were better when an mcub:ition
period of 12 weeks was used. An incubation of 12 weeks makes the procedure too time-
consuming to be widely applicable, however (Chapter 11). We found that undér old gra_sslan‘d
swards on mineral soils, close relationships exist between soil texture and the amount of soil
organic N and inicrobiai N. We assumed that under old grassland swards the amounts of soil
organic N and microbial N were in equilibrium. The difference betwet?n the actual soil
organic N content and the content under equilibrium conditions (a o.rgamc N) appeared to
give a good estimation of the non-fertilizer N supply of grassland ‘soﬂs (r* = 0.64; Ch.apt'er
11). The advantage of this difference method in comparision w:t}i other methods is its
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simplicity and fastness. This approach did not work for peat soils. For those soils NFNS could
casily be estimated from the average deepest groundwater table.

Suggestions for further research

In the first model a distinction is made between physically protected and non-protected
microaggregate C. We propose to test and develop methods, such as the high energy
ultraviolet photo-oxidation method (Skjemstad et al., 1993), that can be used to separate
protected and non-protected aggregate C and N, We propose that the difference method in the
second model be tested on a wider range of soils and that it be tested to what extent the
reliability of the difference method is affected by factors such as soil pH and groundwater
table. The results suggest that for sandy soils the difference between the actual microbial N
content and the content under equilibrium conditions would even give a better estimation of
the non-fertilizer N supply of grassland soils than a organic N. We propose that this will also
be tested. Additional research might make clear whether the difference approach can also be
used to estimate the non-fertilizer N supply of other soils than grassiand soils.

We propose o also develop models with a higher level of resolution that can predict the
shert-tern dynamics of C and N mineralization. Such models should include the light,
intermediate and heavy macroorganic matter fractions and the relationships between soil
texture and the C:N ratio of the microbial biomass and organic matter pools.

EFFECTS OF NON-FERTILIZER N SUPPLY ON THE OPTIMUM N FERTILIZER
APPLICATION RATE

The aim of the research presented in the last chapter was to determine the effect of
differences in NFNS on the optimum fertilizer application rate (Chapter 12). The relationship
between N application rate and dry matter production is the result of NFNS, the relationship
between N application and N uptake and the relation between N uptake and dry matter
production (nitrogen use efficiency; Frankena and De Wit, 1958). We analyzed N fertilization
of mown grasslands in experiments that were performed at different locations in the
Netherlands. At higher N uptake rates the apparent recovery of N fertilizer and the NUE were
not affected by NFNS. The optimum N application rate was not only affected by NFNS, but
also by maximum dry matter production. In agreement with Morrison (1980) and Garwood
et al. (1977) we observed that the maximum dry matter production was related with the
availability of moisture, Multiple regression analysis showed that an annual increase in NFNS
of 100 kg per ha resulted in an annual decrease of the optimum N application rate of 80 kg
N per ha on mown grassland. When instead of the original N fertilizer recommendation for
intensively used mown grasslands, the optimum N fertilizer application is given by taking
differences in NFNS into account, the annual reduction in N fertilizer application on mineral
grassland soils is more than 50 million kg N in the Netherlands.
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MAIN FINDINGS PRESENTED IN THIS THESIS
The main findings of the experiments described in this thesis are listed below:

* Quantitative data on the relationships between soil texture, soil structure, soil organic
matter, soil organisms and N mineralization, ~

* Estimation of the capacities of soils to preserve organic matter.

* Recognition that not soil texture per se, but the degree of saturation of the protective
capacity of a soil affects the preservation of plant residues in soil.

* Recognition that the soil microfauna does not contribute significantly to € and N
mineralization in intensively managed grassland soils.

* Recognition of differences between coarse- and fine-textured soils in the C:N ratio of the
microbial biomass and its importance for predicting N mineralization.

* Method to fractionate soil orgamc matter in biologically meaningful pools that differ in

decomposition rate.
* Model that predicts the long-term dynamics of soil organic matter by simple adsorptnon-

desorption kinetics.
* Simple and fast method to estimate the non-fertilizer N supply of mineral and peaty

grassland soils. -
* Quantification of the effect of differences in the non-fertilizer N supply on the optimum N

fertilizer application rate.
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Samenvatting

SAMENVATTING

Het grootste deel van de stikstof (N) die door gras wordt opgenomen is toegediend als
kunstmeststikstof of is beschikbaar gekomen bij de afbraak van organische stof,
Graslandbodems bevatten gewoonlijk 5.000-15.000 kg organische N per ha in de bewortelbare
zone. De hoeveelheid N die jaarlijks bij de afbrazk van organische stof (mineralisatie)
beschikbaar komt varieert van 10 tot 900 kg per ha. Als rekening wordt gehouden met de
verschillen in N-mineralisatie, kan de kunstmestgift beter op de behoefte van het gras worden
afgestemd en zal minder N verloren gaan. Het is echter nog niet goed mogelijk te voorspellen
hoeveel N er via mineralisatie beschikbaar komt in verschillende gronden, N-mineralisatie
wardt gestuurd door de biologische afbraak van organische stof. Voordat we in staat zullen
zijn te voorspellen hoeveel N er jaarlijks zal mineraliseren, is het noodzakelijk het proces van
organische-stofafbraak goed te begrijpen. Er zijn verschillende modellen ontwikkeld die de
dynamiek van organische stof en N-mineralisatie voorspellen. Bij de modellering zijn er
echter verschillende problemen:

i) er wordt algemeen aangenomen dat de bodemtextuur en -structuur grote invioed hebben
op de activiteit van bodemorganismen, de afbraak van organische stof en de N-mineralisatie.
Het is echter onvoldoende bekend op welke manier textuur en structuur deze invloed
uitoefenen en hoe groot die inviced in verschillende gronden is,

1i} het is onduidelijk hoe groot de bijdrage van de bodemmicrofauna aan de organische-
stofafbraak en N-mineralisatie is bij verschillende grondsoorten, en

iii) modellen kunnen niet goed getoetst worden omdat de organische-stoffracties dle in
modellen onderscheiden worden niet direct gemeten kunnen worden.

De doclen van deze smdie zijn: i) het inzicht in de interacties tussen bodemtextuur,
bodemstructuur, organische stof, bodemorganismen en N-mineralisatie te vergroten, ii) cen
methode te ontwikkelen waarmee organische stof gescheiden kan worden in fracties met
verschillende afbraaksnelheid, iii) een model te ontwikkelen dat de dynamiek van organische
stof voorspelt, iv) een eenvoudig model te ontwikkelen dat door boeren en voorlichters
gebruikt kan worden om het N-leverend vermogen van graslandgronden te schatten, en v) het
effect van verschillen in het N-leverend vermogen van graslandgronden op de optimale

kunstmest-N-gift te kwantificeren.

INTERACTIES TUSSEN BODEMTEXTUUR/STRUCTUUR, ORGANISCHE STOF,
BODEMORGANISMEN EN N-MINERALISATIE

Om het inzicht in de interacties tussen bodemstructuur/texiuur, activiteit van micro-

organismen en microfauna en N-mineralisatie te vergroten, bestudeerden we bodemstructuur,
bodemorganismen en organische stof afbraak in zand-, zavel- en kleigronden,
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Mineralisatie

We vonden een positieve relatie tussen het organische-N-gehalte en de klei- en silt-gehalten
van graslandgronden, en een negatieve relatie tussen het percentage van de voorraad aan
organische N die mineraliseert en het klei- en silt-gehalte van graslandgronden (Hoofdstuk
2). Er wordt verondersteld dat deze verschillen veroorzaakt worden door de grotere mate van
fysieke bescherming van organische stof in kleigronden dan in zandgronden. Voor koolstof
(C) waren de relaties met bodemtextuur (klei- en silt-gehalte) minder duidelijk, omdat
zandgronden inert C in de vorm van houtskool bevatten. De relaties tussen bodemtextuur en
de hoeveclheid bodem-organische C en N werden beinvloed door de grondwaterstand. De
effecten van kunstmeststikstof en graslandbeheer (maaien of beweiden) op de hoeveelheid
bodem-organische C en N, en de C- en N-mineralisatie waren gering en niet consistent
(Hoofdstuk 2). '

Bodemstrucmur

Zandgronden hadden een andere bodemstructuur dan zavel- en kleigronden: in zandgronden
kwamen porign met diameters tussen 6 en 30 um het meest voor; porién met diameters tussen
30-90 pym waren in zandgronden ook talrijker dan in zavel- en kleigronden. In zavel- en
kleigronden kwamen porién met diameters < 0.2 ym het meest voor, terwijl porién met
diameters van 0.2-1.2 en 1.2-6 um in deze gronden ook talrijker waren dan in zandgronden.
In zandgronden kwamen micro-aggregaten met diameters van 50-250 um het meest voor,
terwijl in zavel- en kleigronden macro-aggregaten (diameters > 250 pm) het meest
voorkwarnen (Hoofdstuk 3). ' '

Fysieke bescherming

Er wordt aangenomen dat organische stof fysick beschermd kan worden in de grond door de
binding aan kleideeljes, of door de aanwezigheid in kleine porién, voornamelijk in
aggregaten, waardoor de micro-organismen de organische stof niet kunnen bereiken, We
probeerden vast te stellen welk mechanisme in zand,- zavel- en kleigronden verantwoordelijk
is voor de fysicke bescherming van de organische stof, De kleideeltjes in zandgronden hadden
een veel hoger C- en N-gehalte dan de totale grond; in zavelgronden waren de verschillen
minder duidelijk, terwijl de C- en N-gehalten van Kleideeltjes in kleigronden gelijk waren aan
de C- en N-gehalten van de totale grond (Hoofdstuk 3). In zandgronden was het C-gehalte
van bodemaggregaten positief gecorreleerd met het kleigehalte; de afbraaksnelheid van
aggregaat-C was negatief gecorreleerd met het kleigehalte van het aggregaat. In zavel- en
kleigronden waren C-gehalten van aggregaten en de afbraaksnelheden van aggregaat-C niet
gecorreleerd met de kleigehalten van de aggregaten. In kleigronden werd de mineralisatie
sterk verhoogd nadat de structuur kapot was gemaakt door de grond door een zeef van 1 mm
te wrijven; bij zavelgronden was de toename in mineralisatie geringer, terwijl bij zandgronden
het kapotmaken van de structuur de ‘mineralisatie niet beinvloedde {Hoofdstuk 3). Er wordt
aangenomen dat door het kapot maken van de structuur, een deel van de organische stof die

244



Samenvatting

fysiek beschermd was tegen afbraak door bodemorganismen door de lokalisatie in kleine
porién en aggregaten de bescherming zou verliezen en afgebroken zou worden door
bodemorganismen. Deze resultaten duiden erop dat in zandgronden organische stof alleen
beschermd kan worden door de binding aan kleideeltjes, terwijl in zavel- en kleigronden
organische stof ook beschermd wordt in aggregaten en kleine porién (Hoofdstuk 3).

Béschermingscapaciteit van de grond

Er wordt algemeen aangenomen dat er meer fysieke bescherming van organische stof optreedt
in kleigronden dan in zandgronden. Er is echter nooit vastgesteld hoevee! C en N de grond
maximaal fysiek kan beschermen tegen afbraak.

We namen aan dat de meeste organische stof die fysiek beschermd is in de grond
geassocicerd is met klei- en siltdeeltjes. We bepaalden de hoeveelheid C en N die
geassocieerd is met klei- en siltdeeltjes in oude graslandgronden en in gronden onder e¢n
natuurlijke vegetatie in gematigde en tropische gebieden. We gingen ervan uit dat in deze
gronden de hoeveelheid C en N die gebonden kan worden door klei- en siltdeeltjes het
maximum bereikt heeft. We vonden een positieve relatie tussen het klei- en siltgehalte van
deze gronden en de hoeveelheid C en N die geassocieerd was met deze fractie (F* = 0.81;
Hoofdstuk 4). Uit deze relatie tussen de hoeveelheden C en N die geass'ocieéi'd was met de
klei- en siltfractie in oude graslandgronden en gronden onder een natuurlijke vegetatic, en de
hoeveelheid klei- en silideeltjes werd geschat hoeveel C en N er in een grond beschermd kan
worden ("beschermingscapaciteit”). o * '

De hoevectheden C en N in de fractic > 20 pm waren niet gecorreleerd met de
bodemtextuur. De hoeveelheden C en N in de fractie > 20 pm werden voornamelijk beinvloed
door de hoeveelheid gewasresten die aan de grond werd toegevoegd; de hoeveelheden C en
N in de fractie < 20 pm werden voornamelijk beinvloed door de textuur van de grond.

Bescherming van met "*C gelabelde gewasresten

Over het algemeen wordt aangenomen dat het kleigehalte van een grond de afbraaksnelheid
van gewasresten beinvioedt. We testten de hypothese dat niet de textuur als zodanig, maar de
mate van verzadiging van de klei- en siltdeeltjes met organische stof de afbraaksnelheid van
aan de grond toegevoegd gewasmateriaal bepaalt. We mengden met "'C gelabeld gras door
zand- en kleigronden die verschilden in de mate waarin de klei- en siltdeeltjes verzadigd
waren met organische stof (Hoofdstuk 5). De hypothese werd bevestigd: de hoeveelheid e
die vrijkwam als "*CO, was positief gecorreleerd met de mate van verzadiging van de klei-
en siltdeeltjes. De correlatie tussen *CO, en bodemtextuur was minder goed. De waarneming
dat de mate van verzadiging van de klei- en silideeltjes invioed heeft op de afbraak van
gewasresten en niet bodemtextuur als zodanig, verklaart waarom in sommige expe;:imentc?n
geen effect van de textuur op de afbraak van gewasresten werd gevonden, terwijl dat in

andere gevallen wel zo was.
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Bodemorganismen

We probeerden vast te stellen of er verschillen bestaan in de begrazingsdruk van de
bodemmicrofauna op de micro-organismen in zand,- zavel- en kleigronden en of de gemeten
verschillen in C- en N-mineralisatie tussen verschillende gronden veroorzaakt kunnen zijn
door verschillen in de begrazingsdruk van de bodemmicrofauna. Er was een hoge correlatie
tussen de biomassa aan bacterién en het bodemvolume dat werd ingenomen door de porién
met diameters van 0.2-1.2 um (* = 0.91); de biomassa aan nematoden vertoonde een hoge
correlatie met het bodemvolume dat werd ingenomen door de porién met diameters van 30-90
pm (% = 0.84; Hoofdstuk 3). De biomassa aan schimmels en protozoén was niet gecorreleerd
met een poriéngrootte-klasse. De resultaten suggereren dat de meeste bacterién en nematoden
fysiék gescheiden voorkomen in de grond en dat de meeste bacterién beschermd zijn tegen
begrazing door de nematoden. Berekeningen met cen voedselwebmodel toonden aan dat de
gemeten verschillen in C- en N-mineralisatie tussen gronden niet verklaard kunnen worden
nit verschillen in begrazingsdruk door de bodemmicrofauna (Hoofdstuk 6). De verschillen
konden wel verklaard worden door rekening te houden met de gemeten verschillen in de C:N-
verhouding van bacterién tussen zand,- zavel- en kleigronden (Hoofdstuk 6).

FRACTIONERING VAN DE BODEM-ORGANISCHE STOF

Modellen die de opbouw en afbraak van bodem-organische stof beschrijven, bevatten
organische-stoffracties die verschillen in afbreckbaarheid. De meeste fracties kunnen echter
niet direct gemeten worden. De ontwikkeling van methoden om de theoretische fracties die
in de modellen onderscheider worden te kwantificeren zou een grote stap zijn in het valideren
van de concepten in huidige modellen.

“ We gebruikten een nieuwe methode waarmee de bodem-organische stof wordt gescheiden
in fracties op basis van verschillen in deeltjesgrootte en -dichtheid. De fractionering is
gebaseerd op het fenomeen dat organisch materiaal dat aan de grond wordt toegevoegd steeds
verder wordt v_erkleind door bodemorganismen en dat de organische stof die overblijft in de
grond in dichtheid toeneemt doordat het in steeds grotere mate gebonden wordt aan minerale
delen’ (vnl. klei- en siltdeeltjes). We onderscheidden twee grootte-fracties: C in micro-
aggregaten met diameters kleiner dan 20 pm en 20-150 pm, en drie dichtheidsfracties: C in
lichte (dichtheid < 1.13 g per cm®), midden (dichtheid 1.13-1.37 g per cm®) en zware
(dichtheid > 1.37 g per cm?) fracties van de macro-organische stof (> 150 pm; Hoofdstok 8).
De afbraaksnelheid van de fracties nam af in de volgorde lichté, midden en zware macro-
organische stof (k = 23.9, 98 en 38 x IOf‘ per dag) en was het laagst voor C in micro-
aggregaten (< 150 pm; k' = 0.5-0.7 x 10* per dag). De lichte fractie bestaat uit gedeeltelijk
afgebrokcﬁ gewasresten met een hoge C:N-verhouding; in de midden en zware fractie wordt
de structour van het gewasmateriaal steeds minder duidelijk en is de C:N-verhouding wat
lager, terwijl de organische stof in de micro-aggregatenfractie bestaat uit amorf materiaal met
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een lage C:N-verhouding. De afbraakconstanter werden niet beinvioed door de bodemtextuur,
We stellen voor om deze fracties te gebruiken in modellen die de organische-stofdynamiek
beschrijven (Hoofdstuk 8). 4 '

De mineralisatie van C en N in grond was positief gecorreleerd met de hoeveelheid C en
N in de lichte fractie. De correiatie met mineralisatie werd minder met toenemende stabiliteit
van de organische-stoffracties (Hoofdstuk 7). De fractionering werd ook gebruikt om de
omzettingen van met "“C gelabeld gras in de grond te volgen (Hoofdstuk 9). Onmiddellijk na
toediening van het gras kwam de meeste ““C voor in de oplosbare cn de lichte macro-
organische-stoffractie. *C werd omgezet van deze meest actieve fracties naar de midden en
de zware macro-organische-stoffractie. Twee en zes maanden na toediening van het gras werd
de meeste residuele “C aangetroffen in micro-aggregaten. In alle fracties werd residueed “C
veel sneller afgebroken dan C. De afbraaksnelheid van C in micro-aggregaten was positief
gecorreleerd met de mate van verzadiging van de micro-aggregaten met organische stof

(Hoofdstuk 9),

MODELLEN DIE DE DYNAMIEK VAN ORGANISCHE STOF EN HET NIVEAU VAN
N-MINERALISATIE VOORSPELLEN

We ontwikkelden twee modellen. Het eerste model voorspelt de dynamiek van organische stof
op de lange termijn. In dit model wordt aangenomen dat elke grond een maximum capaciteit
heeft om organische stof te beschermen en dat de mate van verzadiging van de beschermende
capaciteit bepaalt. in welke mate gewasresten fysick worden beschermd tegen afbraak
(Hoofdstuk 10). Met dit mode! waren we beter in staat de opbouw en afname van organische
C in gronden met verschillende textuur en organische-stofgehalten te voorspellen dan
conventionele modellen waarin de bescherming impliciet wordt beschreven en gerelateerd is
aan het kleigehalte.

Het tweede model is cen empirische relatie die door boeren
worden om het N-leverend vermogen van graslandgronden te schatten. We definieerden het
N-leverend vermogen als de hoeveelheid N die geoogst wordt op een niet met N bemest
object. We vonden dat het organische-N-gehalte van oude minerale graslandgronden positief
en goed gecorreleerd was met de bodemtextuur (fractie < 50 pm). We veronderstelden dat
onder oude graslanden de hoeveelheid bodemorganische-N in evenwicht is. Het verschil
tussen het actuele organische-N-gehalte van de grond en het bodem-organische-N-gehalte
onder evenwichtsomstandigheden (oud grasland) bleek goed te correleren met het N-leverend
vermogen van minerale graslandgronden (2 = 0.64; Hoofdstuk 11). Het voordeel va:i dcz‘c?
benadering is dat het N-leverend vermogen van gronden snel en eenvoudig te schatten is. B1J
veengronden bestond er geen relatic tussen bodemtextuur en organische-N-gehalte; bij
veengronden bestond er een goede correlatie tussen de gemiddelde laagste grondwaterstand
in de zomer en het N-leverend vermogen van de grond (2 = 0.74; Hoofdstuk 11).

en voorlichters gebruiktlkan
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EFFECTEN VAN VERSCHILLEN IN HET N-LEVEREND VERMOGEN VAN
MINERALE GRASLANDGRONDEN OP DE OPTIMALE N-GIFT

Om het effect van verschillen in N-leverend vermogen op de optimale N-gift vast te stellen
hebben we N—bcnicstingsproeven geanalyseerd die de laatste jaren op gemaaid grasland zijn
vitgevoerd in Nederland (Hoofdstuk 12). De optimale N-gift werd beinvloed door het N-
leverend vermogen van de grond en de maximale droge-stof-produktic op ¢en perceel. De
maximale droge-stof-produktie bleek sterk beinvloed te worden door de beschikbaarheid van
vocht. Als rekening werd gehouden met verschilien in de maximale produktie, bleek dat op
gemaaid grasland cen toename in het N-leverend vermogen van de grond met 100 kg per ha
per jaar leidde tot een verlaging van de optimale N-gift van 80 kg N per ha per jaar. Door
rekening te houden met verschillen in het N-leverend vermogen van gronden zou er jaarlijks
in Nederland meer dan 50 miljoen kg konstmest-N bespaard kunnen worden op minerale
graslandgronden, hetgeen tot gevolg kan hebben dat de verliezen naar het milieu verminderen.

BELANGRUKSTE RESULTATEN DIE HET ONDERZOEK HEEFT OPGELEVERD

*  Kwantitatieve gegevens over de relaties tussen bodemtextuur, bodemstructuur, organische
stof, bodemorganismen en N-mineralisatie

*  Schatting van de capaciteit van gronden om organische stof te beschermen

*  Onderkenning dat niet bodemtextuur als zodanig, maar de mate van verzadiging van de

. beschermingscapaciteit van een grond de afbraak van gewasresten beinvloedt.

* Onderkenning dat de bodemmicrofauna niet significant bijdraagt aan de C- en N-
‘mineralisatie in intensief gebruikte grasiandgronden

* Onderkenning van het optreden van verschillen in de C:N-verhouding van micro-
organismen tussen zand-, zavel- en kleigronden, en het belang daarvan voor het
voorspellen van N-mineralisatie

*  Methode om de orgamsche stof te scheiden in blOlongCh relevante fracues die verschillen
in afbreekbaarheid
Model dat de dynamiek van bodem-organische stof voorspelt

* . Eenvoudige en snclle methode om het N-leverend vermogen van mmerale en
veengraslandgronden te schatten

*  Kwantificering van het effect van verschillen in het N-leverend vcrningen van minerale
graslandgronden op de optimale kunstmest-N-gift
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