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GENERAL INTRODUCTION






General introduction

Scope and resear ch hypotheses

Soil organic matter (SOM) is a major factor in sgiality and fertility, as it sustains
nutrient storage and supply, soil structure andopgioal activity. SOM, and more
specifically soil organic carbon (SOC), is alsoeiging increased attentias a potential
sink for atmospheric C£carbon sequestration). Maintenance and improvemeaOM
content is thus generally accepted as being a malppective for any sustainable
agroecosystem. Assessment of SOM quality, howeasecomplex, as it comprises an
enormous array of compounds at various stages adndgosition, ranging from very
active to recalcitrant. Physical fractionation dD/8 and stable isotope techniques (e.g.
3¢ natural abundance analysis drfd isotope dilution) are now more and more used in

the research on quality and turnover of SOM.

Recently, physical fractionation techniques, likeesand density fractionation of SOM,
have yielded biologically meaningful SOM fractions pools, which tend to differ in
degradability and turnover. Moreover, it is genlgrabserved that isotopic fractionation
during the decomposition process may result inifiigmt shifts in the®*C isotopic
signature C/*°C ratio) of SOM. A first research hypothesis wasrfolated as follows:
'Shifts in the**C isotopic signature can be used as an indicatoB©M quality, in terms
of SOC degradability and turnoveth order to test this hypothesis, we studied shiit
the *C isotopic signature of SOM with increasing depttsoil profiles under permanent
grassland (Chapter 2) and among different size @akity fractions of SOM in the
surface layer of cultivated and grassland soilsaf@@ér 3). It was evaluated to what extent
these shifts in thé’C isotopic signature were related to, or could sexs an indicator of
the degradability and turnover of SOC at differ@epths in soil profiles (Chapter 2) or in

different size and density fractions of SOM (Chae



General introduction

The balance between potential gross N mineralizadind gross N immobilization in soils
is at an undefined equilibrium. This balance, amel potential N dynamics in general,
tends to be affected by the quantity of SOM, thaligu of SOM (availability for
microbial degradation, C/N ratio) and soil typeisltgenerally observed that SOM in the
clay- and silt-sized fraction (<50 um) is less &tae for microbial degradation than
SOM in the sand-sized fraction (>50 um). In thigywihe potential N availability in soils
may be influenced by the distribution of SOM amaliiflerent size and density fractions
and by the clay and silt content (soil texture)ugha second research hypothesis was
formulated as follows:Next to the total SOM content, the distributionS®M among
different size and density fractions and the soiture are factors which largely affect the
potential N dynamics in grassland soilB\. order to verify this second hypothesis, we
investigated (1) the influence of the total orga@i@and N content and the distribution of
organic C and N among size and density fractioma@er 4), and (2) the influence of soll

type (Chapter 5pn the potential N dynamics in permanent grasssaild.

Outline of thethesis

A first objective of this thesis was to investigatee quality of SOM, in terms of

degradability and turnover, in cultivated and gl@asd soils by means of physical
fractionation of the SOM and variations in i€ isotopic signature. A second objective of
this thesis was to study the N dynamics in permageassland soils, as affected by the

guantity and quality of SOM and soil type.

Chapter 1 is an introductory chapter, which focuseg1) the role of organic matter in
agricultural soils, (2) factors affecting organiatter content and organic matter turnover
in agricultural soils, (3) assessment of the guaiid turnover of SOM, and (4) the major

N transformations that occur in agricultural soils.



General introduction

In chapter 2 we investigated to what extent théatian of the'3C isotopic signature in
soil profiles under permanent grassland ¢€getation) could be used as an indicator of

the quality of SOM (in terms of degradability) a@ffferent depths in the profile.

In chapter 3 we compared the quantity and quaht$®©M (in terms of turnover) in the
surface layer of cultivated (Gregetation) and non-cultivated soilsz(@getation). This

was achieved through separation of the SOM intéewint fractions (size and density
fractions, microbial biomass, water soluble orga®jcin combination with the analysis of

their *C isotopic signature.

The accumulation of SOM upon conversion of arahiellto permanent grassland, and the
influence of quantity and quality of SOM on the ggoN transformation rates in

permanent grasslands of different age were studiedapter 4.

In chapter 5 we quantified the gross N transforomatates and the potential N retention
upon mineral fertilizer addition to permanent glasd soils of varying texture and SOM

content.

Finally, the general conclusions and research petiygs of this thesis are formulated in
Conclusions and perspectives, and a summary ofettiels given in English and Dutch

(Summary and Samenvatting).
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Chapter 1

1. Introductory chapter

1.1. Theroleof organic matter in agricultural soils

Soil organic matter (SOM) is a key component in thality and fertility of
agricultural soils, as it affects many of its bgial, physical and chemical properties
(Doran and Parkin, 1994). SOM is a primary soureand a temporary sink for, plant
nutrients and acts as an energy and nutrient sdarciae soil organisms. The essential
plant nutrients (especially nitrogen, sulphur antbgphorous) are released through
mineralization during the decomposition of the SOWhich is accompanied by the
respiration of carbon as carbon dioxide gC(Brady, 1984). SOM also improves the
aggregation of soil particles and thus contribusgmificantly to the formation and
stabilization of the soil structure (Tisdall and dea, 1982). This results in a better
aeration and infiltration of water, and increases water holding capacity of the soll
(Gregorich et al., 1994). Furthermore, SOM incredke cation exchange capacity (CEC)
of soils, which enhances the storage capacity tfamis (Brady, 1984). Maintenance and
improvement in SOM content is thus generally ase@s being a major objective for

any sustainable agroecosystem (Haynes, 1999).

The SOM in agricultural soils, and more specifigdlie soil organic C (SOC), is
also receiving increased attentiaas a potential sink for atmospheric £Q@C
sequestration). The atmospheric concentration ob, G@hich is the most important
anthropogenic greenhouse gas, has increased by a@au(from approximately 280 ppm
to approximately 370 ppm) since the onset of tlieistrial revolution (circa 1850) to the
present, and is currently increasing at a rate.8§0yf* (Lal, 2001). Though the largest
anthropogenic contribution to the increase in ttmaogpheric C@concentration comes

from fossil fuel combustion, a substantial releadeCO, originates from terrestrial
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vegetation and soils, caused by land use changds & deforestation and cultivation
(Schlesinger, 1997). Due to the concern about therease in the atmospheric
concentration of greenhouse gases (e.g, ©Bl, and NO) and their potential effects on
global climate change (IPCC, 1995), the UN Framéwdonvention on Climate Change
has imposed the industrialized countries to redines net emissions of greenhouse gases
by 5% of the 1990 level by the year 2010 (Lal, 20@Ldecrease in the atmospheric £LO
concentration could thus be achieved by reduciegethissions, but also by sequestering
and storing C in sinks. Carbon sequestration inesérial ecosystems is accomplished
when C is stored in living plants through photosgsis and then relocated to the soil and
transformed into SOC (Follett et al., 2001). Onegiaility is to increase the C stored in
agricultural soils, which can be accomplished tigtothe adoption of reduced or no-till,
use of cover crops, improved nutrition and yielthaamcement, elimination of bare fallow,
use of forages in crop rotations, use of improvadeties, and use of organic amendments
(Bruce et al., 1999). When cultivated soils arevested to permanent grassland, SOM
contents generally increase, which also involveseiased C sequestration and in addition

improves soil fertility (Robles and Burke, 1998).

1.2. Factors affecting organic matter content and organic matter

turnover in agricultural soils

SOM originates from the organic residues (derivednf plants, animals or micro-
organisms) which enter the soil and undergo a @adinemical and biological
decomposition. The SOM pool thus encompasses @antal and microbial residues at
various stages of decomposition and a diversity heterogeneous, humified or
nonhumified, organic compounds which are intimataisociated with inorganic soll

components (Christensen, 1992). The nonhumifiedrocgcompounds have been released
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by decomposition of plant, animal and microbiaktis in their original or in a slightly
modified form (mainly carbohydrates, amino acidsit@ns, lipids, nucleic acids, lignins
and a variety of organic acids). The humified ofgamompounds are products that have
been derived from these nonhumified compounds (ficettion), and consist of complex
substances (humic and fulvic acids), which aretikelly resistant to microbial attack. The
nonhumic and humic material are collectively caltsill humus (Stevenson, 1967; Tan,

1994).

The SOM content in agricultural soils is mainly eletined by the primary plant
production, or more specifically the input ratesl éne quality of the plant residues, and
the rate of SOM decomposition (Jastrow and MillE398). Primary plant production is
largely dependent on climatic factors (temperature rainfall), vegetation type, soil type
and management practices (Brady, 1984). The rat8Q¥ decomposition is strongly
determined by the stability of the SOM against wiical degradation. The stability of the
SOM against microbial degradation depends on (&)kilochemical stabilization of the
SOM, (2) the degree of its association with theerahcomponents (mainly silt and clay
particles), and (3) the physical protection of SOMthin aggregate structures
(Christensen, 1996). Biochemical stabilization GIN6 is understood as the stabilization
due to its own chemical composition (e.g. recaaitrcompounds such as lignin and
polyphenols) and through chemical complexing preesse.g. condensation reactions)
(Heal et al., 1997, Six et al., 2002). It is getigrabserved that the association of SOM
with silt and clay particles (by means of chemigaphysicochemical binding), creates a
physical protection against microbial decomposit{@iristensen, 1996) and numerous
studies have reported a positive correlation betvibe clay or silt plus clay content and
the preservation of SOM in soils (Sorensen, 197&rdkx et al., 1985; Christensen, 1992

Hassink, 1997). Soil aggregates physically proe®©M by forming physical barriers
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between micro-organisms plus microbial enzymesthen substrates, by controlling food

web interactions and by influencing microbial turao(Elliott and Coleman, 1988).

Physical disturbance of the soil (e.g. tillagepais important controlling factor in
the process of aggregate formation and aggregetever in soils (Six et al., 2002), and
consequently the SOM dynamics and SOM content irc@tural soils are also strongly
dependent on the management practices (e.g. theeiney and intensity of tillage). It is
generally accepted that no-tillage or cover cropteays, for example, have beneficial
effects on soil fertility by decreasing erosiongcrigasing aggregation and potentially
increasing SOM contents (Six et al., 2002). Crogusace, rotation and management
practice can affect the SOM content by influendiogh the quantity and quality of crop
residues which are returned to the soil and treeahtlecomposition of added residues and
native SOM (Gregorich et al., 1994; Haynes and 8e&896). Replacement of natural
forests by agroecosystems generally increasedukeof terrestrial C to the atmosphere
due to enhanced SOM decomposition, reduces le¥e&3©OM, and thereby decreases soil
fertility (Solomon et al., 2002). On the other hamehen arable land, which has been
under long-term cultivation, is converted to pererangrassland, for example, the SOM
content gradually tends to increase due to greatgmic matter inputs, combined with a
slower rate of SOM decomposition due to the absef@nual cultivation (Whitehead,

1995a; Haynes and Beare, 1996).

As SOM decomposition is mediated through microbaativity, which is
influenced by temperature and soil moisture contdm rate of SOM decomposition is
also strongly dependent on climatic factors (Zechlge 1997). Therefore, it is generally
observed that SOM in tropical soils has a fasteraver than in temperate soils, due to the
enhanced decomposition under the higher moistutdeanperature regimes of the tropics

(Trumbore, 1993).

10
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1.3. Assessment of the quality and turnover of soil organic matter

The quality of SOM could be broadly defined ascipability to sustain the soil
quality in general, in terms of sustaining soilusture, nutrient storage and biological
activity (Gregorich et al., 1994). Characterizatioh SOM quality is very complex as
SOM comprises an enormous array of compounds, mgnigom recent plant materials
through a continuum of metabolic products of micgamisms, to components of stable
humus (Zech et al.,, 1997). SOM can thus be coresiidey be composed of a series of

fractions, ranging from very active to passive (B et al., 1985).

Total C content, N content and the C/N ratio, imbmation with the content of
various classes of organic compounds, like ligmd polyphenols, can be considered as
the classical chemical indicators of substrate igugdHaynes, 1986a). The microbial
biomass content, carbohydrate content, the ligidtion of SOM, water soluble C content
and the mineralizable C and N content are assumegptesent or reflect the labile, active
fractions of the SOM pool and are also often usedndicators of the quality of SOM
(Gregorich et al., 1994). Microbial biomass is § kariable of SOM quality, functioning
both as an agent for the transformation and cy@din§OM and plant nutrients within the
soil, and as a sink (immobilization) or source (enalization) of labile nutrients (Sparling
et al.,, 1990). The potential C and N mineralizationsoils, which are determined by
means of incubation experiments, reflect the rgadiicomposable fraction of SOM and

the capacity of the SOM to supply plant-available@$pectively (Gregorich et al., 1994).

In mathematical models, describing SOM dynamicg tontinuum of SOM
fractions in soil is conceptualized as kineticalgfined pools with different turnover rates
(Parnas, 1975; Jenkinson and Raynor, 1977; van ®edrPaul, 1981). However, a major
problem related to predicting SOM dynamics by meaihmathematical models is that

these different pools usually can not be determidiedctly by chemical or physical

11
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fractionation procedures (Paustian et al., 199@¢c8ssful development of techniques for
direct measurement of pool sizes would thus repteaemajor step forward towards
appropriate verification of SOM models (Bonde et 4992). Historically, most scientists
studying the nature of SOM have utilized chemicafractants to fractionate SOM
(Stevenson and Elliott, 1989). However, chemicdramts of the soil are not clearly
related to the dynamics of SOM because they ext&feM that may be physically
protected from microorganisms and not readily aad for decomposition (Cambardella
and Elliott, 1994). Recently, biologically meaningfSOM fractions or pools have been
obtained by methods based on physical fractionaifasoil (according to particle size or
density) without chemical treatments, which comtingith biological and chemical
analysis allows further insight into the functiahalof the separated pools (Tiessen and
Stewart, 1983; Bonde et al., 1992; Christensen2198lomon et al., 2002). Moreover,
the use of théC natural abundance technique coupled with parside fractionation
have further advanced process oriented SOM stusiiese these methods are well suited
to study soil organic carbon (SOC) dynamics ovdiree scale ranging from a few to
several hundred years, and are relevant for uradetistg the consequences of natural and
anthropogenic vegetation changes (Balesdent etl@87; Boutton, 1996; Shang and

Tiessen, 2000).

1.3.1. Size and density fractionation of soil organic matter

The concept behind physical fractionation of sailpbasizes that the availability
of SOM to decomposing organisms depends not onligsomtrinsic biochemical nature,
but also on the nature of its association with sod mineral fraction (formation of
organomineral complexes). Physical fractionatiarhiéques, according to size or density

of particles, are generally less destructive angl tbsults obtained from physically

12
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separated soil fractions may relate more to thectitre and function of the SOM in situ

(Christensen, 1992).

Christensen (1992) defined three levels of striattand functional complexity in
the soil, which relate to the following experimdiytaidentifiable SOM pools: the
uncomplexed SOM, the primary organomineral compexand the secondary
organomineral complexes. The uncomplexed SOM ctgigainly of particulate, partly
decomposed plant or animal residues, and is aitmangool between litter and mineral-
associated SOM. Primary organomineral complexes lmandivided into clay-sized
(< 2 pm), silt-sized (2-20 pum or 2-50 um accordiogthie International Soil Science
Society (ISSS) or United States Department of Adnice (USDA) classification,
respectively) and sand-sized (20-2000 um or 50-20@0according to the ISSS or USDA
classification, respectively) complexes of SOM witmineral particles of the
corresponding size. Individual primary organomihegarticles and particles of
uncomplexed SOM can occur as discrete structuiigd imthe soil, but in most soils most
of the primary particles are incorporated into eliéntly sized secondary organomineral
complexes, or aggregates (Christensen, 1992). Heezadary organomineral complexes
can be further divided into micro-aggregates (< p5d) and macro-aggregates (> 250
pm). Micro-aggregates are composed from primarypteres and occluded SOM, and
their stabilization involves both persistent arahiient binding agents. Macro-aggregates
are made up of micro-aggregates, primary complexesuncomplexed SOM particles,

held together by transient and temporary bindirengg(Tisdall and Oades, 1982).

Size fractionation of soils is generally achievhtbtigh a preliminary dispersion
of the soll, in order to break down the secondaiganomineral complexes, followed by a
combination of wet sieving and sedimentation toasate the primary organomineral
complexes. A general observation on the composdfcBOM in particle size fractions is

that the C/N ratio tends to decrease from the eodwsthe finer particle size fractions,

13
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which indicates an increasing degree of humifica(ibiessen and Stewart, 1983; Catroux
and Schnitzer, 1987). Moreover, SOM in the sandesizaction is often more labile than
SOM in the clay- and silt-sized fractions (Tiessem Stewart, 1983), and considerable
published evidence indicates that one of the ppalcfactors responsible for physical
protection of SOM is its tendency to associate witty and silt particles (Tate and Theng,
1980). Density fractionation of SOM is based ondbservation that during humification
parts of SOM become more associated with the nlinfeaation and thus occur in
organomineral complexes of higher density (Bargbsl., 1996). By means of density
separation, SOM is generally separated into a lfghttion, and one or more heavy
fractions. The so-called light fraction ("free" oncomplexed SOM) is considered to be
decomposing plant or animal residues with a redhtivhigh C/N ratio, a rapid turnover
rate, and a specific density considerably lowemthi@at of soil minerals. The heavy
fractions include the organomineral complexed SOWhich is assumed to be
comparatively more processed material, with a lo@AY ratio, a slower turnover rate,
and a higher specific density due to its intimasogiation with soil minerals (Greenland,
1965). The combination of size fractionation andgity fractionation of SOM may thus
enable us to identify both labile SOM fractionsn@aized or light SOM), which may
respond relatively faster to management changegioecosystems than the total SOM
content, and more stable fractions (clay- andssikd SOM), which are more related to

long-term SOM dynamics (Janzen et al., 1992; Bareioal., 1996).

1.3.2. The **C isotopic signatur e of soil organic matter

C has two naturally occurring stable isotopgés,and"*C. Approximately 98.89 %
of all C in nature i$%C, and 1.11 % of all C i§'C. The ratio of these two stable isotopes
(**c/**C) in natural materials varies slightly around theserage values as a result of

isotopic fractionation (discrimination againdfC) during physical, chemical and

14
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biological processes (Boutton, 1996JC/*°C ratios are usually expressed relative to a
standard (carbonate from Pee Dee belemnité)'%3 values, and expressed in per mil

(%o) :

13 13
C sample C standard
l3c/
12
C standard

Atmospheric C@, plant material and SOM are depleted@ relative to the standard and

3%3C (%o) = *1000

therefore have negativ&>C values. The more depleted ifC a material is, the more

negative thé**C value will be.

The 2C/**C ratio, or'*C isotopic signature, of SOM is mainly determingditie
13¢/°C ratio of the plant litter from which it is deriePlants discriminate agains€o,
during photosynthesis and the extent of this disicvation is dependent on their
photosynthetic pathway typés Cs plants, with the Calvin pathway, discriminate more
against*CO; than G plants, with the Hatch and Slack pathway, plants haved™C
values ranging from approximately -32%o to -22%o, lhCs plants haved™*C values
ranging from approximately -17%o to -9%o0 (Smith anpskein, 1971). This difference in
13¢c/*?C ratios can be used as a tracer for in situ lagelbf newly incorporated SOM
when the dominant vegetation type has changed fdgnio C, species or vice-versa

(Schwartz et al., 1986; Balesdent et al., 1987¢Papal., 1995; Ryan et al., 1995).

The °C/*?C ratio in SOM remains close to the ratio in thigiioal vegetation, but
during decomposition of the plant residues and $@&M, significant changes in the
13¢c/%C ratio may occur due to isotopic fractionationB@en and Stout, 1978; Melillo et
al., 1989; Wedin et al., 1995yhe magnitude and direction of the change in’f**C
ratio may vary with time and the prevailing envingental conditions (O’Brien and Stout,

1978). One source of alteration in tHE€/%C ratio of SOM is isotopic discrimination

15
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against*C associated with microbial decomposition of SOM. their metabolism,
decomposing organisms would prefé€-depleted molecules for respiration whife-
enriched molecules tend to be utilised in the petida of biomass and the end-products
of metabolism under aerobic conditions (Blair ef &B85; Gleixner et al., 1993As a
result, SOM decomposition may lead to a progres&i@eenrichment in the mixture of
residual substrate and microbial products and noéitab (Balesdent and Mariotti, 1996).
However, in anaerobic environments, the ;Gitolved is generally very depleted'fiC
relative to the organic substrate, whereas the &®0lved is enriched iC (Games et al.,
1978). A second possible source of alteration ef'#/*°C ratio may be the different
decomposition rates of isotopically distinct biocteal components of plant litter (Stout
et al.,, 1981; Melillo et al., 1989; Agren et al996; Boutton, 1996). Due to isotopic
fractionation during the biosynthesis of the mgyant cell components, pectins, amino
acids, hemicellulose and sugars tend to have &dadlg/**C ratio than the bulk plant
tissue, whereas cellulose, lignin and lipids usub#ive a smalle*C/*?C ratio (O’'Brien
and Stout, 1978; Stout et al.,, 1981; Benner et E87). In particular, lignin is
substantially depleted iHC (2-6 %o) in relation to bulk plant tissue and deposes at a
significantly lower rate than the other biochemifralctions in the early stages of plant
litter decomposition (Minderman, 1968; Benner et #987). As such;’C enrichment of
SOM due to microbial respiration would be moreems| balanced by the slower decay of
3C-depleted lignin in the early stages of plantetitdecomposition (Balesdent and
Mariotti, 1996). At more advanced stages of littercay, lignin and other residual
fractions would decompose at more similar ratesgB al., 1984; Nadelhoffer and Fry,
1988; Wedin et al., 1995) and microbial recyclifigCowould dominate (Balesdent and
Mariotti, 1996), thus resulting in a graddaC enrichment of the residual litter and the
associated SOM pool in well drained, aerobic mihsoils. Thus, as th&C/**C ratio in
SOM tends to vary during the decomposition process-C isotopic signature may also

be used as an indicator of SOM quality.
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1.4. Nitrogen transformationsin agricultural soils

Litter, originating from both above- and belowgrduplant parts, is the major
pathway of supply of energy and N in most terrabgcosystems (Staaf and Berg, 1981)
and decomposition constitutes the means by whitteld in the structure of plant tissues
is released into the soil for reuse by plants. bsisoils, more than 95% of the total N is
present in organic compounds, the remainder beinte inorganic form as ammonium
(NH") and nitrate (N@). As all higher plants, except those dependingymbiotic N
fixation, take up almost all their N as N@nd NH;", the transformation of organic N into

inorganic N (mineralization) is a key process ia Mcycle (Whitehead, 1995b).

1.4.1. Ammonification or mineralization

The biological process by which organic N compouui®teins, amino acids,
amino sugars and ureases) are converted into aramo(H;") or ammonia (Nk)
during the decomposition of organic residues, iBedaammonification (Tan, 1994).
Ammonification, together with the subsequent oximatof NH;" to NOs through
nitrification, is generally called mineralizatioAmmonification is carried out by a wide
range of heterotrophic micro-organisms, most of clvhiprefer aerobic conditions
(Whitehead, 1995b). The process is an enzymatiatioga and a wide variety of enzymes
are involved, each acting on a specific type ofdipound (Ladd and Jackson, 1982).
The most important factors affecting the ammoniiara (and decomposition) process
include the composition or quality of the decompgsmaterial (particularly N content
and C/N ratio, lignin and polyphenol content), @i factors (particularly moisture
content and temperature), soil pH and the avaitglaf nutrients (Haynes, 1986a). A low
C/N ratio (high N content) in litter facilitates amonification by encouraging a high rate

of decomposition, and ensuring that the releaseniieral N exceeds the microbial
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demand for mineral N (immobilization) during thecdenposition process. In general, the
higher the lignin and polyphenol content of thetelit the lower is the rate of
decomposition and mineralization (Staaf and Ber@311 Melillo et al., 1989). Soll
moisture content can influence the mineralizatiothree major ways: (1) moisture stress
inhibits microbial growth directly, (2) as moistuocentent increases, aeration decreases
and microbial growth is reduced, and (3) cycleslging and rewetting tend to increase
the amount of available substrate (Haynes, 1988agn the moisture content is adequate
for the soil micro-organisms, mineralization in@gesa with increasing temperature over
the range 5-30°C, and when the temperature is adlovat 5°C, mineralization increases
with soil moisture content between permanent vgltpoint and field capacity (Stanford
and Epstein, 1974). Since mineralization of sajamic N is carried out by a diverse range
of micro-organisms, it is not greatly influenceddwnjl pH. However, when the conditions
become strongly acid (pH < 4.5), there is a decimehe population and activity of
bacteria, sometimes accompanied by an increaseiinfungi, resulting in a slower

mineralization (Alexander, 1980).

Once the NH' is released through ammonification, it can becaéfe by several
processes like plant uptake, volatilization (sed.2l), nitrification (see 1.4.3.) and
immobilization (through abiotic or biotic processsse 1.4.4). Generally, the predominant
form of mineral N available to plants is NEN since under most soil conditions NN
is rapidly nitrified to NQ-N. However, under conditions that are unfavourdblethe
nitrification process to proceed (e.g. poor aeratiad/or soil acidity) N is the major

form of N available to plants (Haynes, 1986c).

18



Chapter 1

1.4.2. Ammonia volatilization

Ammonia volatilization is the term commonly used describe the physico-
chemical process by which gaseous 3Nid released from the soil surface to the
atmosphere. A necessary prerequisite for; Mblatilization is a supply of free NHi.e.
NH3@q) and NHyg) near the soil surface, which usually originates  soil NH," under
alkaline conditions (pH >7) (Haynes and Sherlocl86)9The quantities of NHost from
a soil are highly variable, depending on such facss rate, type and method of fertilizer
N application, soil pH, and environmental factongluding temperature, moisture and

wind (Black et al., 1985; Hofman et al., 1995).

1.4.3. Nitrification

Nitrification is classically defined as the processereby NH' is oxidized via
NO, to NOs;. The reactions are generally mediated in soil Wy small groups of
chemoautotrophic bacteria. These bacteria are aibligerobes and synthesize all of their
cell constituents from COThe driving force for the reduction of G@ the production of
ATP during the oxidation of N or NO,. A first group of chemoautotrophic bacteria,

which includesNitrosomonas andNitrosospira, oxidizes NH' to NGy as follows:
NHs +3/2Q - NO; + 2H + H,0
The Nitrobacter bacteria oxidize N@to NO;™ as follows:
NO; + 1/2 Q - NOs

NO; is usually oxidized rapidly and accumulates in #ml only in conditions that
combine a high concentration of MMith high pH (Whitehead, 1985b). The biochemical

pathway of the first stage of nitrification has been fully elucidated yet (Hutchinson and
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Davidson, 1993), but hydroxylamine (MNBH) is produced as intermediate, which may
decompose chemically (by means of chemodenitriogtinto nitric oxide (NO) and
nitrous oxide (NO) (Stuven et al., 1992). NO ang® may then emit from the soil. As
nitrification is mediated predominantly by a smgtbup of autotrophic bacteria, it is
generally more influenced by external factors (fyatemperature, moisture content and
pH) than mineralization. The optimum temperature ridrification in soils is usually
between 25 and 35°C (Kowalenko and Cameron, 1i@jfication is inhibited by dry
soil conditions, and the optimum soil moisture tends normally between -0.1 and -1.5
Mpa (Davidson et al, 1990). Nitrification is cutead when the pH is less than about 6.0,
and the lower limit for autotrophic nitrificatios generally found to be around pH 4.5. In
soils of pH above 7.5, toxic levels of Nkhay result in the inhibition of the activity of

Nitrobacter and in the accumulation of N@Paul and Clark, 1996).

Although the autotrophic nitrifiers are thoughtkie by far the most predominant
agents of nitrification in the soil environmentyseal other minor pathways have been
suggested (Haynes, 1986b). These include hetehitramtrification, carried out by
bacteria or fungi (Focht and Verstraete, 1977; Radl Clark, 1996), oxidation of NHto
NO, by methylotrophic bacteria (Dalton, 1977), and tiemical oxidation of N® to
NOs (Bartlett, 1981).

Once the N@ has been formed, it may also be affected by skyemmesses,
including plant uptake, leaching, immobilizatiorésl.4.4.), denitrification (see 1.4.5.) or
dissimilatory nitrate reduction to ammonium (se€@). As in most soil types NOis not
retained on the clay and organic colloids of thié sdhich are negatively charged, it is
readily susceptible to leaching (in contrast witH4y which is better retained). Leaching
is undesirable as it represents a loss of plaritadoka N from the soil, and has negative

effects on surface and groundwater quality (Whidehd 995b).
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1.4.4. Ammonium and nitrate immobilization

1.4.4.1 Abioticimmobilization

As clay and SOM have a predominantly negative ahakiy,” may be adsorbed
(exchangeable form) on clay and SOM by the prooésation exchange (Thomas, 1977).
NH4" may also be held by 2:1 clay minerals (e.g. veulites and montmorillonites) in a
nonexchangeable "fixed" form (Cameron and Hayne386lL SOM can also fix
considerable amounts of ammonia @IHIin nonexchangeable forms through
polymerization reactions with aromatic humic compadsi (e.g. phenols and quinones)

(Broadbent and Stevenson, 1966).

NOjs can be adsorbed on positively charged sites dnnsaerals like iron and
aluminum oxides and hydroxides, 1:1 clay mineralg.(kaolinite) and allophane (mainly
in tropical and/or volcanic soils) (Hingston et, d972; Cameron and Haynes, 1986).
Davidson et al. (2003) recently described a meamamf abiotic immobilization of N©

via iron oxidation (the ferrous wheel hypothessha important process in forest soils.

1.4.4.2 Biotic immobilization

Immobilization is the reverse of mineralizatiom. ithe transformation of inorganic
N into organic forms. One major route, next to Wpteéby plants, is through the
assimilation of inorganic N by the soil micro-orgems. During the decomposition of
plant residues or SOM in the soil, part of the mafieed C and N is assimilated
(immobilized) into microbial tissue, and the restéspired as CQwhich diffuses to the
atmosphere) or released as flHnto the soil, respectively. The balance between

mineralization and immobilization of mineral N inis depends on the microbial demand
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for N during the decomposition process, which rgddy influenced by the C/N ratio of
the material undergoing decomposition (Whitehe&95b). When organic residues with a
high C/N ratio (>25 to 30) are incorporated intoiagftural soils, net N immobilization
commonly occurs during the initial stage of decosifon. During decomposition the
C/N ratio progressively decreases, and at somieairjtoint, where N becomes no longer
limiting to microbial growth and activity, there asswitch from net immobilization to net
mineralization. This critical point is generallynsadered to correspond with a C/N ratio
<25 to 30. Nonetheless, in natural and agriculte@systems, the N level in litter at
which net release of N occurs varies enormouslyfida, 1986a). This balance between
mineralization and immobilization is also affectdry other aspects of the litter
composition, like the lignin content. For examgigghly lignified materials decompose
slowly, and therefore tend to immobilize less Nrtlveould be expected on the basis of
their C/N ratio (Fox et al., 1990). When both NHand NQ are present in soil, a
preferential uptake of N&-N in relation to N@-N is generally observed (Jansson et al.,

1955; Rice and Tiedje, 1989).

1.4.5. Denitrification

Denitrification is the process by which N@r NG, is reduced to NO, D and
N2 (gaseous compounds), which then diffuse into tir@sphere. BD is a greenhouse gas
contributing 5-6% to the enhanced greenhouse effatt 2001). In the stratosphere;N
may be converted to NO and thus contribute to th&trdction of stratospheric ozone,
which protects the earth from biologically harmiultraviolet radiation from the sun
(Crutzen, 1976). The process is mainly carriedlyufacultative anaerobic bacteria that
have the capacity to reduce N oxides gN®IO,, NO, NbO) when G becomes limiting
(Bremner, 1997). Chemodenitrification refers to #@ne reduction process, but is not

carried by micro-organisms. However, chemodenitiion is only likely to be significant
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in soils where N@ tends to accumulate (Haynes and Sherlock, 198&). pathway of

denitrification is usually presented as follows:

(+3)  +3) (+2) (+1) (0)
NO; — NO; - NO - N;O - N

The key factors affecting denitrification in sodse the moisture content of the
soil, availability of Q, the amount of readily available C, pH, tempematand NQ@
concentration (Bremner, 1997). As the moisture eaintletermines the availability of,O
in the soil, it is a major factor influencing therdtrification activity. Linn and Doran
(1984) and Aulakh et al. (1992) reported criticalues for water filled pore space of
between 60% and 90% for significant denitrificattonoccur in differently textured soils.
The availability of organic matter is also an intpot factor moderating both the rate and
total extent of denitrifiaction, as the most aburiddenitrifiers are heterotrophs, which
require organic compounds as electron donors aadsasrce of cellular material (Haynes
and Sherlock, 1986). The overall rate of denitaficn has an optimum in the range of 7
to 8 (Van Cleemput and Patrick, 1974) and can bengly inhibited at soil pH values
below 6 (Muller et al., 1980). The critical tempiewa below which denitrifiaction is

strongly reduced ranges from 5 to 10°C (Focht aetsiaete, 1977).

1.4.6. Dissimilatory nitrate reduction to ammonium

Dissimilatory nitrate reduction to ammonium (DNRAan occur under heavily
reduced conditions (Sorensen, 1978). DNRA may theisin direct competition with
denitrification, especially in anoxic water-loggseddiments (Kelso et al., 1997). However,
Fazzolari et al. (1998) demonstrated that DNRAvégtimay be less sensitive than

denitrification to an inhibitory effect by £and therefore may also occur in aerobic soils.
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This process is mainly carried out by obligate and facultative anaerobic bacteria with a

fermentative metabolism (Koike and Sorensen, 1988).
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2. Relationship between soil organic C degradability and the
evolution of the &°C signature in profiles under
per manent grassland

2.1. Introduction

The transformation of plant litter, entering thdl,smto the soil organic matter
(SOM) pool through gradual decomposition and sizdtibn is of increasing interest with
regard to issues of GQiptake and C sequestration in soils (Solomon.e1893; Smith et
al., 2000).2°C natural abundance analysis is now a widely usetib the research on
quality and turnover of SOM (Balesdent and Marjai®96). The**C/**C ratio ord*C
value (%o) in SOM remains close to th&C/*’C ratio in the original vegetation, but
isotopic fractionation during decomposition of tp&ant litter and SOM can produce
significant changes in thEC/**C ratio (Melillo et al., 1989Wedin et al., 1995). The
magnitude and direction of the change in f@*“C ratio may vary with time and the

prevailing environmental conditions (O'Brien an@&t 1978).

Several studies, investigating the evolution of &®%&C signature of SOM in
undisturbed soil profiles with a permanent @Ggetation, have shown that tR&*C
signature generally tends to increase with incregpsampling depth in well or moderately
drained mineral soils (Becker-Heidmann and Schapeln 1986; Nadelhoffer and Fry,
1988; Becker-Heidmann and Scharpenseel, 1989; @adsnd Mariotti, 1996; Bird and
Pousai, 1997; Bol et al., 1999; Krul et al.,, 200R).this study we investigated the
evolution of the3**C signature of SOM in three profiles (0-40 cm d@pthder permanent
grassland (gvegetation) of varying texture (a loamy sand,amyg and a clay loam soll).

We also studied the potential C dynamics at diffedepth intervals in these profiles, and
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investigated to what extent the potential C dynamiere correlated with the evolution of

the 3"°C signature in these depth intervals.

2.2. Materialsand Methods

2.2.1. Sitedescription and soil sampling

Soil samples were collected in May 2002 from thpeamanent grassland soils of
varying texture at three different locations in gdem. The first grassland soil was a wet,
poorly drained Plagganthrept with a loamy sandutex6.9% clay, 8.2% silt), located at
Wechelderzande (4°46’'E, 51°15’'N). This soil haslawvly permeable subsoil, giving
anaerobic conditions during wetter periods of tkaryThe second grassland soil was a
moderately drained Glossic Hapludalf with a loanexttre (9.7% clay, 42.4% silt),
located at Melle (3°47°E, 50°59’N). The third grizssl soil was a moderately drained
Oxyaquic Udifluvent with a clay loam texture (26.9tay, 45.3% silt), located at
Watervliet (3°35'E, 51°17'N) (Soil Map of Belgiuni,965; USDA, 1999). The pH-4
values in the 0-10 cm layer of the loamy sand, pamd clay loam soil were 5.9, 6.3 and

7.2, respectively.

In order to study the evolution of tR&°C signature of the SOM with increasing
depth in the upper 40 cm of the soil profiles, niaplicate soil cores covering the whole
area of the investigated grassland were taken fiteen0-30 cm and 30-40 cm depth
interval with a steel auger (respective auger diamsevere 3.5 cm and 2.5 cm). The cores
were sectioned into 2-cm (loamy soil profile) o5-2m depth intervals (loamy sand and
clay loam soil profiles). The nine replicate coextoons from each depth interval were
composited into three replicate bulk samples (eamtsisting of three randomly chosen
core sections), mixed, air dried and sieved on mm2 sieve in order to remove root

material. The bulk samples from the loamy sandlaacdhy soil profiles were then ground
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in a planetary ball mill (PM400, Retsch, Germargy) $ubsequent chemical and isotopic
analysis. As the samples from the calcareous ataynl soil (Watervliet) contained
considerable amounts of inorganic C (2.6, 4.8,an8 9.5 g kg soil in the 0-10, 10-20,
20-30 and 30-40 cm depth interval, respectively)iclv in general has a high&°C value
than the SOM (Midwood and Boutton, 1998), the iamig C in these samples had to be
removed prior to grinding and subsequent isotopiglyesis. Removal of inorganic C in
these samples was performed by adding 100 ml of H®I to 10 g soil and shaking
during 1 hour, in accordance to Midwood and Boutf®®98). Next, the samples were
washed with demineralized water to remove exceSsc€htrifuged, dried at 50°C and

ground for isotopic analysis.

In order to study the potential C dynamics of ti@@&VBat 0-10 cm, 10-20 cm, 20-
30 cm and 30-40 cm depth intervals in the profiledriplicate, three replicate bulk
samples were composited for each depth intervah eansisting of 12 replicate soil cores
covering the whole area of the investigated grassldahe soil cores were taken with a
steel auger (3.5 cm diameter for the 0-30 cm dayérvals, 2.5 cm diameter for the 30-
40 cm depth interval). The bulk samples were mixa@dyed on a 3.15 mm sieve and

stored at 4°C until the start of the incubationexkpent.

2.2.2. Total C and 8C analysis

Measurements of total C content an@ natural abundance in the soil samples
from the 2 cm and 2.5 cm depth intervals were peréa using an ANCA-SL elemental
analyzer coupled to an Isotope Ratio Mass Spectem(20-20, PDZ Europa, UK). The

measured®C/*°C ratios were expressed&3C values (%o) relative to the VPDB standard:
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13 13
C sample C standard
l3c/
12
C standard

0"C (%) = * 1000 (2.1

The working standard for the measurements was faith a 3°C value of -27.01 +
0.04%o (certified by Iso Analytical, UK). The anafg were performed in duplicate.
Measurements of total organic and inorganic C curitethe soil samples from the 10 cm
depth intervals were performed using a CNS analy¥ario Max CNS, Elementar,

Germany).

2.2.3. Potential C mineralization dynamics

Incubation experiments were conducted in order xangne the potential C
mineralization dynamics of soil samples from th&@em, 10-20 cm, 20-30 cm and 30-40
cm depth intervals from the three profiles. Befibre start of the incubation experiment all
the soil samples were dried to the gravimetric watstent corresponding with a water
filled pore space (WFPS) of 60% at the bulk densigasured in the field (Table 2.1),

using the following equation (Linn and Doran, 1984)

WEPS=wiPe =wo—Po 22)

3 pp _pb
P
where WFPS is the water filled pore space (%), Whésgravimetric water content (%),

is the total soil porosity (-)pp is the bulk density (g cff) and Pp is the particle density

(assumed to be approximately 2.65 g3m
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Table 2.1. Bulk densities measured in the 0-10 cm, 10-20 ctr3@ cm and 30-40 cm

depth layers of the loamy sand, loamy and clay lsaiprofiles

Depth Bulk density
(cm) (g cn)

Loamy sand soil Loamy soil Clay loam sail
0-10 1.19 1.32 1.11
10-20 1.22 1.43 1.24
20-30 1.41 1.51 1.27
30-40 151 1.53 1.35

Out of the three replicate bulk samples from eagpthd interval, an amount of soil
equivalent to 150 g oven-dry weight was placed mt4.6 cm diameter PVC tube, and
compressed manually to the corresponding bulk denmseasured in the field (Table 2.1).
The tubes were covered with pin-holed parafilmrideo to prevent drying out of the soil
samples, but still enabling gas exchange. The R\08< were placed in sealed 1200°cm
glass jars fitted with a rubber septum for gas damgpand incubated at 15°C during

approximately 55 days.

The evolution of the C@production in each jar was measured by analyzidg a
cm® headspace sample for €0sing a gas chromatograph (GC-14B, Shimadzu, Japan
with an ECD detector and a packed column (PORAPAQKmesh size 80/100) after
different time intervals (9 to 10 sampling evenistotal) during the incubation period.
Following each sampling event, the glass jars wmrened and parafilm was removed
from the PVC tubes during 15 min. to re-establismbi@nt conditions. The C
mineralization rates (mg C Rgsoil d') were calculated as the slope of the linear
regression, fitted through the evolution of the alative CQ-C production between day

12 and day 55 of the incubations.
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2.3. Resultsand discussion

2.3.1. Evolution of the organic C content and 8°C signature of SOM in

the profiles

The evolution of the total organic C content aneldHC signature of SONh the
loamy sand, loamy and clay loam soil profiles dawrma depth of 40 cm is shown in Fig.
2.1. Fresh plant material originating from the lgasand, loamy and clay loam grassland
soils at the time of soil sampling show&dC values of, respectively, -30.2 + 0.3%o, -29.7
+ 0.5%0 and -30.9 + 0.6%. (average values of thrgdicates). Thes&™C values were all
lower than the>**C value in the corresponding surface layer, whiufidates that plant

litter serves as a continuous input'd€ depleted material into the SOM pool.

The clay loam soil showed the largest C contentorgmthe three soils
investigated over the entire profile depth (Fid. 2, B and C). This may reflect a larger
input of plant litter and/or a larger storage cagyaof SOM, due to a higher physical
protection against decomposition, in the clay oot in relation to the loamy sand and
loamy soils. A higher physical protection of SOMtie clay loam soil may be explained
by the higher clay plus silt content (72%) in riglatto the loamy sand soil (14%) and the
loamy soil (52%), as it is generally observed ttet preservation of SOM in soils is
positively correlated with the clay or silt plusaglcontent (Christensen, 1992; Hassink,

1997).

32



10

20

Depth (cm)

30

40

10

20

Depth (cm)

30

40

10

20

Depth (cm)

30

40

Loamy sand soil D
C content (%)

Loamy sand soil
5C (%o)

6 1. 2 3 4 5 6 7 -31 -30 -29 -28 -27 -26
| | | | | | | 0 | 1 | | |
- 10,
€
E)
- - 20,
a
()
o
- 30,
J 40 -
Loamy soil E Loamy soil
C content (%) 53C (%o)
o 1 2 3 4 5 6 7 31 -30 -29 -28 -27 -26
0
J 10 4
3
=)
- e 20,
o
<]
o
J 30 4
J 40 -
Clay loam soil F Clay loam soil
C content (%) 3"°C (%)
0 1 2 3 4 5 6 7 -31 -30 -29 -28 -27 -26
| | | | | | ] 0 | | | ] ]
J 10 A
3
E)
J < 20
o1
(]
o
J 30 -
J 40

Fig. 2.1. Evolution of the total organic C content in thardoy sand (A), loamy (B) and clay
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loam soil profile (F) down to a depth of 40 cm (eage values of three replicates, horizontal

bars represent two standard deviations)
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The organic C contents in the three profiles shoaestrong decrease from the
surface down to a certain depth, which varied frapproximately 10 cm in the loamy
sand soil profile to 30 cm in the clay loam prafifellowed by a more gentle decrease
down to 40 cm depthn the three profiles, the decreasing C content®vaecompanied
by an increase in th&°C values of the SOM with increasing depth (Fig. 2,1IE and F).

In the loamy and clay loam soil profiles, th€C values showed a gradual increase of,
respectively, 4% and 2.9%. down to 40 cm depth iatien to the3**C value in the
surface layer. In the loamy sand soil profile, % values showed a strong increase of
1.3%0 down to a depth of approximately 10 cm. Thisrg) increase at the surface of the
profile was followed by a smaller, nearly lineacri@ase of 0.6%. down to 40 cm depth in
the profile, which also coincided with a smallecdase of the C contents. This resulted
in a considerably smaller overall increase of i€ value (1.9%o) in the loamy sand soil
profile, in relation to the other profileShis trend of increasing®C enrichment of the
SOM with increasing depth in soil profiles has bexdserved in several other studies,
investigating the evolution of th&°3C signature of SOM in both well drained (Becker-
Heidmann and Scharpenseel, 1986; Nadelhoffer agd 1288; Becker-Heidmann and
Scharpenseel, 1989; Balesdent and Matriotti, 1996, &d Pousai, 1997; Bol et al., 1999;
Krul et al., 2002) and poorly drained (Becker-He&m and Scharpenseel, 1989; Bol et

al., 1999), undisturbed soil profiles with a permainG vegetation.

This increase in*C enrichment of the SOM with increasing depth ie #oil
profiles can be partially explained by the facttttiee natural abundance of atmospheric
CO, has decreased with about 1%. since pre-industneas, due to the input of depleted
CGO; into the atmosphere from fossil C burning and ceftation (Keeling et al., 1984).
Another possible mechanism explaining the obsetwed of increasing™*C values is
isotopic discrimination againdfC during organic matter decomposition, combinechwit

the higher degree of transformation of SOM withttlep the profile (Becker-Heidmann
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and Scharpenseel, 1986; Nadelhoffer and Fry, 1888 sdent and Mariotti, 1996). In
their metabolism, decomposing organisms would prél€ depleted molecules for
respiration, while®*C enriched molecules tend to be utilised in thedpetion of biomass
and the end-products of the metabolism (Blair et 2#85; Gleixner et al., 1993). As a
result, SOM decay may lead to a progressi@ enrichment in the mixture of residual
substrate and microbial products and metaboliteale@lent and Mariotti, 1996).
However, plant litter consists of isotopically dist biochemical compounds which have
different rates of decomposition (Melillo et al98B; Agren et al., 1996; Balesdent and
Mariotti, 1996; Boutton, 1996). In particular, ligris substantially depleted fC relative

to bulk plant tissue and decomposes at a significalower rate than the other
biochemical fractions in the early stages of platgr decomposition (Benner et al., 1987;
Balesdent and Mariotti, 1996). As sucHC enrichment of SOM due to microbial
respiration would be more or less balanced by khwes decay of*C depleted lignin in
the early stages of plant litter decomposition é8dent and Mariotti, 1996). At more
advanced stages of litter decay, lignin and otlkeerdual fractions would decompose at
more similar rates (Berg et al., 1984; Nadelhoffed Fry, 1988; Wedin et al., 1995) and
microbial recycling of C would dominate (Balesdant Mariotti, 1996), thus resulting in
a gradual’*C enrichment of the residual litter and the assedi&8OM pool in well or
moderately drained, aerobic mineral soils. In chually or permanently saturated soils
however, with slow rates of SOM decompositidIiC values can remain constant or even
decrease with soil depth as a result of differémqti@servation of°C depleted, lignin-
derived compounds or lipids (Stout et al., 1981nm et al., 1987; Nadelhoffer and Fry,
1988; Wedin et al., 1995). This might partially &ip the smaller increase of tR&°C
values below 10 cm depth in the loamy sand soifilprowhich is a poorly drained,
chronically saturated soil. The smaller overalréase of thé™*C value in the loamy sand

soil profile might also be explained by a more fise translocation of youn§C depleted
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material from the surface layer down the profile,relation to the more fine-textured

loamy and clay loam soil profiles.

The Rayleigh equation (Mariotti et al., 1981) witefl to the observed C contents
and correspondingd™*C values of the SOM at the different depths in tiivee profiles
(Fig. 2.2). The Rayleigh equation describes thelgmh enrichment in*C of SOM as
resulting from isotopic fractionation associatedhwC mineralization, wheré, and G
stand for the initia®*>C signature and the initial C content, respectivelyd wheree

stands for the isotope enrichment factor:

=8 +¢ In [CICy] (2.3)

3 and G were approximated by thH#>C value and the C content in the surface layer of
the profile (0-2 or 0-2.5 cm depth in the loamyloamy sand and clay loam soils,
respectively). In the loamy and clay loam soil fesf the relation between tHE°C
values and corresponding C contents in the whaléler(0-40 cm depth) could be fitted
(R? = 0.97, p<0.001) by the Rayleigh equation (Fig).22 the loamy sand soil profile
however, this relation could only be fitted by fRayleigh equation (R= 0.97, p<0.001)

in the upper 25 cm of the profile, as t&€C values below 25 cm depth in the profile
remained nearly constant with still gradually desiag C contents. The enrichment factor
€ associated with the Rayleigh faf the observed data in the loamy soil profde=(1.91

*+ 0.07%0) was significantly larger (in absolute \&lyp<0.05) than the enrichment factors
observed in the loamy sand soil profie=-1.64 + 0.09%0) and clay loam soil profile
(e =-1.57 £ 0.06%0). These values are in accordance th@lenrichment factor associated
with C mineralization £ =-1.71%0) reported by Balesdent and Mariotti (1996hese
results indicate that the evolution of téC signature of SOM in the investigated profiles

(0-40 cm depth in the loamy and clay loam soil iesef 0-25 cm depth in the loamy sand
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soil profile) was largely determined by the isotogractionation associated with C
mineralization. The divergence of the data fromRagleigh approximation below 25 cm
depth in the loamy sand soil profile suggests timtthis profile other factors

(accumulation or more intense translocatior*6f depleted material) started to influence
the evolution of th&™C signature.

As the observed®C-enrichment with increasing depth was correlatethe stage
of decomposition of the SOM, we next investigateithére was a correlation between the

rate of change of thes&3C values and the potential C dynamics at differaepth

intervals in these profiles.

-25 1
y= ';;6512'9289'16 .--A--- Loamy sand soil
y=-1.91x-29.97 | .e--- Loamy soil
-26 - R?=0.97 ’
LR N =-1.56x- 29.53
Ne y= -R'Z_)(;-97 ¥ | ...m-.. Clay loam soil
—~-27 1 .
[=]
3 a-chea
O
T
-28 -
-29
-30
3 -2 -1 0

Ln(C/Co)

Fig. 2.2. Relationship between In(CfCand the3'C values in the upper 40 cm of the
three soil profiles (dotted line), and fit by theyReigh equation (full line); in the loamy
sand soil profile, only the data from the upperc®b in the profile were used for the fit
(data from below 25 cm depth are indicated by enmpypgles); C and £stand for the C
content in the different depth intervals and ingheace layer, respectively
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2.3.2. Potential C dynamics and relationship with *C enrichment of the
SOM

The measured C mineralization rates for the 0-101&¥20 cm, 20-30 cm and 30-
40 cm depth intervals from the three profiles aesented in Table 2.2, together with the
total organic C contents and the C decomposititmeanstants. The C decomposition rate
constants (yf), which are an indicator of the degradability loé tSOM, were calculated
by dividing the observed C mineralization rate hg torresponding C content in each

depth interval.

Table 2.2. Organic C contents, C mineralization rates and €dagosition rate constants
in the 0-10 cm, 10-20 cm, 20-30 cm and 30-40 cmildeyervals from the three grassland
profiles (standard deviations in brackets); valurethe same column and from the same

sampling depth that share the same letter aragmfisantly different ¢t = 0.05)

C decomposition rate

Sail Depth C content  C mineralization rate
constant
(cm) (g kg soil) (mg CQ-C kg* soil d*) (yrh
Loamy sand 0-10 30.5(0.3)* 4.63(0.16)2 0.0557(0.0019}
10-20  17.€(1.0)2 1.49(0.05)? 0.0308(0.0011}
20-30  13.((0.5)? 0.71(0.03)2 0.0200(0.0007}
30-40 5.7(0.9)2 0.20(0.01)2 0.0130(0.0004}
Loamy 0-10 28.£(0.2)2 5.19(0.04)" 0.0657(0.0005f
10-20  11.((0.2)° 1.56(0.01)? 0.0519(0.0005f
20-30 7.8(0.1)° 0.80(0.03)* 0.0372(0.0012y
30-40 5.7(0.1)? 0.56(0.04)" 0.0360(0.0028y
Clay loam 0-10 54.1(0.2)° 6.47(0.42)° 0.0436(0.0028¥
10-20  23.((0.4)2 1.68(0.13)? 0.0267(0.0021}
20-30  13.5(0.1)? 1.00(0.07)" 0.0274(0.0020¥
30-40 9.4(0.1)° 0.44(0.02)° 0.0170(0.0008¥
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In the three profiles, the C contents and C minmeatbn rates decreased with
increasing sampling depth. The observed C minexidiz rates (r5) showed a significant,
positive correlation (= 0.14Gy - 0.52, R = 0.87, p<0.001) with the total organic C
contents (Gy). In the upper 30 cm of the profiles, the largéghineralization rates were
observed in the clay loam soil profile, followed the loamy and loamy sand soil profile.
The C mineralization rates showed the largestivelatifference among the three profiles
in the surface layer. The C decomposition rate teants also decreased with increasing
depth in the profiles (Table 2.2). This reflectattthe stability of SOM against microbial
degradation is considerably higher in the deepgartaof the soil profile in relation to the
SOM in the surface layer, due to a more enhancesndgosition stage. In all the
investigated layers (from 0-40 cm depth) from henhy soil profile and in the upper layer
from the loamy sand soil profile, the C decompositrate constants were considerably
larger than the corresponding values in the claynlsoil profile. This may be attributed
to the higher silt and clay content in the clayntosoil, as SOM generally tends to be more
stabilized and physically protected against miabliegradation due to the association

with silt and clay particles (Tiessen and StewE383).

As we observed a varyingC enrichment of the SOM with increasing depth ia th
three profiles, we investigated if there was a @ation between the rate of change of
thesed™C values and the potential C dynamics in the diffedepth intervals. Therefore,
we calculated the average change of 3H€ value per depth increment in each 10 cm
depth interval £5™*C value, expressed in %o €h as the slope of a linear regression of
the evolution of thed*C values (as illustrated in Fig. 2.3. for th&"°C values in the
loamy soil profile). The calculateid™*C values for the three profiles, together with the
goodness-of-fit (B of the linear regressions and the standard emortheAd™C values

are shown in Table 2.3.
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Fig. 2.3. Calculation of theA3™C values in the 0-10 cm, 10-20 cm, 20-30 cm and@0-

cm depth intervals of the loamy soil profile thrbuignear regression of the evolution of

10 20
Depth (cm)

30 40

y = 0.009x - 26.61

R?=0.30

y = 0.082x - 28.69

R?=0.95

y = 0.148x - 29.79

R?=0.80

y = 0.168x - 30.13

R?=0.98

the 3*°C values £3*°C values are indicated in bold in the linear regj@sequations)

Table 2.3. A3*C values calculated by linear regression in thé @rh, 10-20 cm, 20-30
cm and 30-40 cm depth intervals from the threeil@gnftogether with the goodness-of-fit

(R?) of the linear regressions (standard errors ichets)

Soil Depth AS"C value R
(cm) (%o cni) ()
Sandy loam 0-10 0.175(0.012) 0.99
10-20 0.018(0.011) 0.58
20-30 0.018(0.002) 0.98
30-40 0.014(0.011) 0.34
Loamy 0-10 0.168(0.013) 0.98
10-20 0.148(0.043) 0.80
20-30 0.082(0.011) 0.95
30-40 0.009(0.010) 0.30
Clay loam 0-10 0.129(0.007) 0.99
10-20 0.077(0.010) 0.97
20-30 0.018(0.019) 0.31
30-40 0.048(0.007) 0.97
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The observed\3™C values tended to decrease with increasing sagdépth in
the three profiles (except for tH&"*C value in the 30-40 cm depth interval in the clay
loam soil profile). In order to investigate theatdnship between thad**C values and
the potential C dynamics in the different deptleiéls, in terms of the C mineralization
rates (ng) and the C decomposition rate constantsdditbese values were plotted versus
the correspondingd™C values in Fig. 2.4. There was a significant, fesicorrelation
(drce = 0.2208"C + 0.019, R=0.75, p<0.001, n=12) between the C decompositian rat
constants from the four sampling depths in theetfm®files and the corresponding*c
values. A less significant, positive correlationc(m25.2\5°C + 0.12, B=0.59, p<0.005,
n=12) existed between the C mineralization ratemftbe four sampling depths in the
three profiles and the correspondidd™>C values. A stronger, positive correlation
between the C decomposition rate constants antidH€ values was observed when only
the data from the upper 30 cm in the profiles drc 0.2208C + 0.019, R=0.86,
p<0.001, n=9) or from the upper 20 cm in the profildscc = 0.21A8C + 0.020,

R?=0.78, p<0.05, n=6) were considered.

These results suggest that f&&°C values in the surface layers (0-30 cm depth) of
profiles under permanent grassland, and to a lesgent theAd™*C values in the deeper
soil layers (30-40 cm depth), may be interpreted a#rect indicator of the degradability
of the SOM, in terms of the C decomposition ratestant. The observed relationship
between the evolution of tH&C enrichment and the decomposition rate constdr©OM
in the investigated grassland profiles may be emxpthby the fact that its degradability is
proportional to the labile fraction of the SOM. shelitter input, which generally has a
more negativé™*C signature than the SOM in the profile, servea asntinuous source of
labile C, which is gradually incorporated into 8wl profile. In this way, the evolution of
the 3'3C signature might also be interpreted as a decrgdisiction of relatively ‘young’,

labile C in the SOM with increasing depth in theofpe. The soil type may thus
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Fig. 2.4. Relationship between the C decomposition rateteats and the corresponding
AS'3C values (linear regression indicated by a fuk)jrand relation between the potential
C mineralization rates and the correspondi®dy’C values in the 0-10 cm, 10-20 c¢m, 20-
30 cm and 30-40 cm depth intervals of the threkpsofiles; the soils and depth intervals
from which the data points are originating are ¢atkd by the letters WZ
(Wechelderzande, loamy sand soil), M (Melle, loasoyl) or WV (Watervliet, clay loam
soil), followed by the numbers 10 (0-10 cm), 20-glDcm), 30 (20-30 cm) or 40 (30-40
cm depth)
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also have an influence on the evolution of 8% signature with increasing depth, in
terms of the rate at which solid and soluble conmpisy originating from the surface layer,

are translocated into the soil profile (Becker-Hweghn and Scharpenseel, 1989).

As theA3™C values tend to be inversely related to the stglif the SOM and are
more easily accessible, whereas incubation expetsnéo determine potential C
mineralization rates from soil samples are gengetathe-consuming and laborious, the
AS'C values might serve as a practical tool for ggtimapid indication of soil C stability

in the surface layers (0-30 cm depth) of profilader permanent grassland.
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2.4. Conclusions

The*C enrichment of SOM which we observed with incregsiepth in the three
profiles under permanent grassland is consistetht thve findings of several other studies.
The significant fit by the Rayleigh equation of H&C profiles reflects that the observed
3¢ enrichment with increasing depth is mainly drivsnisotopic fractionation associated
with C mineralization along with the decompositiprocess. The evolution of thEC
signature in the loamy sand soil profile, whichalyed from the Rayleigh approximation
below 25 cm depth, suggests that other factorse likfferential preservation or
accumulation of*C depleted material, may also influence 81&C evolution in poorly

drained, chronically wet soil profiles.

The strong, significant correlation which we observ between the C
decomposition rate constants and the corresporsBiif values in the soil layers down
to 30 cm depth in the investigated profiles, sutgeisat theseAd*C values may be
interpreted as a direct indicator of the stabitifythe SOM in these layers. In this way, the
AS'C values might serve as a practical tool for ggtiimapid indication of soil C stability

in the surface layers (0-30 cm depth) of profileder permanent grassland.

However, further research is needed to investitfzeinfluence of soil type, in
terms of drainage capacity and the translocatiomaterial from the surface layer into the
profile, and grassland age, in terms of SOM conmthe evolution of th&"3C signature
in profiles under permanent grassland. The isotepgchment factore relates the
variation of the quantity of C to the variationitsf**C enrichment, which in turn tended to
be related to the quality of the C in the invegegasoil profiles. Thus we suggest that
more extended research in other permanent grasst@systems might elucidate whether
this enrichment factoe is also related to the C dynamics in profiles unpermanent

grassland.
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Characterization of soil organic matter fractions
from grassland and cultivated soilsvia C content,

C/N ratio and &“C signature

This chapter is compiled from:

Accoe, F., Boeckx, P., Van Cleemput, O., Hofman, G., Hui, X., Bin, H. and Guanxiong, C.,
2002. Characterization of soil organic matter fractions from grassland and cultivated soils via C
content and &"*C signature. Rapid Communications in Mass Spectrometry 16, 2157-2164.
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3.  Characterization of soil organic matter fractiors from
grassland and cultivated soils via C content, C/Natio and
5"°C signature

3.1. Introduction

3¢ natural abundance analysis and physical fradimmare widely used tools in
the research on quality and turnover of soil orgamiatter (SOM). The®*C natural
abundance a3'3C value (%) of SOM is mainly determined by #1&C value of the plant
litter from which it is derived. Plants with thesz (bhotosynthetic pathway (Calvin
pathway) discriminate more againé€O, during photosynthesis than, @lants (Hatch
and Slack pathway) (Smith and Epstein, 1971). Assalt, G plants have>*C values
ranging from approximately -32%o to -22%., while, @lants haved*C values ranging
from approximately -17%o to -9%o (Boutton, 1996). Bhthed*C values reported forsC
and G plants differ on average by 14%.. This large défere in5">C values enables us to
study the turnover of whole soil C and differentNs@actions in soils with a former L
vegetation converted to g @egetation (or vice-versa) (Balesdent et al., 18Riget et al.,

1995; Ryan et al., 1995).

After incorporation into the SOM pool, the isotogignature of plant litter may be
slightly altered as the decomposition process masd€O'Brien and Stout, 1978; Melillo
et al., 1989; Wedin et al., 1995). One possible@of alteration of the isotopic signature
may be the different decomposition rates of isatalhy distinct biochemical components
of plant litter (Melillo et al., 1989; Agren et all996; Boutton, 1996). In particular, lignin
is substantially depleted i°C relative to bulk plant tissue and decomposes at a
significantly lower rate than the other biochemidedctions (Benner et al., 1987).

Although several studies have shown that the weairoportion of lignin in plant tissue
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increases as decomposition proceeds, this diff@tepteservation does not appear to
induce lower™C values in the residual litter or the associat®@®pool in well-drained
mineral soils (Nadelhoffer and Fry, 1988; Melilla al., 1989; Wedin et al., 1995;
Boutton, 1996). Shifts in the isotopic signaturen calso be induced by isotopic
discrimination associated with microbial decompositof SOM. In their metabolism,
decomposing organisms would prefé€-depleted molecules for respiration whife-
enriched molecules tend to be utilised in the petida of biomass and the end-products
of metabolism (Blair et al., 1985; Gleixner et al993), which may induce &C

enrichment in the residual SOM.

Physical fractionation of SOM is based on the cphtleat SOM fractions (1) with
different density (density fractionation) or (2pasiated with mineral particles of different
size (size fractionation) vary in structure andhtwer, due to different degrees of organo-
mineral complexation (Christensen, 1992). The liffaiction of SOM, which mainly
consists of partially decomposed plant residuesyeseas a readily decomposable
substrate for the soil microbial biomass and ihartsterm reservoir of plant nutrients
(Gregorich et al., 1994). SOM associated with eag silt particles (<5(m according to
USDA classification) generally shows a greater ifitgbagainst microbial degradation
than SOM in larger size fractions (Tiessen and &tewi983). Davidson et al. (1987)
suggested that water soluble organic C (WSOC) favaurable substrate for the soil
microbial biomass, and it has been reported tHatge portion of the WSOC is readily

decomposable (Zsolnay and Steindl, 1991).

In this study, the variation if°C enrichment due to isotopic fractionation
associated with SOM decomposition was investigaetbng five size and density
fractions, WSOC and microbial biomass C (MBC) frdme upper layer of a continuous
grassland soil (€vegetation). The distribution and incorporationnefwly introduced C

into these SOM fractions was investigated &JC analysis of the same fractions
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originating from a @humus soil which was converted (since 19 yearsyadatinuous

maize cultivation (¢ vegetation) and a rotation of maize cultivatiothvwgrassland.

3.2. Materials and methods

3.2.1. Site description and soil sampling

Soil samples were taken in November 2000 from thgeemental agricultural
station of the Ghent University located at MelleBielgium (3°47’E, 50°59’N). The solil is
a moderately drained Glossic Hapludalf with a ddgdaargillic horizon and a loam
texture (9.7% clay, 42.4% silt) (Soil Map of Belgiu1965; USDA, 1999)The site was
arable land with gcrops prior to the establishment of experimentd$ with different
management treatments in 1966. The managementmeett studied here were
continuous grassland (CG, since 1966), continucaizercropping (CM, since 1981) and
a rotation of three years maize cropping followgdHhree years grassland (R, since 1981).
From 1966 to 1981, the CM and R soils were culédatvith G crops instead of maize
(continuously or in rotation with three years glasd, respectively). At the time of soil
sampling, the R soil was in the second year of enarppping. Every time before sowing
of the maize, the soil was worked with a rotarytigator to a depth of about 20 cm. The
general soil characteristics of the 0-20 cm layemfthe CG, CM and R soil are shown in

Table 3.1.

In the sampling procedure we intended to obtain pusite soil samples
representative of each management treatment. Basedhe results and sampling
procedures from other studies (Tiessen and Stetv@88; Van Kessel et al., 1994; Shang
and Tiessen, 2000), investigating the variabilityatal C andd**C analysis in cultivated
and non-cultivated soils, we composited and mixedubsamples from each field. The 24

subsamples were taken from the upper 20 cm in Bglch(as this was the working depth
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in the cultivated soils) with a steel auger (3.5 drameter). Fresh soil samples were

sieved to pass a 2 mm screen and stored at 4°ractionation or chemical analysis.

Table 3.1.General soil characteristics of the 0-20 cm layemfthe continuous grassland

(CG), rotation (R) and continuous maize (CM) ssitiidard errors in brackets)

Soll C content N content pH-®  Bulk density
(9 kg soil) ) (g cr)
CG 22.5(0.5) 1.75(0.04) 5.4 1.38(0.07)
R 14.9(0.3) 1.4((0.01) 6.4 1.4%(0.05)
CM 8.3(0.2) 0.8€(0.05) 6.6 1.4¢(0.06)

3.2.2. Size and density fractionation of soil orgao matter

The SOM was separated into five size and densdgtifsns: the light (LF 150-
2000 pm; density <1.13 g ¢fj) intermediate (IF 150-2000 pm; 1.13< density <1.37
g cni®) and heavy density fraction (HF 150-2000 pm; dgnsl.37 g cni) of the macro-
organic matter (150-2000 pum), the size fractiorl50-um and the size fraction <50 pm
(Fig. 3.1). Density fractionation of the macro-angamatter was performed by the method
of Meijboom et al. (1995). Field-moist, mixed sedmples of 500 g were wet sieved over
two sieves with tap water (top sieve mesh size |#80 bottom sieve mesh size 1ah).
The soil was pushed through the top sieve untivtater passing the sieve became clear,
in order to destroy all macro-aggregates >gb0 Next, the two size fractions retained on
the sieves were washed into a bucket and swirldd wijet of water to separate the
organic matter from the mineral fraction by dectiata Swirling and decanting were

repeated until no more floating organic matter ajppe.
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LF 150-2000 pm

IF 150-2000 pm

HF 150-2000 pm

Field moist soil Density
separation
in Ludox"

Macro-organic matter
250pm ---------- >| Decantation
in water 150-2000 pm
We | 50pm --mmamee- — Mineral fraction 150-2000 pm:
Sieving discarded
50 Um ---------- Size fraction 50 -15Qum

Size fraction <50um

*Ludox : silica suspensions with densities 1.13 and 1.37 g cn?

Fig. 3.1.Schematic overview of the procedure for size antbitie fractionation of SOM;

LF 150-2000 pm = light density fraction (d < 1.13 md, IF 150-2000 pm =

intermediate density fraction (1.13 g émnd <1.37 g crf), HF 150-2000 pm = heavy
density fraction (density >1.37 g &n
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The remaining mineral fraction was discarded. Thiioed organic matter from both size
fractions was combined to be further separated imtdight (LF 150-2000 pm),
intermediate (IF 150-2000 um) and heavy densityctiva (HF 150-2000 pm) by
subsequent submersion in colloidal silica suspess{iaudox, Dupont) with a density of
1.37 g cnt and 1.13 g cM The obtained density fractions were washed with

demineralized water and dried at 50°C during 48&$wou

The size fractions 50-150m and <50um were obtained by wetsieving of field-
moist, mixed soil samples of 100 g over three Siewvith tap water (top sieve mesh size
250 um, middle sieve mesh size 15@n, bottom sieve mesh size pén). The soil was
also pushed through the top sieve in order to oesti macro-aggregates >2Ht. The
suspension passing the bottom sieve was collectedeft about 48 hours at 4°C to settle.
After settling, the clear solution was removed dhd soil size fraction <5@m was
collected. The fraction retained on the |5 sieve and the fraction <§@m were also

dried at 50°C during 48 hours.

The size and density fractionation was replicatedd times for each composite
soil sample and fraction yields were compared amieplicate fractionations to verify the
accuracy of the fractionation procedure. The threplicates of each fraction were
combined for grinding with a planetary ball mill NBOO, RETSCH, Germany) and

subsequent chemical and isotopic analysis.

3.2.3. MBC and WSOC

MBC was determined by the fumigation-extraction moek (\Voroney et al., 1993).
Soluble C in fumigated and non-fumigated soil saaplas extracted with demineralized
water, by shaking on a mechanical shaker for ong bhaod filtering the soil suspensions

through Whatman No. 5 filter paper. Demineralizeatexr instead of SO, was used for
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the extractions in order to enable accutat€ analysis, which may be complicated by the
large amount of S in the&Q, extracts. Gregorich et al. (2000) found that tleH of C
induced by fumigation and extracted by either 125680, or demineralized water was
similar and the authors suggested that in bothsctmeorganic C extracted was probably
derived from the same fraction of SOM. The amouhtMBC was then calculated

according to the following formula:

MBC (g C kg" soil) = (G - Cur)/kec (3.1)

where ¢ and G; were the amounts of C extracted from the fumigated non-fumigated
samples, andec = 0.35 (representing the extraction efficiency of @)Baccording to
Sparling et al. (1990). WSOC was also extractett @@mineralized water by shaking for
one hour, centrifuging at 4000 rpm during 10 mind &iltering through Whatman No. 5
filter paper. The fumigation-extraction procedura &xtraction of WSOC was replicated
three times for each composite soil sample. Altaots were frozen till further analysis.
Soluble organic C content in the water extracts determined with a total organic C
analyzer (TOC-5000, Shimadzu, Japan). The wateaestwere then freeze-dried (HETO
FD 3, Ankersmit, Germany) in order to increasertiiicontents considerably to enable

3"*C analysis of WSOC and MBC.

3.2.4. Stable C isotope analysis

Measurements of°C natural abundance in soils and SOM fractions were

performed using an ANCA-SL elemental analyzer cedplo an Isotope Ratio Mass
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Spectrometer (20-20, PDZ Europa, UK). The meastieéd’C ratios are expressed as

3"%C values (%o) relative to the VPDB standard:

13 13
C sample C standard
13(/
12
C standard

33C (%) = * 1000 (3.2)

The working standard for the measurements was fldth a 3°C value of -27.01 +

0.04%o (certified by Iso Analytical, UK).

The proportionf) of Cs-derived C in the SOM fractions from the R and Cdilss

was calculated using the following equation (Baéeddet al., 1987):

(53 - 6ref ,cs)
(Jref ca Jref ,cs)

f=

(33)

whereds is thed"C value of a given SOM fraction isolated from tloél sonverted to ¢
vegetation, andbescs O drercs are thed™C values of the same SOM fraction from a
reference soil under az@r G, vegetation, respectively. The CG soil can be dmrsid as
the G reference soil. Since there was no referenceusadiér G vegetation, the difference
(Oref,ca - Oref,cy) Was estimated adaize - Ograsy OF the difference between tRE’C values

of maize residues (-11.60 + 0.07%.) and grass residt80.26 + 0.04%.) (Balesdent and
Mariotti, 1996). Hereby it is assumed that thetshifisotopic composition of plant tissue
during decomposition and integration into the SObblpis equal for grass and maize

residues.

54



Chapter 3

The 3'*C value of MBC was estimated as #/éC value of the C extracted from
the fumigated sample in excess of that extractech fthe non-fumigated sample, as

follows:

(6=c,c, -o%c,c,)
13 - f~ nf ~nf
5 CMBC - (Cf _ Cnf )

(34)

where G and Gy were the amounts of C extracted from the fumigated non-fumigated
samples an®™C; and 5'°C,; were thed™C values of the (freeze-dried) fumigated and

non-fumigated extracts, respectively.

3.2.5. Total C and N analysis

Total C and N analysis of whole soil and the sraetions 50-15@um and <5Qum
was performed using the Isotope Ratio Mass Speetiem{20-20, PDZ Europa, UK).
Because of the large C and N contents, total CNaadalysis of the macro-organic matter

fractions was performed using a CN analyser (NQOZROIL, CE Instruments, Italy).
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3.3. Results and discussion

3.3.1. Whole soil C

The CG soil showed the largest total C contenheupper 20 cm (Table 3.1). In
the R soil and the CM saoil, the total C contentsemespectively 34% and 63% lower
than in the CG soil. These lower total C contengs/ rhe attributed to a lower input of
root-derived organic matter in comparison to the €& and the disruption of soil
aggregation and higher SOM turnover as a consequehdillage in cultivated soils

(Christensen, 1992; Puget et al., 1995).

3.3.2. Density fractionation of macro-organic matte

The LF 150-2000 pm fraction consisted mainly ofograsable plant material in
an early stage of decomposition and showed thesarG content (Table 3.2). The HF
150-2000 pm fraction contained more humified, dagqel amorphous organic matter and
showed the smallest C content among the three tgefiactions. The decreasing C
contents in the IF and HF 150-2000 um fractiongcete an increasing ash content and an

increasing association of the organic matter waihrainerals in these heavier fractions.

The total amount of macro-organic matter obtainier alensity fractionation was
largest in the CG soil (12.9 g fractionkgoil), followed by the R (5.1 g fraction Kgoil)
and the CM soil (2.2 g fraction Rgsoil) (Table 3.2). In the CG soil, the amount df H
150-2000 um fraction (71% of the macro-organic erativas considerably larger than the
amounts of IF 150-2000 um fraction (23%) and LF-2800 um fraction (6%). The

difference in macro-organic matter content in therld CM soil in relation to the CG soil
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Table 3.2.Amounts and C contents of the size and densityifnag (macro-organic matter = size fraction 1502Qon; LF 150-2000 pm
= light density fraction, d < 1.13 g éinIF 150-2000 pm = intermediate density fractior,31< d <1.37 g ci] HF 150-2000 pm = heavy
density fraction, d >1.37 g cinsize fraction 50-150 pm; size fraction <50 umd alistribution of C among all the SOM fractions
considered (size and density fractions; WSOC = mstéuble organic C; MBC = microbial biomass C)nfrdhe 0-20 cm layer in the
continuous grassland (CG), rotation (R) and cowtirsumaize (CM) soil (standard deviations in bragket

Weight C content Distribution of total C
(g kg* soil) (g kg fraction) (g kg soil)
CG R CM CG R CM CG R CM
Whole soil 1000 1000 1000 22(6.5) 14.90.3) 8.3(0.2) 22.5(0.5) 14.90.3) 8.30.2)
Size and density fractions
Macro-organic matter ~ 12.91(0.21) 5.0€(0.19) 2.1¢(0.20)  227(6) 247(12) 270(8) 2.95(0.09) 1.2%0.08)  0.540.06)
LF 150-2000 pm  0.7(0.11) 0.8%(0.11) 0.5:(0.07)  361(4) 335(6) 321(5) 0.26(0.04) 0.2§0.04)  0.170.02)
IF 150-2000 um  3.0(0.31) 1.64(0.23) 0.77(0.05)  329(3) 290(9) 301(6) 0.9¢(0.11)  0.480.07)  0.230.02)
HF 150-2000 pm 9.13(0.06) 2.56(0.29) 0.90(0.18)  182(4) 191(4) 214(3) 1.6€(0.04)  0.490.06)  0.1490.04)
50-150 pm 36€(8) 34¢(18) 342(11) 13.90.6) 8.§0.1) 2.7(0.1) 5.1(0.2) 3.10.2) 0.90.1)
<50 pm 477(12) 497(23) 484(19) 25.40.8) 18.30.5) 14.7(0.1) 12.1(0.5) 9.10.5) 7.10.3)
WSOoC 0.026(0.003) 0.0160.006) 0.020(0.003)

MBC 0.5¢(0.03)  0.4%0.02)  0.210.02)
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was most pronounced in the amounts of HF 150-20@0ffaction and IF 150-2000 pum
fraction. Compared with the CG soil, the amounLBf150-2000 um fraction differred to

a much lesser extent in the CM and was the sarteiR soil.

The increasing amounts of C stored from the LF 2600 pm fraction towards the
HF 150-2000 pm fraction in the CG soil (Table 3r2flect an accumulation and
stabilization of C into the IF and HF 150-2000 pnactions, resulting from an undisturbed
transfer of partially decomposed plant materiathie LF 150-2000 um fraction towards
more humified material in the HF 150-2000 um fractialong with the decomposition
process. However, this trend of increasing C cdatém the IF and HF 150-2000 pum
fractions was not present in the R and CM soilsThay indicate that tillage in the R and
CM soil disturbed the transfer process and accumounl®f soil C into the IF and HF 150-

2000 pm fractions.

3.3.3. Distribution of total C among size and densi fractions

The distribution of whole soil C among the fiveesiand density fractions in the
CG, R and CM soil, expressed in C contents (g € $ajl) and as the proportion (%) of
the total amount of C recovered in the five fraasipis shown in Table 3.2 and Fig. 3.2,
respectively. In the three management treatmdmslargest amount of soil C was stored
in the size fraction <5@um, followed by the size fraction 50-150m and the macro-
organic matter. The amount of C stored in the macganic matter decreased from 2.93 g
C kg* soil in the CG soil to 0.59 g C Rgsoil in the CM soil (Table 3.2). This trend was
also reflected in the proportion of total C presanthe macro-organic matter, which
decreased in the order CG (14.6%) > R (9.3%) > 6M%) (Fig. 3.2). With decreasing
total C contents (in the order CG>R>CM), the C dmrient ratio (ratio of g C ky

fraction to g C kg whole soil) of the size fraction <§@m increased from 1.1 in the CG
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soil to 1.8 in the CM soil, while the C enrichmeatio in the size fraction 50-150m
decreased from 0.6 (CG soil) to 0.3 (CM soil). Ganpgently, the proportion of total C
present in the size fraction <pin increased in the order CG (60.2%) < R (67.9%) < CM
(82.3%), while the proportion in the size fracti®®-150um decreased in the order CG
(25.2%) > R (22.8%) > CM (10.8%) (Fig. 3.2).

100
90 -
80 -
- 70 -
I
8 60 -
B —~~
& & 90 -
§ 40 -
a 30 | OLF 150-2000 pm
OIF 150-2000 pm
20 - B HF 150-2000 pm
10 - W 50-150 um
B <50um
0 - ‘

Fig. 3.2. Proportions of total C recovered in the size aedsity fractions from the 0-20

cm layer in the continuous grassland (CG), rotat®nand continuous maize (CM) sail
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These results show that the relative contributmthe total C content of C stored
in the macro-organic matter and in the size fracE0-150um decreased with decreasing
total C contents, while the relative contributioh® associated with the clay- and silt-
sized fraction (<5Qum) increased. This indicates that C in the clayt sitt-sized fraction
was less affected by soil disruption due to tilladgan C in the macro-organic matter and
in the size fraction 50-150m. This may be attributed to the greater stabditg physical
protection against microbial degradation of they@dad silt associated organic matter, in

relation to the organic matter in larger size fiatd (Tiessen and Stewart, 1983).

3.3.4. C/N ratios of the size and density fractions

The C/N ratios of the size and density fractionghie CG, R and CM soils are
shown in Table 3.3. In the three soils investigated C/N ratios tended to decrease in the
order LF 150-2000 um fraction > IF and HF 150-20@® fpactions > size fraction 50-150
pm > size fraction <6Qum. The C/N ratios observed in the LF, IF and HF-2800 pum
fractions are in the same range as the valuestegpby Hassink (1995) (16.1-35.9, 15.9-
26.0 and 11.1-20.9, respectively) and MeijboomIe(1®95) (18-24, 15-21 and 13-16,
respectively). The generally higher C/N ratio oledrin the LF 150-2000 pm fraction in
relation to the IF and HF 150-2000 um fractiondlends that the LF 150-2000 pm
fraction consists of organic matter in a less dguused state. The decrease in C/N ratios
from the macro-organic matter fractions towards<b@ pm fraction which we observed
is consistent with the findings of several otherdgs (e.g. Tiessen and Stewart, 1983;
Catroux and Schnitzer, 1987; Christensen, 1993}, iadicates an increasing degree of
humification from the coarser to the finer partislee fractions of SOM. In all the size
and density fractions, except in the size fracti60 um, the C/N ratios tended to increase
in the order CG<R<CM. This might be explained by ghkr C/N ratio in the maize

residues in relation to the C/N ratio in the gnaessdues.

60



Chapter 3

Table 3.3.C/N ratios of the size and density fractions frame 0-20 cm layer in the
continuous grassland (CG), rotation (R) and cowtirsumaize (CM) soil

SOM fraction Soll
CG R CM
Macro-organic matter 16.4 17.4 23.8
LF 15C-2000 un 20.1 21.1 29.2
IF 15C-2000 un 16.C 17.C 20.€
HF 15(-2000 un 16.1 16.1 24.t
5C-150 un 12.€ 14.¢ 18.8
<50 un 11.: 10.Z 8.€

3.3.5. Amounts of WSOC and MBC

The amounts of WSOC and MBC (expressed in g C Kgil) in the three
management treatments are shown in Table 3.2. Wwum@ts of WSOC corresponded
with approximately 0.1% of the total C content imletCG and R soils, and with
approximately 0.2% of the total C content in the GBil. In the three management
treatments, the amount of MBC corresponded withr@pmately 3% of the total C
content. The WSOC content in the CG plot was sicgitly larger (p<0.05) than the
WSOC contents in both the R and CM soil. This iadnordance with results of Gregorich
et al. (2000Wwho found substantially lower WSOC contents undettionuous maize than
under grass in different soil types. The WSOC austeof the R and the CM sail,
however, did not differ significantly. The largesnhount of MBC was also found in the
CG soil. MBC amounts decreased in the same ordéreatotal C contents in the R and
the CM soil, which is in agreement with the resaitd.iang et al. (1998), who found a
positive correlation between the amounts of MBC avitble soil C in soils under

continuous corn.
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3.3.6.8"C analysis of SOM fractions from the CG soil

The &"°C values of whole soil C and the different SOM fiaus from the three
management treatments are presented in Table Bel.differences between tHE*C
values of all the SOM fractions and thEC value of whole soil C in every management
treatment are shown in Fig. 3.3 (negative or pasitvalues indicate, respectively,
depletion or enrichment i'C compared to whole soil C). As the input of orgamiatter
into soil occurs through decomposition of dead plaaterial at the surface, the isotopic
signature of the SOM is mainly determined by tlwdpic signature of the plant material.
3"%C values of different tissues from the same plhaotyever, may show a variation of
1-3%o (Wedin et al, 1995). The measufEtC values of below-ground and above-ground
grass tissue were respectively -30.78 + 0.05%0 &%d74 + 0.04%., indicating that the
above-ground tissue was more enriched™@. Since the relative proportion by the
different plant parts to the general litter inpuasanot known, th&"C value of the input
was assumed to be the average of the above and-gedoind3**C values, namely -30.26

* 0.04%o.

Among the size and density fractions, the LF 1502@m fraction had the lowest
5"3C value, which was closest to the aver8€ value of the grass residues and deviated
most from thed"*C value of whole soil C (Fig. 3.3). TREC values of the IF 150-2000
pm fraction and the HF 150-2000 um fraction wergpeetively 0.4%. and 1.5%. higher
than in the LF 150-2000 um fraction, which meanat tthere was an increasing
enrichment in*C with increasing density in the macro-organic erafThis enrichment in
13C may be attributed to isotopic fractionation asatec with microbial respiration during
the decomposition process of dead plant materiabils (Balesdent et al., 1987; Melillo

et al., 1989; Boutton, 1996). Thiend of increasing®C enrichment from the LF towards
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Table 3.4.5"C values of the SOM fractions from the 0-20 cm tayethe continuous
grassland (CG), rotation (R) and continuous ma2M)( soil, and proportions of £

derived C in the R and CM soll (standard errorsrackets)

5°C C,-derived C
(%) (%)
CG R CM R CM
Whole soil -28.£(0.3) -26.€(0.1) -22.7(0.2) 11 33
Size and density fraction
Macro-organic matter -29.((0.1) -26.¢0.1) -19.30.1) 16 52
LF 15(-2000 pn -30.((0.2)  -21.2(0.2) -15.¢(0.1) 47 77
IF 15C-2000 pn -29.€(0.2) -27.4(0.1)  -19.((0.2) 11 57
HF 15(-2000 pn -28.5(0.1) -27.5(0.3)  -22.¢(0.1) 6 31
50-150 pn -29.((0.1)  -27.1(0.1) -21.((0.3) 10 43
<50 un -28.€(0.1)  -27.1(0.1) -22.€(0.1) 8 33
WSOC -29.5(0.3) -27.2(0.4) -24.5(0.5) 13 27
MBC -27.€(0.7) -23.£(0.3) -21.3(0.5) 23 36

the HF 150-2000 um fraction, and the higher C/Norat the LF 150-2000 um fraction
(Table 3.3) reflects that the LF 150-2000 um fi@attconsisted mainly of organic matter
in an early stage of decomposition while the IF &fd150-2000 pum fractions contained
relatively more humified material. The size fraoti0-150pm had the sam&**C value

as the macro-organic matter, while the size fracti®Oum showed the highest3C value
among the three size fractions (Table 3.4). Thith&i'°C enrichment, together with the
smaller C/N ratio (Table 3.3), reflects that thaychnd silt associated organic matter was
relatively more decomposed and transformed by rhiatopocesses than the organic

matter in the larger size fractions.
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LF 150-2000 pr T
IF 150-2000 pm
I
mCG
HF 150-2000 um OR
oc™m
50-150 pr
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WSOC

MBC %H

3-2-10 12 3 45 6 7 8
5°C SOM fraction 5"°C whole soil C (%o)

Fig. 3.3.Difference between th&°C values of the SOM fractions and whole soil C from
the 0-20 cm layer in the continuous grassland (C&gtion (R) and continuous maize

(CM) soil (horizontal bars represent standard sjror

3.3.7.8"C analysis of SOM fractions from the R and CM soil

At the time of establishment of the R and CM managy& treatments, the SOM
had a G isotopic signature. Due to the incorporation ofzmaesidues with a much higher
3"C value of -11.60 + 0.07%., th&°C values of the SOM in the R and the CM soil
shifted gradually towards higher values. When atersng the CG soil as a reference soill,
the 3*°C values of whole soil C in the R and the CM soidreased with respectively 2%o
and 6.1%. (Table 3.4). Based on thés&C values, we calculated that respectively 11%
and 33% of the total C contents in the R and CM were maize-derived C. Thus, the

total amount of Gderived C incorporated after 19 years of maizeivation in the CM
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soil, and 10 years (in total) of maize cultivationthe R soil amounted to, respectively,
2.74 +0.07 and 1.57 + 0.1 g-C kg'soil. This equals a net input rate of 429 + 11 kg C
C ha' per year in the upper 20 cm of the CM soil (takinp account a bulk density of
1.49 g cnT) and a net input rate of 450 + 8 kg-C ha® per year in the upper 20 cm of the
R soil (taking into account a bulk density of 1gt8m°). The smaller increase of tB&’C
value of whole soil C in the R soil mainly reflet¢kee lower total input of maize residues
during the last 19 years in relation to the CM.ddibwever, when we consider the smaller
proportion of maize-derived C together with thegl&artotal C content in the R soil, we
may conclude that there was a considerable comitribwo the total C content of grass-
derived C, due to the incorporation of grass ressdoefore every switch to three years of

maize cultivation.

Both in the R and CM soil, the influence of-C incorporation on th&**C values
was most pronounced in the LF 150-2000 pm fracfi@ble 3.4). In the R soil, th&C
values of the other size and density fractions sltbawmuch smaller positive shift relative
to the fractions in the CG soil. In the CM soil wever,the 3'*C values of all the SOM
fractions showed a considerable positive shifttiegato the fractions from the CG soil.
The proportion of relatively ‘young’, &£derived C was largest in the LF 150-2000 um
fraction, and decreased considerably with increpsiensity among the macro-organic
matter fractions. Comparing the three size frastiaime proportions of f&derived C
declined from the macro-organic matter towardsdimallest size fraction. These results
reflect a decreasing turnover rate of SOM with @asing density among the macro-
organic matter fractions, and with decreasing foactsize. The decreasing proportions of
Cy-derived C in smaller size fractions also reflesi@w transfer of newly introduced and
partially decomposed plant material from the mammganic matter fraction to the smallest

size fraction during the decomposition process.
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3.3.8. Stable C isotope analysis of WSOC and MBC

WSOC in the CG soil had the most nega®ZC value (Table 3.4). In the R and
CM soil, the 3°C values were respectively 2.3 and 5%. higher, whieflects an
increasing proportion of maize-derived C. In theeéhmanagement treatments &1&C
values of WSOC showed a negative shift in relationwhole soil C, which varied
between 0.4 and 1.8%o (Fig. 3.3). MBC showed theestrend of increasing™>C values
among the three management treatments. Howevecptttabution of maize-derived C in
both R and CM soil was larger in the MBC (23 an&36espectively) than in the WSOC
(13 and 27%, respectively), which is in accordandb the results of Ryan et al. (1995)
and Gregorich et al. (2000). The averagéC values of MBC in all the management
treatments were less negative than the value oferdwmil C, indicating an enrichment in

13C (Fig. 3.3). This enrichment ranged from 0.9%die €G to 3%. in the R soil.

Several authors found that MBC was enriched@h relative to the bulk SOM in
grassland soils (Gregorich et al., 2000; Santruaket al., 2000) and soils with maize
cultivation (Ryan et al., 1995; Gregorich et aD0@). This enrichment may be attributed
to isotopic discrimination associated with micrdbienetabolism, during which
decomposing organisms would preferentially use ojsiotlly lighter molecules for
respiration (Blair et al., 1985; Gleixner et al99B), and isotopically heavier molecules
for biomass synthesis (Gleixner et al., 1993; Smhkivva et al., 2000). However, it is also
possible that the enrichment’ifC of MBC relative to whole soil C in the R and Clils
can be mainly attributed to the larger proportib€gderived C in MBC relative to whole

soil C in both management treatments (Table 3.4).
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3.4. Conclusions

Analysis of the distribution of soil C among sizadtions in the CG, R and CM
soils showed that the relative contribution to tb&al C content in the macro-organic
matter and in the size fraction 50-1aM diminished with decreasing total C contents,
while the relative contribution of C associatedhaibe clay- and silt-sized fraction <50
pum increased. This reflects a greater stability mgfanicrobial degradation of the clay and
silt associated organic C. The shifts in #C values together with the decrease in C/N
ratios, which were observed in the size and derigitgtions from the CG, R and CM
soils, reflected an increasing degree of microdedradation and a decreasing turnover
rate (1) with increasing density among the macganic matter fractions, and (2) with

decreasing particle size among the size fractionsidered.
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Gross N transformation ratesand net N
mineralization ratesrelated tothe C and N
contents of soil organic matter fractionsin

grassland soils of different age

This chapter is compiled from:

Accoe, F., Boeckx, P., Busschaert, J., Hofman, G., Van Cleemput, O. Gross N transformation
rates and net N minerdization rates related to the C and N contents of soil organic matter fractions
in grassland soils of different age. (submitted to Soil Biology and Biochemistry).
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4. Gross N transformation rates and net N mineralization
rates related to the C and N contents of soil organic
matter fractionsin grassland soils of different age

4.1. Introduction

Soil organic matter (SOM) plays a major role inl spiality as it improves the
physical, chemical and biological properties of $bd. When arable land, which has been
under long-term cultivation, is converted to pererngrassland, the SOM content
gradually tends to increase due to greater orgaaterial inputs, combined with a slower
rate of SOM decomposition due to the absence ofi@mzultivation (Whitehead, 1995a;
Haynes and Beare, 1996). This increase in SOM nbidea slow process and therefore
changes in the quantity and quality of the totaMs@pol are usually difficult to detect in
the short-term after conversion of arable landrasgland (Hassink et al., 1997; Haynes,
1999). SOM is heterogeneous and is composed aiess# pools ranging from active to
passive (Schimel et al., 1985). Size and densgtimnation techniques are often used for
physically dividing SOM into pools which differ ircomposition and biological
functioning (Christensen, 1992). Size fractionati®ibased on the observation that SOM
in the sand-sized fraction (>50 um) is generallyeniabile than SOM in the clay- and
silt-sized fractions (Tiessen and Stewart, 1983ndity fractionation is based on the
observation that during humification parts of SOMcbme more associated with the
mineral fraction and thus occur in organominerahptexes of higher density (Barrios et
al., 1996). Therefore, size and density fractimmatnay enable us to identify both labile,
active fractions of SOM, which may respond muchefiato management changes than the
total SOM content, and passive fractions, which m@e related to long-term SOM

dynamics (Janzen et al., 1992; Barrios et al., 1996
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The net N mineralization from plant residues andviSi@ grassland soils results
from the balance between gross N mineralizationiamdobilization by the soil microbial
biomass. The quality and quantity of soil organith& been suggested to be a major
factor affecting N dynamics in soils (Hart et dl994). Changes in SOM contents can
influence the N dynamics in soils, because of theartance of available C for microbial
immobilization of N (Compton and Boone, 2002) amdhittification (Whitehead, 1995c).
Schimel (1986) for example found that N immobilizatwas lower in cropland than in
native grassland, suggesting that microbial agtiuit the cropland was limited by C
substrate availability. Barret and Burke (2000)gasied that soils with high SOM content
and high C/N ratios may immobilize more N than sailith less SOM because of a
limitation of reduced C substrate for microbial atmilism. Organic substrates with high
C/N ratios often support microbial communities thed N-limited and generally exhibit
higher rates of N immobilization, presumably beeatisese micro-organisms require
additional N to metabolize material with a high @tent relative to the N content (Sollins

et al., 1984; Janssen, 1996).

The first objective of this study was to investegdlhe accumulation of SOM and
eventual shifts in the distribution of organic Glayiamong five size and density fractions
of SOM after conversion of long-term arable landpgrmanent grassland. The second
objective was to investigate the influence of tialtSOM content and the distribution of
C and N among the size and density fractions onti{&)gross N transformation rates
(mineralization, nitrification and immobilizationdetermined by means of th#\-isotope
dilution technique, and (2) on the long-term netmiiheralization and immobilization
rates. All experiments were carried out on threelgdoam grassland soils of 6, 14 and

approximately 50 years old, respectively.

72



Chapter 4

4.2. Materialsand Methods

4.2.1. Site description and soil sampling

Soil samples were collected from three adjacentnpeent grassland soils of
different age, located at Deerlijk (50°49’" N, 3°2B), Belgium, during August and
September 2002. These soils had been converteddootmuous arable cropping (during
at least 20 years) to permanent grassland (maotlym perenne) since respectively 6, 14
and approximately 50 years at the time of samplliige 6 years old grassland (6.8% clay,
17.3% silt) and the 14 years old grassland (8.88%,31.5% silt) were moderately dry
sandy loam soils, whereas the 50 years old grasqa®% clay, 21.3% silt) was a
moderately wet sandy loam soil. The 6, 14 and %0g/eld grassland soil will be further
referred to as the D6, D14 and D50 soil, respelgtivieotal C and N content, bulk density
and pH-HO in the 0-10 and 10-20 cm soil layers of the tla@iés are shown in Table 4.1.
The grasslands were grazed and cut one to two tpeeyear, and received an annual

input of 230 kg organic N Raas cattle manure and 120 kg mineral N.ha

From each grassland soil, three replicate bulk $agrfpom the 0-10 and 10-20 cm
soil layers were composited, each consisting ofeplicate soil cores covering the entire
area of the investigated grassland. The soil cove® taken with a steel auger (3.5 cm
diameter). The replicate bulk samples were homagehand sieved on a 2 mm sieve to
remove root material. Part of the fresh bulk samplas stored in plastic bags at 4°C until
the start of thé°N isotope dilution experiments, the rest was aiediand stored until size
and density fractionation or the start of the laagn incubation experiments. The size
and density fractionations and incubation experisiemere all performed in triplicate,

using subsamples of the three replicate bulk sasrfpden each plot and soil layer.
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Table 4.1. Total C and N content, bulk density and pkHeHin the 0-10 and 10-20 cm
layers of the D6, D14 and D50 soil (mean valuethde replicates, standard deviations in
brackets); values followed by the same letter ia Hame layer are not significantly
different (P<0.05); values followed by * in the O-tfh layer are significantly different

from the corresponding values in the 10-20 cm layer

Soil Depth C content N content Bulk density pH-HO
(cm) (g Kgsoil) (g cnt) )
D6 0-10 20.9 (0.&* 1.80 (0.07a* 1.29 (0.06) 5.8
10-20 13.2(0.49 1.11 (0.04a 1.35 (0.05) 6.1
D14 0-10 229 (1.&* 2.06 (0.06a* 1.24 (0.10) 5.9
10-20 11.0(0.8 0.97 (0.08a 1.34 (0.06) 6.0
D50 0-10 45.8 (2.8 3.75 (0.22b* 1.17 (0.06) 6.0
10-20 25.3(0.3) 1.74(0.01b 1.15 (0.03) 6.1

4.2.2. Size and density fractionation of soil organic matter

The soil organic matter was separated into fivetioas: the light (density <1.13 g
cm®), intermediate (1.13 g cfr density <1.37 g ci®) and heavy density fraction
(density >1.37 g cif) of particulate macro-organic matter (150-2000 pthe size

fraction 50-150 um and the size fraction <50 pm.

The three density fractions of the macro-organittenavere obtained following a
slightly modified version of the method developgdNbeijboom et al. (1995). Instead of
using field-moist soil samples, 250 g of air drggdl from each replicate bulk sample was
rewetted with 750 ml of water in a 2000 ml glasaks and mildly dispersed by shaking
on an orbital shaker at 175 rev. miirduring one hour. By means of this pretreatment,
most of the macro-aggregates (>250 um) were brokemndn order to release the

particulate organic matter before the start of thet-sieving procedure. The soil
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suspension was then wet-sieved over two stacke@ssi@op sieve mesh size 250 um,
bottom sieve mesh size 150 um) by means of a weingg machine (AS200 Control g,
Retsch). Any intact macro-aggregates (>250 um) neimgion the top sieve were gently
pushed through, to ensure a complete breakdowheofrtacro-aggregates. The two size
fractions retained on the sieves were washed iftiociet and swirled with a jet of water
to separate the macro-organic matter from the rairigaction by decantation. The macro-
organic matter was then further separated intgha ([LF 150-2000 um), intermediate (IF
150-2000 pum) and heavy density fraction (HF 15062061) by subsequent submersion in
colloidal silica suspensions (Ludox, Dupont) witdensity of 1.37 g cthand 1.13 g cil
The obtained density fractions were washed with ideralized water, dried at 50°C
during 48 hours and ground with a planetary ball (RiM400, Retsch) for total C and N
analysis. As there was always a certain amouneafty density particulate organic matter
which couldn’t be separated from the mineral fiaetby decantation, this mineral fraction
was also analyzed for its total C and N contene Thand N contents reported for the HF
150-2000 um density fraction in the following sens are the sum of the C and N
contents in the mineral fraction 150-2000 um arel eavy density fraction, obtained

after density separation.

For the separation of the size fractions 50-150gmeh <50 um, 50 g of air dried
soil from each replicate bulk sample was rewettétl 50 ml of water in a 500 ml glass
beaker and dispersed in the same way as descrdfetebThe soil suspension was then
wet-sieved over three stacked sieves on the siguathine (top sieve mesh size 250 pm,
middle sieve mesh size 150 um, bottom sieve mesh=f um). The suspension passing
the bottom sieve was collected and centrifuged ¢huzdie GL, Heraeus Sepatech) at 3000
rev. min:* during 5 min. in order to obtain the size fracticB0 pm. The obtained size
fractions 50-150 um and <50 um were also dried08C5during 48 hours. As micro-
aggregates (<250 um) are stable to slaking by +rapiting and wet-sieving (Tisdall and

Oades, 1982), it could be assumed that the sizédra50-150 pm consisted of a mixture
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of water-stable micro-aggregates >50um, particwdeganic matter and sand, and that the
<50 um fraction mainly consisted of water-stablero¥@ggregates and to a lesser extent

of primary mineral particles.

4.2.3. Incubations

We conducted two sets of laboratory incubationgrder to study the N dynamics
in the three grassland soils. Fully-mirroré®dN isotope dilution experiments (7-day
incubations) were conducted to determine the dieom- potential gross N transformation
rates. 70-day incubations have been carried odétiermine the long-term potential net N

mineralization rates.

For the'N isotope dilution experiments, the fresh soil sEmpvere shortly dried
to obtain a gravimetric water content (GWC) cormegpng to a water filled pore space of
50% at the bulk density measured in the field (€a#ll), minus the amount OfN-
labelling solution which would be added to the sa@it the beginning of the experiment
(corresponding with 6.7% GWC). The soils were mrebated during 7 days at 15°C. At
the start of the incubation experiment, in total di8posable jars per soil layer and
grassland soil were filled with an amount of s@uialent to 60 g oven-dry weight. In
order to determine the potential gross N minertibra (ammonification) and NK-
immobilization rates, 4 ml of &@°N-enriched (10.23 atom%J°NH,“*NOs-solution,
equivalent to 30 mg N kbsoil, was added by means of a disposable syringedf the
jars. In order to determine the potential grossfiziation and NQ-immobilization rates,

4 ml of a®N-enriched (10.4 atom%}¥NH,NOs-solution of the same concentration was
added to the 9 other jars. After label additior $loils were thoroughly mixed in order to
ensure a homogeneous label distribution, the balsiies were adjusted to the values
measured in the field (resulting in a water fillpdre space of 50%), covered with pin-

holed parafilm to enable gas exchange and incubattdd°C. After 1, 3 and 7 days of
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incubation, three replicateNH;**NOs- and**NH,>NOs-labelled samples were extracted

with 180 ml of 2M KCI (60 min. shaking) for Nf+, NOs- and'*N-analysis.

For the 70-day incubations, the air-dried soil sksipwere rewetted to a
gravimetric water content corresponding with a wétked pore space of 50% at the bulk
density measured in the field (Table 4.1) and poeHbated during 7 days at 15°C. At the
start of the incubation experiment, 18 disposadle per soil layer and grassland soil were
filled with an amount of soil equivalent to 60 geowdry weight, which was adjusted to
the bulk density observed in the field, thus raesglin a water filled pore space of 50%.
The jars were covered with pin-holed parafilm, inated at 15°C and after 7, 14, 28, 42,
56 and 70 days of incubation, three replicate sasplere extracted with 180 ml of 2M
KCI (60 min. shaking) for Ni- and NQ™-analysis. The potential net N mineralization
rates (net production rate of NH and NQ™-N) were calculated by means of a linear
regression of the evolution of the total mineratdhtent at the different sampling dates

from day 7 till day 70 of the incubation experiment

4.2.4. Chemical analysis

Analyses of the total C and N content in the saihples and the different SOM
fractions was performed using a CNS analyzer (VMax CNS, Elementar, Germany).
The NH," and NQ concentrations in the KCI extracts were determioaldrimetrically
by means of a continuous flow analyzer (Skalar, Ne¢herlands). Isotope ratio analysis
of the NH;"- and NQ'-pool was performed after chemical conversion $®NNH;" was
converted quantitatively toJ® using NaOBr according to a protocol adapted fkeamck
(1982) and Saghir et al. (1993). flvas converted quantitatively to,® according to
Stevens and Laughlin (1994). Isotope ratio analybithe produced pO was carried out
using a trace gas preparation unit (ANCA-TGII, PBdropa, UK) coupled to an Isotope

Ratio Mass Spectrometer (20-20, PDZ Europa, UK).
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4.2.5. Calculation of the gross N transfor mation rates

The potential gross N mineralization and gross;NEbnsumption rates were
calculated from thé&°NH,-pool dilution in the™NH;**NOs-labelled samples between day

1, 3 and 7 following the equations of Kirkham arattBolomew (1954):

_[NH;]O—[NH;L log(APE ./ APE, )
" t ) Iog([NH 4+]0/[NH 4+]t) @

) -,
t

Cp =

42)

where m = gross N mineralization rate (mg legl); ca = NHs" consumption rate (mg N
kgt d™h); t = time (days); APE= atom%"N in excess of the Nftpool at time 0; APE=
atom%™N in excess of the NF-pool at time t; [NH']o = total NH," concentration (mg
N kg?) at time 0; [NH']; = total NH;" concentration (mg N kb at time t. The potential
gross nitrification (n) and gross NOconsumption rates (¢ were calculated from the
>N Os-pool dilution in the"NH,*NOs-labelled samples between day 1, 3 and 7 following
the same equations, by substituting thesN®@ncentrations and atom® in excess of
the NG™-pool into equations (4.1) and (4.2). The potergialss NH" immobilization rate
was then calculated by subtracting the gross icitibn rate from the gross NH
consumption rate, in the assumption thats;NEonsumption through volatilization was
zero. In the assumption that Bi@onsumption through denitrification was negligibakea
water filled pore space of 50% (Linn and Doran, 4)98he gross N® immobilization

rate was equivalent to the gross N&nsumption rate.
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4.2.6. Statistical analysis

All statistical analyses of the data were performmethg SPSS (version 11.0.1).
Statistical analysis of the differences in the Bhsformation rates and differences in C
and N contents between plots or SOM fractions witlepth was conducted by analysis of
variance (one-way ANOVA). Pairwise comparisons oéams was conducted using
Tukey’s honestly significant difference test witsignificance level oft = 0.05. Stepwise
multiple linear regression analysis (backward pdoce, significance level for the F value
was 0.1 for removal from the model) was used tdysthe relations between the gross and

net N transformation rates and the SOM contents.

4.3. Results

4.3.1. Total organic C and N contents

At 0-10 cm depth, both total C and N contents stibaue increase with increasing
age of the investigated grasslands (Table 4.1alToand N contents in the D14 and D50
soil were respectively about 1.1 and 2.1 timesdatgan in the D6 soil. At 10-20 cm
depth, no trend of increasing C and N contents witheasing age was observed, but the
C and N contents in the D50 soil were significar{fhc0.05) larger than in the D6 and
D14 soils. In the three grassland soils, total @ &hcontents at 0-10 cm depth were

significantly larger (1.6 to 2.2 times) than atA@<m depth.
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4.3.2. C and N contents in the size and density fractions of soil organic

matter

The C and N contents and the proportions of totaehrd N recovered in the
different size and density fractions from the D@,4Dand D50 soils are shown in Tables
4.2 and 4.3, respectively. In both investigated kyiers, the largest C and N contents
were found in the size fraction <50 um. The propodiof total C and N stored in the size
fraction <50 um ranged from 44.2 to 56.9% in th£00em soil layers, and from 62.4 to
78.4% in the 10-20 cm soil layers. The C and N ewoist and the proportions of total C
and N stored in the SOM fractions generally de@éas the order <50 pm > 50-150 pm
> HF 150-2000 pm > IF 150-2000 pm > LF 150-2000 pmthé three soils investigated,
the proportions of total C and N stored in the diazetion <50 um were considerably
larger in the 10-20 cm soil layer in relation te -10 cm layer, whereas the proportions

of total C and N in all the SOM fractions >50 pmrevemaller.

In the 0-10 cm soil layer, the C and N contentén<50 um, 50-150 um and HF
150-2000 um fractions increased in the order D6<DBB;Dwhereas the C and N
contents in the LF 150-2000 um and IF 150-2000 gextibns remained nearly constant
or even decreased. The increase in C and N contesds however, only significant
(P<0.05) for the HF 150-2000 pum fraction. If we camgpthe C and N contents of the
SOM fractions from the D50 soil with the correspmgdSOM fractions from the D6 soil,
the largest relative increase in C and N conteotsiwed in the HF 150-2000 um fraction
(C and N contents respectively 5.1 and 6.1 timegely, followed by the 50-150 um
fraction (C and N contents respectively 2.7 andtizo@s larger) and the <50 pm fraction
(C and N contents respectively 2 and 1.8 timeselrgrhis was also reflected in the
proportions of total C and N stored in the HF 1B0@ um fraction and the 50-150 pm

fraction,which were significantly larger in theD50 soil than in the D6 andD14 soils,
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Table 4.2. C contents and the proportions of total C in tHéedént size and density fractions from the 0-1d an
10-20 cm layers of the D6, D14 and D50 soil (mealues of three replicates, standard deviationsratchets);
values followed by the same lowercase letter withiSOM fraction or depth and among grassland soédsnot
significantly different (P<0.05); values followed the same uppercase letter within a grasslandosalepth and
among SOM fractions are not significantly differemtlues followed by * in the 0-10 cm layer arersigantly

different from the corresponding values in the D0cth layer

C content Proportion of total C
(g kg" soil) (%)
Depth SOM fraction Soll Soll
(cm) D6 D14 D50 D6 D14 D50
0-10 LF 150-2000 um  0.32 (0.08\* 0.54 (0.11pA* 0.17(0.05)aA 1.7 2.5 0.4
IF 150-2000 um  2.08 (0.2@B* 1.18 (0.12pA* 2.2£(0.18)aB* 10.8 55 5.0
HF 150-2000 um 1.63 (0.13)aB* 3.27 (0.27pB* 8.3£(0.58)cC* 85 151 186
50-150 pm 5.40 (0.45)C* 6.10 (1.490C* 14.3%(0.19)bD* 28.2 282 319
<50 pm 9.74 (0.77AaD*  10.54 (0.35pD* 19.87(0.46)bE*  50.8 48.7 44.2
10-20 LF 150-2000 um  0.14 (0.04) 0.07 (0.02pbA 0.0¢(0.01)aA 1.1 0.6 0.4
IF 150-2000 um  0.32 (0.08A 0.17 (0.03pA 0.3£(0.05)aB 2.6 1.6 1.4
HF 150-2000 pum 1.07 (0.11)aB 0.66 (0.08pB 1.6€(0.15)cC 8.8 6.2 7.1
50-150 pm 2.34(0.13C 2.27 (0.08pC 6.3€(0.14)bD 19.3 21.3 26.8
<50 pum 8.26 (0.099D 7.48 (0.86aD 15.32(0.55)bE 68.1 70.3 64.3




Table 4.3. N contents and the proportions of total N in thifedént size and density fractions from the 0-1@ an
10-20 cm layers of the D6, D14 and D50 soil (mealues of three replicates, standard deviationsrackets);
values followed by the same lowercase letter withiSOM fraction or depth and among grassland soésnot
significantly different (P<0.05); values followed the same uppercase letter within a grasslandosakpth and
among SOM fractions are not significantly differemtlues followed by * in the 0-10 cm layer arersigantly

different from the corresponding values in the D0cth layer

N content Proportion of total N
(g kg* soil) (%)
Depth SOM fraction Soil Soil
(cm) D6 D14 D50 D6 D14 D50
0-10 LF 150-2000 um0.018(0.0042A*  0.030(0.006bA* 0.011(0.002@A* 1.1 1.6 0.3
IF 150-2000 um 0.131(0.01aB* 0.074(0.010bA* 0.166(0.017)@B* 8.0 3.9 4.6
HF 150-2000 um0.114(0.0253AB* 0.2550.023bB* 0.690(0.045)cC* 7.0 13.6 19.1
50-150 um 0.438(0.058C* 0.4880.140C* 1.124(0.038pD* 26.9 26.0 31.1
<50 um 0.926(0.07AD* 1.0320.031)aD* 1.6290.037bE* 56.9 549 450
10-20 LF 150-2000 um0.008(0.002aA 0.003(0.001bcA 0.0050.001)cA 0.8 0.4 0.3
IF 150-2000 um 0.019(0.004A 0.008(0.002bA  0.0190.019RA 1.9 0.8 1.2
HF 150-2000 um0.067(0.0033B 0.0430.011B  0.127(0.0200B 6.7 4.6 8.1
50-150 um 0.161(0.018¢ 0.144(0.0360C  0.4330.011pC 16.0 15.3 278
<50 um 0.750(0.018D 0.744(0.102D  0.976(0.041bD 747 78.9 62.6
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whereas the proportions of total C and N storethén<50 pum fraction were significantly
smaller. In the 10-20 cm soil layer, the C and Mteats in the LF 150-2000 pm and IF
150-2000 um fractions also remained nearly constadiecreased with increasing age of
the investigated grasslands. In contrast with #i® @m soil layer, no trend of increasing
C nor N contents was observed in the <50 pum, 50pdB@GNd HF 150-2000 um fractions
in the order of D6<D14<D50. However, the C and N entt in these fractions were still

significantly larger in the D50 soil than in the B6d D14 soils.

Table 4.4. C/N ratios of the different size and density fraos from the 0-10 and 10-20
cm layers of the D6, D14 and D50 soil (mean valoéshree replicates, standard

deviations in brackets)

C/N ratio
)
Depth SOM fraction Saoil
(cm) D6 D14 D50
0-10 LF 150-2000 pum 18.1 (0.1) 17.8 (0.8) 15.€ (2.3)
IF 150-2000 pm 15.€ (0.2) 16.0 (0.5) 13.€ (0.3)
HF 150-2000 pm 14.4 (1.1) 12.8 (0.4) 12.1 (0.2)
50-150 pm 12.Z4 (0.4) 12.6 (0.5) 12.¢ (0.3)
<50 um 10.£ (0.2) 10.2 (0.1) 12.z (0.1)
10-20 LF 150-2000 pum 18.1 (0.4) 19.7 (0.1) 18.2 (1.0)
IF 150-2000 pm 17.1 (0.8) 22.1 (3.4) 17.¢ (0.9)
HF 150-2000 pum 15.€ (1.3) 15.7 (2.3) 13.5 (0.9)
50-150 pm 14.€ (1.0) 15.8 (0.7) 14.7 (0.1)
<50 um 11.C (0.2) 10.1 (0.2) 15.7 (0.1)

In both layers of the D6 and D14 soil, the C/N aatiof the SOM fractions
decreased in the order LF 150-2000 um > IF 150-2000> HF 150-2000 pm > 50-150
pm > <50 um (Table 4.4). In the D50 soil, the CAtias of the SOM fractions also

decreased in the order LF 150-2000 um > IF 150-2000> HF 150-2000 pm, but no
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further trend of decreasing C/N ratios was obsemvedhe 50-150 um and <50 um
fractions. The C/N ratios of the SOM fractions wgemerally lower in the 0-10 cm than

in the 10-20 cm layer.

4.3.3. Gross N transformation ratesand net N mineralization rates

The size and®N-enrichment of the Nii- and NQ™- pools at day 1, 3 and 7 after
the ®N-label additions, are shown in Table 4.5 and Tahl, respectively. In both
investigated layers, the NH contents decreased as a function of time, exnepe 10-20
cm layer of the D50 soil, where the WH contents increased slightly from day 1 to 3,
followed by a strong decrease between day 3 and Both layers of the D14 and D50
soil, the N@'-contents increased as a function of time, wherealse D6 soil the Ng-

contents remained nearly constant during the emingbation period.

The gross N transformation rates, which have bed&ulated for the intervals day
1-day 3 and day 3-day 7, together with the weiglaeerage transformation rates for the
interval day 1-day 7, are shown in Table 4.7. Therage (day 1l-day 7) gross N
mineralization and gross nitrification rates tend®dincrease with increasing SOM
contents, in the order D6<D14<D50 in both soil l@syevestigated (Table 4.7). The
average (day l-day 7) potential gross N mineradimatates in the 0-10 cm layer were
approximately 2 times (D6 and D14 soils) to 3 tinmger (D50 soil) than in the 10-20
cm layer. These gross mineralization rates corre$path a gross mineralization of 643,
982 and 1876 kg N Hay™ in the upper 20 cm of the D6, D14 and D50 so#pestively.
The average potential gross nitrification ratethen 0-10 cm layer were, respectively, 1.8,

1.6 and 1.5 times larger than in the 10-20 cm layer
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Table 4.5. Size of the NH'- and NQ™-pool at day 1, 3 and 7 after addition of the
NH4NOs-solution in the 0-10 cm and 10-20 cm layers ofBie D14 and D50 soil (mean

values of three replicates, standard deviatiofsackets)

NH," NOs
(mg N kg" soil)
Soil Depth d ds d; dy d; o
(cm)
os 010 11E17)  51(07)  1§09) 251(36) 22522) 24.2(38)
1020 11.2(15)  6.£0.7)  3.3(0.9) 142(23) 13.2(05) 14.5(0.6)
014 010 12§09  9.7(13)  44(18) 22€(22) 28534) 36(3.9)
1020 12.6(1.7) 11.7(0.8) 6.5(0.3) 14.0(0.6) 18E(2.4) 24.(2.2)
bso 010  181(38)  9.2(15)  2301) 67.90) T74526) 86.€3.4)

1020 30.5(1.3) 325(2.3) 9.6(0.7) 35.£(4.3) 43.5(1.8) 45.5(2.4)

Table 4.6. **N-enrichment of the Nii-pool at day 1, 3 and 7 after addition of the
5NH,NOs-solution, and°N-enrichment of the N©-pool at day 1, 3 and 7 after addition
of the *NH4**NOs-solution in the 0-10 cm and 10-20 cm layers of Btée D14 and D50

soil (mean values of three replicates, standartatiens in brackets)

NH," NOs
(atom%"N in excess)
Soil Depth d d3 d7 dl d3 d7
(cm)
0 010 BE03)  49(05)  24(04) 4506)  42(06)  35(04)
1020  7.2(04)  6.6(0.4)  46(0.2) 7.1(03) 6.2(03)  5.2(0.1)
b4 010 7£02)  63(03)  28(09) 4502  43(01)  3.6(0.1)
1020 87(0.3) 7.8(0.4) 58(0.2) 6.70.2) 6.0(0.1)  5.0(0.1)
osp 010 3E02)  23(01)  0501) 27(01) 2401  2.0(0.1)

1020  3.£(0.3)  3.7(0.2)  29(0.2) 350.1)  3.2(0.1)  2.5(0.2)
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Table 4.7. Gross N mineralization, nitrification, Nfi and NQ  immobilization rates
calculated for the intervals day 1-day 3 and daglag-7 of the™N isotope dilution
experiments, weighted average values of the grates ifor the interval day 1-day 7 (mean
values of three replicates, standard deviationsbriackets), net N mineralization rates
measured between day 7 and day 70 of the long-tecabation experiments and gross N
immobilization rates calculated by difference bedwdhe gross N mineralization rates and
long-term net N mineralization rates in the 0-10and 10-20 cm layers of the D6, D14 and
D50 soil (mean values of three replicates, standaxdations in brackets); values at the same
depth followed by the same letter are not signifibadifferent; values followed by * in the
0-10 cm layer are significantly different from tberresponding values in the 10-20 cm layer

N transformation rates
(mg N kg* soil d*)

D6 D14 D50
0-10 10-20 0-10 10-20 0-10 10-20

Gross N mineralization (**N isotope dilution)

d-0;  1.44(0.33) 0.42 (0.61) 1.29 (0.32) 0.65 (0.13) 3.12(0.16)  0.56 (0.23)
d-d;  0.62(0.28) 0.46 (0.14) 1.49 (0.16) 0.71 (0.10) 3.39(0.31)  1.37 (0.16)
d-d;  0.89 (0.20)a*  0.45 (0.16)a 1.42 (0.20)b* 0.69 (0.02)a  3.30 (0.18)c*1.10 (0.18)b

Gross nitrification (**N isotope dilution)

d-ds  1.94 (0.62) 0.92 (0.13) 1.76 (0.35) 0.94 (0.08) 5.13(1.18)  2.29 (0.07)
d-d;  1.09 (0.17) 0.68 (0.14) 1.68 (0.15) 1.11 (0.07) 3.73(0.08)  3.02(0.86)
dh-d;  1.37(0.09)a* 0.76(0.14)a  1.70 (0.21)a* 1.05(0.02)a  4.20 (0.35)b*2.78 (0.56)b

Gross NH," immobilization (*°N isotope dilution)

di-d;  2.81 (0.70) 1.65 (0.94) 1.07 (0.47) 0.25 (0.52) 2.73(1.51) -2.82(1.58)
ds-d7  0.36 (0.28) 0.68 (0.09) 1.15 (0.33) 0.90 (0.30) 1.39 (0.60) 4.08 (1.34)
di-d;  1.17(0.40)a 1.00 (0.32)a 1.12 (0.38)a 0.71(0.28)a (A.#Ba 2.72(0.89)b

Gross NO3 immobilization (**N isotope dilution)

di-ds  3.36 (2.01) 1.41 (1.56) -1.22 (1.50) -1.31 (1.38) 1.83 (4.81) -1.86)2
d-d7  0.61(0.78) 0.39 (0.15) -0.25 (1.70) -0.50 (1.17) 0.71(1.35) (2.58)
di-d; 1,57 (0.27)a 0.78 (0.44)ab 0.42 (0.59)a 0.19)®.33 1.58 (1.65)a  1.84 (0.96)b

Net N mineralization (long- term incubation)
0.32 (0.08)a*  0.09 (0.03)a 0.33 (0.03)a* 0.12 (0.07)a 0.58 (0.10)a*  0.06 (0.03)a
Gross N immobilization (calculated by difference, long-term incubation)

0.57 (0.13)a  0.36 (0.15)a  1.09 (0.21)a*  0.58 (0.09)a 2.72 (0.38)bt.04 (0.21)b
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Calculation of the gross Nfiand NQ  immobilization rates using the formulas
(4.1) and (4.2) resulted in negative values in soases (N@ immobilization rates in the
D14 soil and NH" and NQ™ immobilization rates between day 1 and 3 in the@@&m
layer of the D50 soil) (Table 4.7). However, in rigall cases these negative values were
not significantly different from zero. Thus, wheagative values were obtained for one of
the replicate immobilization rates between day -8@r day 3-day 7, these could be set
to zero for the calculation of the weighted avermgeobilization rates between day 1 and
7. Negative values for gross immobilization ratedculated with the same formulas, have
often been reported in the literature (Watson arniésML998; Watson et al., 2000; Wang
et al.,, 2001; Verchot et al., 2002). Miiller et(@004) suggested that these negative rates
would be related to fast immobilization and subsequemineralization of the add&iN-
enriched NH'- or NO;-pool, which cannot be accounted for by means efahalytical

solution for gross rate calculations

In both layers of the D6 soil and the 10-20 cm tayfethe D50 soil, the sum of the
average (day 1-day 7) gross NHind NQ immobilization rates (gross consumption of
mineral N) was larger than the average (day 1-dagr@ss mineralization rates (gross
production of mineral N), which was reflected b tilecrease in total mineral N contents
between day 1 and day 7 (Table 4.5). This indicdias net N-immobilization occurred
during the incubation period in these soils. In thitber soil layers investigated, the
average gross mineralization rates were larger @1 or nearly equal (0-10 cm layer of
the D50 soil) in relation to the sum of the averggess NH" and NQ immobilization
rates, which was reflected by an increase in tked taineral N contents between day 1
and day 7 (Table 4.5). This indicates that net Neralization occurred in these soil layers

during the incubation.

In the 0-10 cm layer, the largest long-term netaratization rate was observed in

the D50 soil, which was 1.8 times larger than i@ b6 and D14 soildn the 10-20 cm
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layer however, the D50 soil showed the smallestnmatralization rate among the three
soils. The measuredhet mineralization rates correspond with a net nailneation of 195,

208 and 274 kg N Ray! in the upper 20 cm of the D6, D14 and D50 sodpestively.

We also estimated the gross N immobilization ra@®H;" plus NQ
immobilization) during the long-term incubation eximments by subtracting the long-term
net N mineralization rates from the average (dajay-7) gross N mineralization rates,
which were determined by th&N-isotope dilution technique. This technique for
calculating gross N immobilization rates is calld difference method (according to
Hart et al., 1994). The gross immobilization ratedculated by this method will be
referred to as gross immobilizati¢difference), in order to distinguish them from the rates
calculated by theN-isotope dilution method, which will be referred ts gross
immobilization (*°N dilution). The gross N immobilization ratédifference) ranged from
0.57, 1.09 to 2.72 mg N Kgsoil d*in the 0-10 cm layer, and from 0.36, 0.58 to 1.0 m
N kg' soil d*in the 10-20 cm layer of the D6, D14 and D50 saisspectively (Table
4.7). These rates correspond with a gross N immnzaliibn (difference) of, respectively,

444, 776 and 1605 kg N ha™ in the upper 20 cm of the D6, D14 and D50 soil.

In the further discussion of the results, the ghéssansformation rates mentioned
in the text will refer to the weighted average grd$ transformation rates calculated

between day 1 and day 7.

4.3.4. Relations between gross N transformation rates, net N

mineralization rates and SOM contents

The Pearson correlation coefficients between theaNsformation rates (gross N
mineralization, gross nitrification, gross immobiltion (difference) and long-term net N

mineralization rates, all expressed in mg N'lapil d*) and the C contents, N contents
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(expressed in mg C or N Kgsoil) and C/N ratios of whole soil and the individ SOM
fractions are shown in Table 4.8. The linear regjogs models corresponding with the
largest Pearson correlation coefficients for edd@ N transformation rates are included
in Table 4.9. As in some cases negative values alataned for the gross NHand NQ
immobilization rate™N dilution) (Table 4.7), the correlation between these ratesthe

SOM contents was not investigated.

The gross mineralization rates showed a strongtiyp®sorrelation with the total
C and N contents (Table 4.8, r=0.948 and r=0.963ews/ely; Table 4.9, model 1).
Considering the C and N contents in the individ&DM fractions, the gross N
mineralization rates showed the strongest cormelatiith the C and N content in the HF
150-2000 um fraction (Table 4.8, r=0.976; Table 4thdel 2), followed by the N
contents in the <50 um fraction (Table 4.8, r=0)9&8d the C and N contents in the
50-150 um fraction (Table 4.8, r=0.957 and r=0.938)e gross nitrification rates showed
a stronger correlation with the total C contental€ 4.8, r=0.939; Table 4.9, model 4)
than with the total N contents (Table 4.8, r=0.888nhd were best correlated with the C
and N contents in the <560 um fraction (Table 4-&).965 and r=0.898, respectively;
Table 4.9, model 5) among the individual SOM frati. The gross immobilization rates
(difference) also showed strong, positive correlations with th&al C and N contents
(Table 4.8, r=0.933 and r=0.930; Table 4.9, modedsd@ 8). Considering the individual
SOM fractions, the gross immobilization rafdeference) were best correlated with the C
and N contents in the HF 150-2000 um fraction (€ahB, r=0.952 and r=0.954; Table
4.9, models 9 and 10) and the N contents in the B0fraction (Table 4.8, r=0.954;
Table 4.9, model 11). The long-term net N minesdian rates showed much weaker,
positive correlations with the total C and N comse(lrable 4.8, r=0.748 and r=0.828,
respectively; Table 4.9, model 12) than the grosmiNeralization rates, and showed the
strongest correlation with the N contents in thelB0D-2000 um fraction (Table 4.8,

r=0.848; Table 4.9, model 13). None of the N trarmmfdion rates considered were
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significantly correlated with the whole soil C/Ntim and only very weak correlations

were found with the C/N ratios of the SOM fractions

Table 4.8. Pearson correlation coefficients and significan€ehe correlations between
the N transformation rates (weighted average gkbssineralization and nitrification for
the interval day 1l-day 7, gross N immobilizati¢difference) and long-term net N
mineralization rates) and the C contents, N costamd C/N ratios of whole soil, LF
150-2000um, IF 150-200Qum, HF 150-200@um, 50-150um and <5Qum fractions

Gross mineralizatiorGross nitrificationGross immobilization Net mineralization

(di-d;) (ds-dy) (difference) (long-term incubation)
Cot 0.94¢x+* 0.93¢**+ 0.933 *** 0.748***
Cir 0.07¢ -0.09¢ 0.004 0.337
Cr 0.66¢*** 0.50<* 0.588 0.818***
Chr 0.97¢**+ 0.84¢*x+ 0.952 *** 0.8071***
Cs0-150 um 0.957++* 0.917%** 0.940*+* 0.762%**
Ces0 um 0.87(** 0.965+** 0.891 *** 0.542*
Niot 0.965*** 0.88E*x+ 0.930 *** 0.828***
Nir 0.12¢ -0.05] 0.053 0.383
Nie 0.74(**+ 0.571* 0.663* 0.848***
Nue 0.97¢*** 0.857%** 0.954 *+* 0.795***
N50-150 um 0.953%* 0.882*x+ 0.927 *** 0.793***
N<s0 pm 0.973%** 0.89¢*** 0.954 *+* 0.782%**
C/Niot 0.06: 0.43¢ 0.150 -0.316
C/Ne -0.70¢*** - 0.640+* -0.670™ -0.673**
C/Nie -0.614** -0.51¢ -0.580" -0.583
C/Nye -0.59(** -0.64¢6** -0.573* -0.496"
C/Nso.1s0ym  -0.431 -0.312 -0.376 -0.54T
C/Neso um 0.18¢ 0.557* 0.268 -0.212

* *x kxk - rovalues significant at p<0.05, 0.01ral 0.001 respectively
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Table 4.9. Linear and multiple linear regression models fa Hariation of the N transformation
rates (weighted average gross N mineralizationrémification for the interval day 1-day 7, gross
N immobilization(difference) and long-term net N mineralization rates), asuificed by (1) total

C contents, total N contents and whole soil C/loratnd (2) C contents, N contents and C/N ratios
of the LF 150-200Qum, IF 150-200Qum, HF 150-200Qum, 50-150um and <5Qum fractions

Unstandardized Standardized
regression coefficient  regression coefficient

Gross N mineralization rate (d;-d;)

Model 1 (R=0.93, p<0.001)  Constant 0.5942¢+*
Niot 0.00100+**
Model 2 (R=0.95, p<0.001)  Constant 0.4116%*+
Ny 0.0041¢++*
Model 3 (R=0.97, p<0.001)  Constant 2.2712¢*
N50_150 pm 0.0012:* 0.431
N<so um 0.0021 1%+ 0.679
C/Nso.150 um 0.0975** 0.188
C/Nso um -0.0450(* -0.093
Grossnitrification rate (d;-d;)
Model 4 (R=0.88, p<0.001)  Constant 0.3271¢
Coot 0.0001(+**
Model 5 (R=0.93, p<0.001)  Constant -1.1588¢+**
Cas0 um 0.0002¢***
Model 6 (R=0.92, p<0.001)  Constant 2.9039:**
Coot 0.0000¢*+* 0.885
C/Not 0.2229¢* 0.214
Gross N immabilization rate (difference)
Model 7 (R=0.88, p<0.001)  Constant 0.4796*
Cot 0.0000"***
Model 8 (R=0.87, p<0.001)  Constant 0.5043:**
Niot 0.0008;***
Model 9 (R=0.91, p<0.001)  Constant 0 B=7**
Cir 0.0002¢*+*
Model 10 (R=0.91, p<0.001) Constant 0.3139:x**
[\ 0.0034¢*+*
Model 11 (R=0.91, p<0.001) Constant 1.5286¢+*+
N<s0 um 0.0025¢*+*
Net N mineralization rate (long-term incubation)
Model 12 (R=0.69, p<0.001) Constant 0.0899!
Niot 0.0001¢+**
Model 13 (R=0.72, p<0.001)  Constant 0.0591¢
N||: 0.0027#**
Model 14 (R=0.83, p<0.001) Constant 0.6943¢*
Niot 0.0001¢++* 0.858
C/Niot -0.0656(** -0.384
Model 15 (R=0.84, p<0.001) Constant 0.3410%
Niot 0.0002(+** 0.909
C/Nso yum -0.0399:** -0.397
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Via multiple linear regression analysis we furthevestigated whether (1) a
combination of the N contents in the individual SGiections, (2) a combination of the
total N or C contents and the whole soil C/N ratios(3) a combination of the N or C
contents in the individual SOM fractions and th€ifN ratios could explain a larger
proportion of the variability of gross and net Mrisformation rates, than the total SOM
contents or the SOM contents in the individual tiats. As the C contents were highly
correlated with the N contents in the whole sod #me individual SOM fractions (Pearson
correlation coefficients ranging from 0.91 to HetC and N contents were only entered

separately for the multiple linear regression asialy

For all rates considered, no combination of theoNtents in the individual SOM
fractions could be calculated that accounted ftarger proportion of the variability of
these rates than the total C or N contents or anmglesSOM fraction. For the gross N
mineralization rates, multiple linear regressiorlgsis resulted in one significant model
(Table 4.9, model 3), which included the N contearid C/N ratios of the 50-150 um and
<50 um fractions. This model explained 97% of theaiamlity of the gross N
mineralization rates. For the gross nitrificatiates, one significant model was calculated
(Table 4.9, model 6). In model 6, the whole soNCatio explained only an additional 4%
of the variability of gross nitrification rates cpared to the linear regression model with
the total C contents only (Table 4.9, model 4). tipie linear regression analysis of the
gross N immobilization rategdifference) resulted in the linear regression models
including total C and N contents, the C and N cotsten the HF 150-2000 pm fraction
and the N content in the <50 pum fraction, as dissdissefore (Table 4.9, models 7-11).
For the net N mineralization rates two significantdels were calculated (Table 4.9,
models 14 and 15). Model 14 included a negativestation with the total C/N ratios, and
explained 83% of the variability of the net mineration rates. 84% of the variability of
the net mineralization rates was accounted for lwgeh 15, which included a negative

correlation with the C/N ratio of the <50 um fractio
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In order to investigate whether the long-term ptiégémet N mineralization rates
were related to the short-term potential gross Nemalization rates, the long-term net N
mineralization rates in the six soil layers invgated were plotted versus the
corresponding gross N mineralization rates in Fgdirl. The relation between net and
gross N mineralization rates could be significarfitjed by a logarithmic equation
(net m = 0.24Ln(gross m) + 0.23?%.69, p<0.05). When the outlier (correspondindwit
the mineralization rates in the 10-20 cm layer led D50 soil) was removed from the

dataset, a much better fit was obtained (net m 25L0(gross m) + 0.27, R0.92,

p<0.01).
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Fig. 4.1. Plot of the net N mineralization rates versus gness N mineralization rates
observed in the 0-10 cm and 10-20 cm layers oDBeD14 and D50 soil, and fit of the
relation by a logarithmic regression equation
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4.4. Discussion

4.4.1. Total organic C and N contents

Accumulation of SOM when long-term arable land awerted to permanent
grassland can be attributed to greater organicematputs under grassland through dead
plant material (mainly roots), combined with a séwwrate of soil organic matter
decomposition due to absence of annual cultivafMfhitehead, 1995a; Haynes and
Beare, 1996). Taking account of the bulk densiiremsured in the soils (Table 4.1), the
total amounts of C and N stored in the 0-10 cmrafehe D6, D14 and D50 soil were
27, 28, and 54 t C Haand 2.3, 2.6 and 4.4 t N harespectively (Least significant
difference at P<0.05 = 8 t C hand 0.6 t N ha, respectively). Thus, the difference in C

and N storage in the 0-10 cm layer of the D6 and Bdils was not yet significant.

In the assumption that the initial SOM contentdpl®e conversion to permanent
grassland, and the average annual input of orgamterial in the three soils were
comparable, these results reflect that SOM accuroualafter conversion of arable land to
permanent grassland is a slow process, which tentde detectable in the total C and N
contents only in the long-term after conversion@3sil). In the 10-20 cm layer, the total
amounts of C and N stored were respectively 18&ari629 t C ha, and 1.5, 1.3 and 2.0
t N ha' (Least significant difference at P<0.05 = 3 t C'lamd 0.3 t N hd, respectively).
The smaller increase in C and N storage in the@ 02 layer in relation to the 0-10 cm
layer reflects that in temperate grassland syst&fEyl accumulation largely tends to

occur in the surface layer (Loiseau and Souss&@8)1
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4.4.2. C and N contents in the size and density fractions of soil organic

matter

The contribution of the macro-organic matter fraics to the total organic C and N
contents in the 0-10 cm layers ranged from 0.3.58&2for the LF 150-2000 um fraction,
from 3.9 to 10.8% for the IF 150-2000 um fractioddrom 7.0 to 19.1% for the HF 150-
2000 um fraction (Tables 4.2 and 4.3). These vateeespond well with the results of
Hassink (1995), who reported ranges of 0.5 to Z&%he LF 150-2000 um fraction, 1.3
to 8.4% for the IF 150-2000 pum fraction and 5.82®1% for the HF 150-2000 pm
fraction from the 0-10 cm layer of grassland s@is8 years old) with a loamy texture.
However, the contributions of the macro-organicterato the total organic N content in
this study were considerably larger than the vaheported by Warren and Whitehead
(1988), who found that 0.55 to 6.3% of total orgaNi was stored in the SOM fraction
>200 um in the 0-15 cm layer of grassland soils@y@ars old). This difference may be
partially explained by the smaller sampling de@hLQ cm depth) and minimal particle

size of the macro-organic matter (>150 pm) whichensnsidered in our study.

In the 10-20 cm layer, the contribution to the ltotganic C and N contents of the
LF 150-2000 um fraction, which ranged from 0.4 tb%, was generally slightly smaller
than in the 0-10 cm layer. The contributions of tReand HF 150-2000 pm fractions,
however, which respectively ranged from 0.8 to 2.6%@ from 4.5 to 8.8%, were
considerably smaller than in the 0-10 cm layer #msdl was also observed by Hassink

(1995).

The C/N ratios observed in the LF, IF and HF 150@@m fractions from the
0-10 cm layers were generally slightly smaller thiaa values reported by Hassink (1995)
(20, 18 and 14, respectively), Meijboom et al. @P918-24, 15-21 and 13-16,

respectively) and Warren and Whitehead (1988) (28.8 for the macro-organic matter
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fraction >200 um). This may be explained by the thett these studies considered the
macro-organic matter fraction with a size up to 8 rfHassink, 1995; Meijboom et al.,
1995) or 6 mm (Warren and Whitehead; 1988), thugaining a larger amount of grass

root material, which generally has a C/N ratio taggrom 25 to 45 (Whitehead, 1970).

The decrease of the C/N ratios in the order LF>IFxeffects that the LF 150-
2000 pum fraction consisted mainly of partially degmsed plant residues, whereas the IF
150-2000 pm and HF 150-2000 pm fractions consistedore humified, organo-mineral
complexed SOM (Meijboom et al., 1995). The decrdas€/N ratios from the macro-
organic matter fractions towards the <50 um fractihich we observed (except in the
10-20 cm layer of the D50 soil) is consistent with findings of several other studies (e.g.
Tiessen and Stewart, 1983; Catroux and Schnitz@8,/;1Christensen, 1992) and is
indicative of an increasing degree of humificatioom the coarser to the finer particle-

size fractions of SOM.

In the 0-10 cm layer, total C and N contents amdaimounts of C and N stored in
the HF 150-2000 um, 50-150 um and <50 um fractienddd to increase in the order
D6<D14<D50, whereas this trend was not observedan_th 150-2000 um and IF 150-
2000 um fractions. Though there was no signifiq@0.05) difference detectable yet
between total C and N contents nor C and N contientee 50-150 pm and <50 pm
fraction in the D6 and D14 soil, C and N contentshie HF 150-2000 pum fraction were
already significantly larger (about 2 times) in &4 soil. This indicates that in the short-
term after conversion of arable land to permanesgsiand, SOM derived from dead plant
material initially tends to accumulate in the HFOAZ00 pm fraction. This suggests that
the HF 150-2000 um fraction could serve as a gaudl relatively easily detectable
indicator of early SOM accumulation, or early chesmign SOM content in general,
induced by the conversion of cultivation to pernangrassland. The fact that no SOM

accumulation was observed in the LF or IF 150-2060fractions shows that these two
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fractions can be considered to be SOM pools witlery short turnover time, which is
consistent with the conclusions of Romkens et1#899). These results also indicate that
the transfer of C and N from the macro-organic eraftactions towards the more
humified 50-150 um and <50 um SOM fractions is awsprocess, and that SOM
accumulation in the 50-150 pm and <50 um fract®wonly detectable in the long-term

after conversion of arable land to permanent gaass|

4.4.3. Gross N transformation ratesand net N mineralization rates

The gross N mineralization rates observed in thH) @&em layer in our study
(ranging from 0.89 to 3.30 mg N kgoil d*) were comparable with the rates reported by
Jamieson et al. (1999) (0.36 to 2.36 mg N lsgil d*) and Murphy et al. (1999) (1.3 to
3.3 mg N kg soil d%), but lower than the rates reported by Davidsoalef1990) and
Corre et al. (2002) (4.9 to 8.2 mg Nkgoil d). The gross nitrification rates (ranging
from 1.37 to 4.20 mg N khsoil d*in the 0-10 cm layer) were comparable with the eang
observed by Watson et al. (2000) (1.89 to 3.71 mkgN soil d*), but higher than the
rates observed by Davidson et al. (1990) (0.59.84 éng N kg soil d*) and Corre et al.
(2002) (0.3 to 2.8 mg N Kysoil d*). The net N mineralization rates in the 0-10 cyeta
of the investigated grassland soils (0.32-0.58 mgjNsoil d*) were in the same range as
reported by Hassink (1994) (0.38-0.89 mg N'lspil d*) for ungrazed grassland soils

with comparable SOM contents.

When the gross N transformation rates in soils emémated by means dfN
isotope dilution experiments, the gross NEonsumption rates (NfHimmobilization and
nitrification) and gross N@ consumption rates (NQimmobilization) may be stimulated
(priming effect) and thus overestimated, as thessates for these processes @Nldnd
NOs, respectively) are added to the soils (Davidscal.etl991). Therefore, the calculated

gross NH" and NQ' consumption rates may not reflect the N transfoiongprocesses as
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they occur in the field, but rather represent gotential NH;~ immobilization, NQ°
immobilization and nitrification activity in thessoils (Watson et al., 2000). As for the
calculation of the gross N mineralization ratesyotiie product pool of this process
(NH,4"), and not the substrate pool is added in'fheisotope dilution experiments, the
thus obtained gross N mineralization rates cansiseraed to be unaffected by thdlH,
addition (Davidson et al., 1991). In this studye tross N consumption rates {atl,)
were always larger than the gross mineralizatidesrgd-d;), which obviously is not
sustainable (Table 4.7). In the long-term incubagxperiments, net mineralization was
observed in all layers investigated. In thN-isotope dilution experiments, however, net
mineralization was only observed in the D14 soi éme 0-10 cm layer of the D50 saill,
whereas in the other layers net immobilization ol The total gross N immobilization
rates(**N dilution) (sum of the NH" and NQ immobilization rates) in the D6, D14 and
D50 soils ranged from 2.74, 1.54 to 3.41 mg N kgil d*in the 0-10 cm layer, and from
1.78, 0.90 to 4.56 mg N Kgsoil d* in the 10-20 cm layer (Table 4.7). The gross N
immobilization rates(**N dilution) were thus 1.3 to 5 times larger than the gross N
immobilization rategdifference), which is in contrast with the results of Hart et(4994),
who found a very close agreement between the twithade for calculating gross N
immobilization in a forest soil. These observatianay suggest that NA and NQ
consumption were stimulated and thus overestimatedour *°N-isotope dilution
experiments. As the gross N mineralization ratesndbtend to be influenced byN-
addition in the isotope dilution experiments, wewase that the gross N immobilization
rates (difference) are more representative for the gross N immoliibrarates as they

occur in the field than the gross N immobilizatiates(*>N dilution).
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4.4.4. Relations between gross N transformation rates, net N

mineralization rates and SOM contents

The very strong correlation, which was observedwbeh the gross N
mineralization rates and the total N contents (€all.8) reflects that gross N
mineralization is largely determined (93%) by tlmeat N availability. Multiple linear
regression analysis showed that up to 97% of thiahitity of the gross N mineralization
rates could be accounted for by the N contentfién50-150 um and <50 pum fractions,
together with their C/N ratios (Table 4.9, model 3Jhe standardized regression
coefficient for the Nsoum fraction was approximately 1.5 times larger tham the
Nso-150pm fraction, which indicates a larger relative importe of the Noum fraction in
the regression model (Table 4.9, model 3). MonagtrahBarraclough (1997) found that
the contribution of macro-organic matter N (> 200 ,pgn< 1 g cn?) to gross N
mineralization in grassland soils was relativelyaimlonly 2.3 to 3.4%) and they
suggested that most of the N mineralized in grasslsoils is derived from SOM

associated with mineral particles, which is in adeace with our results.

Considering the N contents in the individual SOMactions, the net N
mineralization rates in our study were stronglyrelated with the IF 150-2000 pm
fraction and not significantly correlated with th& 150-2000 um fraction (Table 4.8).
This is in contrast with the results of Hassinkdapwho found that the LF 150-2000 pum
fraction showed the strongest correlation amongnthero-organic matter fractions with
the net N mineralization rates in the top 25 crgrassland soils. The net N mineralization
rates showed a much weaker correlation with thel tht contents than the gross N
mineralization rates (Table 4.8). This reflectstthat N mineralization results from the
balance between gross mineralization and immolitima which is also controlled by
other factors than total N availability, like C d¢ent (Table 4.9, models 7 and 9) or C/N

ratio of the SOM (Table 4.9, models 14 and 15). eBalv studies suggest that N
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immobilization and the balance between mineralmatnd immobilization is influenced

by the available C content (Woodmansee and Durk@80; Hart et al., 1993; Whitehead,
1995a; Barret and Burke, 2000) and the C/N ratishef SOM (van Veen et al., 1984,
Whitehead, 1995a; Janssen, 1996). In our study, gless N immobilization rates

(difference) showed a strong, positive correlation with thalt@ contents and especially
with the C contents in the HF 150-2000 pum fractibhnis is in accordance with the results
of Barret and Burke (2000), who also found a sigaiit positive, but weaker correlation
(R?=0.58) between the gross N immobilization ratestatal C contents in five grassland

soils.

The relation between net N mineralization and giéssineralization rates could
be well described by means of a logarithmic equatig. 4.1). As net N mineralization
equals gross N mineralization minus gross N imnizddilon (difference), this logarithmic
relationship indicates that the ratio of net tosgr&N mineralization (or the ratio of gross
immobilization (difference) to gross mineralization) tended to decrease witlteiasing
gross N mineralization rates in the investigatealsgland soils. The ratio of the net to
gross mineralization rates ranged from 0.36, 0a23.18 in the 0-10 cm layers, and from
0.20, 0.17 to 0.05 in the 10-20 cm layers of the D&4 and D50 soils, respectively.
These results shows that the ratio of gross imnzalibn to gross mineralization tended
to increase, with increasing SOM contents in bayefs of the investigated grasslands.
This trend has also been observed in forest spilddit et al. (1994) and reflects that the
microbial demand for N (immobilization) tended twiease with increasing C availability

and with increasing age of the investigated grasistmils.

In our study no significant correlations were foubdtween the gross N
immobilization rates and the whole soil C/N rati¢sable 4.8). For the net N
mineralization rates, however, we did find sigrafit, negative correlations with the

whole soil C/N ratios and the C/N ratios of the gbfh fraction via multiple linear
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regression analysis (Table 4.9, models 14 and Whiple soil C/N ratios and the C/N
ratios of the <50 um fraction accounted for respebt 14 and 15% of the variability of
the net N mineralization rates, in addition to taiability explained by the total N
contents. In this way, the very small net N mineedion rate which was observed in the
10-20 cm layer of the D50 soil in relation to thé Bnd D14 soils, may be partially
explained by the relatively high C/N ratio in theO<pm fraction in the D50 soil (Table

4.4).
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45. Conclusions

The total C and N contents mainly tended to inae@aghe 0-10 cm layer with increasing
age of the investigated grassland soils. Significkfiferences in total SOM storage were,
however, only detectable in the long-term (D50 )safter conversion of arable land to
permanent grassland. In the assumption that thi@liSiOM contents, before conversion
to permanent grassland, and the average annudlohpuganic material in the soils were
comparable, these results indicate that stabitinabf SOM and thus sequestration of C
upon conversion of arable land to grassland i®@& process. The largest relative increase
in C and N contents occurred in the HF 150-2000faction, followed by the 50-150 um
and <50 um fractions. Our results suggest thatfRel 50-2000 um fraction could serve
as a good indicator of early SOM accumulation, agetliby the conversion of cultivation
to permanent grassland. We didn't observe any tleads in C and N contents in the LF
150-2000 pm fraction, and the C and N contentlenLf~- 150-2000 um fraction were not
significantly correlated with the gross N transfation rates nor with the net N
mineralization rates in the investigated grasslsmits. Therefore we suggest that the LF
150-2000 pum fraction might be considered togethién the IF 150-2000 um fraction in

future studies, as the combined LF+IF 150-2000 gamtibn (density <1.37 g ci.

The gross N mineralization, nitrification, and imiilzation rates(difference) in
the investigated grassland soils showed strongtiy®sorrelations with the total C and N
contents. Our results indicate that gross N mineabn is largely determined by the total
N availability, whereas net N mineralization iscatontrolled by other factors (C content
and C/N ratio of the SOM), as it results from thedalnce between gross mineralization
and immobilization. The relation between long-temet mineralization rates and gross

mineralization rates could be fitted by means twfigarithmic equation, which reflects that

102



Chapter 4

the ratio of gross immobilizatio(difference) to gross mineralization tended to increase
with increasing SOM contents. Since microbial dedhéor N (immobilization) tended to
increase with increasing SOM content in the ingaddd grassland soils, this indicates
that potential N retention in soils through immatation tends to be limited by the

available C content.
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Estimation of gross N transfor mation rates and
potential N retention after addition of *N-labelled
NH4NO; to permanent grassland soils

This chapter is compiled from:

Accoe, F., Boeckx, P., Videla, X., Hofman, G., Van Cleemput, O. Estimation of gross N
transformation rates and potential N retention after addition of ®N-labelled NH,NO; to permanent
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5. Estimation of gross N transformation rates and potential
N retention after addition of N-labelled NH,NO; to
permanent grassland soils

5.1. Introduction

The flux of N through mineralization-immobilizatiagnrnover (MIT) in grassland
soils is a major determinant for the N supply féarp uptake and for N loss processes
(Ledgard et al., 1998). The balance between N mlization and immobilization is at an
undefined equilibrium which tends to vary with tiraed soil properties (Barraclough and
Jarvis, 1989). Several field studies witiN-labelled mineral fertilizer have shown that
significant amounts of labelled fertilizer can let¢ained in the soil organic N pool, as a
result of immobilization by the microbial bioma®riétow et al., 1987; Hart et al., 1993;
Whitehead, 1995b). The extent to which inorganiagsNmmobilized is related to the
supply of readily available C, as this regulatesrtiicrobial activity (Okereke and Meints,
1985). Some of the immobilized fertilizer N in tteoil organic matter (SOM) is
subsequently remineralized, though this is beligeedccur relatively slowly (Whitehead,

1995h).

The gross N transformation rates (mineralizatioitrification, NH;" and NQ
immobilization) which occur in soils can only betigmted by application of th&N
isotope pool dilution methodology in single or pair'°N-labelling experiments
(Barraclough, 1991). In paired®N-labelling experiments,”>N-labelled NH' and
unlabelled N@ is added to the soil in one experiment, while beleed NH;" and
>N-labelled NQ is added in a parallel experiment (Barraclougt91)9The™N isotope
pool dilution methodology is based on the princiilat after enrichment of an N pool

(NH4" or NOy) with N, an influx of non-enriched N into this pool, vigineralization or
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nitrification, lowers the **N-abundance (dilution) whereas an efflux, via 4H
immobilization and nitrification or via N immobilization and denitrification, does not.
Thus, the decrease MN abundance of the enriched pool is a measurehf®rgross
production of the enriched N compound. In addittonthis approach, the increase in
>N-abundance of other, non-enriched pools can bed use quantify the gross
transformation rates of these pools (Wessel antéifi@, 1992). Because several N fluxes
can simultaneously dilute or enrich th&l abundance of a pool, these fluxes can only be

accurately estimated using numerical techniquesydaal., 1998).

The aim of this study was to investigate the evolutof the gross N
transformation rates and the potential N retenafter mineral fertilizer application in
three grassland soils of varying texture. DiffeleniN-labelled NHNO; (at a rate of 100
mg N kg* soil) was added to the soils in paired experimeftese soils were incubated
during 30 days in the laboratory. Size anW-enrichment of the Ni, NO;, and soil
organic N pools were measured at 0, 1, 3, 7, 143ndays after NENOs-application.
The C mineralization rates were also monitoredrduthe incubation experiments. The
experimental data were simulated with the numesgalulation model FLUAZ (Mary et

al., 1998) in order to estimate the gross N tramsédion rates.

5.2. Materialsand methods

5.2.1. Sitedescription and soil sampling

Soil samples were collected in September 2002 filmr@e permanent grassland
soils of varying texture at three different locagan Belgium. The first grassland soil was
a wet, poorly drained Plagganthrept with a loammdsizxture, located at Wechelderzande
(4°46’E, 51°15'N). The second grassland soil wascalerately drained Glossic Hapludalf

with a loamy texture, located at Melle (3°47’E, 59'N). The third grassland soil was a
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moderately drained Oxyaquic Udifluvent with a clapgm texture, located at Watervliet
(3°35’E, 51°17’'N). The sand, silt and clay contefithe soil samples were determined by
particle-size analysis following the pipette methofd Robinson-Kéhn (De Leenheer,
1966; Gee and Bauder, 1986). The soils were cledsifccording to USDA (1999). The
general soil characteristics of the 0-10 cm layfethe three soils are shown in Table 5.1.
The three soils had comparable C/N ratios, randmogn 11.0 (Watervliet) to 11.3
(Wechelderzande). From each grassland soil, 20cegplsoil cores covering the whole
area of the investigated grassland were taken ftam0-10 cm layer with a steel auger
(3.5 cm diameter). The soil cores were bulked daced in plastic bags at 4°C until the

start of theN-isotope dilution experiments.

Table 5.1. General soil characteristics of the 0-10 cm lapethe Wechelderzande, Melle

and Watervliet grassland soils

Location C contentN content pH-HO Silt contentClay contentBulk density

(%) (%) ) (%) (%) (g cril)
Wechelderzande 3.03 0.268 5.9 8.2 59 1.19
Melle 2.88 0.261 6.3 42 .4 9.7 1.32
Watervliet 541 0.493 7.2 45.3 26.9 1.11

5.2.2. Incubations

For each of the three soils, a fully-mirror&8\-isotope dilution experiment has
been conducted in the laboratory, in order to sthéygross N transformation rates during
30 days after addition of differentf{yN-labelled NHNOs. Before the start of th&N
isotope dilution experiments, the fresh soil sampleere homogenized and sieved on a
3.15 mm sieve to remove root material and shorithydided to obtain the gravimetric

water content corresponding with a water filledgapace of 50% at the bulk density
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measured in the field (Table 5.1), minus the amofifiN-labelling solution which would
be added to the soils at the beginning of the eéxmen (corresponding with 6%
gravimetric moisture content). The soils were preuabated during 7 days at 15°C. After
the pre-incubation period, half the amount of tbé was labelled with &°N-enriched
(10.23 atom%)°NH,““NOs-solution, equivalent to an addition of 50 mg A4 and 50
mg NG;-N kg™ soil. The other half of the soil was labelled witH®N-enriched (10.4
atom%) “*NH,°NOs-solution at the same dosis. After label addititiie soils were
thoroughly mixed in order to ensure a homogeneabsl|distribution. From both the
NHNOs- and**NH4*NOs-labelled bulk samples of each of the three grassiaoils,
15 disposable jars were filled with an amount of squivalent to 50 g oven-dry weight.
The bulk densities of the soil samples were adjustethe values measured in the field
(resulting in a water filled pore space of 50%)yeared with pin-holed parafilm to enable
gas exchange and incubated at 15AG@er 1, 3, 7, 14 and 30 days of incubation, 3
replicate’®NH4“NOs- and**NH,**NOs-labelled incubations were removed and extracted
with 250 ml of 2M KCI (60 min. shaking). After shak, the soil suspensions were
centrifuged (Heraeus Sepatech, Labofuge GL) at 3800min:* during 5 min. and the
clear supernatans was immediately frozen for ldtéf-, NOs- and™N-analysis. In order
to remove any residual inorganitN from the soil samples, the extraction was repeate
twice by shaking during 30 min. with 150 ml 2M K&lllowed by centrifugation. The
extracted soil samples were then quickly dried08C5during 48 hours and ground with a
planetary ball mill (PM400, Retsch, Germany) Jf'tsml-analysis of the organic N, in order
to study the™N-immobilization. This extraction procedure wasoatsirried out just before
and 15 min. after thé°NHs**NOs- and **NH4**NOs-label additions (initial and day 0

extraction).

From the*NH,*NOs-labelled bulk samples three additional disposgls per
grassland soil were filled with an amount of sajusralent to 150 g oven-dry weight, in

order to follow the evolution of the G&production during the incubation. The bulk
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densities of these soil samples were also adjustedder to obtain a water filled pore
space of 50% and covered with pin-holed parafilimese samples were placed in sealed
1200 cnf glass jars fitted with a rubber septum for gasplang and incubated at 15°C for
30 days. The evolution of the G@roduction in each jar was measured by analyzidg a
cm® headspace sample for €0sing a gas chromatograph (GC-14B, Shimadzu, Japan
with an ECD detector and a packed column (PORAPAZL; Knesh size 80/100) after 1, 3,
7, 14, 23 and 30 days of incubation. Following esampling event, the glass jars were
opened and parafilm was removed from the samplesmxgd5 min. to re-establish

ambient conditions.

5.2.3. Chemical analysis

Analyses of the total C and N contents in the sahples were performed using a
CNS analyzer (Vario Max CNS, Elementar, Germanyhe TNH,"- and NQ-
concentrations in the KCI extracts were determimetbrimetrically by means of a
continuous flow analyzer (Skalar, The Netherlanti)tope ratio analysis of the NH
and NQ'-pool was performed after chemical conversion $®NNH;" was converted to
N2O using NaOBr according to a protocol adapted fidauck (1982) and Saghir et al.
(1993). The samples with a NHconcentration too low for conversion to,® were
spiked by an addition of 700 pl of an (WBOs-solution at natural abundance, with a
concentration of 10.7 mmol N'] to 45 ml of the samples. NOwas converted to XD
according to Stevens and Laughlin (1994). Isot@pe analysis of the produced® was
carried out using an ANCA-TGII trace gas preparatioit (PDZ Europa, UK) coupled to
a Continuous Flow Isotope Ratio Mass Spectrome26r20, PDZ Europa, UK)™N-
analysis of the soil samples was performed usingAAICA-SL elemental analyzer
coupled to a Continuous Flow Isotope Ratio Massc&pmeter (20-20, PDZ Europa,

UK).
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5.2.4. Calculation of the N fluxes

The N fluxes during the incubation experiments wesgmated numerically using
the FLUAZ model developed by Mary et al. (1998).eTdight N fluxes which can be
taken into account in the FLUAZ model are (Fig.)5rtiineralization (= ammonification,
m), immobilization of NH" (ia) and NQ (in), remineralization or release of previously
immobilized N (r), humification (h), nitrification), volatilization (v) and denitrification
(d). The calculations in this model are based om igotopic dilution and isotopic
enrichment principles (Monaghan and Barraclougl95)9In order to use the model,
measurements of the size and ator® in excess of the NF-, NOs- and total soil
organic N pool from either a single or a pairecelibg experiment are needed as input
data. The biomass N pool which is simulated in iedel is that part of the biomass
which is actively growing and accounts for the inffi@ation and remineralization of

added mineral N (Mary et al., 1998).

NH, N,O, N,
A A
v d
m . n .
Humus —3p NH, L » NO;
A
r ia in
h Ly M!croblal <
biomass

Fig. 5.1. Compartment model of the N pools and fluxes carsid in FLUAZ; m =
mineralization (= ammonification), n = nitrificatipv = volatilization, d = denitrification,
ia = immobilization of NH', in = immobilization of N@, r = remineralization, h =

humification
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The FLUAZ model combines a numerical integrationthnd (Runge-Kutta
algorithm) for the differential equations, desanipthe N and®N fluxes between the four
N pools (NH™-N, NOs-N, humus and biomass N; Fig. 5.1), with a nondinétting
method (Haus-Marquardt algorithm) for the calcalat{optimization) of the different N
fluxes in the model. The optimal fit of the expeeintal data was calculated by minimizing
the MWE (mean weighted error) criterion, which iguaction of the difference between
simulated and measured variables and the expemnemtriance of the measured
variables. In this way, the measured variables wh#h largest experimental variability
have the lowest weight in the optimization proced(Mary et al., 1998). Further details

on the FLUAZ model can be found in Mary et al. (829

In this study, the FLUAZ model was used to estinthte gross N mineralization
rate, the gross nitrification rate, the gross sNHnd NQ immobilization rate, the
remineralization rate and denitrification rate witthe five time intervals (day 0-1, 1-3, 3-
7, 7-14 and 14-30) considered during the incubatibthe three soils. The humification
and volatilization rates were assumed to be zerbe Tross N mineralization,
immobilization, remineralization and denitrificaticates were allowed to follow zero
order kinetics, whereas the gross nitrificationeratas allowed to follow first order

kinetics, in accordance with Mary et al. (1998).
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5.3. Resaults

5.3.1. Sizeand atom% N in excess of the NH,*- and NO; -pool

The initial NH;"-content in the loamy sand (Wechelderzande), loévtalle) and
clay loam soil (Watervliet), just before additioh the labelled NEHNOs-solutions, was
respectively 42.4, 1.6 and 1.5 mg N'lkgoil. The initial N@Q-content in the three soils
was respectively 28.6, 39.3 and 57.6 mg N kgil. This indicates that, during the pre-
incubation period, a considerable accumulation lef™N had occurred in the loamy sand
soil, which was not the case in the loamy and tayn soils. The loamy and clay loam
soils, however, showed a relatively larger accutiutaof NOs-N than the loamy sand
soil during the pre-incubation period. The evolntaf the NH'- and NQ'-contents in the
three soils during the incubation (between 15 rfdlay 0) and 30 days after addition of

the °N-labelled NHNOs-solutions) is shown in Fig. 5.2.

In the loamy sand soil (Fig. 5.2 A), the Nktontent increased between day 0
(96.9 mg N kg soil) and day 3 (107.2 mg N Rgsoil), followed by a linear decrease
between day 3 and day 30 (10.6 mg N'lgpil). The NQ-content showed a steady
increase between day 0 (70.1 mg Nlepil) and day 30 (177.3 mg N kgoil). However,
the mean net nitrification rate between day 0 amg ¥4 (5.2 mg N kg soil d*) was 2.5
times larger than the mean net nitrification raseateen day 14 and day 30 (2.1 mg N'kg
soil d*). The total mineral N content showed a strongease between day 0 and day 3
(corresponding with a mean net mineralization cdt®.3 mg N kg soil d), followed by
a smaller increase between day 3 and 14 (corresmpmdth a mean net mineralization
rate of 1.3 mg N kg soil d%), and a decrease between day 14 and 30 (corresgonith

a mean net immobilization rate of -1.4 mg Nlapil d%).
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The NH;"-content in the loamy soil (Fig. 5.2 B) decreasaddrly between day 0
(46.5 mg N kg soil) and day 14 (3.9 mg N Rgsoil), and remained nearly constant
afterwards. The mean net nitrification rate betwdap 0 and 14 (3.6 mg N Rgsoil d?)
was 3.4 times larger than the mean net nitrificatete between day 14 and 30 (1.1 mg N
kg® soil d%). In contrast with the loamy sand soil, the tataheral N content showed a
continuous increase during the whole incubationopercorresponding with a mean net

mineralization rate of 0.8 mg N Rgsoil d™.

In the clay loam soil (Fig. 5.2 C), the NHcontent showed a very fast decrease
during the first 3 days after the MNIOs-addition (from 47.3 to 1.8 mg N Kgsoil) and
remained nearly constant after day 3. The fastedser of the Nii-content coincided
with a very fast increase of the N@ontent between day 0 (106.6 mg N'kspil) and
day 3 (186.2 mg N Kjsoil). The N@-content showed a much smaller increase between
day 3 and day 14, and started to decrease agamday 14. Like in the two other soils,
the mean net nitrification rates decreased in fanabdf time and ranged from 27.4 mg N
kg soil d* (day 0-day 3), 2.8 mg N Kgsoil d* (day 3-day 14) to -0.97 mg N Rgsoil d*
(day 14-day 30). During the first day after the /NIDs-addition, the total mineral N
contents decreased slightly, followed by a strongraase between day 1 and 3
(corresponding with a mean net mineralization @ft@2.4 mg N kg soil d%). As the
NH,"-contents remained nearly constant after day 3ntean net N mineralization rates

equalled the mean net nitrification rates betwemn3land 30.

The evolution of the atom%N in excess of the Nf+-pool and the N@-pool in
the three soils between 15 min. (day 0) and 30 détgs addition of thé>NH,*NO; and

YNH,*NOs-solutions are shown in Fig. 5.3 and 5.4, respebtiv

115



Chapter 5

Loamy sand sail

250 -

200

150

100

50

Pool size (mg N kg* soil)

Time (d)

Loamy soil
250

200 -

150 j

100 +

50

Pool size (mg N kg® soil)

O T T T T T T
0 5 10 15 20 25 30

Time (d)

A

Clayloam soil
250

200

150

100

50

Pool size (mg N kg* soil)

Time (d)

Fig. 5.2. Evolution of the NH- and NQ'-contents (indicated by triangles and squares,
respectively) in the loamy sand (A), loamy (B) afaly loam (C) soil between 15 min. (day 0) and
30 days after NENO; addition; vertical bars represent two standardadiens; the evolution of
the simulated values by the FLUAZ-model is indidalby the continuous lines
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Loamy sand soll

-+ 040
-+ 035
-+ 0.30
-+ 0.25
+ 0.20
-+ 0.15
-+ 0.10
-+ 0.05
0.00

5N in excess of NH,*

1SNH,“NO, exp. (atom%)
N in excess of NH,*

14NH,'>N0, exp. (atom%)

Time (d)
B Loamy soil

- 040
-+ 0.35
-+ 0.30
-+ 0.25
-+ 0.20
+ 0.15
-+ 0.10
-+ 0.05
\ \ ‘ 0.00
0 10 20 30

Time (d)

[EnY
o

N in excess of NH,*
15NH,*“N0, exp. (atom%)

OFRP NWMUIUITO N OO

N in excess of NH,*
14NH,'SN0, exp. (atom%)

c Clay loam soil

— 0.40
+ 0.35
+ 0.30
+ 0.25
e + 0.20
+ 0.15
+ 0.10
—+ 0.05
0.00

N in excess of NH,*

15NH,*N0, exp. (atom%)
N in excess of NH,*

14NH,’*N0, exp. (atom%)

.

20 30
Time (d)

Fig. 5.3. Evolution of the atom%°N in excess of the NfFpool in the loamy sand (A), loamy (B)
and clay loam soil (C) between 15 min. (day 0) &0ddays after addition dfNH,*NO; and
1NH,*NO; (indicated by full and empty bullets, respectiveldrtical bars represent two standard
deviations; the evolution of the simulated valugsthe FLUAZ-model is indicated by the

continuous line

117



Chapter 5

Loamy sand soil

=

OFRPNWDKOOON©O O

N in excess of NO; (atom%)

Time (d)

w

Loamy soll

N in excess of NOy (atom%)

OFRPNWMAMOIITON ©®OO
Ly 1
|q

: T @
T T T T T 1
0 5 10 15 20 25 30
Time (d)
C .
Clay loam sail
$ 10
E 9
@]
< 8
o 7
g 6
S 5
92 4
S 3 o
§ 2 ~——e s —3
£ 1
u‘_¢72 O\ T T T T T 1
0 5 10 15 20 25 30
Time (d)
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Fig. 5.5. Evolution of the atom%°N in excess of the soil organic and fixed N poottie loamy
sand (A), loamy (B) and clay loam soil (C) betwd&nmin. (day 0) and 30 days after addition of
5NH,*NO; and “NH,®NO; (indicated by full and empty bullets, respectivelyprtical bars
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BNH,NOs-addition

In the loamy sand and loamy soil, the atorf™6in excess of the Nf¥-pool after
5NH,*NOs-addition (Fig. 5.3 A and B) showed a gradual daseeduring the whole
incubation period from 6.3 (day 0) to 0.2 atom%iktess (day 30) and from 10.0 (day 0)
to 0.6 atom% in excess (day 30), respectively. Tridscates that there was a continuous
input of NH;"-N at natural abundance into theN-labelled NH*-pool, resulting from
mineralization (ammonification) of soil organic Mhe lower initial atom%°N in excess
of the NH;"-pool in the loamy sand soil in relation to therfgasoil can be attributed to
the larger initial NH'-content in the loamy sand soil. The atom® in excess of the
NOs-pool in the loamy sand and loamy soil (Fig. 5.4aAd B) showed a logarithmic
increase as the incubation proceeded, which ireficitat°N-enriched NG@-N, resulting

from nitrification, continuously entered the Népool.

In the clay loam soil, the rapid decrease of the;Ntdntent between day 0 and
day 3 (Fig. 3.2 C) coincided with a very fast dase of the atom¥N in excess of the
NH4"-pool from 8.4 (day 0) to 0.45 atom% in excess (8gyfollowed by a small but
continuous decrease down to 0.25 atom% in excedsyad0 (Fig. 5.3 C). During the first
day after thé°NH,**NOs-addition, the atom%°N in excess of the N©pool (Fig. 5.4 C)
increased fastly from 0.08 (day 0) to 2.1 atom%xoess (day 1), followed by a slower
increase up to 2.3 atom% in excess at day 3. Theradttion that the atoméN in excess
of the NQ-pool at day 0 (15 min. after addition of th&lH,**NOs-solution) was already
larger than zero, and the very fast increase ofithm%"N in excess between day 0 and
1 indicate that the addedN-labelled NH*-N was very rapidly converted to NEN
through nitrification. After day 3, the atom#N in excess of the Ngpool decreased
linearly down to 1.9 atom% in excess at day 30sTHi-dilution of the NQ-pool after
day 3 indicates that from then on there was a woatis input of N@-N with a lower*>N

content through nitrification.
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14NH°NOs-addition

In the loamy sand and loamy soil, the atort® in excess of the NOpool (Fig.
5.4 A and B) showed a gradual decrease during tr@ewncubation period from 6.1 (day
0) to 2.9 atom% in excess (day 30) and from 5.4 @ado 2.9 atom% in excess (day 30),
respectively. In the clay loam soil, the atom® in excess of the Npool (Fig. 5.4 C)
decreased strongly between day 0 and 3 from 4yp@#o 2.8 atom% in excess (day 3),
followed by a very slow decrease down to 2.3 atoim%xcess (day 30). The observed
dilution of the ™N-labelled NQ-pools can be attributed to nitrification of MHN at
natural abundance. In the loamy and the clay loaii @n increase in the atom# in
excess of the NH-pool was observed between day 14 (0.03 atom% des=y and 30
(0.15 atom% in excess), and between day 7 (0.0h%t excess) and 30 (0.22 atom%
in excess), respectively (Fig. 5.3 B and C). HowgeWais increase was only significant
(p<0.05) in the clay loam soil. ThiN-enrichment in the Ni-pool when*NH,>NOs;
was appliectould be explained by the remineralization of poegly immobilized™N, by
a direct conversion of NOto NH," (via dissimilatory reduction) or by a combinatioh o

both processes occurring simultaneously in thedge so

5.3.2. ®N-recovery in the soil organic and fixed N pool

The atom%"™N in excess of the non-labelled loamy sand, loamy elay loam
soil was 0.0019, 0.0020 and 0.0026 atom%, respegtiThe evolution of the atomésN
in excess, expressed as the difference betweatah®@s™N in excess of the labelled and
non-labelled soils, and the amount'df recovered in the soil organic and fixed N pool in
the three soils between 15 min. (day 0) and 30 dégs addition of théNH,**NO; and

1NH,**NOs-solutions are shown in Fig. 5.5 and Table 5.Q)eetvely.
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Table 5.2. Amounts of °N recovered (expressed in JN kg* soil) in the soil organic
and fixed N pool at 15 min. (day 0), 1, 3, 7, 14/ & days after addition ¢INH;*NO;
and*NH*NOsin the loamy sand, loamy and clay loam soil

Time >NH,"NOs-addition YNH,™NOs-addition
(d) Soil Soll
Loamy sand Loamy Clay loam Loamy sand Loamy Clay loam

0 84 357 353 50 a7 27

1 215 508 602 82 94 58

3 300 543 649 86 106 61

7 429 866 617 87 135 63
14 552 1059 701 82 191 130
30 590 1043 664 106 206 131

NH,¥NOs-addition

The atom%™N in excess of the soil organic and fixed N poothe loamy sand
and the loamy soil showed a significant increasenfday O till day 14 and remained
nearly constant during the rest of the incubatieniqa (Fig. 5.5 A and B). In the clay
loam soil however, the atom%N in excess only significantly increased betweey @a
and day 1, and remained nearly constant duringesieof the incubation period (Fig. 5.5
C). The amount of°NH,"-N recovered in the soil organic and fixed N paunhiediately
(15 min.) afterNH,**NOs-addition (Table 5.2) was smallest in the loamydsaail (84
g N kg* soil) and approximately 4 times larger in the diegm (353 ud°N kg soil)
and loamy soil (357 ubSN kg‘l soil). This represented 1.7 and 7.2% of the tatabunt of
5NH,"-N added in the loamy sand soil and the loamy day loam soils, respectively.
This indicates that a rapid biotic or abiotic imrili@ation of the added NH-N occurred
immediately after label addition and that this daprocess was most pronounced in the
loamy and the clay loam soils. The total amounitH,*-N recovered in the soil organic

and fixed N pool at the end of the incubation wagést in the loamy soil (1043 IIN
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kg™ soil), followed by the clay loam (664 N kg™ soil) and the loamy sand soil (590
ng °N kg* soil) (Table 5.2), which represented respectiily 13 and 12% of the total

amount of>NH,*-N added.

14NH,>NOs-addition

The amounts of*°NOs-N recovered immediately aftet*NH,°NOs-addition
ranged from 27 p&N kg™ soil in the clay loam soil to approximately 50 iy kg soil
in the loamy and loamy sand soil (Table 5.2). A #nd of the incubation, the largest
amount of °NO3-N was recovered in the loamy soil (206 1y kg soil), followed by
the clay loam (131 pyN kg™ soil) and the loamy sand soil (106 {ry kg™ soil). These
amounts corresponded with respectively 4.1, 2.62ah% of the total amount 6INOs-N
added. The amounts 8NO3-N recovered 30 days aftéiNH,**NOs-addition were thus
on average approximately 5 times larger than theusmts recovered 30 days after

NH,®NOs-addition.

5.3.3. C mineralization r ates

As C mineralization rates are a sensitive indicatdhe microbial activity in soils,
also the C@production was measured during the incubation ex@ats. The average C
mineralization rates which were observed during fitie time intervals considered are
shown in Table 5.3. In the loamy sand and loamisstihe observed C mineralization
rates were largest during the first day of incubrgtiand tended to decrease gradually as
the incubation proceeded. In the clay loam sod,dhme trend was observed as in the two
other soils, but the C mineralization rates renmiredatively large during the first three

days of the incubation.
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Table 5.3. Average C mineralization rates (expressed in mgge soil d*) observed
during the five time intervals considered in thanty sand, loamy and clay loam soil

(average values of three replicate measuremeatgjatd deviations in brackets)

Interval Saoll

Loamy sand Loamy Clay loam
do-d 13.1(0.8) 9.€(0.1) 21.6(2.0)
d;-d3 6.7(0.5) 6.€(0.8) 23.9(0.7)
ds-d7 6.0(0.7) 5.€(0.4) 11.6(0.4)
d7-dig 4.2(0.6) 4.4(0.5) 5.6(0.3)
d14-d30 2.90.4) 5.1(0.7) 5.0(0.5)

5.3.4. Simulation of thedata by FLUAZ

The simulated values of the WH and NOs-contents, the atom98N in excess of
NH," and NOs, and the atom%°N in excess of the soil organic and fixed N in theee

soils are plotted versus time in Fig. 5.2, 5.3,8nd 5.5, respectively.

The best overall fit of the data by the FLUAZ-mqd®sed on the MWE criterion,
was obtained for the loamy soil (average MWE of),1fé6llowed by the loamy sand soil
(average MWE of 2.8) and the clay loam soil (averdWE of 4.6). The simulated
values of the Nif- and NOs-contents (Fig. 5.2) and the atom\ in excess of the
NH,"- (Fig. 5.3) and NOs-pool (Fig. 5.4) were generally within or nearlytin the
variation of the measured values. However, in soases the simulated values diverged
from the measured values. A discrepancy betweensithelated and measured BO
contents (Fig. 5.2) was observed at day 30 indhey sand and loamy soil (19 mg N'kg
higher or 20 mg N Kg lower, respectively) and the simulated {N€ontents at day 3 in
the clay loam soil (56 mg N Kglower). A discrepancy between simulated and ofeserv

values was also observed for the atofBbin excess values of the ¥H pool in the clay
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loam soil, after addition of*NHs°NO; (Fig. 5.3 C). The FLUAZ-model simulated an
increase in thé°N-enrichment of the NIi- pool between day 7 and day 14, but the
simulated atom%°N in excess values on day 14 and 30 were respctlvé and 2.7

times smaller than the measured values.

The atom%°N in excess of the soil organic and fixed N pookwary well fitted
for the whole duration of the experiment in thenhyasand soil (Fig. 5.5 A) and for the
first 14 days of the experiment in the loamy s&iig( 5.5 B). In the loamy soil, the
simulated atom%°N in excess value of the soil organic and fixed d¢lpat day 30 was
slightly smaller than the measured value after tamdiof *°NH4“NOs. This suggests that
the NH;" immobilization rate during the last time intervally have been underestimated
by the FLUAZ-model. In the clay loam soil, the siated atom%°N in excess values of
the soil organic and fixed N pool after addition*®H,**“NO; were systematically lower

than the measured values from day 3 till the enti@incubation period (Fig. 5.5 C).

5.3.5. Gross N transfor mation rates calculated by FLUAZ

The gross N mineralization (m), nitrification (NH4" immobilization (ia), NG
immobilization (in), remineralization (r) and deification (d) rates, which were
calculated by FLUAZ for the five time intervals «itlered in the three soils are
summarized in Table 5.4. In the loamy sand sod,dloss N mineralization rates during
the day O-day 1 and day 1-day 3 intervals wereiderably larger than the average gross
N mineralization rates in the time intervals betweky 3 and day 30. In the loamy and
clay loam soil the same trend was observed, buyt famlthe gross mineralization rate in
the day O-day 1 interval in relation to the grosmeralization rates in the rest of the
incubation period. This observation indicates thaflush in gross N mineralization
(priming effect) may have occurred at the beginrohghe incubation experiments after

the addition of the labelling solution. The cumivatgross N mineralization at the end of
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the incubation period was largest in the loamy sswitl(68 mg N k¢ soil or 81 kg N
ha?), followed by the clay loam soil (58 mg Nkgoil or 64 kg N hd) and the loamy soil
(21 mg N kg soil or 28 kg N hd) (Fig. 5.6 A). These values of cumulative gross N
mineralization correspond with 2.5%, 1.2% and 0@&%the initial total N content in the

loamy sand, clay loam and loamy soil, respectively.

Table 5.4. Gross N mineralization (m), nitrification (n), NHimmobilization (ia), NG-
immobilization (in), remineralization (r) and detfitation (d) rates calculated by FLUAZ

for the five time intervals considered in the loasayd, loamy and clay loam soll

Soil Interval N transformation rate
(mg N kg" soil d*)

m n ia in r d
Loamy sand §d; 6.82 2.22 4.05 1.65 0.73 0.00
ch-ds 8.19 3.06 1.78 0.30 0.00 0.00
ds-dy 2.70 4.07 1.70 0.18 0.00 0.00
d7-das 3.51 5.11 1.69 0.08 0.00 0.00
di4-dso 0.59 3.37 1.37 0.08 0.01 0.00
Loamy @-d; 2.16 3.71 5.20 1.86 0.00 0.00
di-ds 1.31 3.70 1.09 0.68 021 0.00
ds-dy 1.48 4.41 1.69 0.57 0.16  0.00
a1y 0.05 1.13 1.59 0.64 0.00 0.00
dia-dso 0.62 0.48 1.56 0.64 0.13 0.00
Clay loam ¢-d; 8.14 37.92 8.39 1.61 0.75 0.00
ch-ds 3.39 5.05 3.31 0.60 0.26 0.00
ds-dy 3.04 2.89 0.56 0.36 0.03 0.00
d7-das 3.01 1.50 2.40 0.63 092 0.00
h4-Oso 0.60 0.75 0.00 0.33 0.16 1.49
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Fig. 5.6. Evolution of the cumulative gross N mineralizati@k), cumulative gross nitrification
(B) and cumulative net N immobilization (total miaeN immobilization minus remineralization)
in the loamy sand , loamy and clay loam soils (galindicated by bullets, squares and triangles,

respectively) from day O till day 30 after YWOs-addition
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In the loamy sand soil, the gross nitrificationesatended to increase after the
NH4NOz-addition (2.2 mg N kg soil d* in the day 0-day 1 interval) as the incubation
experiment proceeded until day 14 (5.1 mg N lsgil d* in the day 7-day 14 interval),
and decreased again after day 14 (3.4 mg N s$a@jl d*). In the loamy soil, the gross
nitrification rates increased from 3.7 mg N'ksoil d* in the day 0O-day 3 interval to 4.4
mg N kg* soil d* in the day 3-day 7 interval, followed by a fasta@mse until day 30. In
the clay loam soil, a very large gross nitrificaticate was observed during the first day
after the NHNOs-addition (38 mg N kg soil d*), which was 10 to 17 times larger than
the corresponding values in the loamy and loamyd sswils, respectively. The gross
nitrification rates tended to decrease very faglythe incubation experiment proceeded.
The largest cumulative gross nitrification at timel ®f the incubation period was observed
in the loamy sand soil (114 mg N keoil or 136 kg N had), followed by the clay loam
(82 mg N kg soil or 91 kg N hd) and the loamy soil (44 mg N Rgsoil or 59 kg N ha)
(Fig. 5.6 B).

The FLUAZ model indicated that in the three soild,;Nand NO3 immobilization
occurred simultaneously in each interval considesaept during the day 14-day 30
interval in the clay loam soil where the estimaid,” immobilization rate was zero
(Table 5.4). In nearly all time intervals considkréhe estimated Nf immobilization
rates were larger than the l@mmobilization rates and in these cases, the ptigpoof
the NH," immobilization ranged from 60 to 95% of the tat@heral N immobilization. In
the three soils investigated, the gross ;NHind NQ immobilization rates were
considerably larger during the first day after &ddi of the NHNO3-solutions in relation

to the immobilization rates observed during thé ofshe incubations.

In the loamy sand and the clay loam soils, thesl&gl,” and NQ™ immobilization
rates in the day O-day 1 interval coincided witlpngicant remineralization rates, which

was not the case in the loamy soil. This indicdted a quick recycling of mineral N
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occurred in these soils during the first day after NH;NOs-addition. In the clay loam
soil, remineralization of immobilized mineral N agced during the entire incubation
period, whereas in the loamy and loamy sand seiisineralization was only observed

during two or three time intervals.

The evolution of the cumulative net N immobilizatioalculated by FLUAZ (total
mineral N immobilization minus remineralization)time three soils is shown in Fig. 5.6 C.
At 14 days after the NMOs-addition, the cumulative net immobilization wasrgmarable
in the three soils, and ranged from 29 mg N kgil or 34 kg N ha in the loamy sand
soil, 32 mg N kg soil or 42 kg N ha in the loamy soil, to 35 mg N Kgsoil or 39 kg N
ha® in the clay loam soil. Between day 14 and day i8fever, a much lower gross
immobilization rate was calculated for the clayntoaoil in relation to the loamy sand and
loamy soils, and a much higher remineralizatioe rahs calculated for the clay loam and
loamy soils in relation to the loamy sand soil ([Eab.4). This resulted in a relatively
larger cumulative net N immobilization in the loasand soil (52 mg N Kbsoil or 62 kg
N ha') at 30 days after the NINOs-addition, in relation to the loamy (42 mg Nkgoil
or 56 kg N hd) and clay loam soils (38 mg N kgsoil or 42 kg N hd). The FLUAZ
model calculated that denitrification at a ratelof9 mg N kg soil d* occurred in the

clay loam soil during the last time interval (Tabld).

5.3.6. Relationships between C and N fluxes

The relationships between (1) the gross N minexatin rates (Table 5.4) and the
C mineralization rates (Table 5.3), and (2) thaltgtoss immobilization rates (sum of the
gross NH" and NQ  immobilization rates, Table 5.4) and the C mineadion rates
observed in the three soils during the five timenvals were investigated. A significant
linear correlation was found between the gross Nhemalization rates and the C

mineralization rates (= 0.41m - 0.60, R=0.74, p<0.001), when the outlying fluxes
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Fig. 5.7. Relationship between gross N mineralization rates@ mineralization rates observed in

the loamy sand, loamy and clay loam soils (datacaidd by bullets, squares and triangles,
respectively) during the five time intervals comsigd, and linear regression of the relationship
excluding the outlying fluxes observed during teeand time interval in the loamy sand and clay
loam soils (data indicated by F2 WZ and F2 WV, esspely)
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Fig. 5.8. Relationship between the total gross N immobilaatiates and C mineralization rates
observed in the loamy sand, loamy and clay loarts gdata indicated by bullets, squares and
triangles, respectively) during the five time imas considered, and linear regression of the
relationship excluding the outlying fluxes obserdeating the second and third time interval in the
clay loam soil (data indicated by F2 WV and F3 Wakpectively)
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observed during the second time interval in thanpaand and clay loam soils were
excluded (Fig. 5.7). A weak, but significant linearrelation was observed between the
total gross immobilization rates and the C mineedion rates (i = 0.28;+ 0.66,
R?=0.46, p<0.001), when all the fluxes were taken mtoount. A stronger, significant
correlation was found (i = 0.5Qm 0.54, R=0.85, p<0.01) when the outlying fluxes
observed during the second and third time inteivahe clay loam soil were excluded

(Fig. 5.8).

5.4. Discussion

5.4.1. N-recovery in the soil organic and fixed N pool

Very shortly (15 min.) after addition of both th&NH,**NO; and**NH,*NOs-
solutions, significant amounts &N were already recovered in the soil organic aredi
N pool of the three soils investigated (Table 5.Zhe rapid *N-recovery after
5’NH,*NOs-addition could be attributed to a rapid biological immokilibn, a rapid
abiotic immobilization or a combination of the tyoocesses occurring simultaneously
immediately after the addition of thENH,<“*NOs-solution (Davidson et al., 1991).
Processes of abiotic immobilization BINH;" which have been described in literature
include fixation or adsorption on clay mineralssagbtion to soil organic matter and
condensation reactions with humic compounds (Fatat., 1985; Davidson et al., 1991;
Strickland et al., 1992; Compton and Boone, 200Rgse processes have been shown to
occur very rapidly, in less than 15 min. after &iddi of NH;"-N (Newman and Oliver,
1966). In the loamy and clay loam soil, a small amamf the NH"-N added was not KCI-
extractable after 15 min. (4.93t9 and 4.3 ©.6 mg NH*-N kg soil, respectively) which
was not the case in the loamy sand soil. This @asen, together with the higher clay

content in the loamy and clay loam soils in relatto the loamy sand soil (Table 5.1),
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may explain why thé°N-recovery in the soil organic and fixed N pool hin. after the
5NH,*NOs-additionin the loamy and clay loam soil was about 4 tinzegdr than in the

loamy sand soil.

A very fast recovery of'N in the soil organic and fixed N pool after adufitiof
>"NH," or °NOs” to mineral and organic soils has been reporteskireral other studies
(Recous et al., 1990; Davidson et al., 1991; Margle 1993; Berntson and Aber, 2000;
Andersen and Jensen, 2001; Compton and Boone, .2D@®)dson et al. (1991), who
compared thé®N recovery in a sterilized and non-sterilized kiim grassland soil after
addition of *®NH,*, concluded that the observed rapid immobilizatieass completely
abiological and occurred within the first 15 mirftea addition. In relation to the
recoveries in our study aftéiNH,**NOs-addition (which ranged from 12% to 21% of the
>"NH4,-N added), Recous et al. (1990) observed comparacleveries of°N (ranging
from 17% to 26% of thé®NH4-N added) into the soil organic N pool at 30 mifterm
addition of (°NH,),SO; (equivalent to 4.6 m§NH4-N kg™ soil) to cultivated loam soils.
Recous et al. (1990) attributed this rapid immobilization after®NH,4"-addition entirely

to abiotic fixation.

The amounts of°N recovered in the soil organic and fixed N poohietiately
after addition of thé*NH4**NOs-solution in our study ranged from 2.1% (clay loaail)
to 4.1% (loamy sand soil) of tH&NOs-N added. These recoveries are considerably larger
than the recoveries observed by Mary et al. (1993)% of the®NOs-N added) and
Recous et al. (1990) (no recovery of ti0s-N added) within one hour after addition of
8.1 mg™NOs-N kg soil (Mary et al., 1993), or within 30 min. aftaddition of 4.5 mg
>NOs-N kg' soil (Recous et al., 1990) as'®KO; to cultivated loam soils. Rapid
immobilization of ®NOs-N has also been observed in forest soils (Berngsmh Aber,
2000; Compton and Boone, 2002), but the mechanemiscontrolling factors of this

process are not yet clear (Compton and Boone, 200&2)ever, Davidson et al. (2003)
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recently described a mechanism of abiotic immodiien of °NOs™ via iron oxidation

(the ferrous wheel hypothesis) as an importantgs®@n forest soils.

In the loamy sand soil and the loamy soil, the &oMN in excess of the soil
organic and fixed N pool showed a significant iR after°"NH4*NOs-additionfrom
day 0 till day 14, whereas in the clay loam sod #1om%"N in excess only significantly
increased between day 0 and day 1. This can baiargl by the fact that the atomihl
in excess of the NH-pool in the clay loam soil was very rapidly dildteetween day 0
(8.5 atom%) and day 3 (0.45 atom%) and remainey hav afterwards in relation the
atom%*°N in excess of the NF¥+pool in the loamy sand and loamy soils. This Viast
dilution of the NH"-pool was mainly caused by the very fast nitrifisatduring the first
three days aftePNH,“NOs-addition (Table 5.4), which rapidly decreased stz of the
NH,"-pool, and thus amplified thé°N-dilution of the NH'-pool through gross
mineralization. Consequently the eventual Nknmobilization which occurred after day
3 in the clay loam soil (Table 5.4) did not resaltany further significant enrichment of

the soil organic and fixed N pool, which was obsérin the loamy sand and loamy soils.

5.4.2. Simulation of the data by FLUAZ

When the MWE-values corresponding with the data fit the different time
intervals were considered, the quality of the fittkee data generally tended to decrease
(increasing MWE-values) from the first towards tlast time interval. This might be
partially attributed to the increasing durationtioé time intervals between the sampling
dates, as the incubation experiments proceededNAhlansformation rates, except the
nitrification rate, were estimated assuming zerdeorkinetics, which implies that these
rates are assumed to remain constant during théeviinee interval considered. However,

when longer time intervals were considered (espigclzetween day 7 and 14, and
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between day 14 and 30) this assumption of constdas may not have been fully met,

explaining the larger MWE-values in the longer timirvals.

The simulated values of the size and atoM%in excess of the N&+ and NOs-
pools were generally within or nearly within theriaéion of the measured values (Fig.
5.2, 5.3 and 5.4). The largest discrepancies betwerulated and measured values were
observed for the NQcontents at day 3 in the clay loam soil and at 8@&yn the loamy
sand and loamy soil (Fig. 5.2). This might be httted to the relatively large standard
deviations associated with these measured valgesieasured variables with the largest
experimental variability have the lowest weight thre optimization procedure of the
FLUAZ model, due to the MWE criterion. The consal@e underestimation of the NO
contents at day 3 in the clay loam soil might imbisit the gross nitrification rate between

day 1 and 3 has been underestimated by FLUAZ.

5.4.3. C mineralization and N transfor mation rates

C and N mineralization

One of the assumptions associated with the useh®f**N isotope dilution
technigue to quantify gross N transformation ratesoils is that the N pools involved are
isotopically homogeneous. Therefore, addition déatreely large amounts of labelling
solution accompanied by thorough mixing of the s$silusually necessary to obtain a
homogeneous tracer labelling of the soil, with plessible consequence of altering the N
transformation rates at the start"®fl isotope dilution experiments (Davidson et al91:9
Sparling et al., 1995). However, since the threks $00 our study have been labelled with
the same amount of labelling solution (correspogdiith an increase of 6% gravimetric
moisture content), it can be assumed that the teftécthe labelling on the N

transformation rates was the same in the thres. soil
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In this study, the effect on the microbial activay the addition of the labelling
solution to the soils was apparent from the comalolg larger C mineralization rates,
which were observed during the first three daythefincubation experiments, in relation
to the rates which were observed during the restt@incubations (Table 5.3). The gross
N mineralization rates which were observed durimg first days (loamy and clay loam
soils) or the first three days (loamy sand soil}te incubations were approximately two
to three times larger than the average gross niipatian rates observed during the rest of
the incubation experiments (Table 5.4). This intlisdhat the gross N mineralization rates
were probably also stimulated during the first ddy®ugh the addition of the labelling

solution and subsequent mixing of the soils.

The cumulative gross N mineralization at the endhef incubation period was
largest in the loamy sand soil, and 1.2 to 3.2 silaeger than in the clay loam and loamy
soils, respectively (Fig. 5.6 A). The total N cartt@owever was largest in the clay loam
soil, and approximately 2 times larger than inlttemy sand and the loamy soils, which
showed nearly equal N contents (Table 5.1). Whenake into account these differences
in total N content among the three soils, the Isrgeoportion of the initial total N content
mineralized (ammonified) upon incubation was obsdnn the loamy sand soil (2.5%),
followed by the clay loam soil (1.2%) and loamy|g@.8%). Hassink (1994) found a
significant, negative correlation between the prtapo of initial organic N mineralized
upon incubation and the clay plus silt content iasgland soils of varying texture. The
loamy sand soil had a significantly lower clay péils content (14.1%) than the loamy soill
(52.1%) and clay loam soil (72.2%) (Table 5.1). §hue suggest that the observed
differences in cumulative gross N mineralizationoagy the three soils investigated may
be largely explained by the differences in clayspilt content, in combination with the

total N content.
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Nitrification

As NH;" is the substrate for the nitrification process tklatively large Nbf-
addition at the start of the incubation experimelmés most probably stimulated the
nitrification. Therefore, the calculated gross ifitation rates represent the potential
nitrifying activity, rather than the naturally oacng nitrification activity in these soils.
The nitrification rate observed during the firsyddter NH;NOs-addition in the clay loam
soil was 10 to 17 times larger than the rates oesemn the loamy and loamy sand soils,
respectively (Table 5.4). This indicates that tlay toam soil had a much higher potential
nitrifying activity, resulting in a much faster depon of the NH'-content (after 3 days)
than in the loamy soil (after 14 days) and the lpaand soils (after 30 days). These
differences in potential nitrifying activity mighie partially explained by differences in
soil pH (Table 5.1). The conditions for nitrificati might be more favourable in the clay
loam soil due to its higher pH (7.2) in relationtb@ loamy soil (6.3) and loamy sand soil
(5.9). Paul and Clark (1989) reported that nitafion is curtailed when the soil pH is
below 6.0, which might explain the considerably Bemgotential nitrifying activity in the
loamy sand soil. The difference in potential nyinfy activity might possibly also be
explained by a difference in the naturally occugrinitrifying microbial population in the
three soils. We observed that the initial Ridontent (after pre-incubation) in the loamy
sand soil (42.4 mg N Kgsoil) was much higher than in the loamy and ctem soils (1.6
and 1.5 mg N Kg soil, respectively), whereas the initial B@ontents increased in the
order of loamy sand soil (28.6 mg Nkgoil) < loamy soil (39.3 mg N Kysoil) < clay
loam soil (57.6 mg N K{ soil). This indicates that the naturally occurrinigrification
rate, without addition of NH, also tended to be much smaller in the loamy saildn

relation to the loamy and clay loam soils.
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Immobilization and remineralization

In the three soils investigated, the gross,NiEnd NQ immobilization rates
observed during the first day after addition of tEsNOs-solutions were considerably
larger than the immobilization rates observed dytire rest of the incubations. This could
possibly indicate a stimulation of both the Nidnd NQ™ immobilization rates, due to the
large amounts of Ni- and NQ™-N which have been added to the soils. The smgitess
NH," immobilization rate in the loamy sand soil durthg first day in relation to the rates
observed in the loamy and clay loam soils, migbhtbe partially explained by a smaller
stimulation of the Nif" immobilization, due to the larger NHcontent already present in
the loamy sand soil before the h#Ds-addition. However, the larger NHand NQ
immobilization rates may probably also have beeoeated with the relatively larger C
mineralization rates which were observed duringfits¢ (loamy sand and loamy soils) or
first three days (clay loam soil) of the experinsefitable 5.3). Considering the rates from
all time intervals, 46% of the variation in theabgross N immobilization rates could be
explained by the variation in C mineralization gmt¥/hen two time intervals from the
clay loam soil were not considered, the C mineadilin rates explained up to 85% of the
variation in the total immobilization rates (Fig8h These results indicate that the total
gross N immobilization rates and C mineralizatiates were closely related during the

incubation experiments.

This relationship between gross N immobilizatiotesaand C mineralization rates
has been observed in several other studies (Sghira@6; Hart et al., 1994; Mary et al.,
1998; Barret and Burke, 2000). Mary et al. (19%)arted a similar regression coéfficient
(0.2) for the relationship between potential grdssimmobilization rates and C
mineralization rates in an arable soil, after ddditof similar amounts of°N-labelled
NH;*-N and NQ-N. Barret and Burke (2000), however, reported guaeR-value (0.46)

but a considerably smaller regression coéffici@m3) for the relationship between gross
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N immobilization and C mineralization rates in glasd soils. This might be partially
explained by the 10 times smaller amount®fH;*-N which was added to the soils in

that study.

In nearly all time intervals considered, BOimmobilization occurred
simultaneously with Ni immobilization, but at a smaller proportion of thetal
immobilization than the NI immobilization. This is consistent with the finds of
several other studies and reflects the generalbgmied preferential microbial uptake of
NH,*-N in relation to NG-N, when both forms are present in soil (Janssaal.etl955;
Rice and Tiedje, 1989; Recous et al., 1990). Thgel&NH," and NQ immobilization
rates during the first day after MNOs-addition were accompanied by significant
remineralization rates during the first day in fbamy sand and clay loam soils, and
between day 1 and 3 in the loamy soil (Table 5T4)s indicates that a quick recycling
through the microbial biomass of the recently imitiodd mineral N already occurred
during the first days after NfNIOz-addition in the three soils investigated, and tiha
fast recycling was most pronounced in the loamydsand clay loam soils. This fast

recycling was also observed by Mary et al. (1998).

An increase in the atom%N in excess of the NF-pool after addition of
1NH,™NO; was observed from day 14 in the loamy soil anchfday 7 in the clay loam
soil (Fig. 5.3). Thig°N-enrichment in the Nii-pool when**NH,°NO; was appliectould
be explained by the remineralization of previotisiynobilized N, by means of a direct
conversion of N@ to NH," via dissimilatory reduction (DNRA), or by a combiica of
the two processes occurring simultaneously in tisesls. The good FLUAZ-simulation
(Fig. 5.3) indicated that thi§N-enrichment of the Nii-pool in the loamy soil could be
largely explained by the remineralization after ddy(Table 5.4) of recently immobilized
>NOs. For the clay loam soil, however, FLUAZ simulatadsmaller increase in the

>N-enrichment of the Ni-pool than the observed enrichment between dayd73n

138



Chapter 5

(Fig. 5.3). This"™N-enrichment was simulated by means of a significamineralization
rate between day 7 and 14 and a smaller reminatializ rate between day 14 and 30
(Table 5.4). This underestimation of the obserVetlenrichment in the Nii-pool by the
FLUAZ-model, which doesn't consider DNRA, might gagt that this enrichment could
be partially attributed to DNRA occurring in theaglloam soil after day 7. However,
considering the strict anaerobic nature of the DNRBcess (Paul and Clark, 1996) and
the assumption that the soils were incubated uadewbic conditions (water filled pore
space of 50%), it would be very unlikely that DNRAgr denitrification would have
occurred in the clay loam soil. Nevertheless, aehse of the N©-content was observed
after day 14 (Fig. 5.2) and FLUAZ estimated a digant denitrification rate between day
14 and 30 (Table 5.4). This might indicate that s@naerobic microsites could have been
produced throughout the incubation period, enahtieqitrification or DNRA to occur in
the clay loam soil. Fazzolari et al. (1998) dematst that DNRA activity may be less
sensitive than denitrification to an inhibitory @t by Q and therefore may also occur in
aerobic soils. Miiller et al. (2004) suggested DIARA, rather than remineralization, was
responsible for the significarttN-enrichment of the NE-pool which they observed
during aerobic incubation of an old grassland sfiér addition of equal amounts of

YNH,PNO:s.
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5.5. Conclusions

In the three soils investigated, significant ameunt*>N were recovered in the
soil organic and fixed N pool shortly after additiof both*NH,**NOs and**NH,°NOs,
indicating a fast biotic or abiotic immobilizatiooapacity. The fast immobilization
capacity of*°NH,"-N was most pronounced in the loamy and clay loaiis,sand could
probably be attributed to clay fixation, as thesglssshowed relatively larger clay
contents. The total amounts '8N recovered in the soil organic and fixed N pooldzgs
after addition of >NH,**NO; were approximately 5 times larger than the amounts
recovered after addition 6fNH,*°NOs, which reflects the generally observed preferéntia

microbial uptake of NE-N in relation to N@-N.

The large NH" and NQ" immobilization rates, which were observed durihg t
first days after NENOs-addition, were accompanied by significant remihezaéion rates.
This indicates that a quick recycling through thérobial biomass of the recently
immobilized mineral N occurred shortly after M¥Ds-addition. This suggests that
numerical simulation models, which take into acdorgmineralization, are preferable
with regard to analytical solutions for estimatmingross N transformation rates, even for
short-term™N isotope dilution experiments. The total grossnniobilization rates and C

mineralization rates were closely related durirgiticubation experiments.

The loamy sand soil, which had a considerably loviay plus silt content than the
other soils, showed the largesumulative gross N mineralization and the largest
proportion of N mineralized at the end of the inatibn period.These results indicate that
the observed differences in cumulative gross N malimtion among the three soils
investigated may be largely explained by the déffees in clay plus silt content, in
combination with the total N content. The obserypedential nitrification activity after

addition of NHINOsz was considerably larger in the clay loam soil ilatien to the loamy

140



Chapter 5

and loamy sand soils. These differences in potential nitrification activity might possibly be
explained by the difference in soil pH or a difference in the naturally occurring, nitrifying

microbial population among the investigated soils.
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Conclusions and per spectives

Conclusions and per spectives

A first objective of this thesis was to investigatee quality of SOM, in terms of

degradability and turnover, in cultivated and giass soils by means of physical
fractionation of the SOM and variations in i€ isotopic signature. A second objective of
this thesis was to study the N dynamics in permiageassland soils, as affected by the

guantity and quality of SOM and soil type.

The conclusions from this thesis can be summagassdllows:

1. TheAd™C values in the surface layers (0-30 cm depthhefitvestigated profiles
under permanent grassland were strongly correlatgld the C decomposition rate
constants and might serve as a practical indiadtsoil C stability (Chapter 2);

2. Shifts in the C content®C isotopic signature and C/N ratio of size and igns
fractions of SOM from cultivated and grassland saeéflected an increasing degree of
microbial degradation and a decreasing C turnoafer (1) with increasing density among
the macro-organic matter fractions, and (2) witlkerdasing particle size among the size
fractions considered (Chapter 3);

3. The largest relative increase in C and N costénith increasing age of the
investigated grassland soils) was observed in thel5D-2000 um fraction, followed by
the 50-150 um and <50 pum fractions. As SOM accurnamantduced by the conversion of
cultivation to permanent grassland tends to b@a plocess, our results suggest that the
HF 150-2000 um fraction could serve as a good alatively easily detectable indicator
of early soil organic C and N accumulation. Theoraf gross N immobilization to gross

N mineralization tended to increase with increass®@M contents, which indicates that
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potential N retention in soils through biotic immiaation tends to be limited by C
availability (Chapter 4);

4, As the size and density fractions consideredewanaracterized by different
degrees of microbial degradation and turnover ré@smpter 3), and as their C and N
contents were significantly correlated with thegmial gross N transformation rates and
long-term net N mineralization rates in the invgasted grassland soils (Chapter 4), they
might represent suitable pools to be used in mastie$OM models;

5. The differences in cumulative gross N mineraiara and potential nitrification
after NHINO; addition to grassland soils of varying textureuldobe explained by
differences in silt plus clay content, SOM conteswjl pH or the naturally occuring
microbial population. The investigated soils showaddst biotic or abiotic immobilization
capacity for both Nif- and NQ-N in the soil organic and fixed N pool. Total gsos
(biotic) N immobilization showed to be closely reld to C mineralization (C turnover).
Numerical simulation of the data indicated thatcguiecycling (remineralization) through
the microbial biomass of the recently immobilizedshenal N may occur, shortly after
NH4NOs-addition. This suggests that numerical simulatmodels, which take into
account remineralization, are preferable with rdgaranalytical solutions for estimation
of gross N transformation rates, even for shortéiN isotope dilution experiments

(Chapter 5).

The following research perspectives arose fromttiesis:

1. The observed relationship betwei enrichment and C dynamics, and the
potential use ofA&™*C values or the isotope enrichment fac@s an indicator of soil C

stability or availability, might be further eluciga by investigating the influence of soil
type (in terms of drainage capacity and texture] grassland age (in terms of SOM

content) on the evolution of theC enrichment in grassland profiles. This relatidpsh
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might also be investigated in other, undisturbeitl mofiles with an exclusive £or G
vegetation, like arable soils under no-tillageaest soils;

2. The combined LF+IF 150-20@0n fraction (density <1.37 g ¢, rather than the
separate LF and IF 150-20@én fractions, could be considered in future grassl&a®M
studies;

3. Evaluation of the relationship between distiitnutof SOC among the different
size and density fractions and the potential C dyoa (laboratory incubation
experiments) in grassland soils of different age;

4. Assessment of the potential C mineralizatiort, Nemineralization, and gross
mineralization-immobilization turnover during laladory incubation of separate size and
density fractions;

5. Assessment of the biotic or abiotic nature effidist N-immobilization capacity in
grassland soils by comparing th&l-recovery in the organic and fixed N pool of steed
and non-sterilized soils after addition’d enriched NH'-N and NQ-N;

6. Evaluation of the influence of soil charactecst(texture, pH, SOM content) and
climatic factors (soil water content and tempemtusn the potential environmental N
losses (MO and NO emission, Nfvolatilization, NQ'-leaching) associated with the N
transformations occurring in soils;

7. Evaluation of the relationship betwe®®°C values (as a potential indicator of soil
C availability) and potential N retention in grassl soils through microbial

immobilization, which tends to be dependent on Gilatility.
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Summary

Soil organic matter (SOM) is a key component in thality and fertility of
agricultural soils, as it affects many of its bmikcal, physical and chemical properties.
SOM is a primary nutrient source for plants andl smiganisms, and contributes
significantly to the formation and stabilization d¢fie soil structure. The SOM in
agricultural soils, and more specifically the soilganic C (SOC), is also receiving
increased attentiom terms of carbon sequestration, as a potentidd &r atmospheric
CO, (which is the most important anthropogenic greeisBogas). Maintenance and
improvement of the SOM content is thus generalteated as being a major objective for
any sustainable agroecosystem. As SOM comprisesnarmous array of compounds,
ranging from recent plant materials through a ecwntim of metabolic products of micro-
organisms, to components of stable humus, chaizatien of SOM quality is very
complex. Recently, biologically meaningful SOM fiians have been obtained by
methods based on physical fractionation of soic@ading to particle size or density),
which, combined with biological and chemical anaysllows further insight into the
functionality of the separated fractions. Moreouvitie use of stable isotope techniques
(e.g. *3C natural abundance analysis afitl isotope dilution) have further advanced
process oriented SOM studies, since these methedsell suited to study SOM quality

and dynamics.

A first objective of this thesis was to investigéite quality of SOM, in terms of
degradability and turnover, in cultivated soils agrdssland soils by means of physical
fractionation of the SOM and variations in i€ isotopic signature. A second objective of
this thesis was to study the N dynamics in permageassland soils, as affected by the

quantity and quality of SOM and soil type.
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Chapter 1 introduces the subject and focuses othéljole of organic matter in
agricultural soils, (2) factors affecting organiatter content and organic matter turnover
in agricultural soils, (3) assessment of the qualitd turnover of soil organic matter, and

(4) the major N transformations that occur in agjticral soils.

In chapter 2 we investigated to what extém@ potential C dynamics of SOM are
related to the degree dfC enrichment with increasing depth in soil profilesder
permanent grassland. The evolution of the C corstadtthe™C natural abundanc&'fC
value, expressed in %0) of SOM was investigatedchiee soil profiles (0-40 cm depth)
under permanent grassland of varying texture (loaanyd, loamy and clay loam). The
5"%C value of the SOM showed a gradual increase witteasing depth and decreasing C
content in the three profiles, ranging from 1.9%athy sand soil), to 2.9%. (clay loam
soil) and 4%. (loamy soil) in relation to tR&°C value of SOM at the surface. The relation
between thé’C enrichment and total organic C content at difiedepths in the profiles
(down to 40 cm depth in the loamy and clay loanh slmwn to 25 cm depth in the loamy
sand soil) could be fitted by the Rayleigh equatidhis reflects that the observéiC
enrichment with increasing depth is mainly driven ibotopic fractionation associated
with C mineralization along with the decompositiprocess. The enrichment factors
€, associated with the Rayleigh approximation of taeadranged from -1.57%. (clay loam
soil), to -1.64%o (loamy sand soil) and -1.91%. (lgaswil). The evolution of th&'*C
signature in the loamy sand profile, which divergeam the Rayleigh approximation
below 25 cm depth, suggests that other factorsg likfferential preservation or
accumulation of*C depleted material, may also influence 81&C evolution in poorly
drained, chronically wet soil profiles. The potah{C mineralization rates (determined by
means of an aerobic incubation experiment) andCtidecomposition rate constants (ratio

of C mineralization rate to total C content) bo#ceased significantly with increasing
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sampling depth (0-10, 10-20, 20-30 and 30-40 cnthjap the three profiles, reflecting a
more enhanced stage of decomposition and stalofitBOC in the deeper soil layers.
There was a significant, positive correlation ¢grc0.2208°C + 0.019, R=0.75, p<0.001,
n=12) between the C decomposition rate constants)(ffom the four sampling depths in
the three profiles and the correspondi’C values (average change of &1éC value
per depth increment, expressed in %. A stronger, positive correlation between the C
decomposition rate constants and A%°C values was observed when only the data from
the upper 30 cm in the profiles (dre 0.22A8"°C + 0.019, B=0.86, p<0.001, n=9) or
from the upper 20 cm in the profiles (dre 0.21A3"C + 0.020, R=0.78, p<0.05, n=6)
were considered. These results suggest thaAdi€ values in the surface layers (0-30
cm depth) of profiles under permanent grassland tam lesser extent the*C values in
the deeper soil layers (30-40 cm depth), may berpnéted as a direct indicator of the
degradability of the SOM, in terms of the C decosifion rate constant. A&3*°C values
are more easily accessible, whereas incubationriexpets to determine potential C
mineralization rates from soil samples are gengetathe-consuming and laborious, the
AS'C values might serve as a practical tool for ggtimapid indication of soil C stability

in the surface layers (0-30 cm depth) of profileder permanent grassland.

In chapter 3, we compared the quantity and quafitgOM (in terms of turnover)
in the surface layer of cultivated and grasslarits.sbhe variation in°C enrichment due
to isotopic fractionation associated with SOM deposition was investigated among five
size and density fractions, water soluble organi¢WGSOC) and microbial biomass C
(MBC) in the surface layer (0-20 cm depth) of a tommous grassland soil (CG,3C
vegetation). The five size and density fractionasidered were the light (LF 150-2000
pum; d <1.13 g cif), intermediate (IF 150-2000 um; 1.13< d <1.37 g¢mnd heavy
density fraction (HF 150-2000 pm; d >1.37 gdrof the macro-organic matter (150-2000
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pim), the size fraction 50-150 um and the size ifsact50 pm. The distribution of total C
and the incorporation of relatively 'youngi-C into these SOM fractions was investigated
throughd™C analysis of the same SOM fractions, originatirugf the surface layer (0-20
cm depth) of a €soil, which had been converted (since 19 yeatiseatime of sampling)
to continuous maize cultivation (CM,;@egetation) and a three year rotation of maize
cultivation and grassland (R). The CG soil showresllargest total C content (22.5 g'kg
soil), and the C contents in the R and CM soil weespectively, 34% and 63% lower
than in the CG soil. The amounts of WSOC and MBCthe CG soil were both
significantly larger than in the R and CM soil. Thmportion of total C present in the
macro-organic matter decreased in the order C@¥#> R (9.3%) > CM (6.8%). With
decreasing total C contents, the C enrichment (aditio of g C kg fraction to g C kg
whole soil) of the size fraction <§fim increased from 1.1 in the CG soil to 1.8 in thd C
soil, while the C enrichment ratio in the size fraic 50-150um decreased from 0.6 (CG
soil) to 0.3 (CM soil). Consequently, the propantiof total C present in the size fraction
<50 pum increased in the order CG (60.2%) < R (67.9%) < @2.3%), while the
proportion in the size fraction 50-1p0n decreased in the order CG (25.2%) > R (22.8%)
> CM (10.8%). This indicates that C in the clay- afltdsized fraction (<5@m) was less
affected by soil disruption due to tillage, thaninCthe macro-organic matter and in the
size fraction 50-15@m. In the three soils investigated, the C/N ratersled to decrease
in the order LF 150-2000 pum fraction > IF and HF-PBOO pm fractions > size fraction
50-150pm > size fraction <5@m. In the CG soil, we observed a trend of increpdie
enrichment in the order LF < IF < HF 150-2000 pacfion and a highéfC enrichment

in the size fraction <5um in relation to the size fractions >50 um, whichymnizse
attributed to isotopic fractionation associatedhviite microbial decomposition process of
plant residues in soils. The amount atderived C in the R and CM soil (after in total 10

and 19 years of maize cultivation, respectivelyallgd 11% (R soil) and 33% (CM soil)
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of the total C content. Among the size and derfsatgtions in the R and CM soils, the LF
150-2000 pm fraction showed the largest proportdrCs,-derived C (47% and 77%,
respectively). The shifts in tHE°C values, together with the decrease in C/N ratidsch
were observed among the size and density fractimm the CG, R and CM soils,
reflected an increasing degree of microbial degradand a decreasing turnover rate (1)
with increasing density among the macro-organidendtactions, and (2) with decreasing

particle size among the size fractions considered.

The accumulation of SOM upon conversion of arahiwllto permanent grassland,
and the influence of quantity and quality of SOMtha gross N transformation rates and
long-term net N mineralization in permanent gras$$asoils were studied in chapter 4.
This was investigated in the surface layers (0+id) 20-20 cm depth) of soils (sandy loam
texture) which had been converted from continuaabla cropping (during at least 20
years) to permanent grassland since respectivelyt &nd approximately 50 years at the
time of sampling. The SOM was fractionated into ltfe150-2000 pum, IF 150-2000 pum
and HF 150-2000 um fractions, the size fractiorl50-um and the size fraction <50 um
in order to study the distribution of the total @aN content among these SOM fractions.
The potential gross N transformation rates (mineaibn (= ammonification),
nitrification, NH," andNOs;™ immobilization) were determined by means of sherix,
fully-mirrored >N isotope dilution experiments (7-day laboratorguibations). The long-
term potential net N mineralization and gross N iohitization rates were determined by
means of 70-day laboratory incubations. The totsedn@d N contents mainly tended to
increase in the 0-10 cm layer with increasing afighe investigated grassland soils.
Significant differences in total SOM storage wdrewever, only detectable in the long-
term (50 years old grassland soil) after conversibarable land to permanent grassland.
In the assumption that the initial SOM contentsfol® conversion to permanent

grassland, and the average annual input of orgaaierial in the grassland soils were
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comparable, these results indicate that stabitimatf SOM and thus sequestration of C
upon conversion of arable land to grassland i®& girocess. The C and N contents and
the proportions of total C and N stored in the S®&ttions generally decreased in the
order <50 pm > 50-150 pm > HF 150-2000 pm > IF 1502060 > LF 150-2000 pm.
The largest relative increase in C and N contewmisurwed in the HF 150-2000 pm
fraction, followed by the 50-150 um and <50 pum fi@ts. Our results suggest that the HF
150-2000 um fraction could serve as a good andivela easily detectable indicator of
early soil organic C and N accumulation, or eaiyamges in SOM content in general,
induced by the conversion of cultivated soils tanpenent grassland. The gross N
mineralization, nitrification, and (long-term) geodN immobilization rates tended to
increase with increasing age of the investigatedgiands, and showed strong, positive
correlations with the total C and N contents. Theesved gross N mineralization rates (7-
day incubations) and net N mineralization ratesd@® incubations) corresponded with a
gross N mineralization of 643, 982 and 1876 kg N i3, and a net N mineralization of
195, 208 and 274 kg N Ha/tin the upper 20 cm of the 6, 14 and 50 years cddsgjand
soils, respectively. Linear regression analysiswgtbthat 93% of the variability of the
gross N mineralization rates could be explainedvagations in the total N contents,
whereas total N contents together with the C/Nosatf the <50 um fraction explained
84% of the variability of the net N mineralizatioates. The relation between long-term
net N mineralization rates and gross N mineraliratiates could be fitted by means of a
logarithmic equation (net m = 0.24Ln(gross m) +3).8=0.69, p<0.05), which reflects
that the ratio of gross N immobilization to grossriheralization tended to increase with
increasing SOM contents. Since the microbial denfandN (immobilization) tended to
increase with increasing SOM content in the ingaddd grassland soils, this indicates
that potential N retention in soils through micrdN immobilization tends to be limited

by C availability.

152



Summary

In chapter 5, we investigated the evolution ofdghess N transformation rates and
the potential N retention after mineral fertilizgpplication in three permanent grassland
soils (0-10 cm depth) of varying texture (loamydalamy and clay loam). Differently
>N-labelled NHNO;s (at a rate of 100 mg N Kgsoil) was added to the soils in paired
experiments (30-day laboratory incubations). Size'aN-enrichment of the N, NOs,
and soil organic and fixed N pools were measure@, at, 3, 7, 14 and 30 days after
NH4NOs-application. The C mineralization rates were alsmnitored during the
incubation experiments. The experimental data wareulated with the numerical
simulation model FLUAZ (Mary et al., 1998)in order to estimate the gross N
transformation rates. The cumulative gross N mimeiaon (ammonification) and the
proportion of initial N mineralized at the end bktincubation were largest in the loamy
sand soil (68 mg N kfsoil or 81 kg N hd; 2.5% of initial N), followed by the clay loam
soil (58 mg N kg soil or 64 kg N h&; 1.2% of initial N) and the loamy soil (21 mg N
kg soil or 28 kg N hd; 0.8% of initial N). These differences in cumwatigross N
mineralization could be largely explained by thedo clay plus silt content in the loamy
sand soil (14%) in relation to the loamy (52%) ahe clay loam (72%) soils, in
combination with the total N contents. The potdngeoss nitrification activity was
considerably larger in the clay loam soil (pH 7i2)elation to the loamy (pH 6.3) and
loamy sand (pH 5.9) soils. These differences irepil gross nitrification activity might
be explained by the difference in soil pH, or afetdnce in the naturally occurring,
nitrifying microbial population in the three soils. the three soils investigated, significant
amounts of°N were recovered in the soil organic and fixed MlEhortly after addition
of both ®NH,**NO; and **NH,NOs, indicating a fast biotic or abiotic immobilizatio
capacity. The fast immobilization capacity BNH,*-N was most pronounced in the

loamy and clay loam soils, and could probably hebatted to clay fixation. The total

1 Mary, B., Recous, S., Robin, D., 1998. A model for calcugatiitrogen fluxes in soil usin’é‘N tracing.
Soil Biology and Biochemistry 30, 1963-1979.
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amounts of°N recovered in the soil organic and fixed N pooBatdays after addition of
15’NH4*NO; were approximately 5 times larger than the amotetsvered after addition
of ¥*NH,™NOs, which also reflects the generally observed pesféal microbial uptake of
NH;™-N in relation to N@-N. The large N4 and NQ immobilization rates, which were
observed during the first days after MNDs-addition, were accompanied by significant
remineralization rates in the three soils inveséidaThis indicates that a quick recycling
through the microbial biomass of the recently imitioedd mineral N occurred shortly
after NH,NOs-addition. The total gross N immobilization rateglaC mineralization rates
were closely related (i = 0.5Qm- 0.54, R=0.85, p<0.01) during the incubation

experiments.
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Samenvatting

Bodem organisch materiaal (BOM) is van cruciaahbglvoor de bodemkwaliteit
en bodemvruchtbaarheid, vermits het een invioedetent op talrijke biologische,
fysische en chemische bodemkarakteristieken. BORETs primaire bron van nutriénten
voor planten en bodemorganismen, en draagt in geje® mate bij tot de vorming en
stabilisatie van de bodemstructuur. BOM in landbgromden, en meer specifiek de
bodem organische koolstof (BOC), krijgt ook steewer aandacht in het kader van C-
sequestratie als een potentigilak voor atmosferische GOhet belangrijkste antropogeen
broeikasgas. Het in stand houden of verhogen vamydigalte aan BOM wordt daarom
algemeen beschouwd als één van de belangrijksextahjen voor elk duurzaam agro-
ecosysteem. Aangezien het BOM een enorme waaiezaaponenten omvat, gaande van
recent afgestorven plantenmateriaal, via een ceiimvan metabolische producten van
micro-organismen tot stabiele humusverbindingerdeikarakterisering van de kwaliteit
van BOM zeer complex. Recent werden door middelmathodes gebaseerd op fysische
bodemfractionering (volgens deeltjesgrootte of siteit) biologisch betekenisvolle
fracties van het BOM bekomen, die, in combinati¢ melogische en chemische analyse,
een dieper inzicht opleveren in de functionalitein deze fracties. Daarnaast heeft het
gebruik van stabiele isotopentechnieken (zoalsyaratan de natuurlijke aanrijking fC
en ®N isotopenverdunning) het proces georiénteerd aoeér van BOM sterk
vooruitgeholpen, aangezien deze technieken zeehiedlijken te zijn om de kwaliteit

en de dynamiek van BOM te bestuderen.

Een eerste doelstelling van deze thesis was hatrooeken van de kwaliteit van
BOM, meerbepaald de afbreekbaarheid en omzettietissd ervan, in gecultiveerde
bodems en graslanden door middel van fysischeidreatte en variaties in dé’C

isotopensignatuur van het BOM. Het onderzoeken dannvioed van de kwantiteit en
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kwaliteit van BOM en bodemtype op de N-dynamielp@rmanente graslanden was een

tweede doelstelling van deze thesis.

In hoofdstuk 1 wordt het onderzoeksgebied kort wediuceerd, waarbij de
aandacht gericht wordt op (1) de rol van organisetteriaal in landbouwgronden, (2) de
factoren die het gehalte aan BOM en de omzettirissid ervan beinvioeden, (3)
inschatting van de kwaliteit en omzettingssnelheid BOM, en (4) de belangrijkste N-

transformaties die optreden in landbouwgronden.

In hoofdstuk 2 werdonderzocht in welke mate de potentiéle C-dynamiak v
BOM gerelateerd is aan de mate van aanrijking"® met toenemende diepte in
bodemprofielen onder permanent grasland. De ewolwan het C-gehalte en de
natuurlijke aanrijking in3c (3**C-waarde, uitgedrukt in %.) van BOM werd onderzdoht
drie bodemprofielen (0-40 cm diepte) met verschde textuur (lemige zandbodem,
lemige bodem en klei-leembodem) onder permanersiayrd. Ded"*C-waarde van het
BOM vertoonde een geleidelijke toename met toenemeiepte en afnemend C-gehalte
in de drie profielen, variérend tussen 1.9%. (lenigadbodem), 2.9%o. (klei-leembodem)
en 4%o (lemige bodem) ten opzichte vardfi€-waarde van het BOM aan de oppervlakte.
Het verband tussen déC-aanrijking en het totale organische C-gehalterenschillende
diepten in de profielen (tot op 40 cm diepte irletaige bodem en klei-leembodem, tot op
25 cm diepte in de lemige zandbodem) kon benaderdem door middel van de Rayleigh
vergelijking. Dit geeft weer dat de waargenontd®-aanrijking met toenemende diepte
grotendeels kan verklaard worden door isotoperifmaatie geassocieerd met de C-
mineralisatie tijjdens het afbraakproces van BOM. [Deaanrijkingsfactorene,
geassocieerd met de Rayleigh benadering van de daiaerde tussen -1.57%. (klei-

leembodem), -1.64%o (lemige zandbodem) en -1.91%ai¢e bodem). De evolutie van de
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5*C-waarde in de lemige zandbodem, die afweek vaRaideigh benadering vanaf 25
cm diepte in het profiel, suggereert dat anderéofan zoals differenti€le bewaring of
accumulatie vari®C-verarmd materiaal eveneens de evolutie vad'#&waarde kunnen
beinvloeden in matig gedraineerde, chronisch wateadigde bodemprofielen. De
potentiéle C-mineralisatiesnelheden (bepaald domldeh van een aéroob incubatie-
experiment) en de C-afbraak snelheidsconstantenrhdquding van de C-
mineralisatiesnelheid tot het C-gehalte) namen dreidignificant af met toenemende
diepte (0-10, 10-20, 20-30 en 30-40 cm diepte)andde profielen, hetgeen een verder
gevorderd afbraakstadium en grotere stabiliteit danBOC in de diepere bodemlagen
weergeeft. Er bestond een significante, positieweetatie (dre = 0.22\8"*C + 0.019,
R?=0.75, p<0.001, n=12) tussen de C-afbraaksnelheidsudas (drg) in de vier diepte-
intervallen van de drie profielen en de correspoenige A3"*C-waarden (gemiddelde
toename van d&3C-waarde met toenemende diepte, uitgedrukt in %s)cfen sterkere,
positieve correlatie tussen de C-afbraak snelheitganten en dAdC-waarden werd
waargenomen wanneer enkel de waarden afkomstige/dmovenste 30 cm in de profielen
(drec = 0.2203"C + 0.019, R=0.86, p<0.001, n=9) of van de bovenste 20 cm in de
profielen (dre = 0.21A3C + 0.020, R=0.78, p<0.05, n=6) werden beschouwd. Deze
resultaten suggereren dat A&*C-waarden in de oppervlaktelagen (0-30 cm diepde) v
profielen onder permanent grasland, en in mindeaterdeAd"*C-waarden in de diepere
bodemlagen (30-40 cm diepte), kunnen geinterpitteerden als een directe indicator
van de C-afbraaksnelheidsconstante of de afbredgkddavan het BOM. Vermits de
AdC-waarden relatief makkelijk toegankelijk zijn, wajf incubatie-experimenten ter
bepaling van de potentiéle C-dynamiek in bodemsstaédjdrovend en arbeidsintensief
zijn, zouden de\d**C-waarden potentieel kunnen aangewend worden alpedtische
en snelle indicator van de stabiliteit van de bodenm de oppervlaktelagen (0-30 cm

diepte) van profielen onder permanent grasland

157



Samenvatting

In hoofdstuk 3 werden de kwantiteit en kwaliteit e@n specifiek de
omzettingssnelheid) van het BOM in de oppervlakigl@an gecultiveerde bodems en
grasland vergeleken. De variatie fiC-aanrijking ten gevolge van isotopenfractionatie,
geassocieerd met de afbraak van BOM, werd onderzoobr vijf grootte- en
densiteitsfracties, de water oplosbare organiscid/S0OC) en de microbiéle biomassa C
(MBC) in de opperviaktelaag (0-20 cm diepte) vam @ermanent grasland (CGg-C
vegetatie). De vijf grootte- en densiteitsfractras BOM die beschouwd werden waren de
lichte (LF 150-2000 um; d <1.13 g & intermediaire (IF 150-2000 pm; 1.13<d <1.37 g
cm® en zware densiteitsfractie (HF 150-2000 pm; d3%1g cn?) van het macro-
organisch materiaal (150-2000 um), de grootteeadd-150 um en de groottefractie
<50 um. De verdeling van de totale C en de incotporan relatief 'jonge' £C werd
onderzocht door middel vadi*C analyse van dezelfde BOM fracties, afkomstig gan
opperviaktelaag (0-20 cm diepte) van een bodemaoedpronkelijk enkel &BOC, die
omgezet was (sedert 19 jaar op het tijdstip van sthalname) naar permanente
maiscultivatie (CM, Gvegetatie) en een driejarige rotatie van mais@iti#é en grasland
(R). De CG bodem vertoonde het hoogste C-gehal& @ kg™ grond), en de C-gehaltes
in de R en CM bodems waren respectievelijk 34% 3 @ger dan in de CG bodem. De
WSOC- en MBC-gehaltes in de CG bodem waren beiagrfisant hoger dan in de R en
CM bodems. Het aandeel van de totale C aanwezigtimacro-organisch materiaal nam
af in de volgorde CG (14.6%) > R (9.3%) > CM (6.8%gt afnemende totale C-gehaltes,
nam de C-aanrijkingsverhouding (verhouding vankg€&fractie tot g C kg grond) in de
groottefractie <5@um toe van 1.1 in de CG bodem tot 1.8 in de CM bqdenwijl de C-
aanrijkingsverhouding in de groottefractie 50-158 afnam van 0.6 (CG bodem) tot 0.3
(CM bodem). Bijgevolg nam het aandeel van de tafadanwezig in de groottefractie <50
pm toe in de volgorde CG (60.2%) < R (67.9%) < CI2.880), terwijl het aandeel van de
totale C in de groottefractie 50-1ptn afnam in de volgorde CG (25.2%) > R (22.8%) >

CM (10.8%). Dit wijst erop dat de C in de klei-ledractie (<50 pm) minder onderhevig
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was aan verstoring van de bodemstructuur ten gewag bodembewerking, dan de C in
het macro-organisch materiaal en in de grootta&dsd-150 um. In de drie onderzochte
bodems nam de C/N verhouding af in de volgorde 56-2000 um fractie > IF en HF
150-2000 pm fracties > groottefractie 50-15 > groottefractie <5Qum. In de CG
bodem werd een trend van toenemeti@eaanrijking in de volgorde LF < IF < HF 150-
2000 pm fractie en een hogéf€-aanrijking in de groottefractie <§0n ten opzichte van
de groottefracties >5Qum waargenomen, hetgeen kan toegeschreven worden aan
isotopenfractionatie geassocieerd met de microbi&piratie tijdens het afbraakproces
van plantenmateriaal in bodems. Het aandeglCCin de R en CM bodem (na
respectievelijk in totaal 10 en 19 jaar maiscuttejabedroeg 11% (R bodem) en 33%
(CM bodem) van het totale C-gehalte. Onder de ¢go@n densiteitsfracties in de R en
CM bodems, vertoonde de LF 150-2000 pm fractie hebgste aandeel 4C
(respectievelijk 47% en 77%). De verschuivingem@d'*C-waarden in combinatie met
de afname in de C/N verhoudingen die werden waargen voor de grootte- en
densiteitsfracties in de CG, R en CM bodems, gagen toenemende graad van
microbiéle afbraak en een afnemende omzettingssiceltveer (1) met toenemende
densiteit onder de fracties van het macro-organiseheriaal, en (2) met afnemende

deeltjesgrootte onder de beschouwde groottefracties

De accumulatie van BOM na omzetting van een gemdtde bodem naar
permanent grasland, en de invioed van kwantiteikwaliteit van BOM op de bruto
N-transformatiesnelheden en de lange termijn nBtimineralisatie in bodems onder
permanent grasland werden onderzocht in hoofdstulbigd werd onderzocht in de
opperviaktelagen (0-10 en 10-20 cm diepte) van msdémet een zandleemtextuur) die
waren omgezet van een permanente cultivatie (gadargéen minste 20 jaar) naar

permanent grasland sinds respectievelijk 6, 14 isra &0 jaar op het tijdstip van de
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staalname. Het BOM werd gefractioneerd in de L2600 um, IF 150-2000 pum en HF
150-2000 um fracties, de groottefractie 50-150 pmnde groottefractie <50 um om de
verdeling van het totale C- en N-gehalte over demsies van het BOM te bestuderen. De
potentiéle bruto N-transformatiesnelheden (minsadile (= ammonificatie), nitrificatie,
NH;"- en NOs-immobilisatie) werden bepaald door middel van &dgrmijn, volledig
gespiegelde'N isotopendilutie-experimenten (incubaties gedueerd dagen in het
laboratorium). De lange termijn potentiéle nettoriMieralisatie en bruto N-immobilisatie
werden gemeten door middel van incubaties geduréf@diagen in het laboratorium. De
totale C- en N-gehaltes namen voornamelijk toe enlahg van 0-10 cm diepte met
toenemende ouderdom van de onderzochte graslasigmficante verschillen in het
totale gehalte aan BOM waren echter slechts meetiméange termijn na de omzetting
naar permanent grasland (in het 50 jaar oude gmsldn de veronderstelling dat de
initiele BOM-gehaltes, voor de omzetting naar perem grasland, en de gemiddelde
jaarlijkse input van organisch materiaal vergeljgb waren in de drie graslanden, wijzen
deze resultaten erop dat de stabilisatie van BOMIdus ook C-sequestratie na omzetting
van gecultiveerde bodems naar grasland een tramg$is. De C- en N-gehaltes en het
aandeel van de totale C en N aanwezig in de fiagda het BOM namen in het algemeen
af in de volgorde groottefractie <50 um > grootteiea®0-150 um > HF 150-2000 pum >
IF 150-2000 pm > LF 150-2000 um. De grootste relatimename in C- en N-gehalte
werd waargenomen in de HF 150-2000 um fractie, lgevdoor de 50-150 pm en de <50
pm groottefracties. Deze resultaten suggererededat- 150-2000 um fractie zou kunnen
aangewend worden als een goede en relatief eervoneetbare indicator van vroege
accumulatie van bodem organische C en N, of vaeg@oseranderingen in het BOM-
gehalte in het algemeen, geinduceerd door omzetiamg gecultiveerde bodems naar
permanent grasland. De bruto N-mineralisatie, fra&iie en (lange termijn) bruto N-
immobilisatie neigden toe te nemen met toenemendderdom van de onderzochte

graslanden, en waren sterk positief gecorreleertl deetotale C- en N-gehaltes. De
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waargenomen bruto N-mineralisatiesnelheden (incailgetdurende 7 dagen) en netto N-
mineralisatiesnelheden (incubatie gedurende 70njageamen respectievelijk overeen
met een bruto mineralisatie van 643, 982 en 1878 kg jr, en een netto mineralisatie
van 195, 208 en 274 kg N har' in de bovenste 20 cm van het 6, 14 en 50 jaar oude
grasland. Lineaire regressie-analyse toonde aaf3%atvan de variabiliteit van de bruto
N-mineralisatie kon verklaard worden door de végin het totale N-gehalte, terwijl het
totale N-gehalte en de C/N verhouding in de grd@tdie <50 um samen 84% van de
variabiliteit van de netto N-mineralisatie kondeerklaren. Het verband tussen lange
termijn netto N-mineralisatiesnelheid en bruto Nieralisatiesnelheid kon benaderd
worden door middel van een logaritmische vergelgki(netto m = 0.24Ln(bruto m) +
0.23, R=0.69, p<0.05), hetgeen weergeeft dat de verhoudamgbruto N-immobilisatie
tot bruto N-mineralisatie neigde toe te nemen menémende gehaltes aan BOM. De
microbiéle behoefte aan N (immobilisatie) neigds the te nemen met toenemende C-
beschikbaarheid in de onderzochte graslanden, éretgeop wijst dat de potentiéle N-
retentie in bodems door microbiéle N-immobilisagjelimiteerd neigt te zijn door het

beschikbare C-gehalte.

In hoofdstuk 5werd de evolutie van de bruto N-transformatiesradgheen de
potentiéle N-retentie na minerale bemesting in gr@manente graslanden (0-10 cm
diepte) met een verschillende textuur (lemige zaddin, lemige bodem en klei-
leembodem) onderzocht. Differenti€eN-gelabeld NHNO; (dosis van 100 mg N Kg
grond) werd toegevoegd aan de drie gronden in gepaexperimenten (incubaties
gedurende 30 dagen in het laboratorium). De gramitEN-aanrijking van de Nii- en
NOs-pool en de organische en gefixeerde N-poaiden gemeten op 0, 1, 3, 7, 14 and 30

dagen na toevoeging van hWOs;. De experimentele data werden gesimuleerd met het
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numeriek simulatiemodel FLUAZ (Mary et al., 1998)om de bruto N-
transformatiesnelheden te schatten. De cumulabiavi® N-mineralisatie (ammonificatie)
en het procentueel aandeel van het initiéle N-geftzt gemineraliseerd was aan het eind
van de incubatieperiode waren het grootst in dégemandbodem (68 mg N K@f 81 kg

N ha'; 2.5% van de initiéle N), gevolgd door de kleifg@mdem (58 mg N Kjof 64 kg

N ha'; 1.2% van de initiéle N) en de lemige bodem (21Mnkg* of 28 kg N hd; 0.8%
van de initiéle N). Deze verschillen in cumulatiebeuto N-mineralisatie konden
grotendeels verklaard worden door een lager kldiis deemgehalte in de lemige
zandbodem (14%) in vergelijking met de lemige bod&2%6) en de klei-leembodem
(72%), in combinatie met de totale N-gehaltes. D@emtiéle bruto nitrificatie was
aanzienlijk hoger in de klei-leembodem (pH 7.2yémgelijking met de lemige bodem (pH
6.3) en de lemige zandbodem (pH 5.9). Deze veteahih potenti€le bruto nitrificatie in
de drie bodems zouden verklaard kunnen worden dearerschillen in pH, of door een
verschil in de natuurlijk voorkomende, nitrificedsn microbiéle populatie. In de drie
onderzochte bodems werden significante hoeveelhedin teruggevonden in de
organische en gefixeerde N-pool, kort na toevoegiag zowel ®NH,“NO; als
NH,®NO;, hetgeen wijst op een snelle biotische of abibstnmobilisatiecapaciteit.
De snelle immobilisatiecapaciteit vadiNH,"-N was meest uitgesproken in de lemige
bodem en de klei-leembodem, en kon waarschijnljlegeschreven worden aan
kleifixatie. De totale hoeveelhedéiN teruggevonden in de organische en gefixeerde
N-pool 30 dagen na toevoeging VAINH,**NO; waren circa 5 keer groter dan de
hoeveelheden die teruggevonden werden na toevoegmtfNH,>NOs, hetgeen ook de
algemeen waargenomen preferentiéle microbiéle opnean NH'-N ten opzichte van
NOs;-N weergeeft. De relatief grote NH en NQ-immobilisatiesnelheden die werden

waargenomen gedurende de eerste dagen na toevosgingHNOs;, waren vergezeld

1 Mary, B., Recous, S., Robin, D., 1998. A model for calcugatiitrogen fluxes in soil usin’é‘N tracing.
Soil Biology and Biochemistry 30, 1963-1979.
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door significante remineralisatiesnelheden in de dnderzochte bodems. Dit wijst erop
dat een snelle recirculatie optrad door de mictebidiomassa van de recent
geimmobiliseerde minerale N, kort na de toevoegiag NH,NOs. De totale bruto N-

immobilisatiesnelheden (i) en de C-mineralisatitseden (ng) waren nauw gerelateerd

(i = 0.50nt - 0.54, R=0.85, p<0.01pedurende de incubatie-experimenten.
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transformation rates and net N mineralization radésted to the C and N contents of soil
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(submitted).
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Trends in Soil Science, Poojapura, India (submigigadn invited contribution).

182



Curriculum vitae

4.4. Abstracts

Accoe, F., Boeckx, P., Van Cleemput, O. and Hofn@&n2001. Characterization of size-
density fractions of soil organic matter, microbl@bmass carbon and water soluble
organic carbon in permanent and temporary grasskind™C natural abundance

variations. Abstract in: Proceedings of the COSifieac627 meeting, Dublin, Ireland, 5-8

April 2001.

Accoe, F., Boeckx, P., Hui, X., Bin, H., Guanxiorig, Hofman, G. and Van Cleemput,
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characterization of organic matter fractions ini@agtural soils. Abstract in: Proceedings
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Accoe, F., Boeckx, P., Van Cleemput, O. and Hofnan,2001. Stable carbon isotopic
characterization of organic matter fractions ini@agtural soils. Abstract in: Proceedings
of the COST-action 627 meeting, Foulum, Denmark22&eptember 2001.

Accoe, F., Boeckx, P., Van Cleemput, O. and Hofn@n,2001. Carbon mineralization
dynamics related to C distribution among differsize fractions and evolution of td&*C
signature in a grassland soil profile. Abstract Broceedings of the COST-action 627
meeting, Merelbeke, Belgium, 22-24 November 2001.

Accoe, F., Boeckx, P., Van Cleemput, O. and Hofn@n, 2002. Evolution of th&**C
signature related to total C contents and C decsitipo rate constants in a soil profile
under grassland. Abstract in: Proceedings of tlabl8tisotope Mass Spectrometer Users
Group Annual Meeting, Belfast, Ireland, 17-18 JanR@02.

Accoe, F., Boeckx, P., Van Cleemput, O. and Hofn,2003.Evolution of thed™C
and 3N signature and relation betweA3'’C values and potential C dynamics of soil
organic matter in soil profiles of different textunnder permanent grassland. Abstract in:
Proceedings of the Stable Isotope Mass Spectroniéters Group Annual Meeting,
Bristol, United Kingdom, 14-16 April 2003.

Accoe, F., Boeckx, P., Van Cleemput, O. and Hofn@n,2003. Gross N transformation
rates and soil organic matter contents in grasskuild of different age. Abstract in:
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Proceedings of the TZNitrogen Workshop, Exeter, United Kingdom, 21-Zdptember
2003.
5. Scientific activities

5.1. Participation in conferences, symposia or workshops with poster or online
presentation

2001
February, 14. General Assembly and Young Scienbstg of the Belgian Soil Science

Society._Oral presentatioftable carbon isotopic characterization of organic matter
fractionsin agricultural soils. Belgian Soil Science Society, Ghent, Belgium.

April, 5-8. COST-action 627 meeting. Oral presdotatCharacterization of size- density
fractions of soil organic matter, microbial biomass carbon and water soluble
organic carbon in permanent and temporary grassiand via **C natural abundance
variations. COST 627, Dublin, Ireland.

August, 3-9. 1% World Fertilizer Congress. Co-author oral presémtat/ariation of 2C
natural abundance of soil organic carbon in the soil profile and in different organic
matter fractions of agricultural soils. Beijing, China.

September, 9-12. YINitrogen Workshop. Poste®able carbon isotopic characterization
of organic matter fractionsin agricultural soils. INRA, Reims, France.

September, 28-29. COST-action 627 meeting. Pos@&able carbon isotopic
characterization of organic matter fractions in agricultural soils. COST 627,
Foulum, Denmark.

November, 22-24. COST-action 627 meeting. Postarbon mineralization dynamics
related to C distribution among different size fractions and evolution of the 5°C
signaturein a grassland soil profile. COST 627, Merelbeke, Belgium.

2002

Januari, 17-18. Stable Isotope Mass SpectrometersUSroup Annual Meeting. Poster:
Evolution of the J°C signature related to total C contents and C decomposition rate
constants in a soil profile under grassland. SIMSUG, Belfast, Ireland.

2003

April, 14-16. Stable Isotope Mass Spectrometer §Jsgroup Annual Meeting. Poster:
Evolution of the 6°C and J"°N signature and relation between 40*C values and
potential C dynamics of soil organic matter in soil profiles of different texture under
permanent grassland. SIMSUG, Bristol, United Kingdom.
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September, 21-24. TZ\litrogen Workshop. Poste@ross N transformation rates and soil
organic matter contents in grassland soils of different age. IGER, Exeter, United
Kingdom.

5.2. Participation in conferences, symposia or workshops without poster or online
presentation

2000

October, 24. Workshop non-G@ace gas emissions {8, CH;, NO) from Belgian soils:
where research and policy meet. Ghent UniversigygiBm.

2002

October, 17. Studie- en vervolmakingsdag Technetdgi Instituut KVIV:
Stikstofproblematiek in de landbouw: evaluatie, tregelen, consequenties.
Technologisch Instituut, Meise, Belgium.

2003

November, 19. Thematic day of the Belgian Soil BocgeSociety: Carbon sequestration in
terrestrial ecosystems. Belgian Soil Science Spdirussels, Belgium.
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