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Summary

The semiarid grasslands of northern China are used for at least two thousand
years by nomads and their herds as extensive pastures. They are part of the
Eurasian steppe, the largest continuous terrestrial biome in the world. Stocking rates
reached a maximum during the last 20 years as a consequence of political decisions
in the 1980s. Intensive land use and especially heavy continued grazing resulted in
degradation of steppe vegetation associated with changes in the amount and the
composition of soil organic matter (SOM). The concurrent degradation of soil
structure and destruction of aggregation led to enhanced soil erosion and the
formation of dust storms. Nowadays, the most apparent consequences of this
overgrazing are wide-spread desertification and a high abundance of severe supra-
regional dust storms, impairing not only the local population but also the densely
populated coastal regions. Grazed steppe ecosystems are discussed as one of the
big global carbon sinks that may have the potential to sequester large amounts of
atmospheric CO, and mitigate the effects of global change if grazing is abandoned or

management improved.

The Sino-German interdisciplinary research group MAGIM was set up to
investigate the effects of grazing on semiarid steppe ecosystems and to evaluate the
benefits and potentials of grazing management and grazing cessation to mitigate the
detrimental effects. This work focussed on changes in the amount, composition and
turnover of soil organic matter (SOM) due to continued heavy grazing and grazing
cessation and the concurrent degradation of soil structure and aggregation. The
central aims were to 1.) investigate the effects of continued heavy grazing and
possible benefits of grazing cessation on bulk topsoil parameters using statistical
tools; 2.) analyse the impacts of heavy grazing, reduced grazing and time since
grazing cessation on the spatial distribution of bulk topsoil parameters and topsoil-
vegetation-interactions with univariate and multivariate geostatistical tools; 3.) study
the effects of higher OM inputs due to grazing cessation on the amount, composition
and turnover of functional SOM fractions and their contribution to aggregate stability
in topsoils; and 4.) quantitatively and qualitatively characterise grazing-sensitive SOM
fractions in complete soil profiles and reveal the contribution of subsoils to the carbon

sequestration and stabilisation potential of steppe soils.



The study area was located approximately 450 km north of Beijing in the
autonomous region of Inner Mongolia in northern China. Soils in the study area were
characterised as Calcic Chernozems with a sandy texture derived from aeolian
deposits above acid volcanic rocks. Climate was classified as middle latitude dry and
cold steppe climate with mean annual temperature and precipitation of 0.4 °C and
350 mm. The typical vegetation in this region is dominated by the bunch grasses
Leymus chinensis and Stipa grandis. Herds consisted of 90-70% sheep and 10-30%
goats. Five sites with different grazing intensities were selected (ungrazed since
1979 = Ug79, ungrazed since 1999 = Ug99, winter grazing = Wg, continuously
grazed = Cg, heavily grazed = Hg). For the statistical and the geostatistical approach
topsoils (0-4 cm) of two differently sized regular, orthogonal grids (small grids with
100 sampling points: 15 m spacing, 5 m nested sampling; large grids with 125
sampling points: 50 m spacing, 10 m nested sampling) were sampled. Differently
sized grids allowed the exploration of scale effects. Each sample was analysed for
bulk density, organic carbon (OC), total N and total S concentration, 3'C, pH, Ah
horizon thickness, vegetation cover and aboveground biomass. The dataset was
analysed using general statistics, multivariate explorative statistics, variograms and
cross variograms. In each of the five plots representative soil pits were sampled to
analyse effects of grazing and grazing cessation on the amount, composition and
turnover of SOM in detail. A combined aggregate size, density and particle size
fractionation procedure was applied in three horizons of each pit to separate
functional SOM fractions and pools. Additionally aggregate stability measurements

were done on topsoils.

Statistical analyses showed that bulk density increased significantly with
increasing grazing intensity. OC, total N and total S concentrations decreased
significantly with increasing grazing intensity. No effect on the pH or C/N ratio was
detected. Significant differences in C/S and N/S ratios between differently grazed
plots were found. These differences pointed towards a relative accumulation of
sulphur in grazed compared to ungrazed areas following an increased organic matter
decline or lower inputs of diluting litter. Elemental stocks of the upper 4 cm were
calculated for OC, total N and total S using the measured bulk densities. The data
revealed significantly lower amounts for all three elements on the heavily grazed site,
but no significant differences for the other areas. In addition, elemental stocks were



calculated using an equivalent mass instead of bulk density to take into account
changes in bulk density following grazing. This revealed a highly significant decrease
for OC, total N and total S with increasing grazing intensity. OC, total N and total S
concentrations respond similarly to different grazing intensities, showing highly
significant positive correlations. OC concentrations and bulk densities were
significantly negatively correlated. Effects of grazing cessation were only found in the
long-term, while no ameliorating effects of reduced or excluded grazing could be
detected five years after grazing cessation. After 25 years of exclusion, significantly
different values were found for all parameters. The statistical approach showed that
physical and chemical parameters of steppe topsoils deteriorated significantly
following heavy grazing, remained stable if grazing was reduced or excluded for five
years and recovered significantly after 25 years of grazing exclusion.

Geostatistical analyses showed that the spatial distribution in small grids
changed with grazing intensity. Generally, heterogeneity of topsoil properties
increased with decreasing grazing intensity from a homogeneous to a patchy
distribution. This is attributed to vegetation recovery/succession and deposition of
windblown material in ungrazed areas. Ug99 showed different spatial dependencies
than continuously and heavily grazed, but has not yet reached the high variability of
Ug79. Large grid sampling did not detect small-scale variability or grazing impacts,
but showed spatial dependencies that were attributed to topography or soil
erosion/deposition. Low OC concentration and low Ah thickness were associated
with hilltop and shoulder positions, resulting in lower OC stocks at these topographic
units. The geostatistical approach showed that recovering vegetation and higher
deposition of windblown material around recovering plants are crucial processes that
initiate the recovery of grazing-degraded areas.

Physical fractionation of topsoils (0-10 cm) showed that greater inputs of
organic matter led to larger amounts of OC in coarse aggregate size classes (ASC)
and especially in particulate organic matter fractions (POM). No grazing-induced
changes of SOM quantity were found in fine ASC and particle size fractions. SOM
quality (solid state '*C NMR spectroscopy, neutral sugar analysis) was comparable
between different grazing intensities, but ungrazed plots had slightly more
decomposed SOM across all fractions. Ug79 showed generally greater radiocarbon
concentrations compared with Cg. Aggregate stability, analysed as resistance to



sonication, was greater in Ug79 compared with Cg. Larger litter inputs in grazing
exclosures increased POM quantity, led to faster SOM turnover and resulted in the
formation and stabilisation of coarse aggregates. Organo-mineral associations turned
over faster as indicated by increased radiocarbon concentrations, but the OC content
of this pool did not change. The physical fractionation of topsoils showed that
additional litter inputs due to grazing cessation were sequestered in the intermediate
POM pool and the long-term pool of organo-mineral associations appears to be close
to saturation. Aggregate stability and formation in topsoils was increased after

grazing cessation.

Higher inputs of organic matter led to higher amounts of OC in coarse ASC and
especially in POM fractions across all depth. These processes started in the topsoil
and took more than 5 years to reach deeper soil horizons (>10 cm). After 25 years of
grazing cessation, subsoils showed clearly higher POM amounts. No grazing-
induced changes of SOM quantity were found in fine ASC and particle size fractions.
Current carbon loading of fine particle size fractions was similar between differently
grazed plots and decreased with depth, pointing towards free sequestration
capacities. Despite these free capacities, no increase in current carbon loading after
25 years of grazing exclusion could be detected. It is supposed that either the particle
size fractions are already saturated and empirical estimations overestimate
sequestration potentials or that the climatic conditions delay the decomposition and
incorporation of OM in particle size fractions. POM quality was analysed using solid-
state '*C NMR spectroscopy and was comparable between different grazing
intensities. POM is decomposed hierarchically from coarse to fine particles in all soil
depths and grazing cessation has not affected the OM decomposition processes.
The surplus of OM due to grazing cessation was predominately sequestered in
readily decomposable POM fractions across all horizons and the long-term
stabilisation of OM in these steppe soils is questioned.

Overall, this study statistically substantiates the long process of recovery of
physical and chemical soil parameters after grazing cessation. The recovery of
degraded areas after grazing cessation starts with the recovery of vegetation. Larger
increased litter inputs and larger accumulation of wind-blown materials around
individual recovered plants act as nucleus of recovery (islands of fertility). Recovery
of topsoils was detectable after 25 years of grazing cessation, but spatial distribution
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of vegetation showed first evidence of recovery already after 5 years. In ungrazed
topsoils the increased litter inputs were predominately stored in the readily
decomposable POM fractions. Abundance and stability of coarse and medium
aggregates were increased in ungrazed topsoils as consequence of higher POM
amounts. Particle size fractions in topsoils did not change quantitatively after grazing
cessation pointing towards saturation of their carbon sequestration potential. Despite
saturation higher radiocarbon concentrations of particle size fractions in ungrazed
plots show that the generally as stabile assumed pool of organo-mineral associations
is taking part in the carbon cycling. Deeper soil horizons received higher OM inputs
after 25 years of grazing cessation. But these inputs were also stored in the readily
decomposable POM fraction and are therefore not stabilised in the long-term. Finally,
grazing reduction and especially grazing cessation can help mitigating the
detrimental effects of heavy grazing on semiarid steppe soils when management is
controlled for periods longer than 25 years. But if grazed steppe soils can become a
carbon sink in the long-term when grazing management is improved or completely

stopped has to be questioned.



Zusammenfassung

Die im Norden Chinas gelegenen semiariden Graslander werden seit
mindestens 2000 Jahren von Nomaden als extensives Weideland fur vornehmlich
Schaf- und Ziegenherden genutzt. Sie sind Teil der eurasischen Steppe, des
gréBten, zusammenhangenden, terrestrischen Okosystems der Erde und bedecken
einen groBen Teil der Volksrepublik China (ca. 40% der Staatsflache). Infolge
politischer Entscheidungen stieg die Beweidungsintensitat in diesen Regionen seit
den 1950er kontinuierlich an und erreichte ein Maximum in den 1990er, das jedoch
bis heute andauert. Intensive Landnutzung und insbesondere starke, kontinuierliche
Beweidung fuhrten zu einer Degradation der Vegetation mit Auswirkungen auf die
Menge und Zusammensetzung der organischen Bodensubstanz (OBS). Damit einher
ging eine Verschlechterung der Bodenstruktur sowie eine Zerstérung von
Bodenaggregaten und fuhrte zur vermehrten Bodenerosion und zu einem gehauften
Auftreten von Staubstirmen. Die offensichtlichsten Folgen der starken Beweidung
sieht man heute in der Desertifikation weiter Landstriche sowie dem h&ufigen
Auftreten von groBraumigen Staubstirmen, die nicht nur die lokale Bevélkerung und
Landwirtschaft, sondern auch die dicht bevolkerten Kistenregionen beeintrachtigen.
Dariber hinaus werden beweidete Graslander im Allgemeinen und die eurasische
Steppe im Speziellen als eine der groBen Kohlenstoffsenken betrachtet, die groBe
Mengen an atmosphérischem Kohlendioxid speichern und somit den globalen
Klimawandel abmildern kdénnten, wenn die Nutzung beendet oder zumindest

verbessert werden wirde.

Im Rahmen der chinesisch-deutschen, interdisziplindren Forschergruppe
MAGIM sollten die Auswirkungen einer hohen Beweidungsintensitdt auf das
semiaride Steppen-Okosystem untersucht und die Folgen und Méglichkeiten der
Regeneration durch Beweidungsmanagement und Beendigung der Beweidung
betrachtet werden. Die vorliegende Arbeit befasste sich insbesondere mit den
Effekten von kontinuierlich starker Beweidung und einem Beweidungstopp auf die
Gehalte, chemische Zusammensetzung und Umsatzraten der OBS sowie deren
Einfluss auf Bodenstruktur und Aggregierung. Die Arbeitsschwerpunkte waren 1.) die
statistisch abgesicherte Betrachtung der Effekie kontinuierlich starker Beweidung
und eines Beweidungstopps auf bodenphysikalische und —chemische KenngréBen
der oberflichenahen Gesamtbdden, 2.) die Analyse der raumlichen Struktur von
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Vegetations- und oberflichenahen Gesamtbodeneigenschaften sowie deren
Interaktion und Anderung unter starker Beweidung und nach einem Stopp der
Beweidung, 3.) die Erfassung der Effekte von hdheren Eintrdgen organischer
Substanz infolge eines Beweidungstopps auf die Menge, chemische
Zusammensetzung und Umsatzraten funktioneller Fraktionen der OBS sowie deren
EinfluB auf die Aggregierung von Oberbdden und 4.) die quantitative und qualitative
Erfassung beweidungssensitiver Fraktionen der OBS Uber die gesamte Bodentiefe
und des Beitrags tieferer Bodenhorizonte zur Kohlenstoffspeicherung sowie der
beteiligten Stabilisierungsmechanismen und —potentiale in Graslandbéden.

Das Untersuchungsgebiet befindet sich ca. 450 km nérdlich von Peking in der
autonomen Provinz Innere Mongolei im Norden der Volksrepublik China. Die Béden
des Untersuchungsgebiets wurden als sandige Calcic Chernozems klassifiziert, die
aus aolischen Sedimenten entstanden, die wiederum auf sauren Vulkangesteinen
abgelagert wurden. Ein trocken-kaltes Steppenklima der mittleren Breiten mit einer
mittleren, jahrlichen Temperatur von 0.4 °C und einem mittleren, jahrlichen
Niederschlag von 350 mm beglnstigt eine typische Steppenvegetation, die
hauptsachlich aus dem mehrjahrigen Rhizomgras Leymus Chinensis und dem
mehrjéhrigen Horstgras Stipa grandis besteht. Die Herden im Untersuchungsgebiet
setzten sich aus 10-30% Ziegen und 70-90% Schafen zusammen. Zur Bearbeitung
der Fragestellung wurden funf Flachen mit unterschiedlicher Beweidungsintensitat
ausgewahlt (unbeweidet seit 1979: Ug79, unbeweidet seit 1999: Ug99, Winterweide:
Wg, kontinuierlich beweidet: Cg, kontinuierlich stark beweidet: Hg). Far die
statistische und geostatistische Fragestellung wurden die Oberbdden (0-4 cm) der
funf Flachen mit jeweils zwei verschieden groBen, regelmaBigen und rechteckigen
Rastern beprobt (kleine Raster mit 100 Beprobungspunkten: 15 m Normabstand und
5m kleinrdumige Beprobung; groBe Raster mit 125 Beprobungspunkten: 50 m
Normabstand und 10m kleinrAumige Beprobung). Die unterschiedlichen
Beprobungsabstande der beiden Raster ermdéglichten die Erfassung von
Skaleneffekten. Jede Probe bzw. jeder Beprobungspunkt wurde hinsichtlich
Lagerungsdichte, Gehalt an organischem Kohlenstoff, Gesamtstickstoff und
Gesamtschwefel, 8'°C, pH-Wert, Machtigkeit des Ah-Horizontes, Bedeckungsgrad
des Bodens mit Vegetation und Uberirdischer Biomasse untersucht. Der gesamte
Datensatz wurde anschlieBend mithilfe deskriptiver und multivariater explorativer
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Statistik sowie uni- und multivariater Geostatistik (Variogramme und
Kreuzvariogramme) untersucht. Zur genaueren Betrachtung der
beweidungsbedingten Effekte auf die organische Bodensubstanz wurden auf jeder
der funf Flachen zusatzlich reprasentative Profilgruben horizontweise beprobt. Die
OBS aus jeweils drei Horizonten wurde anschlieBend mithilfe einer kombinierten
physikalischen Fraktionierung (AggregatgroBen-, Dichte- und
Partikelgré Benfraktionierung) in funktionelle Gruppen und Pools untergliedert.
Dariber hinaus wurde die Aggregatstabilitat der Oberbdden bestimmt.

Die statistische Auswertung der Rasterbeprobung zeigte deutlich die negativen
Effekte starker Beweidung auf Oberbdden. Die statistischen Analysen zeigen einen
signifikanten Anstieg der Lagerungsdichte und eine signifikante Abnahme der
organischen Kohlenstoff-, Gesamtstickstoff- und Gesamtschwefelkonzentration mit
steigender Beweidungsintensitat. Fir die Parameter pH-Wert und C/N-Verhaltnis
konnten keine Effekte, flir die Parameter C/S- und N/S-Verhaltnis hingegen
signifikante  Effekte zwischen den verschiedenen Beweidungsintensitaten
nachgewiesen werden. Die Unterschiede zwischen den Flachen bezliglich der C/S-
und  N/S-Verhédltnisse  deuten auf eine relative  Akkumulation  von
Schwefelverbindungen in beweideten Flachen infolge eines weiter fortgeschrittenem
Abbaus der OBS oder eines reduzierten Eintrags von frischem organischen Material
(OM) hin. Organische Kohlenstoff-, Gesamtstickstoff- und Gesamtschwefelvorrate fur
die obersten 4 cm wurden mithilfe der gemessenen Lagerungsdichten bestimmt.
Diese Berechnung zeigte signifikant geringere Vorrate auf der kontinuierlich stark
beweideten Flache, wahrend die Ubrigen Flachen statistisch gleiche Vorrate
aufwiesen. Daher wurden die Vorrate zusatzlich unter Zuhilfenahme einer
Aquivalenzmasse  berechnet, um  beweidungsbedingte  Anderungen  der
Lagerungsdichte auszuschlieBen. Diese Berechnung zeigte nun eine hochst
signifikante Abnahme aller Vorrate mit steigender Beweidungsintensitat. Des
Weiteren waren die  Konzentrationen des organischen  Kohlenstoffs,
Gesamtstickstoffs und Gesamtschwefels Uber alle Beweidungsstufen hinweg hoch
signifikant positiv korreliert. Organischer Kohlenstoff und Lagerungsdichte verhielten
sich gegensaizlich und waren hoch signifikant negativ korreliert. Deutliche
Verbesserungen der Parameter konnten erst 25 Jahre nach dem Beweidungsstopp
eindeutig nachgewiesen werden, wahrend keine Unterschiede innerhalb der ersten
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5 Jahre erkennbar waren. Mit dem statistischen Ansatz konnte gezeigt werden, dass
sich wichtige physikalische und chemische Oberbodenparameter unter kontinuierlich
starker Beweidung signifikant verschlechtern, unter reduzierter Beweidung oder kurz
nach einem Beweidungstopp gleich bleiben und 25 nach einem Beweidungstopp
signifikant erholen.

Die geostatistische Auswertung der Rasterbeprobung zeigte, dass die
raumliche Verteilung in den kleinen Rastern von der Beweidungsintensitét beeinflusst
wurde. Wahrend die Oberbodenparameter in der kontinuierlich stark beweideten
Flache homogen verteilt waren, wurde die raumliche Verteilung mit abnehmender
Beweidungsintensitat immer heterogener bis hin zu einer deutlich gemusterten
Struktur in Ug79. Dies wird auf den Stopp der Beweidung und die nachfolgende
Regeneration und die natirlich einsetzende Sukzession der Vegetation sowie die
Ablagerung von windgetragenem Material in den unbeweideten Flachen
zurtickgefuhrt. Die Flache Ug99 zeigte auBerdem eine andere rdumliche Struktur als
die kontinuierlich und die kontinuierlich stark beweidete Flache, wies aber noch nicht
die hohe raumliche Variabilitdt von Ug79 auf. Die groBen Raster zeigten hingegen
keine kleinraumige Variabilitdt oder Beweidungseinflisse, wiesen daflr aber
Strukturen auf, die mit der Topographie sowie Erosions- und Ablagerungsprozessen
erklart werden konnten. Geringe Konzentrationen von organischem Kohlenstoff und
geringe Ah-M&chtigkeiten wurden vornehmlich an Kuppen und Oberhangen
gefunden und fahrten zu geringen Vorraten an organischem Kohlenstoff in diesen
Landschaftseinheiten. Mithilfe des geostatistischen Ansatzes konnte gezeigt werden,
dass die wichtigsten Initialprozesse zur Erholung degradierter Steppenbdden eine
regenerierende Vegetation und die Ablagerung von windgetragenem Material um
diese Pflanzen sind.

Die physikalische Fraktionierung der Oberbdden (0-10 cm) zeigte, dass erhdhte
Eintrdge organischer Substanz nach einem Beweidungstopp primar in groBen
AggregatgréBenklassen (aggregate size classes: ASC) und darin besonders in Form
partikularer organischer Substanz (particulate organic matter: POM) eingelagert
werden. Die OBS in kleinen ASC und PartikelgréBenklassen zeigte hingegen keine
quantitativen Anderungen. Die chemische Zusammensetzung der OBS (Festphasen
3C NMR Spektroskopie und Neutralzuckeranalyse) war vergleichbar zwischen den
verschieden beweideten Flachen, wobei die unbeweideten Flachen einen leicht
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hoheren Abbaugrad aufwiesen. Ug79 hatte zudem hohere
Radiokohlenstoffkonzentrationen in allen untersuchten Fraktionen im Vergleich zu
Cg. Die Aggregatstabilitat wurde mithilfe einer Ultraschallmethode bestimmt und
zeigte hbhere Stabilitdten in Ug79. Hbhere Eintrdge an organischer Substanz in
unbeweideten Flachen erhéhten den Anteil an POM, verkirzten die Umsatzraten der
OBS und fuhrten zur Bildung und Stabilisierung von Aggregaten. Der Gehalt an
organischem Kohlenstoff in organo-mineralischen Komplexen &nderte sich nicht
durch die hdheren Eintrage. Aber hdhere Konzentrationen an Radiokohlenstoff
deuten darauf hin, dass die Umsatzraten der OBS in diesen Fraktionen durch die
héheren Eintrdge erhdéht wurden. Die physikalische Fraktionierung der Oberbdden
hat gezeigt, dass hohere Eintrdge an organischer Substanz infolge eines
Beweidungstopps primar in den POM-Fraktionen gespeichert werden, die jedoch nur
eine mittelfristige Stabilisierung des Materials ermdglichen. Die langzeitstabilen
organo-mineralischen Komplexe anderten sich hingegen nicht, was auf eine
Sattigung dieses Pools hindeutete. Die Bildung und Stabilisierung von Aggregaten
wurde nach einem Beweidungstopp verbessert.

Die physikalische Fraktionierung aller Horizonte zeigte, dass hdhere Eintrage
an organischer Substanz in allen Horizonten primar in groBen ASC und
insbesondere in Form von POM gespeichert werden. Diese Anreicherung beginnt im
Oberboden (0-10 cm) und bendtigt mehr als 5 Jahre um tiefere Horizonte zu
erreichen (>10 cm). 25 Jahre nach Beweidungstopp zeigten alle Horizonte erhdhte
Konzentrationen an POM. Im gesamten Profil konnten keine Effekte eines
Beweidungstopps und der nachfolgenden héheren Eintrage auf die Menge an OBS
in kleinen ASC oder PartikelgroBenfraktionen nachgewiesen werden. Die anhand
einer empirischen Gleichung errechnete aktuelle Kohlenstoffbelegung der
Partikelgré Benfraktionen war zwischen den verschiedenen Beprobungsflachen gleich
und nahm in allen Flachen mit zunehmender Tiefe ab. Dies deutete auf freie
Speicherplatze in diesen PartikelgrdBenfraktionen hin. Trotz dieser potentiell freien
Speicherplatze, konnte auch 25 Jahre nach Beweidungstopp kein Anstieg der
aktuellen Kohlenstoffbelegung gemessen werden. Entweder waren diese Fraktionen
bereits gesattigt und die empirische Formel Uberschatzte die freien Potentiale oder
der Eintrag der organischen Substanz in diese Fraktionen war aufgrund von anderen
Parametern (bspw. geringe Bodenwassergehalte) verzégert. Die chemische



Zusammensetzung der POM war zwischen den entsprechenden Fraktionen der
verschiedenen Beprobungsflachen vergleichbar. Der Abbaugrad der POM nahm mit
abnehmender FraktionsgroBe zu und ein EinfluB der Beweidungsintensitat auf die
Abbauprozesse war nicht festzustellen. Zusammenfassend konnte festgestellt
werden, dass hoéhere Eintrdge an organischer Substanz infolge eines
Beweidungstopps vornehmlich in den nur leicht stabilisierten POM-Fraktionen
gespeichert werden. Eine langfristige Stabilisierung der zuséatzlichen OBS konnte in
diesen Bdden in den untersuchten Zeitraumen nicht festgestellt werden.

Diese Studie zeigt die Langwierigkeit der Erhohlung physikalischer und
chemischer Bodenfunktionen nach Beendigung der Beweidung von Steppe-
Okosystemen mit héchster statistischer Signifikanz. Die Erholung degradierter
Flachen nach einem Stopp der Beweidung beginnt mit der Regeneration der
Vegetation. Hohere Eintrdge an organischem Material durch die Vegetation selbst
und die Ablagerung von windgetragenem Material um die Pflanzen herum sind die
Ausgangspunkte der Regeneration. Die Erholung der Oberbdden war erst 25 Jahre
nach dem Beweidungstopp nachweisbar, wahrend die rdumliche Verteilung der
Vegetation bereits nach 5 Jahren erste Anzeichen einer Regeneration zeigte. Die
héheren Eintrdge an organischer Substanz in den unbeweideten Flachen wurden
hauptsachlich in den POM-Fraktionen eingelagert und nur kurzfristig stabilisiert. Dies
fuhrte zur vermehrten Bildung und Stabilisierung von mittleren und groben
Aggregaten, die der starken Erosion in vormals degradierten Flachen
entgegenwirken kénnen. Die PartikelgroBenfraktionen der Oberbéden haben sich
nach dem Beweidungstopp quantitativ nicht verandert, was auf die Sattigung ihrer
Kohlenstoffspeicher hindeutet. Aber trotz abgeséattigter Kohlenstoffspeicher nahmen
die Radiokohlenstoffkonzentrationen in den unbeweideten Fldchen zu und deuteten
darauf hin, dass auch diese zuvor als relativ stabil angesehenen Fraktionen an dem
normalen Umsatz des Kohlenstoffs im Boden teilnehmen und von einer langfristigen
Stabilisierung dieser zusatzlichen Eintrage nicht ausgegangen werden kann. Die
héheren Eintrdge an organischer Substanz in der Folge des Beweidungstopps
erreichten die tieferen Horizonte der Steppebdden erst nach 25 Jahren. Da diese
Eintrdge jedoch auch nur in den relativ labilen POM-Fraktionen eingelagert wurden,
kann auch fir die tieferen Horizonte zunachst keine langfristige Stabilisierung des
Kohlenstoffs postuliert werden. AbschlieBend ist zu bemerken, dass eine
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Reduzierung und insbesondere ein kompletter Stopp der Beweidung Uber langere
Zeit die negativen Effekte einer kontinuierlichen Beweidung abmildern kénnen. Ob
diese Okosysteme jedoch durch eine Kontrolle der Nutzung eine der globalen

Kohlenstoffsenken werden kdnnen, bleibt fraglich.
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1. Introduction, aims and state of the art

1. Introduction, aims and state of the art

1.1 General introduction

Grasslands cover about 40% of the global terrestrial area, excluding Greenland
and Antarctica (Sutie et al., 2005). The Eurasian steppe is one part of these
grasslands and represents the largest continuous terrestrial biome in the world. The
steppe areas in the autonomous province of Inner Mongolia in northeastern China
and especially in the Xilin river basin are representative for semiarid steppe
ecosystems in central Asia (Bai et al., 2004). They are used for at least two thousand
years by nomads and their herds as extensive pastures. During the last 20 years,
stocking rates reached a maximum as a consequence of political decisions. In the
1950s and 1960s, nomads in China were forced to give up their nomadic way of life
and had to settle in small villages, hamlets or individual farms. In combination with an
increase in number of livestock, this policy led to an increased grazing pressure in
the vicinity of the newly established settlements. In the 1980s, a new economic policy
allowed individuals to profit directly from the meat or wool production of their herds,
once more intensifying the land use. This intensive land use and especially the heavy
continued grazing led to a degradation of steppe vegetation associated with changes
in the amount and composition of soil organic matter (SOM). The concurrent
degradation of soil structure and destruction of aggregation enhanced the erodibility
of the soil. Furthermore, most of the grassland carbon is located in the belowground
biomass and in the SOM. Hence, increased soil erosion also dislocates large
amounts of C and N that were previously stored in the ecosystem. Nowadays, the
most apparent consequences are wide-spread desertification and a high abundance
of severe supra-regional dust storms impairing not only the local population but also
the densely populated coastal regions. China is one of the countries facing the most
serious desertification problems in the world. The total area affected by
desertification in China is approximately 2.6 million km?, covering 27.3% of the total
territory (total area of Germany: 357,021 km?). The grasslands of the Xilin river basin
also show evidence for degradation due to overgrazing (Tong et al., 2004) and are

one source area for dust storms.
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Initiatives to mitigate these detrimental effects of the intensive land use were
started by the local government but generally missed precise scientific knowledge on
sustainable management systems. Moreover, grazed steppe ecosystems are
discussed as one of the big global carbon sinks that may have the potential to
sequester large amounts of atmospheric CO, and mitigate the effects of global
climate change if grazing is abandoned or management improved. Therefore, big
interest has arisen not only to mitigate the detrimental effects of grazing and
intensive land use, but also to increase the carbon sequestration of these
ecosystems.

1.2 Aims and state of the art

The sino-german interdisciplinary research group MAGIM was set up to
investigate the effects of grazing on semiarid steppe ecosystems and to evaluate the
benefits and potentials of grazing management and grazing cessation. This work
focussed on changes in the amount, composition and distribution of soil organic
matter (SOM) due to continued heavy grazing and grazing cessation and the
concurrent degradation of soil structure and aggregation. Therefore, five plots with
different grazing intensities and time since grazing cessation were sampled using a
regular, orthogonal grid and representative soil pits. While the grid samples were
used for detailed statistical analyses of grazing-induced effects on bulk topsoil
parameters, samples from representative soil pits were used for studies on the
impacts of grazing and grazing cessation on quantity and quality of physical SOM
fractions in different soil horizons and aggregate size classes. The four main topics of
this study were to...

Research topic I: ...investigate the effects of continued heavy grazing and
possible benefits of grazing cessation on bulk topsoil
parameters using statistical tools on a large number of
samples (Chapter 4).

Land use management has been suggested as a factor that can have a major
impact on grassland ecosystems (Conant et al, 2001). Notably, according to

2
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Soussana et al. (2004), grassland management strongly affects soil OC stocks. Wu
et al. (2003) found that the soils of the semiarid to subhumid zone in northeast China,
and especially black soils and meadow soils (i.e. Phaeozems), are highly susceptible

to OC loss upon management change.

Beside OC, N plays an equally important role in the ecology of grasslands, but
few studies have evaluated the impacts of management on soil N (Conant et al.,
2005). Generally, changes in soil N stocks after management changes have been
closely related to changes in C stocks. Solomon et al. (2005) opted to focus on soil
S, as this main nutrient may be essential for plant nutrition in sensitive ecosystems
such as grasslands. Wang et al. (2001b) concluded that sulphur deficiency is

widespread in the Inner Mongolia steppe, affecting productivity.

The literature contains contrasting results on the effect of management on C
and N concentrations and stocks in grasslands. With increasing grazing intensities,
decreasing C stocks (Abril & Bucher, 1999; Neff et al., 2005), as well as unchanged
(Berg et al., 1997; Binkley et al., 2003; Barger et al., 2004) and increasing stocks
(Reeder & Schuman, 2002; Conant et al., 2005) have all been found. Fewer results
are available concerning N in grasslands affected by management, but they also
vary. Increasing (Bauer et al., 1987), unchanged (Schuman et al., 1999; Barger et al.,
2004) and decreasing (Frank et al., 1995) N concentrations and stocks are described
with increasing grazing intensity. Bauer et al. (1987) showed negative correlations,
while Abril and Bucher (1999) observed positive correlations between OC and N in
grazed compared to ungrazed areas. One reason for results showing no or
contrasting effects may be the total number of samples. The lower the number of
samples, the longer the time and the larger the change until a significant change can
be detected (Smith, 2004).

The main objectives of the statistical approach were to i) statistically investigate
the effects of continued heavy grazing on bulk density, OC, total N, total S, C/N, C/S,
N/S and pH in a steppe ecosystem using a large number of samples; and ii) evaluate
possible benefits of grazing cessation.
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Research topic ll: ...analyse the impacts of heavy grazing, reduced grazing
and time since grazing cessation on the spatial distribution
of bulk topsoil parameters and topsoil-vegetation-
interactions using univariate and multivariate geostatistical
tools (Chapter 5).

Soils and vegetation of steppe ecosystems exhibit spatial patterns ranging in
extent from landscape to individual plant scale (Ehrenfeld et al., 1997; Rietkerk et al.,
2004). Self-organisation of vegetation or inherent soil heterogeneities and intertwined
processes such as positive and negative feedbacks between soils and vegetation are
discussed as possible reasons for the formation of these patterns (Rietkerk et al.,
2002; Wijesinghe et al., 2005; Bestelmeyer et al., 2006). Individual patches in these
patterns are not only spots of high floral and faunal biodiversity, but the change of
spatial distribution of individual patches and whole patterns is also assumed to be an
indicator for changing ecosystems. Schlesinger et al. (1996) and Ares et al. (2003)
suggest the change of spatial distribution of vegetation and topsoil properties
following grazing as an early indicator for degradation of arid and semiarid
grasslands.

The current literature contains contrasting results on the spatial distribution of
topsoil and vegetation properties under herbivory. This complicates the clarification of
the present status and the direction in which this ecosystem is going, which makes it
difficult to determine how it might best be managed. Adler and Lauenroth (2000)
found heterogeneous, patchy distributions of vegetation and soil in ungrazed areas or
following grazing exclusion compared to homogeneous spatial distributions in grazed
areas. Cui et al. (2005) found no change of spatial distribution of soil OC content in
grazed compared to ungrazed areas in Inner Mongolia steppe. Su et al. (2006)
described even increased spatial heterogeneities for particle size fractions, OC and

total N concentrations following overgrazing in sandy grasslands in Inner Mongolia.

These contrasting results are mainly the product of two factors biasing the
evaluation of spatial distributions of topsoil and vegetation properties. Temporal
aspects are crucial as properties take time to change clearly. Cheng et al. (2004)

found transitions from heterogeneous to homogeneous spatial distributions of soil
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elements with successionally degraded stages for grasslands in northwestern China.
Homogeneous distributions at early stages of degradation were followed by a short
interval of increased heterogeneity and a collapse of resource islands at late stages.
The sampling scale has to be considered in an inventory of spatial distributions, as all
processes take place and are noticeable only on a certain scale. Fuhlendorf and
Smeins (1999) showed that the detectability of grazing impacts on vegetation
properties changed with the sampled or considered scale of observation. Purtauf et
al. (2005) and Rietkerk et al. (2004) even concluded that there was no correct

optimal sampling scale and that studies covering a range of scales were necessary.

The main objectives of the geostatistical approach were i) to analyse the impact
of heavy grazing, reduced grazing and time since grazing cessation on the spatial
distributions of topsoil (bulk density, OC, total N and total S concentrations, 613C, pH
and Ah thickness) and vegetation (vegetation cover and aboveground biomass)
properties in a semiarid steppe using uni- and multivariate geostatistics; and ii) to
evaluate the importance of scale effects on the detectability of grazing induced
changes to topsoil and vegetation properties using two different grid sizes.

Research topic lll: ...study the effects of higher OM inputs due to grazing
cessation on the amount, composition and turnover of
functional SOM fractions and their contribution to
aggregate stability in topsoils (Chapter 6).

Grassland ecosystems are assumed to have a high capacity to sequester
organic carbon in the soil (Cui et al., 2005). Soil organic carbon (SOC) protection
mechanisms are intimately tied to the processes of aggregate turnover and
stabilisation at multiple scales. The deposition and transformation of organic matter
plays a major role in aggregate stabilization and there are strong feedbacks between
aggregate turnover and SOC dynamics (von Litzow et al., 2006; Jastrow et al.,
2007). Extensive reviews on the relationship between soil organic matter (SOM) and
aggregation by Tisdall & Oades (1982) and Loveland & Webb (2003) demonstrated
that:
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i)  Only part of SOM stabilises aggregates and this is generally the newer or
more active material, with a relatively large concentration of mono- or

polysaccharides.

i) Above a certain SOM concentration, there is no further increase in the
stabilising effect.

iii) There is a large variation in the effectiveness of various organic binding
agents, ranging from less effective substances being water-soluble and/or
transient to persistent organic bonds.

iv) Adequate supply of OM is more important for water-stable aggregation
than the amount, in that the association of new components with particle
surfaces, particularly within aggregates (Puget et al., 1995) is the crucial

factor.

v) Two main classes of aggregates can be defined: microaggregates are
stabilized against disruption after rapid wetting and mechanical disturbance
through several mechanisms in which organo-mineral complexes play a
dominant role. Water stability of macroaggregates depends largely on
growing root systems. The stabilization of macroaggregates is controlled
by management and is increased under pasture (near continual production
of transient mono- and polysaccharides), but decreases rapidly under
arable cultivation (Tisdall & Oades, 1982).

Grazing management of grassland ecosystems influences OM input and
associated soil properties. Intensive grazing leads to significantly lower SOC
concentrations and stocks associated with higher bulk densities in topsoils (Steffens
et al., 2008; Steffens et al., 2009a) and additionally to lower mean-weight diameter of
water-stable aggregates, lower monosaccharide contents and lower (galactose +
mannose)/(xylose + arabinose) ratios (Dormaar & Willms, 1998). These effects were
most pronounced at the heavier grazing pressures. Light to moderate grazing
intensity does not necessarily lead to a decrease of SOM content and aggregate
stability. For example, light grazing pressure for 20 years in the typical steppe of
Inner Mongolia caused no significant decrease of SOC content (Cui et al., 2005).
Short-duration, low-frequency, intensive grazing systems may have enhanced soil

functions by resulting in a more active microbial community, which turned over
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organic matter more rapidly and led to higher soil stability and infiltration capacity
(Beukes & Cowling, 2003). Franzluebbers et al. (2000) found that long-term grazing
of pastures with cattle did not adversely affect aggregate distribution and stability
compared with haying and concluded that typically grazed pasture management
systems have few discernable negative impacts on macroaggregation and aggregate
stability.

Physical fractionation procedures by size and density are necessary to
determine the effect of grazing management not only for bulk SOM contents, but also
for OM contents on the scale of functional SOM fractions. With this approach,
Dubeux et al. (2006) applied a physical fractionation procedure by size and density to
determine the effect of grazing management not only for bulk SOM contents, but also
for OM contents on the scale of functional SOM fractions. The study showed that
management intensity did not affect C and N concentration in the bulk soil, but did
impact C and N concentrations of size fractions of light density SOM. Burke et al.
(1999) found that over 50 years of heavy grazing by cattle did not have a significant
effect on most of the SOM pools and ascribed this to the strong dominance of
belowground OM, only minimally influenced by above-ground herbivory. The authors
found significant effects of grazing only for coarse particulate organic matter (POM),

which had larger contents in ungrazed than in grazed pastures.

Hassink (1995) analysed decomposition rates of physically isolated OM
fractions of grassland soils and found decreasing decomposition rate constants in the
order light, intermediate and heavy macro-organic matter and lowest values in the
microaggregate fractions (<50 um). Additionally, light and intermediate fractions of
the macro-organic matter fraction were found to be much more sensitive to input of
organic residues than the other fractions. Therefore, Hassink et al. (1997) proposed

these fractions as sensitive indicators of changes in SOM.

Very few studies have investigated grazing-induced changes of the composition
of SOM on the scale of functional SOM fractions. Ganjegunte et al. (2005) studied
effects of different grazing management on the amount and composition of topsoil
OM. The authors identified an enhanced lignin degradation caused by grazing, but
found no significant variation of nuclear magnetic resonance (NMR) spectra of humic

and fulvic acids between the grazing treatments.
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On the scale of grazing-sensitive aggregate size classes, detailed investigations
on the amount, composition and turnover of functional SOM fractions and their
contribution to aggregate stabilisation are still lacking. In order to understand the
grazing-induced feedbacks between SOM and aggregate stability, this study
investigated effects of different organic matter inputs due to different grazing
intensities on i) SOC and total N storage in different aggregate size classes of steppe
topsoils, ii) changes of the chemical composition, amount and composition of neutral
sugars and radiocarbon ages of selected SOC and aggregate size fractions and iii)
the formation of stable aggregates and the resultant physical stabilisation of organic

matter.

It was hypothesized that i) grazing-sensitive SOM pools can be identified by
using physical fractionation according to aggregate size, particle size and density; ii)
higher inputs under ungrazed conditions lead to increased SOC and total N storage
and greater aggregate formation and stability; iii) higher OC inputs alter biochemical
processes as reflected by chemical composition, neutral sugars and radiocarbon
ages; and iv) more decomposed or recalcitrant organic matter in small aggregate
size classes points towards physical protection and aggregate hierarchy.

Research topic IV: ...quantitatively and qualitatively characterise grazing-
sensitive SOM fractions in subsoils and reveal their
contribution to the carbon sequestration and stabilisation
potential of steppe soils (Chapter 7).

Grazed steppe ecosystems are discussed as one of the big global carbon sinks
that may have the potential to sequester large amounts of atmospheric CO, and
mitigate the effects of global change if grazing is abandoned or management
improved. Many studies estimated the effects of grazing cessation on sequestration
capacities of steppe soils but disregarded at least two important points. First, many
studies compared bulk soil organic carbon (SOC) of differently grazed plots and did
not separate between different fractions or pools of SOC (Zhou et al., 2007; Ingram
et al., 2008; Wu et al., 2008). Different fractions and pools are not only different in

capacity and quality but also in mechanism and temporal scale of OC stabilisation
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(von Litzow et al., 2006). Second, most studies based their estimations on data from
topsoils, as the upper cm of the soil are taken as most sensitive to management
changes. Don et al. (2008), Rumpel et al. (2002) and Jobbagy and Jackson (2000)
suggest deeper soil layers to be important for the sequestration of OC in soils as
large amounts may be stored in deeper soil layers.

Von Litzow et al. (von Litzow et al., 2006) reviewed the literature with focus on
OM stabilisation mechanisms. They propose three main mechanisms of OM
stabilisation with relevance varying between soil types and horizons and time-scales
in which these mechanisms can stabilise the OM - 1.) selective preservation due to
recalcitrance, 2.) stabilisation by spatial inaccessibility of OM for microorganisms and
enzymes and 3.) stabilisation by interaction with surfaces and metal ions. Many
studies discuss sequestration capacities or stabilisation mechanisms and conclude
that the potential C sequestration of soils and their according stabilisation
mechanisms are limited (Hassink, 1997; Chung et al., 2008; Gulde et al., 2008). Kdlbl
and Kégel-Knabner (2004) propose an upper limit of occluded POM and explain this
with the limited capacity of soils to form aggregates. Kleber et al. (2005) suggest a
finite stabilisation capacity of soil minerals for organic matter, limited by the area
density of reactive surface sites. Recent studies describe clay fraction OC not to be
as stable as expected. Kadono et al. (2008) describe a labile clay-associated OM

fraction and derive their results from incubation studies.

In a previous study, we analysed the grazing-induced feedbacks between SOM
and aggregate stability in grazed semiarid steppe soils (Steffens et al., 2009b). This
investigation was conducted in topsoils (0-10 cm) of four differently grazed plots,
because several authors showed that grazing cessation first affected topsoils. The
most interesting result of our study was that fine particle size fractions in topsoils
were obviously saturated and additional OM inputs due to grazing cessation were
predominately stored in readily decomposable POM fractions. In the same plots, Gao
et al. (2008a) describe changing species compositions and functional groups as a
consequence of grazing cessation, with especially higher abundances of deep
rooting perennial forbs, shrubs and semishrubs in long-term ungrazed areas. Gao
(2007) found higher belowground biomass and cumulated root lengths in deeper soil

horizons of ungrazed plots compared grazed plots. Taking this into account, deeper
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soil horizons may be affected by higher inputs of OM following grazing cessation and
may have great importance for the sequestration of C in grazed steppe soils.

The main questions were: i) Is it possible to separate grazing-sensitive SOM
pools using a physical fractionation procedure for the complete soil profile when
considering aggregate size, particle size and density?; ii) Are subsoil SOC pools
quantitatively and/or qualitatively affected by grazing cessation? Is it possible to
detect effects already 5 years after grazing cessation? and iii) Which stabilisation
mechanisms are responsible for the sequestration of OC in subsoils of grazed steppe

ecosystems?
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2. Materials and methods

2.1 Study area

The study area is located in the northeastern part of the Peoples Republic of China in
the autonomous province Inner Mongolia (Figure 1). Situated 60 km southeast of
Xilinhot and 450 km north of Beijing, it belongs to the administrative district of the
Xilin Gol League named after the Xilin River, close to the town of Tuanbu. The whole
region is part of the UNESCO Biosphere Reserve Xilin Gol, designated by
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Figure 1: Location of the experimental area.
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the United Nations’ Man and Biosphere Programme (UNESCO/MAB), and belongs to
the Xilin River watershed (Figure 2). The experimental area lies 15 km southwest of
the Inner Mongolia Grassland Ecosystem Research Station (IMGERS), which is
administered by the Institute of Botany at the Chinese Academy of Sciences
(43°33°06” N, 116°40’'12” E).

2.1.1 Geology

The geological evolution of the Xilin River catchment started in the Proterozoic
when the Archaean Cratons North China and Siberia (Angara) were separated by the
Palaeoasian or Turkestan Ocean (Kusky et al., 2007). During the Palaeozoic both
cratons moved towards each other, amalgamating island arcs and microcontinents to
their active margins in an oceanic setting, each forming an accretionary wedge (Tang
& Yan, 1993; Xiao et al., 2003; Kusky et al., 2007; Windley et al., 2007) as part of the
variscan orogeny. The North China Craton mainly accumulated ordovician and
siluarian arc materials (Shi et al, 2003), while Siberia collected precambrian
terranes, devonian and carboniferous island arcs and ophiolite complexes (Chen et
al., 2000). Relicts were found in the northern Xilin River catchment in form of
paleozoic schists (Pz1wn; Figure 3) and upper carboniferous sandstones (C3l),
belonging to the Wenduermiao formation and the Linxi sub-province. Shi et al. (Shi et
al., 2003) sampled zircons in the metamorphic rocks of the Xilin Gol complex 20 km
to the southeast of Xilinhot and measured ages between 437 and 316 Ma (most likely
Pz1wn). Since the Permian most of the oceanic crust was subducted and Andean-
type magmatic margins established along the subduction zones of both cratons. The
eastern and western part of the Xilin River catchment contains many relicts of these
times with detrital, volcanic and plutonic rocks, formed in lower to middle Permian
times (Wang et al., 2004a; P1z1, P1z2, P1z3, dv43(2), d43(2), do43(1)b, Yd43(1),
Yd43(1)b, Yd43(1)c, Yo43(1)b, Y52(1), Y52(1)a, Y52(1)b, Y52(1)c and Y52(1)y). Shi
et al. (2004) determined the exact emplacement age of the acid plutonic rocks 10 km
to the south of Xilinhot to be 276 Ma (Y52(1)). With final subduction of the intervening
ocean in the late Permian, the two opposing continental margins collided and
completed the formation of the supercontinent Pangaa (Sengdér & Natal'in, 1996;
Robinson et al., 1999; Xiao et al., 2003). This collision gave rise to the Solonker
suture, the eastern segment of the Central Asian Orogenetic Belt (Altaid Tectonic
Collage; Chen et al., 2000; Liu et al., 2005), spanning from the Ural to the Pacific
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Figure 3: Geological map of the experimental area.
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Ocean. The northern accretionary zone, between Siberia and the Solonker suture is
called Altaids and the southern accretionary zone between the North China and the
Solonker suture is called Manchurides or Xingmeng (Liu et al., 2005).

In the Triassic, the continental crusts collided and under predominant northward
subduction during final formation of the suture gave rise to a large-scale, south
directed thrust and fold belt of Himalayan proportions (Xiao et al., 2004; Windley et
al., 2007). This period was marked by an absence of sedimentation following the
consequent uplift and formation a high-standing plateau (Meng, 2003), accompanied
by the large scale continental crustal growth (Hong et al, 2004) and the
emplacement of immense volumes of crustal melt granitic magmas (Jahn et al.,
2000). Since early Jurassic, terrestrial sediments were deposited across the suture
and the entire orogen (J1-2mn; Xiao et al., 2003; Wang et al., 2004c; Liu et al., 2005)
implying the erosion of the formerly high-standing plateau. Late Jurassic voluminous
plutonism (J3s and J3x) mark the starting point of an intracontinental rifting as the
result of the beginning interactions between the Eurasian, Indian and Pacific plate
(Ren et al., 2002). The following crustal extension, an asthenospheric upwelling and
the gravitational collapse of the overthickened crust resulted in the formation of the
northeast Asian Basin and Range type fault basin system in the Cretaceous (Meng,
2003; Meng et al., 2003). Xilingol was situated in the southeast of the Erlian Basin
structure, which was filled with different sediments, volcanics and intercalated coal
measures. The deposition into this basin system already stopped in upper
cretaceous when the structure was lifted and eroded (Ren et al., 1998; Meng, 2003).
Last remnants were found in the northern part of Xilingol in form of argillites with
intercalated coal measures (K1b; Meng et al., 2003). At the end of the Mesozoic, the
amalgamation of Siberia and North China was completed (Zheng et al., 1991).

The cenozoic era was controlled by the alpidian orogeny when the Indian and
Japanese plates collided with Siberia and led to the uplift of the Mongolian plateau.
No sediments were deposited, but most of the materials in the Erlian basin were
eroded. Only few sediments of the Pliocene were conserved in the area (N2). Since
the Neogene, volcanism occurred mainly along old craton boundaries and marked
the reactivation following an upwelling plume (Ren et al., 2002). Three episodes of
eruption south and west of Xilinhot between Pliocene and Pleistocene (Ren et al.,
2002; Zheng et al., 2002; Wang et al., 2003) were the product of these reactivation of
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old craton boundaries. Wang and Mo (1995) assume these volcanos to denote
continental rifting with a low spreading rate. In the southwest of the Xilingol basaltic
lavae were extruded in the early Pleistocene (B1). Further remnants of the ice ages
are present as coarse sediments in the north and south of the experimental area (Q3,
Qp and Q4d-+pl).

Quaternary sand lands are ascribed to deposition of long-distance transported
aeolian materials from deserts and sandy lands lying further north and northwest by
winds (Q4eol; Li et al., 1990; Wang et al., 2001a; cited in: ). Alternatively, in situ
accumulation of loose lacustrine sediment particles exposed and reworked locally by
aeolian activities after the lakes diminished or desiccated may also be the cause of
its formation (Q4al+l; Yang & Song, 1992; cited in:; Wang et al., 2004b). Yang et al.
(2004) assume the present sandy lands to originate as mobile dunes of the last

glacial.

2.1.2 Climate and Hydrology

The study area is situated at the northwestern limit of the Pacific monsoon,
where the climate changes from semihumid to semiarid (Wang et al., 2004b). The
climate was classified as a dry and cold middle latitude steppe climate or BSk
following the classification of Képpen and Geiger (Figure 4). This climate evolved
during the Holocene and Liu et al. (2002) distinguished four stages for the Dali Nor
area: cold and humid during early Holocene (about 10,000-8,000 '“C yr B.P.), warm
and humid between 8,000 and 5,900 B.P., followed by a warm and dry stage
between 5,900 and 2,900 B.P. and cool and dry during the late Holocene (2,900 '“C
yr B.P. to the present). Following their results, aeolian activities and desertification
began around 5,900 ™C yr B.P. with the weakening of the summer monsoon and
increasing winter temperatures (Liu et al., 2002).

Between 1982 and 2003, mean annual temperature at IMGERS was slightly
above zero (0.7+0.9 °C), with January as the coldest (mean -21+4 °C) and July as
the warmest month (mean 1912 °C). The frost-free period lasts from 120 to 140 days
(Jianguo & Loucks, 1992). The mean annual precipitation at IMGERS was
343.4165.8 mm between 1982 and 2003. 66% of the annual precipitation fell
between June and August, which is in good accordance to Chen (1988) who reported
60-80% of the annual precipitation in the same period. During this annual maximum,
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Figure 4: Climate at IMGERS (calculated using the monthly means of the years 1982-2003).

precipitation mainly falls from local convective clouds, showing large spatial
heterogeneities (Figure 5). These single events were temporally and spatially
restrained and delivered large proportions of the annual precipitation. Up to 61 mm
were measured during single events (11.08.2004), which resulted in the formation

and expansion of gullies (Figure 5). Beside the spatial heterogeneities, large annual

fluctuations of annual precipitation occur as a consequence of the varying distances

Figure 5: Pictures of local precipitation event and gully erosion.
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of the northwestern movement of the southeastern monsoon cyclones. Xiao et al.
(Xiao et al., 1995) found coefficients of variation of approximately 50% for the
summer months (Figure 6). The potential annual evaporation (~1,700 mm) highly
exceeds the annual precipitation (180-500 mm) (Liang et al, 2003). Annual
fluctuations of precipitation were intensified by the spatial heterogeneous
accumulation of snow. Areas with higher groundcover accumulated more snow than
bare soil (Holst et al., 2008).
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Figure 6: Climate at the experimental sites between 2004 and 2006 (data provided by Bettina
Ketzer).

Between 2004 and 2006, main wind direction was west to northwest (Hoffmann
et al., 2007). Cold and dry NW winds in winter and more humid SE winds in summer
are a result of the seasonal change between the brumal Mongolian anticyclone and
the summer thermal depression over Central Asia (Ripley, 1992; Zhu, 1993). After

the cold and dry winter numerous strong storms result from high air pressure

Figure 7: Pictures of a dust devil and a dust storm (Pictures taken by Carsten Hoffmann).
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gradients between the Siberian mainland and East Asia (Hoffmann et al., 2008).
Especially in spring between March and May local (dust devils), regional and supra-
regional dust storms occur frequently (Figure 7). During these events dust emission
as well as accumulation occurs. Source areas are the drylands in the West and
Northwest, which are up to several hundreds kilometers apart from the experimental
site (Hoffmann et al., 2008).

MAGIM'’s study area in the Xilin river catchment comprises an area of 3,650
km? with an elevation between 900 m and 1,400 m a.s.l. (Liang et al., 2003). The
river itself has its source at the western spurs of the Greater Chingan. From its
source, the endorheic river flows approximately 80 km in western direction, turns to
the northwest and drains away north of Xilinhot. Mean annual discharge was
measured near IMGERS between 2004 and 2006 and was below 1 m*s™ (Figure 8).
Peak discharge was measured between April and May and was attributed to
snowmelt and thawing of the ice along the banks of the Xilin River. Summer

precipitation had no significant impact on the discharge.

Mean discharge Xilin River
(1957-2004)

3.0 1
2.5

2.0

Discharge [m’s ]
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Figure 8: Mean discharge of the Xilin River (data provided by Katrin Schneider).
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2.1.3 Geomorphology

The study area is located on the high-standing Mongolian plateau in a diverse
geological setting. The complete Xilin river catchment covers about 10,700 km? in
area and the landforms in the basin can be divided into several types: lava
tablelands, low mountains, hills, high plateaus, and sandy lands (Figure 9). Large

areas of lava tablelands exist in the southern part of the basin, whereas low

mountains, hills and high plateaus are found in the middle and lower reaches of the

Figure 9: Typical landforms in the experimental area
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Xilin River in the northern part of the basin. Between the two regions there are
stretches of sandy lands. (Tong et al., 2004). MAGIM’s study area (Figure 2) is
situated in the southern part of the catchment and comprises an area of 3,650 km?
with an elevation between 900 m in the lower reaches of the Xilin river in the
northwest and 1,400 m a.s.l. atop the Daxinganling Mountains in the east (Liang et
al., 2003). Most noticeable in this area are high-standing, plain plateaus of basaltic
lava and volcanic domes of different magmatic origin. Weathering processes of these
prominent landforms together with wind erosion and deposition of windblown
materials produced a gently rolling landscape. North of IMGERS a branch of the
Hunshandake sandy land is situated. During strong, single precipitation events

surface flow leads to gully erosion (Figure 5).

2.1.4 Vegetation

The study area is part of the Central Asian subregion of the temperate Eurasian
steppe belt (Lavrenko & Karamysheva, 1993), located where the temperate broad-
leaved forest is gradually replaced by the typical steppe (Wang et al., 2004b). The
current vegetation established in middle Holocene as a consequence of the
weakening of the summer monsoon (Figure 10). Plant-available water, as
consequence of generally low and annually and spatially highly fluctuating
precipitation in combination with a generally high evapotranspiration, is the most
limiting factor of plant growth in steppe ecosystems. Additional factors limiting the
performance of vegetation are the short growing season of approximately 150 days,
a short frost-free period of less than 150 days and generally low mean monthly
temperatures between October and March. Growing season in the Xilin River basin
starts at early April, reaches peak biomass around mid of august and ends at late
September for perennial plant species, whereas annual plant species usually
germinate in early July following the main precipitation events (Bai et al., 2004);
Figure 4). They concluded that January-July precipitation is the primary climatic
factor causing large fluctuations in annual biomass production.

The vegetation of the Xilin River catchment is classified as a Stipa grandis and
Leymus chinensis dominated grass steppe (Giese, 2007). The predominant species

are the perennial rhizome grass Leymus chinensis, dominating
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in areas with a relatively higher water availability and the perennial bunchgrass Stipa
grandis in drier areas. Most of the species are perennials with their persistent organs
directly at the soil surface (Hemicryptophytes) or well protected within the topsoil
(Cryptophytes). A few exceptions are semi-shrubs as Caragana microphylla and
dwarf-shrubs (Chameaphytes), mainly represented by Artemisia species. Annual
species are minor within the plant community, but opportunistically some (mainly
Chenopodiaceae) can appear widespread if growing conditions are favourable.
Beside the shrubs, the aboveground parts of the vegetation die at the end of the
growing season in August and September. The average vegetation ground cover
depends on the soil conditions and topographical position in general, but is highly
variable due to precipitation amount and distribution and land-use. At peak biomass
time in 2004 (mid of August) plant cover at the experimental sites was between 77%
and 60% (green parts). The total aboveground biomass increased with decreasing
grazing intensity (Table 13). Impact of grazing on the heavily grazed site is indicated
by a shift in vegetation composition towards herbaceous species such as Artemisia
frigida and Potentilla acaulis (Giese, personal communication). Tong et al. (2004)
reported that herbaceous species, such as Artemisia frigida, Cleistogenes squarrosa
and Potentilla acaulis are indicators for overgrazing. The plant composition in each
treatment was homogenous, except for Ug79. Here, the vegetation was patchier with
a mix of Stipa grandis, Leymus chinensis and Caragana microphylla bushes. When
litter material was considered, Hg had the lowest and Ug79 the highest soil cover. Hg
was the only treatment where bare soil was visible, while the soil of all other

treatments was covered by vegetation or litter material.

Regarding plant productivity, these semiarid grasslands are less productive
ecosystems when compared to other pastures throughout the world. Ug79 showed
the highest aboveground net primary productivity (ANPP) in 2004 with approximately
200 g dry matter m?a” (Giese, 2007). However, above ground biomass varies
greatly between years caused by variations in annual precipitation. European
pastures produce up to 2000 g dry matter m?a” and North American long grass
steppes are taken as the most productive natural semiarid grasslands with ANPP of
700 g dry matter m?a™. But it is also notable, that North American short grass
steppes showed clearly lower ANPP of 100 g dry matter m?a™’ (Giese, 2007).
Nevertheless many authors showed that in semi-arid grasslands belowground
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productivity weight out the aboveground productivity by far (Milchunas & Lauenroth,
2001). The belowground net primary productivity (BNPP) is much more difficult to
measure and reliable data from semiarid ecosystems is rare. Estimates reach up to
more than 90% of carbon that is allocated to belowground plant organs. Gao (2007)
estimated a belowground allocation for carbon in the studied area of approximately
60%.

2.1.5 Soils

Aeolian sediments in semiarid climates, covered by grassland vegetation form
typical steppe soils, all characterised by a mollic horizon. This diagnostic horizon of
the WRB (IUSS Working Group WRB, 2006) is defined as a well-structured, dark-
coloured surface horizon with a high base saturation and a moderate to high content
of organic matter. Typical soil types of steppe ecosystems are Phaeozems,
Chernozems and Kastanozems, ordered with decreasing precipitation and soil water

content.

m Kastanozem

~, B Chernozem

Figure 11: Distribution of Kastanozems, Chernozems and Phaeozems in Eurasia.

Phaeozems (phaios, greek: dusky; zemlja, russian: earth or land) are the soils of the
wetter grasslands (predominately tall-grass steppe) and forest regions (Figure 11).
The moderate continental climate is humid enough that there is, in most years, some
percolation through the soil, but also with periods in which the soil dries out.
Phaeozems are characterised by dark and humus-rich surface horizons. As a
consequence of the higher precipitation and water content, these soils are leached
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more intensively leading to lower base saturation and may not have secondary

carbonates.

Chernozem (chernij, russian: black; zemlja, russian: earth or land) is the typical
soil type in the drier climate, south of the Phaeozems (Figure 11). The tall-grass
steppe regions are characterised by a continental climate with cold winters and hot
summers, which are dry at least in the late summer. Chernozems show a thick black

surface layer that is rich in organic matter and secondary carbonates in the subsoil.

Kastanozems (kashtan, russian, castanea, latin: chestnut; zemlja, russian: earth
or land) are typical for dry grasslands and short-grass steppes south of the Eurasian
tall-grass steppe belt with Chernozems (Figure 11). As a consequence of the dry
climate, the profile of Kastanozems has a thinner humus-rich surface horizon, which
is not as dark as Chernozems. Less percolation leads to a more prominent
accumulation of secondary carbonates and in some cases also secondary gypsum in

Kastanozems.

2.1.6 Human history

Located in the middle of central asia, the Mongolian plateau has been home to
many tribes mainly living of extensive nomadic pastoralism and livestock breeding
(Neupert, 1999). In the 4™ century, Chinese historians describe the tribes of the
Xianbei and the Kitan to live in the northeastern areas as nomads travelling with
herds of camels, cattle, horses, sheep and goats (Priewe, 2007). This traditional
nomadic live form was adapted to the limited availability of natural resources. It was
sustainable due to small livestock densities and the permanent movement of the
herds around large areas. Hay making did not play a significant role and the grazing
stress on the grazed pastures was low. This Mongolian way of life was normal until
1911 when during the Chinese revolution the northern part claimed independence,
which was ultimately attained in 1921, and the southern part, including the studied
areas, became part of China. Starting from this time, many Han farmers migrated to
the extensively populated areas. In contrast to the nomadic life of the Mongolians,
the Han lived in villages and introduced a completely sedentary agriculture and
pasture system with public or collective land. Not only the way of steppe
management changed, but also the number of inhabitants increased significantly. In
1947 the area became the Inner Mongolia Autonomous Region. When Mao Tse-tung
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became the leader of the Peoples Republic of China in 1949, the government even
stimulated the migration of Han farmers to the region. During the Great Leap Forward
(1958-1960), the policy was to expand the cultivation of the grassland and Mongolian
nomadic herders were sedentarised (Gernet, 1997) as nomadism was considered a
backward activity (Neupert, 1999); Figure 12. The consequence was that only the
areas close to the settlements were used for grazing and the remote areas were
used for hay making. Thus, the grazing stress on the grazed areas increased,
whereas no nutrient recycling occurred in the hay areas. Another important factor
was that the grasslands were public or collective land and therefore a free and
uncontrolled resource. No attempts of local and central government were made to
equate the intensification by technological inputs, e.g. additional nutritional inputs,
establishment of artificial pastures with improved pasture species or enforce
scientifically estimated stocking levels. Additionally, the number of animals in Inner
Mongolia nearly tripled between 1952 and 1988, from 26 million to more than
72 million (Neupert, 1999). Economic reforms in the early 1980s amplified this
increase. In particular the

Figure 12: Pictures of living conditions in Inner Mongolia. Typical farm house with a sheep pen

(left picture). The heavily grazed site is located directly in front of the farm. Sheep and goats on
the way to the pasture (right picture).

“household responsibility” system, transferring animals from collectives to private
households. This was followed by the “double responsibility”, which not only
distributed animals to individual households but also leased the land. In exchange,
the herders are required to sell at fixed prices to the state live animals and animal
products in quantities stipulated in the contracts that give them control over these

assets. After providing to the state the contracted quotas, herders are free to sell
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surplus meat and animal products on the open market (Gernet, 1997; Neupert,
1999). This situation greatly stimulated herdsmen once more to increase animal
numbers. Additionally, the government remains the owner of the land, but the
farmers are free to decide how it is used. The negotiations between farmers and the
local governments are only valid for a few years. This means in practice that the
farmer strives for a short term maximal economic output. The long term view, which
would require a sustainable use of the grassland, is not the main interest of the
farmers, because they are not certain to keep the land for more than a few years. In
the course of this development, the average Inner Mongolian grassland area per
sheep unit deceased from 5 hectares in the late 1950s to less than 1 hectare at the
end of the last century. The strong increase in livestock numbers within the last
decades resulted in vast degraded areas (Tong et al., 2004), which mainly can be

found in plains around hamlets and villages (Holst et al., 2007).

Corresponding to large parts of the Inner Mongolian steppe the Xilin River
Basins has severe ecological problems caused by overgrazing. According to
Kawamura et al. (2005) livestock number of the Bainyinxile Livestock Farm, which
covers approximately 33% of the central Xilin River Basin, increased from 1950 to
2001. In December 2001 the total livestock number of the Bayinxile livestock farm
was 252,700 sheep units. Thus, the average stocking rate was 0.76 sheep units per
ha, including mowing land. Tong et al. (2004) examined the steppe degradation in
the Xilin River basin and showed that the total area of degraded steppe increased
from 7191 km2 in 1985 to 7689 km? in 1999, which means 67% and 72% of the total

basin, respectively.

2.2 Plot description and sampling design

The whole area is grazed by herds that are composed of 70 - 90 % sheep and
10 - 30 % goats. Before 1979, the whole experimental area was grazed at low
intensity. In 1979, one plot (24 ha) was fenced and excluded from grazing (Ug79).
After 1979, the grazing intensity in the region increased to a moderate level. In 1999,
two plots were fenced. One was completely excluded from grazing (25 ha; Ug99), the
other is still grazed during winter (34 ha; winter grazing = Wq), equivalent to a
grazing intensity of 0.5 sheep units ha™ yr' (1 sheep unit = 1 ewe and 1 lamb). Plot 4
(24 ha) is grazed during the whole year, with the highest intensity during summer
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(continuously  grazed = Cg), equivalent to a grazing intensity  of
1.2 sheep units ha™ yr'. The heavily grazed plot has been grazed every day for the
past 30 years (100 ha; heavily grazed = Hg), representing a grazing intensity of
2.0 sheep units ha™ yr''. During the night, herds are put into pens outside the plots,
so that the input of organic material by faeces to grazed plots is reduced. There was
no application of fertilisers to any of the four plots.

From June to August 2004, 650 points were sampled in five plots using regular,
orthogonal grids (Figure 13 and Figure 14). On Cg and Wg, large grids (300 m to
550 m; further denominated with the index large as Cgiarge @and Wgiarge) and on Hg,
Cg, Ug99 and Ug79, small grids (105 m to 135 m) were sampled. The large grids
consisted of 125 sampling points with a spacing of 50 m and the small grids
contained 100 sampling points with 15 m spacing. The exact position of each point
was measured with a Real Time Kinematic Differential GPS (Hoffmann et al., 2007).
Small-scale variability was considered through additional sampling nests with
spacing of 10 m and 5 m within large and small grids. Vegetation was obtained at
550 sampling points (Ug79, Ug99, Hg, WQiage @and Cgiarge) by subproject P2, using
the non destructive method based on the Braun-Blanquet system (Braun-Blanquet,
1964). Vegetation cover was determined in 1 m? sized subplots. Aboveground
biomass was harvested at peak time (August 2004) at all sampling points by cutting a
0.25 m x 0.25 m square at 1 cm height. Prior to soil sampling, vegetation cover was
removed and the upper 4 cm of soil were taken in triplicate with a stainless steel
cylinder (100 cm®) and bulked to obtain a composite sample at each of 650 points.
Thickness of the Ah horizon (Ah thickness) was determined with a soil auger at every
other sampling position and when topography changed at every position (387 points).

Ug79, Ug99, Cg and Hg are flat areas with no particular topography (Figure 13).
The maximum vertical difference in the small plots is below 10 m. In contrast, Cgjarge
and Wgage showed significant topographic features and vertical differences with
more than 20 m. Cgiage is divided into three topographic areas - a backslope and
summit in the eastern and a flat area with a longish depression in the western part.
W0iarge is characterised by three mounds and small depressions between the

mounds.
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T A Y O

Figure 13: Digital elevation model of the experimental sites and sampling grids.

Three representative soil pits were sampled on each of the five plots to
characterise the soils. In each plot the upper 10 cm of one pit were taken as mixed
samples. One representative soil pit was selected in each plot based on extensive
statistical and geostatistical analyses (Steffens et al., 2008; Steffens et al., 2009a).
Three horizons were sampled as mixed samples in each of the soil pits - upper
10 cm, from 10 cm to carbonate boundary and from carbonate boundary to the
parent material (Chapter 3).
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-

Figure 14: Location of the experimental plots (Ug79 = ungrazed since 1979, Ug99 = ungrazed
since 1999, Wg = wintergrazing, Cg = continuously grazed, Hg = heavily grazed). Pictures were
taken from the top of a volcano with the upper picture facing ESE and the lower picture facing
NNE.
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2.3 Plot samples

2.3.1 Determination of bulk density, OC, totalN and totalS
concentrations, pH and 5'°C

Each soil sample was analysed for bulk density, total C, total N, total S
concentration and pH (650 points). Bulk density of the soil was calculated with the
mass of the oven-dry soil (105° C) divided by the core volume (Hartge & Horn, 1992).
Prior to chemical analyses, samples were sieved to <2 mm. Total C, total N and total
S concentrations were determined in duplicate by dry combustion on a Vario Max
CNS elemental analyser (Elementar Analysensysteme GmbH, Hanau). All samples
were free of carbonate so that the total C concentration equalled the organic carbon
(OC) concentration. Soil pH was determined in a 1:2.5 soil to 0.01 M CaCl, solution.
5'%C was analysed for 245 points in Wgjage and CQiarge With a Carlo-Erba 1108
elemental analyser coupled via a Conflo Il Interface to a Finnigan Delta C mass
spectrometer (Thermo-Finnigan, Bremen).

2.3.2 Stock calculations

OC, total N, and total S stocks [kg m?] of the upper four centimetres were
calculated using elemental concentration and bulk density (Eq. 1), referred to as the

“conventional stock calculation” below.

ES = BDXEC xax10™ 0
ES = Elemental stock [kg m™]

BD = Bulk density [g cm™]

EC = Elemental concentration [mg g']

a = Area multiplier (4 cm depth x 10,000 cm? = 40,000 cm® m™)

Grazing may significantly influence bulk densities and consequently affect the
stock calculations. Therefore, stocks were calculated using a normalised soil mass
(Eq. 2) as described by Ellert and Bettany (1995) and Veldkamp (1994). This is

31



2. Materials and methods

referred to as the “equivalent stock calculation” below and yields OC*, total N* and

total S* stocks.

ES*=EM X ECx107 (2)
ES* = Elemental stock [kg m]
EM = Equivalent mass (37.7033 kg m?)

EC = Elemental concentration [g kg ']

Plot Ug79 was used as a reference. Hence, the mean soil mass of one square
metre down to a depth of four centimetres was calculated for Ug79 and used as
normalised mass (37.7033 kg m™). This mass equals a sampling depth of 3.47 cm on
Ug99, 3.45 cm on Wg, 3.23 cm on Cg, and 2.98 cm on Hg.

2.3.3 Statistical analyses

All statistical analyses were conducted using SPSS 13.0.1 for Windows (SPSS
Inc., Chicago). All data sets were described by ordinary statistics including mean,
median, mode, standard deviation, skewness, kurtosis, variance and coefficient of
variation. In all exploratory statistics, a critical significance level of p = 0.01 was used.
Normal distribution and homogeneity of variances for each collective were tested
using the Kolmogoroff-Smirnoff test and the Levené test. The effect of grazing
intensity on analysed parameters for normally distributed collectives was tested with
a one-way analysis of variance (ANOVA). Tukey and Scheffé and least significant
difference (LSD) tests were used as post hoc tests with increasing conservativeness.
When the assumption of equal variances was violated, the Tanham test was used.
Correlations among different analysed parameters for normally distributed data sets
were tested using Pearson’s correlation coefficient. For non-normal distributed data
sets, the effect of the stocking rate was analysed with the nonparametric Kruskal-
Wallis test. As a post hoc test, the Wilcoxon-Mann-Whitney U-test with the Shaffer-
correction was calculated to compare all possible combinations. The nonparametric
Spearman-Rho was used for non-normally distributed collectives to test correlations

among the analysed parameters.
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The minimum detectable difference (MDD) gives the smallest difference
between means that is detectable with a given number of samples (Zar, 1999). MDD
is a parametric quantity and can only be used for normally distributed data sets. The
MDD was calculated for all suitable data collectives, dealing with bulk density,
elemental concentrations and elemental stocks using (Eq. 3). A statistical power of
0.90 and a significance level of 0.01 were used. In 90 % of the trials, a difference

between two sample collectives will be detected with a significance level of 99 %.

52 (3)
MDD = —(tw +tﬁw)
n

MDD = Minimum detectable difference

s? = variance

n = number of samples

t,,v = significance level, critical value of the t-distribution

tg1),v = statistical power (1-B), critical value of the t-distribution

To compare MDD for different plots, the relative MDD was calculated (Eq. 4).
Therefore, the MDD of each plot was standardised using the mean of the analysed
parameter in each plot.

4
mpp, =P 100 % “@)

X

MDD, = relative minimum detectable difference

MDD = Minimum detectable difference

x = Mean of analysed variable and plot
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2.3.4 Geostatistical analyses

Statistical analyses were carried out using SPSS 14.0 (SPSS Inc., Chicago)
and geostatistical analyses using R 2.0.1 (RDevelopmentCoreTeam, 2004) in
combination with the g-stat 2.4.0 package (Pebesma, 2004). Prior to geostatistical
analysis, each parameter in each plot was tested for normal distribution using the
Kolmogoroff-Smirnoff test. The spatial behaviour of all properties was analysed using
experimental variograms. These tools are based on the theory of regionalised
variables and describe the degree of spatial variability of a parameter by analysing
changes in space as a function of distance between sampling points (Webster &
Oliver, 2001). Equation 5 gives the calculation of the semivariance which describes
the average change of a given parameter at a distinct distance for all possible paired

points:

H=—1_3a A h))? ©
7/( )_miZI[ ,‘(x,‘)_ ,‘(x,‘+ )]

y(h) = semivariance for lag vector h

N(h) = number of pairs of data points separated by lag vector h

Ai(x;)) and Ai(xi+h) = actual values of the measured parameter A at the certain

positions (x;) separated by h

All possible distances in one diagram produce an experimental variogram of a
given parameter (Figure 15). All experimental variograms were calculated for a
maximum distance (lag vector) of 100 m for the small grids and 550 m for the large
grids, corresponding to at least 100 point pairs. But all distances with more than 50
point pairs were considered for visual control, corresponding to 150 m in the small
grids and 650 m in the large grids. Distances between sampling points were grouped
into distance classes which cover 5 m in small grids and 10 m in large grids. Each
parameter in each plot was tested for anisotropy and trends using directional
variograms before calculating omnidirectional variograms. Experimental variograms
can be described with variogram models, generally based on three parameters -
nugget, sill and range. Most variograms start with a y-offset, which is called nugget
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Figure 15: Experimental variogram with fitted variogram model

and gives the variation of the analysed parameter at distances smaller than the
shortest considered distance. This variability results from small-scale variability and
measuring uncertainties. The maximum value that is reached by the experimental
variogram is referred to as sill variance. For stationary variables, this value usually
equals the statistical variance of the whole plot. The range gives the distance where
the experimental variogram reaches the sill and defines the distance of spatial
dependencies for this specific parameter in this plot. An appropriate model variogram
was fitted to each experimental variogram using the gstat fitting routine (Pebesma &
Wesseling, 1998), based on the reweighted least squares estimation of variogram
model parameters (Cressie, 1985). Five different weighting methods were compared
and the one with the best fit, decided by the parameter sum of squared errors and by
visual control, was used. The relative percental contribution of nugget to total
variance (nugget+sill) was calculated (referred to as Nu/Nu+Si below) as an indicator
for spatial distribution. Low ratios point towards a low relative nugget effect and lead
to the assumption of a stronger spatial dependency and a more homogeneous
distribution of the analysed parameter in space for the tested sampling distance.

Large values indicate that a large portion of the variance takes place at small scales.
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This shows a more heterogeneous, patchy distribution and leads to the assumption
that small-scale processes control the spatial distribution of this parameter.

To simplify the analysis, the properties of each plot showing comparable range
values were merged in two conceptual groups (topsoil and vegetation parameters).
Two groups were used for the small grids (Group 1: bulk density, OC, total N and
total S concentration; Group 2: vegetation cover and aboveground biomass). In the
large grids, the additional parameters pH and Ah thickness showed clearly different
range values than the other topsoil parameters and were merged in a third group
(Group I:  bulk density, OC, totalN, totalS concentration and &'"C;
Group II: vegetation cover and aboveground biomass; Group lll: pH and Ah
thickness). For each plot and each group mean values and standard deviations of
Nu/Nu+Si and range values were calculated (e.g. mean range of Group 1 in Ug79 is
the sum of the four ranges of bulk density, OC, total N and total S divided by four).

Multivariate geostatistics analyses analyse spatial correlations of two or more
variables. The spatial correspondence of two or more properties in space is
described using experimental crossvariograms (Wackernagel, 1998). Experimental
crossvariograms are calculated using Equation 6 and are described by the same

properties as variograms:

1 N(h)

Z[A, (‘xi)_Ai (x,‘ +h)]x[(Bi(X,‘)_Bi(Xi +h)] (6)

FO =N &

I'(h) = crossvariance for lag vector h

N(h) = number of pairs of data points separated by lag vector h
Ai(x;) and Aj(x;+h) = actual values of measured parameter A at certain positions
(X)) separated by h

Bi(xi) and Bi(xi+h) = actual values of measured parameter B at certain positions
(xi) separated by h

For properties that are positively related in space, positive crossvariances are
calculated that increase with increasing distance between the sampling points.
Negative crossvariance values are found if variables are inversely related in space.
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While for semivariograms the semivariance can be taken as an indicator for the
dimension of difference between the values in space, cross variograms do not supply

this information.

2.4 Pit samples

2.4.1 Physical fractionation

The air-dried soil (see 2.2) was dry sieved gently by hand to three aggregate
size classes (ASC): 2000-6300 um, 630-2000 um and <630 um (referred to as
coarse ASC = cASC, medium ASC = mASC and fine ASC = fASC). Aggregate size
distribution was similar between all four plots (Table 1). It is assumed that physical
effects such as soil compaction or destruction of aggregates by trampling by grazing
sheep are of minor importance when sampling the upper 10 cm. These effects will be
amplified when shallower layers are the focus of research.

Table 1: Characteristics of the three aggregate size classes in the topsoils (cASC = 2000-6300
pm, mASC = 630-2000 um, fASC = <630 um; Cg = continuously grazed, Wg = winter grazing,

Ug99 = ungrazed since 1999, Ug79 = ungrazed since 1979) given as arithmetic means and
standard deviations of three replicates.

Plot ASC Contribution OC_1 Total_1N C/N
[%] [mgg] [mgg]

cASC 11.3+3.6 20.4+1.9 21 +0.2 9.8

Cg mASC 8.5+2.0 32.1£9.0 28 +0.5 11.4
fASC 80.2+5.6 18.2+0.9 2.0 £0.1 9.1

cASC 13.6 + 2.0 21.0+24 2.1 +0.2 10.0

Wg mASC 10.9+0.2 279+ 5.1 25+0.4 11.0
fASC 75.5+2.2 19.5+1.2 2.1+0.1 9.2

cASC 104 +2.3 247 +5.6 23+0.4 10.6

Ug99 mASC 10.8 +1.8 34.0+7.6 3.0+0.6 11.3
fASC 78.8+4.0 24.0+4.3 25+0.4 9.7

cASC 7.6 £3.0 19.3 +1.1 2.0+0.1 9.8

Ug79 mASC 95+15 29.8 £4.3 2.6 £0.2 11.6
fASC 829+44 194 +0.7 2.1+0.1 9.3

A physical fractionation procedure was conducted in duplicate for all three
aggregate size classes (Kolbl & Kdgel-Knabner, 2004; Figure 16). Briefly, the free
particulate organic matter (referred to as fPOM) was separated using a Na-
polytungstate solution (p = 1.8 g cm™). To obtain the POM occluded in aggregates

(referred to as oPOM), the subsequent heavy fraction (>1.8 g cm™) was treated by
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ultrasound. An energy input of 150 J ml” (constant energy output of 75 W, treatment
times were adjusted to sample volume, approximately 10 min) was used to disrupt all
macroaggregates and to obtain highest similarity of clay yields compared to standard
particle size analysis, but to minimise the production of artefacts following heavy
ultrasonication (Schmidt et al.,, 1999). With a subsequent density fractionation step

(Na-polytungstate solution, p = 1.8 g cm™), the occluded POM floating on the

Bulk soil
(Cg, Wg, Ug99, Ug79)

Dry sieving

H

Coarse, medium and fine aggregate size classes (ASC):

cASC mASC fASC — Each class analysed
6300 - 2000 pm 2000 - 630 pm <630 um for texture and CN
N— /
Y
Analysis of aggregate stability with ultrasonication (US) Physical fractionation and further analyses
(Cg and Ug79) (Cg, Wg, Ug99, Ug79)
No US (0 J mlI) US (30 J ml) Density fractionation => free POM
US (60 J ml) US (90 J mI") |
US (120 J mI") US (150 J ml) US (150 J mi-)
ﬂ . . . => occluded POM
Density fractionation

Particle size fractionation Filtration <20um

(wet sieving, sedimentation) ﬂ ﬂ
ﬂ small occluded POM

Aggregate + particle size distribution Particle size fractionation

(wet sieving, sedimentation) => Sand-, silt-, clay-sized

particles

W—)

Weight, CN concentration, *C NMR spectroscopy
(Cg, Wg, Ug99, Ug79)

neutral sugar analysis, radiocarbon dating

(Cg and Ug79)

Figure 16: Schematic of conducted fractionation and measurements (Cg = continuously
grazed, Wg = winter grazing, Ug99 = ungrazed since 1999, Ug79 = ungrazed since 1979).

suspension was obtained after centrifugation (10 min at 3500 rev min™"). This fraction
was sieved at 20 um (referred to as oPOM) and the remaining solution subsequently
filtered to 0.22 pm (referred to as oPOMgman). The residue of the density fractionation
procedure - mineral particles and organo-mineral associations - was sieved at
200 um, 63 pm and 20 um to obtain the coarse, medium and fine sand and the
coarse silt fraction (cS, fS, ¢Si). Finer particles were separated by sedimentation into
medium silt (20-6.3 um; mSi), fine silt (6.3-2.0 um; fSi), coarse and medium clay (0.2-
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2.0 um; cC) and by centrifugation into fine clay (<0.2 um; fC). All particle size
fractions were washed with bi-distilled water, freeze-dried, weighed and ground for

further analyses.

2.4.2 Particle size distribution

Particle size distribution was determined after H,O, treatment to remove the
coagulating organic matter. The proportion of the sand fraction (63-2000 um) and the
coarse silt fraction (20-63 um) were identified by wet sieving. The relative amounts of
the medium (6.3-20 um) and fine silt (2.0-6.3 um) and the clay (<2 um) fractions were
measured by sedimentation with a SediGraph 5100 (Micrometrics). The SediGraph
5100 system uses particle sedimentation rates in combination with X-ray absorption
for particle size analyses. This method provides a total of 90 data points (cumulative
mass percentage) that enables the calculation of the grain size ranges.

2.4.3 Determination of bulk density, OC and total N concentrations and
radiocarbon dating

Bulk soil material, POM and particle size fractions were analysed in duplicate
for total carbon and nitrogen (Nit) concentrations by dry combustion at 950°C on a
Vario EL elemental analyser (Elementar Analysensysteme, Hanau, Germany). All
samples were free of carbonates so that the total carbon concentration was taken as
the organic carbon (OC) concentration. The potential C-loading of particles <20 pm
was calculated using the empirical formula of Hassink (1997) to consider differences

in texture (Eq. 7).

C,, =a+bX particles_,, (7)

pot

Cuot is the potential C saturation of particles <20 um [mg g fraction], a and b
are empirically determined constants (a = 4.09 and b = 0.37) and particleszqum is the
concentration of soil particles <20 um [%]. The current C-saturation was calculated
as the sum of the measured OC concentration of particles <20 pum.

The radiocarbon concentration was determined for bulk soil samples as well as
for selected POM and patrticle size fractions at the Leibniz AMS lab in Kiel, Germany.
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For the measurement, CO, was produced from solid samples by combustion at
900 °C and reduced to graphite. The measured radiocarbon concentration was
corrected for isotope fractionation and is given in % modern carbon (pMC).
Conventional radiocarbon ages in years before 1950 (years BP) were calculated
according to Stuiver & Polach (1977).

2.4.4 Clay mineralogy and selective mineral extraction

Clay mineralogy was assessed for all horizons of Ug79 by X-ray diffraction
(XRD) after Moore and Reynolds (1989).The samples were preliminary treated with
hydrogen peroxide to remove organic matter (H-.O,). XRD was performed on random
powder samples and on oriented samples (Co-Ka; Philips diffractometer PW 1830)
after saturation with Ca®* and glycerol (room temperature) and K* (room temperature
and stepwise heated to 560°).

Quantity and quality of Fe and Al species were analysed on bulk soils <2 mm.
Iron and aluminium from poorly crystalline Fe oxides and Al-phases were extracted
with 0.2 M NHs-oxalate (at pH3) by the method of Schwertmann (1964). Total iron
oxides were estimated by the DCB-method (Mehra & Jackson, 1960). Since partial
dissolution of other minerals may also take place, Fe and Al in the extracts were
measured by inductively coupled plasma optical emission spectroscopy (Vista Pro

CCD Simultaneous, Varian, Darmstadt).

2.4.5 Determination of neutral sugars

Selected POM and particle size fractions were analysed for seven neutral
sugars (rhamnose, fucose, arabinose, xylose, manose, galactose and glucose) from
non-cellulosic carbohydrates according to Spielvogel et al. (2007). Basically, the
analysis was carried out in three steps: (1) Hydrolysis of samples with 4M
trifluoroacetic acid according to Amelung et al. (1996), (2) acetate alditol
derivatisation according to Black & Fox (1996), modified by Rumpel & Dignac (2006)
and subsequent (3) GC-FID analysis of the extracted monomers. Recoveries were
reduced below 30% when dealing with iron-containing samples, as the solution
became viscous after the addition of ammonium. The recovery was increased by

adding ethylenediamine tetraacetic acid (EDTA) as a chelating agent. The mean
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recovery of the sum of neutral sugars was 77+15% for fPOMs, 82+13% for oPOMs
and 9318% for particle size fractions.

2.4.6 Solid-state *C NMR spectroscopy

All POM and selected particle size fractions were analysed by solid-state *C
NMR spectroscopy (Bruker DSX 200 NMR spectrometer, Bruker, Karlsruhe,
Germany). Particle size fractions were treated with HF (Eusterhues et al., 2007) prior
to the measurement to reduce interfering impacts of iron-containing silica minerals.
Carbon losses through HF-treatment increased from 10+2% for mSi, 10+1% for fSi,
16+2% for cC and 45+9% for fC.

Carboxylic C|  Aryl C O—AIkFI C Alkyl C
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Figure 17: Spectra of soild state '*C NMR experiment with chemical shift regions.

The cross-polarization magic angle spinning (CP MAS) technique with a '*C-
resonance frequency of 50.32 MHz and a spinning speed of 6.8 kHz was applied. A
ramped 'H-pulse starting at 100% to 50% of the initial power was used during a
contact time of 0.2 ms in order to circumvent spin modulation during the Hartmann-

Hahn contact. Pulse delays between 200 and 600 ms were used for all spectra. Pre-
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experiments confirmed that the pulse delays were long enough to avoid saturation.
Depending on the C contents of the samples, between 2000 and 250,000 scans were
accumulated and a line broadening between 0 and 50 Hz was applied. The '*C
chemical shifts were calibrated relative to tetramethylsilane (0 ppm). The relative
contributions of the various C groups were determined by integration of the signal
intensity in their respective chemical shift regions according to Knicker et al. (2005;
Figure 17). The region from 220 to 160 ppm was assigned to carbonyl (aldehyde and
ketone) and carboxyl/amide C. Olefinic and aromatic C were detected between 160
and 110 ppm. O-alkyl and N-alkyl-C signals were found from 110 to 60 ppm and from
60 to 45 ppm. Resonances of alkyl C were assigned to the region 45 to -10 ppm.

2.4.7 Aggregate stability

All three aggregate size classes (cCASC, mASC, fASC) of Cg and Ug79 were
analyzed for aggregate stability using ultrasonic dispersion, followed by wet sieving
and a standard particle size analysis to obtain sand-, silt- and clay-sized particles
(Pipette-method according to Kéhn). 15 g of the sieved aggregates were immersed in
deionised water and floating organic matter was removed. The probe tip of the
ultrasonic device (Branson Sonifier 250, Branson, CT, USA) was immersed 15 mm
into the suspension. The temperature of the suspension was kept below 30°C using
a water cooling jacket. The sonifier operated at a constant energy output of 75 W.
The energy E (Jml") dissipated into the suspension was calculated using

Equation 8,
Pxt
E=——
; (®)

where P is the power output (W), t the sonication time (s) and V the volume of the
suspension (ml). The latter was calculated using an average particle density of
2.65 g cm™ and a water density of 1.0 g cm™. The power output of the sonifier was
calibrated calorimetrically with demineralised water (North, 1976; Schmidt et al.,
1999). For different inputs of dispersing energy, the ultrasonication time was
increased. Treatment times varied between 1 and 10 min to produce a range of
energies between 15 and 150 J ml™.
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3. Soil classification and characteristics

3. Soil classification and characteristics

All five sampled profiles showed a similar sequence of horizons (Figure 18) - a
43 cm to 76 cm thick, yellowish-red, well structured, dark and humic Ah-horizon

above the sandy parent material. The Ah-horizon was divided in the upper 30 cm

U <oy

Figure 18: Pictures of the five sampled soil pits (from upper left to lower right: Hg, Cg, Wg,
Ug99 and Ug79).

which were carbonate-free and a lower horizon with secondary carbonates. The
parent material was characterised as aeolian sediment above weathered acid
volcanic rocks. Mean thickness of Ah was 7710 cm (Hg: 1042 cm, Cg: 9917 cm,
COlarge: 81122 cm, WQjarge: 63+22 cm, Ug99: 77+15 cm, Ug79: 86+11 cm), measured
at 407 positions using a soil auger. In a depth of approximately 30 cm secondary
carbonates became abundant. Evidences for bioturbation by macrofauna were found
in all pits and all horizons. All further analyses of pit samples were conducted only for
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3. Soil classification and characteristics

Cg, Wg, Ug99 and Ug79. Hg was not included in these analyses because the soil
showed different horizon thicknesses and parent material. The plot was situated at a
clearly different position in landscape and it is assumed to affect water content at
least in subsoils and deposition of topsoil material that was eroded by water at higher

positions.

The Ah-horizons of Cg, Wg, Ug99 and Ug79 had a loamy texture with
583+93 mg sand g soil', 191+63 mg silt g soil”’ and 226+36 mg clay g soil’’ (Table
2). With exception of Wg, contribution of sand increased, contribution of silt
decreased and contribution of clay remained similar with depth. In Wg, proportion of
sand decreased and of silt increased with depth. Total C, OC, total N and Npin
concentrations were comparable between the plots and decreased with depth (mean
OC concentration in Ah1: 18.3+0.9mgg', Ah2: 11.743.1mgg’' and Ah3:
7.6+2.2mgg"). C/N ratio was similar across all plots and horizons with a mean of
9.8%£2.3. pH increased with depth and Cn,in was significantly higher in Ah3 both due to
secondary carbonates. Radiocarbon concentrations generally decreased in the order
Ah1>Ah2>Ah3. Ungrazed plots and especially Ug79 had generally higher
radiocarbon concentrations compared to the grazed plots Wg and Cg.
Concentrations of Fepcg and Feox were generally low in all plots and slightly

decreased with depth (Table 3). Potential cation exchange capacity was comparable

Table 3: Concentrations of Fe, Al and Mn in oxalate and dithionite—citrate—-bicarbonate extracts.

Depth AlDCB AloX FeDCB FeoX MnDCB MnoX

[cm] mgg’]
Ahl 010 03 16 3.1 11 02 05
Ah2 1030 05 20 45 14 02 04

Plot Horizon

Co Ah3 30-68 0.3 1.8 2.4 1.1 0.1 0.4

C >68 0.2 1.3 2.2 0.8 0.1 0.4

Ah1 0-10 0.3 1.8 3.0 1.4 0.2 0.5

Wg Ah2  10-31 0.3 2.0 2.5 1.3 0.1 0.4

Ah3 30-58 0.2 1.8 2.4 1.1 0.1 0.4

C >58 0.2 0.8 1.8 0.5 0.1 0.2

Ah1 0-10 0.2 1.6 2.6 1.0 0.1 0.4

Ug99 Ah2 10-34 04 1.7 4.3 1.1 0.2 0.5
Ah3 34-60 0.2 1.3 1.7 0.6 0.1 0.3

C >60 0.2 0.8 1.7 0.5 0.1 0.2

Ah1 0-10 0.2 1.3 1.9 1.2 0.1 0.4

Ug79 Ah2 10-25 0.2 1.2 1.7 0.8 0.1 0.3

Ah3 25-43 0.2 1.0 1.3 0.6 0.1 0.2
C >43 0.2 0.8 1.4 0.5 0.1 0.2
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3. Soil classification and characteristics

between the different plots and decreased with depth from 161+20 mmol. kg™ in Ah1

to 149429 mmol, kg™ in Ah2 and 98+22 mmol. kg™ in Ah3. Base saturation was at

least 100%, but contribution of Ca was overestimated as a consequence of

secondary carbonates (Table 4). Following the WRB (2006) these horizons are

classified as mollic horizons and the soils are classified as Calcic Chernozems.

Table 4: Cation exchange capacity and exchangeable cations of the experimental plots.

. Base
Plot Horizon Depth  CEC,q Ca Mg K Na saturation

[cm] [mmol, kg™'] [%]

Ah1 0-10 183.9 159.7 19.7 7.0 24 103

Cg Ah2  10-30 166.3 162.2 21.6 2.7 3.2 114
Ah3  30-68 108.4 195.9 22.0 2.6 1.5 205

C >68 174.5 144.7 47.5 3.1 3.6 114

Ah1 0-10 146.3 147.2 23.7 4.7 1.1 121

Wg Ah2  10-31 121.3 146.0 32.5 25 1.4 150
Ah3  30-58 85.8 190.9 28.4 2.8 2.7 262

C >58 84.5 108.4 23.7 2.2 1.7 161

Ah1 0-10 171.9 180.9 12.3 7.0 1.1 117

Ug99 Ah2  10-34 181.4 154.7 16.5 3.2 1.4 97
Ah3  34-60 122.2 169.7 20.6 1.9 1.1 158

C >60 77.7 109.8 20.6 1.9 12.4 186

Ah1 0-10 142.9 138.5 20.2 6.3 1.1 113

Ug79 Ah2  10-25 128.2 95.6 18.3 24 1.2 92
Ah3  25-43 74.5 83.6 15.2 2.1 8.7 147

C >43 62.1 114.6 13.0 1.7 1.1 210

lllite was most abundant in all horizons of Ug79 and decreased from 700 mg g

in Ah1 to 470 mg g in Ah3 (Table 5). Smectite minerals (lllite contribution of less
than 50%) doubled from 160 mgg” in Ah1 to 320mgg’ in Ah3. Kaolinite,
Vermiculite and Smectite minerals (lllite contribution of more than 50%) were less

abundant and their sum increased from 140 mg g in Ah1 to 210 mg g™ in Ah3.

Table 5: Clay mineralogy of Ug79.

Horizon Kaolinite lllite lllite/Smectite (lllite <50%) lllite/Smectite (lllite >50%) Vermiculite
[mgg’] [mgg’] [mgg] [mg g”] [mg g”]
Ah1 50 700 160 30 60
Ah2 30 650 200 50 70
Ah3 40 590 240 60 70
C 80 470 320 50 80
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4. Grazing effects on chemical and physical properties of semiarid steppe soils

4. Grazing effects on chemical and physical properties of
semiarid steppe soils

4.1 Results

4.1.1 Bulk density, elemental concentrations, ratios and pH

Plots with lower grazing intensities showed significantly (p < 0.01) lower bulk
densities compared to more heavily grazed plots (Figure 19). The highest mean bulk

density of 1.28 g cm™ was measured in the heavily grazed plot (Hg). This plot also
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Figure 19: Boxplots of bulk density and OC concentration.

contained the highest single value of 1.44 gcm™®. Mean bulk densities of COiarges
Wgiarge and Ug99 follow in decreasing order. Only Wgjage and Ug99 showed similar
mean values and no significant differences. Ug79 showed the lowest bulk densities,
with a 26 % lower mean of 0.94 g cm™ and 0.66 g cm™ as the lowest detected value.
Bulk density showed a highly significant negative correlation to the OC concentration
(Figure 20).

OC, total N and total S concentrations increased significantly (p < 0.01) with
decreasing grazing intensity (Figure 19). All three elemental concentrations were
positively correlated at the highest level of significance (Figure 20). The lowest mean
concentrations were determined in Hg, containing 177.0mgg” C, 1.74mgg” N and
0.026 mg g™ S. COiarges, Wgiarge and Ug99 showed increasing elemental
concentrations with decreasing grazing intensities. Highest mean values were

measured in Ug79, containing on average 82% higher OC, 81% higher total N and
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4. Grazing effects on chemical and physical properties of semiarid steppe soils

60% higher total S concentrations than Hg. Only WQgage and Ug99 had similar
means, whereas the other plots were significantly different at the highest level.
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Figure 20: Correlations between OC, total N and total S concentrations and between bulk

density and OC concentration.

The pH values of the five plots varied between 6.6 and 6.8 and exhibited
significant differences (p <0.01). Mean pH-values of 6.6 were calculated for Hg,
Cgiarge and Ug79 (Table 6) and significantly different values of 6.7 and 6.8 for WQjarge
and Ug99, but overall differences between the plots were small.

Significant differences were found (p <0.01), but no perceptible effect of
pasture management on the C/N ratio. Only a narrow range between a maximum
mean of 9.8 for Ug79 and a minimum mean of 9.5 for Wg was found. Ug99, Hg and
Caiarge varied between these values, showing no significant differences. Narrower
C/S and N/S ratios, with 65.1 and 6.7 were found in Hg compared to the other plots
(Table 6), pointing towards effects of heavy grazing on total S. Cgiarge Showed the
widest ratios with 79.0 for C/S and 8.3 for N/S. Wgage, Ug79 and Ug99 varied

between these extremes and were closer 10 Cgjarge-
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4. Grazing effects on chemical and physical properties of semiarid steppe soils

Table 6: Results of measured and calculated parameters of the upper 4 cm in five plots with
different grazing intensities (mean in bold letters and standard deviation below). Different
letters give significant differences (p = 0.01). Latin letters give results of Kruskal-Wallis tests,
greek letters results of ANOVA. Conventional elemental stocks (ES) were calculated using Eq.
1 and equivalent elemental stocks (ES*) using Eq. 2 (Hg = heavily grazed, Cgjarge = cOntinuously
grazed, Wgaqe = Winter grazing, Ug99 = ungrazed since 1999, Ug79 = ungrazed since 1979).

Hg Cglarge ngarge Uggg Ug79
n 98 123 122 99 98
Bulk density 1.28 1.17 1.09 1.09 0.94
[gcm?)] 0.08 A 0.07 B 0.08 C 0.12 C 0.10 D
OoC 17.0 23.0 25.9 25.5 31.0
B A B C C D
Img g’ 4.2 4.1 45 6.3 5.5
Total N 1.74 2.40 2.72 2.65 3.15
Img g 0.39 a 0.40 B 0.44 v 0.67 Y 0.50 5
Total S 0.26 0.29 0.34 0.34 0.42
Img g 0.05 A 0.05 B 0.06 ¢ 0.08 c 0.06 D
9.7 9.6 9.5 9.7 9.8
OCN 0.4 A 0.4 B 0.4 B 0.7 CBA 0.3 DA
65.1 79.0 76.5 74.8 74.4
OC/S 6.2 A 6.5 BC 10.7 ¢ 10.9 DC 7.7 DC
6.7 8.3 8.0 7.7 7.6
N/S 05 A 0.7 B 1.1 BC 1.1 c 0.7 DC
OC stock 0.86 1.06 1.12 1.08 1.15
[kg m?] 0.16 a 0.14 B 0.14 By 0.16 B 0.11 v
N stock 0.09 0.11 0.12 0.11 0.12
[kg m?] 0.01 A 0.01 B 0.01 C 0.02 CB 0.01 C
S stock 0.013 a 0.014 a 0.015 B 0.015 B 0.016
kg m2 0.002 0.002 0.002 0.002 0.002 Y
kg m”]
OC* stock 0.64 0.87 0.98 0.96 1.17
kg m?] 0.16 A 0.16 B 017 ¢ 0.24 c 0.21 D
N* stock 0.06 0.09 0.10 0.10 0.12
[kg m?] 0.01 a 0.02 B 0.02 v 0.03 v 0.02 5
S* stock 0.010 0.011 0.013 0.013 0.016
[kg m?] 0.002 A 0.002 B 0.002 ¢ 0.003 ¢ 0.002 ¢
6.6 6.6 6.7 6.8 6.6
pH 0.25 A 0.35 A 029 AB 0.27 B 0.24 A

4.1.2 OC, N and S stocks

Conventional stocks of OC, total N and total S were calculated using the bulk
densities and the elemental concentrations for each sampling point (Eq. 1). For all
three elements, the lowest means were calculated in Hg (Table 6). The lowest single
values for OC stocks (0.54 kg m®?) and N stocks (0.04 kg m™) were also found in Hg.
Significant differences were calculated between all five plots and for all three
elemental stocks. But absolute mean values of Cgiarge, W0large, Ug99 and Ug79
showed only small differences. Cgiarge has a 24%, Wg 31%, Ug99 26% and Ug79
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34% higher OC stock than Hg. To summarise, only Hg showed significantly lower
values of OC, total N and total S stocks when using the conventional calculation.

The alternative equivalent mass calculation of stocks (Eq. 2) showed different
results compared to the conventional calculation using bulk densities (Table 6). The
equivalent mass calculation revealed a significant loss of OC, total N and total S per
unit soil mass with increasing grazing intensity over the complete range of grazing
intensities. Hg accounted for the lowest means of all analysed elements, containing
0.64 kg Cm? 0.06 kgNm? and 0.01 kg S m?. Significantly higher stocks were
calculated for Cgiarge, containing 35% more OC, 38% more N and 12% more S than
Hg. No significant differences were found between Wgage and Ug99, but both
showed significantly higher values than Cgiage and significantly lower values than
Ug79. The highest means for all three elements were calculated in Ug79, with 82%
higher OC, 81% higher N, and 60% higher S stocks than Hg.

Table 7: MDD for selected topsoil parameters and plots (minimum detectable difference, Eq. 3;
statistical power = 0.90, significance level = 0.01; MDD in bold letters, MDD, (relative minimum
detectable difference, Eq. 4) given below; n.n. = not normal distributed; Hg = heavily grazed,

Cdiarge = continuously grazed, Wg,.qe = Winter grazing, Ug99 = ungrazed since 1999, Ug79 =
ungrazed since 1979).

Hg Cdiarge Wiarge Ug99 Ug79
Bulk density 0.029 0.022 0.025 0.043 0.036
[gcm™] 2.3 (n.n) 1.9 23 4.0 3.8
oC 1.541 1.357 1.479 2.325 2.034
Imgg™] 9.1 (n.n) 5.9 5.7 9.1 6.6
Total N 0.143 0.131 0.145 0.247 0.186
[mgg’] 8.2 5.5 5.3 9.3 5.9
Total S 0.020 0.016 0.020 0.029 0.022
[mg g] 7.7 (n.n) 5.6 (n.n.) 5.8 8.4 5.3
OC stock 0.058 0.045 0.045 0.059 0.041
[kg m?] 6.8 42 4.0 5.4 3.6
N stock 0.0054 0.0044 0.0045 0.0067 0.0036
[kg m™] 6.1 3.9 3.8 6.0 (n.n.) 3.1
S stock 0.0008 0.0006 0.0007 0.0009 0.0006
[kg m™?] 6.1 4.4 5.0 6.0 3.6
0.137 0.142 0.122 0.243 0.112
OCN 14 1.5 (n.n.) 1.3 2.5(n.n) 1.1
2.284 2.150 3.576 4.005 2.856
0C/s 3.5 (n.n.) 2.7 4.7 5.4 (n.n.) 3.8 (n.n.)
N/S 0.201 0.217 0.358 0.404 0.253
3.0 (n.n.) 2.6 4.4 5.2 (n.n.) 3.3 (n.n.)

50



4. Grazing effects on chemical and physical properties of semiarid steppe soils

4.1.3 Minimum detectable differences

All data collectives and plots showed a MDD, <10 % (Table 7). For many
parameters and plots, even MDD, <5% were calculated. Cgiarge and Ug79 accounted
for the lowest MDD, of all analysed parameters. The reasons were a large number
of samples for Cgiarge @and low variances for Ug79. With this dataset, it was possible
to detect a change in the mean value of a parameter of less than 5% with a statistical
power of 90% and a level of significance of 0.01.

4.2 Discussion

4.2.1 Grazing significantly increases bulk density and decreases OC,
total N and total S concentrations

The results show significantly higher bulk densities and significantly lower OC,
total N and total S concentrations in areas with higher grazing intensities compared
to ungrazed areas (Table 6 and Figure 19). Increasing grazing intensity leads to a
reduction in the number of plants, plant basal area, and amount of deposited dead
plant material that acts as a protective mulch (da Silva et al,, 2003). In addition,
animal trampling has a severe effect on soil compaction (Hamza & Anderson, 2005),
and at the same time may stimulate organic matter decomposition, due to the
destruction of soil aggregates by mechanical stress. Vegetation grows better,
produces more root exudates and develops a wider ramified root system in ungrazed
areas compared to grazed plots (Su et al., 2004; Wang, 2004). Kelly et al. (1996)
report lower total soil C and N concentrations due to reduced plant inputs following
exclusion of vegetation. Thus, data has to be discussed in the light of this complex
web of interrelated phenomena that result from intensive grazing, i.e. direct impact of

animal trampling, reduced above- and belowground organic matter input and erosion.

Higher bulk densities as a consequence of increased animal trampling have
been observed for different grazing animals and different grassland ecosystems
(Wang & Ripley, 1997; Brevik et al., 2002; Daniel et al., 2002; Binkley et al., 2003).
Willat and Pullar (1984) measured hoof pressures up to 200 kPa for running sheep
and postulate structural damage associated with increased bulk density and a

decrease in total pore volume.
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Figure 20 shows a highly significant negative correlation between OC and bulk
density. Organic matter is a binding force between particles and within aggregates
and thus affects soil compactability (Soane, (1990). Living roots, and to a lesser
extent also dead roots, provide a filamentous network which resists compactive loads
(Soane, 1990). Imhoff et al. (2000) found significantly lower bulk densities under
plants compared to places between plants and ascribe this to a greater root
production directly below plants. A part of the organic matter is known to be occluded
in aggregates, mostly inaccessible to microbes and therefore protected against
microbial decomposition (Jastrow et al., 1996). Through aggregate disruption, this
occluded organic matter may become accessible to microbial decomposition
(Balesdent et al., 2000; Solomon et al., 2005). Lavee et al. (1996) found a correlation
between aggregate stability and soil organic matter content for a Terra Rossa and a
Lithosol in Israel and postulated that grazing and human activities interfere with the
development of aggregate stability. Following this scenario, ungrazed areas will

exhibit lower bulk densities and higher soil organic matter concentrations.

Higher bulk densities and lower elemental concentrations in heavily grazed
areas may also be caused by erosion. Heavily grazed steppe areas in regions of
Inner Mongolia with lower vegetation height and lower vegetation cover are
characterised by higher wind speeds (Li et al., 2000), conditions favourable for soil
erosion. When the topsoil, with the highest concentrations of organic matter of the
whole profile (Woods, 1989; Deen & Kataki, 2003), is eroded in heavily grazed areas
(Gregorich et al., 1998; Li et al., 2005), deeper horizons with lower elemental
concentrations and higher bulk densities will be exposed. Wind erosion leads to a
preferential loss of fine, C- and N-rich particles and a relative accumulation of coarse
soil particles (Lobe et al., 2001; Li et al., 2004; Neff et al., 2005; Su et al., 2005;
Wang et al.,, 2006); Table 8). Eroded fine material will be deposited in ungrazed
areas or around individual plants and increase the C and N concentrations and
decrease bulk densities of the uppermost soil layers (Hook et al., 1991; Su et al.,
2004).

It is considered that increased bulk densities and decreased OC, total N and
total S concentrations in grazed areas are a combined effect of loss of organic matter

following animal trampling, lower above- and belowground organic matter input as a
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4.2.2 Sulphur in grazed grassland soils

Total S concentrations decrease significantly with increasing grazing intensities
(Table 6) and are positively correlated to OC and total N (Figure 20). This indicates
that S in these grassland soils is mainly bound in organic matter. But a small portion
of total S is bound as inorganic S and is most probably not affected by grazing. This
can be seen in lower coefficients of correlation between OC and total S, and total N
and total S. In contrast to the C/N ratio, C/S and N/S ratios showed significantly lower
values for Hg compared to the other plots. This is attributed to a relative
accumulation of S-rich organic matter and lower litter inputs in Hg. S-rich
components of the organic matter seem to be more resistant to mineralisation than
OC or N and tend to accumulate in the remaining organic matter (McLaren & Swift,
1977). Hg or generally grazed plots have less diluting fresh litter material and thus a
higher proportion of decomposed organic matter. This leads to a relatively higher total
S concentration and lower C/S and N/S ratios. Solomon et al. (2005) describe
narrower C/S and N/S ratios in cultivated compared to native grasslands of South
Africa. They ascribed this to an increased mineralisation of organic matter that was

physically protected in aggregates before cultivation.

Narrower C/S and N/S ratios in heavily grazed areas point towards a relative or
absolute accumulation of S. This is assumed to be the result of selective
mineralisation of S-depleted organic matter and lower input of organic matter in

heavily grazed areas.

4.2.3 OC, total N, and total S stocks of grazed plots

OC and total N stocks of the upper 4cm vary around 1kgC m? and
0.1 kg N m? (Table 6). Conventional OC, total N and total S stocks of the upper 4 cm
reflect the findings of decreasing elemental concentrations in heavily grazed areas
(Table 6). But whereas Hg exhibits significantly lower OC, total N and total S stocks
compared to ungrazed areas, the lower grazing intensities showed no significant
differences for elemental stocks compared to the ungrazed areas. This discrepancy
is the direct consequence of stock calculations using bulk densities. As elemental
concentrations in grazed areas decrease, bulk densities increase, compensating for
the lower concentrations in the computation of stocks (Figure 20). This is a
consequence of the compaction of topsoils in grazed areas and sampling to a
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constant depth. Similar results are reported by Mikhailova et al. (2000) and Osher et
al. (2003), who found changing bulk densities as a consequence of grazing,
interfering with conventional stock calculations. Decreasing Ah horizon thicknesses
due to increased bulk densities as a consequence of grazing pressure have been
reported by Dormaar and Willms (1998). If sampling is done to a constant depth,
additional soil masses are sampled in heavily grazed areas, which lead to an
overestimation of elemental stocks for grazed compared to ungrazed areas. In
addition, grazed areas may suffer an additional loss of OC- and N-rich topsoil
material through wind erosion, which is not included in the calculation either. Errors in
stock calculations as a result of these processes can be avoided if the sampling
depth is corrected (Berg et al., 1997; Gifford & Roderick, 2003) or stocks are
calculated with a normalised mass. Veldkamp (1994) and Ellert and Bettany (1995)
describe the equivalent mass approach to compare elemental stocks of areas with
differing management, which has been tested by several authors for different forms
of management and environments (Mikhailova et al, 2000; Malhi et al., 2002;
VandenBygaart & Kay, 2004). This alternative elemental stock calculation was also
used for the upper 4 cm and showed significantly lower stocks for all elements in all
grazing intensities compared to Ug79 (Table 6). Compared to the conventional
calculation, these results indicate that grazing at all intensities reduces stocks, and
not just heavy grazing. Future studies should survey not only elemental
concentrations and bulk densities, but also changing horizontal thicknesses as a

consequence of wind erosion and compaction due to management.

4.2.4 Effects of grazing reduction and exclosure

Ameliorating effects of reduced and excluded grazing on physical and chemical
topsoil parameters have been shown in a number of studies (Braunack & Walker,
1985; Abril & Bucher, 1999; Su et al., 2004; Su et al., 2005; Drewry, 2006). How
much time these processes take to affect topsoil parameters is not clear (Drewry,
2006). Cgiarge; Waiarge @and Ug99 were grazed with the same intensity until 1999, when
grazing in Wgag Wwas reduced and in Ug99 completely excluded. This
chronosequence enables the analysis of short-term effects of grazing reduction and
exclusion on the analysed topsoil parameters. Significant differences for all analysed
parameters were recorded between Cgjarge aNd Wgarge and Cgiarge @and Ug99 (Table
6, Figure 19). These results confirm the detrimental effects of continued grazing even
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after periods as short as five years. No significant differences were detected between
Ug99 and WQiage. Either no ameliorative processes occurred and only Cgiarge
deteriorated, or both plots ameliorated to the same degree. The period between
grazing cessation and sampling may also have been too short to detect significant
effects. Holt (1997) also found no significant changes in total C concentration 6 to 8
years after grazing cessation in semi-arid grasslands in Australia. In contrast, several
authors found significant ameliorations of topsoil parameters after five years or less
of reduced or excluded grazing (Orr, 1975; Su et al., 2004; Su et al., 2005). Spatial
factors may also obstruct the detection of ameliorative processes, increasing
elemental concentrations and reducing bulk density. Higher litter inputs and
increased deposition of windblown fine materials will at first take place around
individual plants or small patches of plants, so-called “islands of fertility” (Hook et al.,
1991; Burke et al., 1998). With time, these patches will spread and change the mean
values of the whole plot. But in the first years after changed management, these

changes will be detected only by sampling at selected positions.

To summarise, continued grazing for five years caused a significant
deterioration in physical and chemical topsoil parameters compared to reduced and
excluded grazing. Ameliorative processes in the first five years are assumed but
could not be verified for reduced grazing and grazing exclusion. Reducing the
grazing intensity seems to preserve the status quo and is therefore recommended as
a conservative form of grazing management for this shortgrass steppe ecosystem in
Inner Mongolia.

4.3 Conclusion

The statistical approach revealed a significant deterioration of physical and
chemical topsoil parameters as a consequence of sheep grazing in a Leymus
chinensis/Stipa grandis dominated shortgrass steppe in Inner Mongolia. Five plots
with different grazing intensities were analysed at 540 sampling points. Significantly
higher bulk densities and lower OC, total N and total S concentrations were found in
grazed areas compared to ungrazed areas. This is attributed to the combined effect
of animal trampling, reduced above- and belowground organic matter input and root
growth and erosion as a consequence of grazing. Elemental stocks, calculated using
bulk densities as well as an equivalent mass to take into account changing bulk
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densities following grazing, showed a significant decrease for OC, total N and total S
in grazed areas. Highest losses were calculated for heavily grazed areas. Whereas
C/N remained constant in all analysed plots, C/S and N/S ratios showed narrower
values in heavily grazed areas. This points towards a selective mineralisation of S-
depleted organic matter and lower organic matter inputs in grazed areas. Despite low
MDD values resulting from the large number of samples and low variances, no
ameliorating effects of reduced or excluded grazing could be verified five years after
land use change. Long-term effects are presumed, as 25 years of exclusion showed
significantly different values. Sheep grazing at reduced intensities is considered to be
a conservative form of grassland management, as no detrimental effects were

detected during the first five years.
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5. Spatial variability of topsoils and vegetation in grazed
steppe ecosystems

5.1 Results

5.1.1 Small grids

All properties in all plots were normally distributed. Directional variograms of
small grids showed isotropic behaviour of all analysed properties underlining the
stationarity of the data collectives. Only Cg showed a significant trend in north-south
direction for all topsoil properties, which was modelled using a first-order regression
between each soil variable and the geographic coordinates. Variables were
detrended by subtracting soil variables from linear model calculations, as the
residuals were considered to be closer to stationary (Igbal et al., 2005). Quality of the
trend removal is shown in Table 9, with Cgyena giving the variogram properties of the
uncleared model and Cg the properties of the detrended collective. All further
analyses were conducted using the detrended collective Cg. Spatial behaviour of all
properties in all plots was analysed using omnidirectional variograms. In most cases,
best fits to experimental variograms were obtained with spherical models. The
aboveground biomass in Ug99 was not spatially structured, manifested in a pure
nugget effect.

Table 8: Mean values of soil characteristics of upper 4 cm (Ug79 = ungrazed since 1979, Ug99 =

ungrazed since 1999, Cg = continuously grazed, Hg = heavily grazed, Wg.r¢e = large grid winter
grazing, Cgiarge = large grid continuously grazed).

Grazing intensity Sand Silt Clay ocC TotalN Total S pH

Plot N
[sheep units ha” yr'] [mgg”] [mgg™ [mgg’l [mgg’l [mgg'l [mgg’l (CaCl)

Ug79 98 0 491 349 160 31.0 3.15 0.42 6.6
Ug99 99 0 467 370 163 25.5 2.65 0.34 6.8
Cg 88 1.2 511 321 168 22.2 2.36 0.35 6.6
Hg 98 2.0 681 209 110 17.0 1.74 0.26 6.6
W0arge 122 0.5 439 378 183 25.9 2.72 0.34 6.7
CQarge 123 1.2 494 335 171 23.0 2.40 0.29 6.6
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Spatial distributions of bulk density, OC, total N and total S concentrations were
comparable within each plot (Table 9), but different between the four plots. Spatial
heterogeneity of topsoil properties increased in the order Hg, Cg, Ug99 and Ug79
from a homogeneous to a pure nugget or patchy distribution (Table 10). These

Table 9: Nugget, sill and range values derived from fitted variogram models of small grid
sampling (Sph = spherical model, Gau = gaussian model, Nug = nugget model; Ug79 =
ungrazed since 1979, Ug99 = ungrazed since 1999, Cg = continuously grazed detrended, Cgireng
= continuously grazed not detrended, Hg = heavily grazed). Nu/Nu+Si is the percental
contribution of nugget to total variance (nugget + sill). Variance gives the calculated statistical
variance of each parameter in each plot. Several parameters were merged in two conceptual
groups, based on comparable range values (Group1 and Group 2). Note that Nu/Nu+Si is not
comparable between spherical and gaussian models, as gaussian models do not reach a

definite maximum of variance.

Group Parameter Plot Nugget Sill Range [m] Variance Nu/Nu+Si[%] Method

Ug79 0.0050 0.0043  40.6 0.010 53.9 Sph
Ug99 0.0045 0.0113  80.3 0.014 28.5 Sph
Bulkdensity  cg  0.0004 0.0031  70.0 0.005 11.4 Sph
CQrens 0.0009 0.0061  128.2 0.005 125 Sph
Hg  0.0010 0.0057  47.0 0.006 15.2 Sph
Ug79 143  16.9 59.9 30.4 45.9 Sph
Ug99 5.6 40.5 79.8 40.1 12.2 Sph
oc Cg 35 7.0 85.0 13.9 33.3 Sph
_ COrena 3.0 16.0 130.0 13.9 15.8 Sph
o Hg 4.1 15.9 81.5 17.4 20.4 Sph
(g Ug79  0.13 0.12 50.8 0.25 51.7 Sph
Ug99  0.12  0.40 79.9 0.45 23.3 Sph
Total N Cg 004 007 60.0 0.16 36.4 Sph
COrens  0.03  0.23 140.0 0.16 115 Sph
Hg 003  0.14 79.1 0.15 17.3 Sph
Ug79 0.0019 0.0018  34.8 0.004 51.4 Sph
Ug99 0.0018 0.0048  61.9 0.006 27.6 Sph
Total S Cg  0.0008 0.0012  40.0 0.003 41.0 Sph
Cgrens  0.0014 0.0044  93.8 0.003 8.5 Gau
Hg  0.0002 0.0029  41.0 0.003 5.0 Sph
Ug79 486  30.9 21.7 781 61.2 Sph
Vegetation  ygog  25.0 34.0 55.0 59.3 42.4 Sph
o cover Cg no data
o Hg 765 687 66.2 134.3 52.7 Sph
g Ug79 3028.8 3280.7 253 5956.8 48.0 Sph
Aboveground Ug99  4590.7 0.0 0.0 4952.4 100.0 Nug
biomass Cy no data
Hg 7100 11000  65.0 1727.4 39.2 Sph
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findings are most noticeable for Nu/Nu+Si which increased from a mean for all four
properties of 15% (+7%) in Hg to 51% (x3%) in Ug79. The maximum distance
covered by spatial dependencies is described by the range, with the highest mean
value of 76 m (x5 m) found in Ug99. Cg had the second highest (64 m, £ 19 m), Hg
the third highest (62 m, £ 21 m) and Ug79 the shortest spatial dependencies (47 m,
+ 11 m). Values for total variance, a first indicator for the amplitude of spatial
variation, were highest in Ug99, second in Ug79 and Cg and Hg showed similar low
values. Nugget values, representing the small-scale heterogeneity, were highest in
Ug79, followed by Ug99, Cg and Hg. Sill values describe the extent of spatial
dependencies and were highest in Ug99, followed by Hg, Ug79 and Cg. It is notable
that total S concentration exhibited similar spatial distributions to OC, total N and bulk
density, but showed at least 20% shorter ranges. To summarise, topsoil properties
showed increasing homogeneity and extent of patches in the order Ug79, Ug99, and
Cg/Hg (Figure 21). While Ug79 was characterised by heterogeneously distributed
and defined small patches, Cg/Hg were characterised by a few merging,

homogeneous large patch.
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0.008 - A

0.006 -

0.004 -
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Figure 21: Omni-directional semivariograms of bulk density in Ug79 and Hg.
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Vegetation cover and biomass were measured for Ug79, Ug99 and Hg. Both
properties showed equal spatial behaviours in Ug79 and Hg, but contrasting spatial
behaviour in Ug99 (Table 9). Ug79 revealed a heterogeneous distribution of
vegetation, expressed by the highest mean Nu/Nu+Si ratio of 55% (+ 9%) and the
shortest mean range of 24m (x3m). Hg was characterised by a more
homogeneously distributed vegetation, displayed by the lowest mean Nu/Nu+Si
(46%, *10%) and the widest mean range (66 m, £ 1 m). Ug99 had medium mean
Nu/Nu+Si and range values, but extreme single values. For vegetation cover, Ug99
showed values close to Hg and for aboveground biomass results close to Ug79.
Generally, heterogeneity of vegetation increased from Hg to Ug79 and Ug99 seemed
to be a transition between the two states. Hg was characterised by a homogeneously
distributed and productive vegetation, comparable to grazing lawns and Ug79 by a
heterogeneously distributed vegetation consisting of many small patches, clearly
differing in biomass production, comparable to islands or niches.

Table 10: Mean values and standard deviations for Nu/Nu+Si and range values of Group 1 (bulk
density, OC, total N and total S concentration) and Group 2 (vegetation cover and aboveground
biomass) for small grids (Ug79 = ungrazed since 1979, Ug99 = ungrazed since 1999, Cg =
continuously grazed, Hg = heavily grazed) and Group | (bulk density, OC, total N, total S

concentration and 5'°C), Group Il (vegetation cover and aboveground biomass) and Group I
(pH and Ah thickness) for large grids (Wgjarqe = Winter grazing, Cgiarge = continuously grazed).

Mean Nu/Nu+Si

Grid Gro Plot
' up [%]

Mean range [m]

] Ug79 50.7 £ 3.4 46.5 £ 11.1

[0]

€% Group1 U999 229+75 75.5 9.1
T 25 Cg 30.5 + 13.1 63.8 + 18.9
> g% Hg 14.5+6.7 62.2 + 21.1
g £5 Ug79 54.6+9.3 23525
B 2E Groupa U999 71.2 +40.7 27.5+38.9

© © Cg no data

= Hg 46.0 9.5 65.6 +0.9
€ g Group | ngarg 41 +6 8310
83EE COlarge 72+3 174 + 38
2228 Growpll W 50 + 14 83+ 18
o%Es Clarge 26 + 0.1 234 £ 23

i) ©

gg = Group I ngarg 51+1.3 132 +1.3
- COlarge 49+7 385+7
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Omni-directional crossvariograms of bulk density, OC, total N and total S

concentration (Group 1), vegetation cover and aboveground biomass (Group 2) in Ug79.
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Crossvariograms of OC, total N and total S concentrations revealed a close
positive spatial behaviour in all plots (Figure 22). All three elemental concentrations
showed a close negative spatial behaviour for all plots when spatially correlated with
bulk density. Aboveground biomass and vegetation cover showed positive
crossvariances, but no spatial structure was detected in Ug79 indicating a
heterogeneous distribution of vegetation. OC, total N and total S were spatially
positively correlated with vegetation cover, but showing no spatial structure in Ug79.
Crossvariances of aboveground biomass and topsoil properties were positive for
narrow distances (<20 m), but turned out negative for wider point pairs, revealing no
spatial structure in Ug79. In contrary, Hg vegetation parameters (data not shown)
showed a clear spatial structure with positive crossvariances for distances narrower
than 40 m and increasing negative crossvariances for wider point pairs, indicating a
homogeneous distribution of vegetation in large patches (40 m). Compared to Ug79,
crossvariances of aboveground biomass and topsoil properties were positive for
wider distances (<40 m), and turned out negative for wider point pairs similar to
Ug79. This indicates that vegetation and topsoil properties form large uniform
patches up to 40m in Hg and heterogeneously distributed small patches (<20 m) in
Ug79.

5.1.2 Large grids

All data collectives on the large grids were normally distributed. Anisotropic
behaviour, caused by a trend in direction of northeast (45° in directional variograms
for distances >500 m), was found on Cgage. It was not detrended, because the
number of affected point pairs was low. Spatial behaviour of all properties in both
plots was analysed using omnidirectional variograms. All experimental variograms
except total S in Wgag Wwere fitted with spherical models (Table 11). Clear
differences were found between both plots for all properties and groups (Table 10).

Topsoil properties in Group | (bulk density, OC, totalN and totalS
concentration, 8'°C) revealed higher values for variance and sill in Wgjarge and higher
values for nugget, Nu/Nu+Si and wider ranges in Cgiarge- CQiarge Showed a mean
range of 174 m (+ 38 m) and a mean Nu/Nu+Si of 72 % (+ 3 %). WQarge accounted

for a mean range of 83 m (x 10 m) and a mean Nu/Nu+Si of 41 % (£ 6 %). Total S
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concentration exhibited more than 30 % shorter ranges compared to the mean of all
topsoil properties in CPjarge-

Table 11: Nugget, sill and range values derived from fitted variogram models of large grid
sampling (Sph = spherical model; Wg,.qe = large grid winter grazing, Cgige = large grid
continuously grazed). Nu/Nu+Si gives the percental contribution of nugget to total variance
(nugget + sill). Variance gives the calculated statistical variance of each parameter in each plot.
Several parameters were merged in three conceptual groups, based on comparable range
values (Group I, Group Il and Group lll).

Group Parameter Plot Nugget Sill  Range [m] Variance Nu/Nu+Si[%] Method

Bulk density Wdle 0.0028 0.0027 87.7 0.006 50.2 Sph

CQiage  0.0033  0.0011 176.3 0.005 74.9 Sph

oc WOage 7.3 12.9 72.8 20.1 36.1 Sph

_ Cluge  12.2 5.1 201.7 17.1 70.7 Sph

o Total N Wguge 0.084  0.116 95.6 0.193 41.9 Sph

(% Clage 0.121  0.040 183.9 0.160 75.2 Sph
Total S W0iarge not fittable

COage  0.0018  0.0007  147.6 0.002 73.3 Sph

e Wguge  0.15 0.25 775 0.40 37.2 Sph

COge  0.38 0.14 200.0 0.50 73.1 Sph

_ Vegetation ~ W0arge 90.0 60.0 70.0 155.4 60.0 Sph

§ cover COuge 507  227.1 194.0 248.4 18.3 Sph

(% Aboveground Wgige 650.0  940.0 95.0 1552.7 40.9 Sph

biomass  Cg,. 18353 3513.1 246.5 4672.6 34.3 Sph

_ Ah Wguage 250.0  230.0 132.0 453.0 52.1 Sph

gz Clage  240.0  210.0 380.0 456.6 53.3 Sph

(% oH Wgage 0.043  0.043 132.0 0.082 50.3 Sph

CQiarge___0.063 _ 0.080 390.0 0.123 44.0 Sph

The vegetation properties in Group Il (vegetation cover, aboveground biomass)
showed only slight differences in spatial distribution compared to the topsoil
properties. Compared to Wgiarge, Cgiarge had higher values in all variables except for
the nugget of vegetation cover and Nu/Nu+Si. The mean range value in Cgjarge Was
higher (234 m + 23 m) and the mean Nu/Nu+Si was lower (26% % 0.1 %). Values in
WQiarge Were comparable to Group | with a mean range of 83 m (+ 18 m) and a mean
Nu/Nu+Si of 50% (£ 14%).
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Figure 23: Omni-directional crossvariograms of OC concentration and 5'%c (representing
Group 1), vegetation cover (representing Group 2), pH (representing Group 3), slope angle and

altitude in Cgjarge-
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Group Il consists of pH and Ah thickness and also exhibited different spatial
distributions. Both plots showed similar data and differed only in range values. Cgjarge
had a mean range of 385 m (+7 m) and a mean Nu/Nu+Si of 49% (* 7%). WQarge
accounted for a range of 132 m (+ 1.3 m) and a comparable mean Nu/Nu+Si of 51%
(£ 1.3%).

All cross variograms within the groups showed strong positive spatial
correlations (Figure 23). Only bulk density and 5'C covaried negatively with OC,
total N and total S concentration. Low positive spatial correlations were also detected
between the properties in Group | and Group Il. Group Il showed different spatial
distributions. All properties in Cgiarge and Wgiarge Showed strong spatial correlations to

the topographic properties slope angle and altitude (Figure 23).

5.2 Discussion

5.2.1 Small-scale heterogeneity of topsoils following grazing exclusion

Grazing changed the spatial distributions of topsoil and vegetation properties on
the small scale (Table 9, Figure 21). A heterogeneous mosaic of small patches was
found in the ungrazed plot Ug79 and mainly large homogeneous patches were found
in the grazed plots Cg and Hg. The ungrazed plot Ug99 was characterised as a
transition between grazed and long-term ungrazed states. Topsoil and vegetation
properties showed similar semivariograms, but no clear spatial structure in ungrazed
plots (Figure 22). It is assumed that this is the result of three intertwined, grazing-
induced process complexes - direct physical impacts of grazing sheep on topsoils,
disturbance effects of grazing on vegetation and wind erosion.

The physical impact of grazing animals changes the microtopography in flat
areas. Small mounds around plants are removed and depressions are filled by a
combination of hoof action and reduction of vegetation cover. This results in
increased and spatially homogenised bulk densities in grazed areas (Gibson, 1988;
MartinezTuranzas et al., 1997; Nash et al, 2004). These assumptions are in
accordance with Zhao et al. (2007), who reported reduced soil water content in the
studied grazed plots as a consequence of soil compaction and reduced infiltration
due to trampling. These processes may explain the findings of spatially more uniform
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bulk densities and a more homogeneous distribution of elemental concentrations in
Hg and Cg (Table 9, Figure 21).

Beside these physical effects of grazing animals on the spatial distribution of
topsoils, continued grazing alters the habitus, species composition and spatial
distribution of vegetation (Posse et al., 2000). Herbivory reduces plant biomass and
consequently reduces the input of organic matter to soils (Naeth et al., 1991; Northup
et al., 1999; Neff et al., 2005). Accordingly, elemental concentrations, potential for
loosening topsoils (Steffens et al., 2008) and protection of soils against animal
trampling are also reduced (da Silva et al., 2003). Confirmation for the loosening
potential of organic matter, by increasing aggregation and reducing compaction, can
be drawn from data, as bulk density and elemental concentration were not only
statistically, but also spatially highly correlated (Figure 22). It is assumed that
loosening of topsoils is the combined result of better root growth, higher litter inputs
and loose deposition of fine material in ungrazed areas and especially around plants.

Long-term grazing changes the species composition, as grazing-sensitive
species become less abundant or disappear and grazing-insensitive species
increase and may dominate the ecosystem (Cheng et al., 2004). Pronounced
changes in species composition and plant functional groups due to increased grazing
intensities were observed in the studied plots (Giese, 2007). Uniform grazing lawns,
composed of several grazing-insensitive species, are characteristic for grazed areas
(Milchunas et al., 1989; Northup et al.,, 2005). Adler and Lauenroth (2000) and
Milchunas and Lauenroth (1989) observed more homogeneous small-scale
distributions of above- and belowground biomass following grazing in a shortgrass
steppe in Colorado. Homogeneous distributions of low aboveground biomass and
vegetation cover were found in Hg and Cg and their formation was attributed to the
high grazing intensity. Crossvariograms support the assumption of large
homogeneous patches of topsoil and vegetation in Hg (data not shown). Low and
spatially homogeneous inputs of organic matter from grazing lawns may explain the
findings of homogeneously distributed low elemental concentrations and high bulk
densities in the grazed plots.

Grazing in semiarid ecosystems is associated with decreasing standing
biomass (Milchunas & Lauenroth, 1993) and significantly reduced vegetation height
and vegetation cover (Golodets & Boeken, 2006). A direct consequence is an
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increase in wind speed near the soil surface, leading to less deposition of nutrient-
rich fine material, as deposition is controlled by vegetation height and vegetation
cover (Li et al, 2005; Hoffmann et al, 2007). If the vegetation height in this
ecosystem is reduced below a certain threshold of 9 to 4 cm, erosion of topsoils
takes place (Hoffmann et al., 2008).

Different spatial distributions in Ug79 showed that grazing cessation initiates the
heterogenisation of topsoils and vegetation (Figure 22). The absence of trampling,
the recovering vegetation and dust deposition around plants seem to be the
responsible processes. As these processes take time to change the properties in a
measurable way, transitions between the extremes have to be assumed. Spatial
distributions of topsoils are comparable to grazed areas and distributions of
vegetation are like ungrazed areas in the transition plot Ug99. Ug99 is the only plot
where both vegetation properties show antipodal distributions - vegetation cover
showed a more homogeneous, lawn-like distribution comparable to grazed plots,
while aboveground biomass was heterogeneously distributed (pure nugget effect),
similar to Ug79. This discrepancy can be explained by the regeneration of the
grazing lawn vegetation. The spatial distribution of vegetation, as measured by
vegetation cover, remains constant, but individual plants grew better and produce
more biomass without browsing. As some species recover faster than others, this
results in a more heterogeneously distributed biomass. Crossvariograms of biomass
and topsoil properties support this assumption in Ug79, as crossvariances were
spatially not structured and positive for short distances (<15 m) but negative for long
distances (>15 m). For the studied plots a heterogeneous distribution of vegetation in
small patches in ungrazed plots compared to large homogeneous patches in grazed
plots are assumed. Ehrenfeld et al. (1997) found no accordance between spatial
patterns of vegetation and soil variables. They attribute their findings to the different
spatial behaviour of vegetation and soil properties in time causing these
discrepancies. The findings of this thesis support the conservative behaviour of soils
against changes that was reported for example by Reynolds et al. (1997) and show
the vegetation to be an important factor initiating the recovery of ecosystems after
disturbance.
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5.2.2 Large-scale heterogeneity of topsoils follows geomorphology

All properties in Cgiage and Wgiage Showed strong spatial correlations to the
topographic properties slope angle and altitude (Figure 23). All properties in Cgiarge
reached a maximum in semivariance at a range >400 m. All semivariances at
distances >400 m compared measurements at sampling points in the flat area in the
western part with points in the slope-summit area in the eastern part of the plot
(Figure 13). High semivariances for all properties showed that these areas are most
different from each other (Figure 24).

Vegetation cover [%]

[]271-364
[ 1365-415
[la16-466
[1467-515
[ 516-566
B s67-615
P si6-663
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B 713-765
B 766 -836

200 Meters
I N NN N NN N N A |

Figure 24: Map of vegetation cover in Cgi.q (calculated using ordinary cokriging). Contour
lines give the elevation in m above sea level.

This is ascribed to two interrelated processes. One process was the erosion of
carbon-rich topsoils in grazed sites and especially at slope-summit positions,
resulting in low elemental concentrations, low Ah thicknesses and, as a result of the
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increased influence of the underlying acid rock, lower pH and higher bulk densities.
The eroded carbon-rich, fine material was deposited in flat areas, leading to high
elemental concentrations, high Ah thicknesses, high pH-values and low bulk
densities. The other process resulted from the less favourable plant growing
conditions (low nutrient and water availability) at slopes and summits, which could be
seen in low vegetation cover and low living biomass in the data. Higher vegetation
cover and higher living biomass were a result of better plant growing conditions in flat
areas and especially depressions (Augustine, 2003). More evidence could be found
in the positive spatial correlation between 3'3C and slope angle and altitude. 3'°C
increased with increasing slope angle, probably as a consequence of a higher
contribution of C4-plants on steeper slopes (Figure 23). This pointed towards lower
water contents and less favourable growing conditions on slopes. Burke et al. (1999)
and Hook and Burke (2000) also found the spatial variability of soil organic matter
fractions to be strongly related to topography in a semiarid shortgrass steppe in
Colorado and ascribed their findings to erosion and deposition and differences in

texture as a consequence of these processes.

While Ah thickness and pH (Group Ill) differed only between the topographic
extremes summit and depression, Group | (bulk density, OC, total N, total S
concentration and 8'3C) and Group Il (vegetation cover, aboveground biomass) also
differed between slope and summit and flat parts and depression. Group | and
Group Il depicted an additional maximum in semivariance at a range of 200 m, in
contrast to Group Il (pH and Ah thickness). This distance corresponded to the spatial
extent of smaller units in Cgiage (Figure 13). The western part was divided into two
flat areas by a longish depression. Each of the three units had a spatial extent of
200 m. And also the eastern part of Cgiarge Was divided in slope and summit, each
with a spatial extent of 200 m. These smaller units differed as well in plant growing
conditions and preferential accumulation of soil material in depressions, producing
this spatial pattern. This difference was most notable for vegetation cover (Figure
24). High values of vegetation cover in the depression were attributed to high water
and nutrient availability. Schimel et al. (1985) found topography-related differences in
the total mass of C, N and P and ascribed this to different inputs of organic matter

following different water and nutrient availabilities affecting the growth of vegetation.
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Wgiarge Showed similar topography-related semivariograms for all properties. But
the differences between depression, slope and summit were less pronounced, as
vertical differences and slope angles in Wgage Were lower. The lower grazing
intensity in Wgiarge additionally masked the topographic differences.

To summarise, topography controlled the spatial distribution of topsoil and
vegetation properties when samples were taken at large scales (>10 m sampling
distance). It is further concluded that grazing intensified the topography-related
patterns. This has to be considered when impacts of other factors are to be

evaluated.

5.2.3 Detectability of spatial patterns is scale dependent

Different spatial distributions for vegetation and topsoil properties were
observed in Cg and Cgiage (Table 9 and Table 11, Figure 25). Both grids showed
similar values for variance and sill, but Cgiage accounted for clearly higher values of

nugget, range and Nu/Nu+Si for all analysed properties.
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Figure 25: Spatial distribution as affected by sampling scale - omni-directional semivariograms
of bulk density in Cg and Cgjarge-
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Cg exhibited spatial dependencies in the first 130 m, while Cgiarqe Was characterised
by a high portion of nugget and no comparable spatial dependencies at small scales.
The spatial behaviour of Cg seemed to explain the small-scale variabilities in Cgjarge-
As both grids were sampled in the same plot, these differences were the result of
sampling at different scales. Similar results were reported by Qi and Wu (1996) for
landscape pattern analysis of elevation and aboveground biomass using spatial
autocorrelation indices. They found an overall decline in the degree of spatial
autocorrelation with considered scale. Spatial patterns in grasslands varying across
many scales where also reported elsewhere (Ehrenfeld et al., 1997; Rietkerk et al.,
2000; Rietkerk et al., 2004). Fuhlendorf and Smeins (1999) examined the influence of
considered scales on the detectability of grazing-induced changes in vegetation in a
semiarid grassland in Texas. They concluded that grazing can have positive,
negative and no influences on spatial heterogeneity of vegetation, depending on the
scale of observation. As Cgiarge Was sampled with a minimum distance of 10 m and a
standard distance of 50 m, small-scale effects, recognised with the small grid
(minimum distance of 5m, standard distance 15 m) and attributed to grazing

impacts, were not detectable with the large grid.

Generally the findings of this thesis confirm the assumption that spatial
heterogeneity decreases with increasing sampling distance (Wiens, 1989) and
underline the demand of many authors to include different scales when analysing
spatial impacts of grazing or cultivation on soil and vegetation properties (Hook et al.,
1991; Qi & Wu, 1996; Golluscio et al., 2005; Maestre et al., 2005; Northup et al.,
2005). While the large grids displayed impacts of topography and no aspects of
grazing, the small grids showed different distributions correlated with grazing
intensity and time since cessation. The results also support the statement that there
is no correct or ideal sampling distance (Wu, 2004), as the ungrazed plots exhibited
high portions of nugget. The reasons for this small-scale variability may be elucidated
by applying smaller sampling distances than used in this study to clarify processes
taking place at the scale of resource islands and individual plants. It is concluded that
the choice of sampling scheme has a crucial influence on the results that will be
obtained. The spatial extent as well as the sampling distance between individual
points determine the quality of the study and the conclusions that will be drawn from
it.
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5.3 Conclusion

It was observed that the detectability of spatial patterns of topsoil (bulk density,
OC, total N and total S concentration, 3'°C, pH and Ah thickness) and vegetation
properties (vegetation cover and aboveground biomass) in a semiarid steppe is
scale-dependent. Topography controlled the spatial distribution of topsoil and
vegetation properties on the large scale (sampling distance 50 m). Grazing
intensified this topographic pattern, but did not change the spatial distribution. This is
assumed to be the result of erosion and deposition and favourable or less favourable
plant growing conditions. Grazing controlled the spatial distribution of topsoil and
vegetation properties on the small scale (sampling distance 15 m). Grazed sites were
characterised by a homogeneous distribution and ungrazed sites by a heterogeneous
distribution of topsoil and vegetation properties. This is ascribed to the homogenising
impacts of hoof action, formation of uniform grazing lawns and wind erosion in
grazed areas. Recovery, observed as a heterogenisation of spatial distributions,
already became evident after five years in vegetation properties, but not until 25
years after grazing cessation in topsoil properties. Recovering vegetation and higher
deposition of windblown material around recovering plants are presumed to be the

crucial processes initiating the recovery of grazing-degraded areas.
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6. Alteration of soil organic matter pools and aggregation
in topsoils as driven by OM input

6.1 Results
6.1.1 Physical fractionation

6.1.1.1 Mass, OC and C to N ratio

All aggregate size classes in the four plots were characterized by a sandy
texture consisting of 65 to 73% coarse-silt and sand (Table 12). For the OC balance,
these coarse particle size classes were negligible and contained in most cases <5%
of the OC (data not shown). Mean bulk soil OC recovery across all plots was 95%
(Cg: 91%, WQ: 97%, Ug99: 91%, Ug79: 101%).

OC concentrations of c¢Si differed between 3.5 and 13.0 mg OC g™ fraction, mSi
between 9.5 and 21.8 mg OC g fraction, fSi revealed the highest concentrations
between 60.8 and 78.7mgOC g fraction, c¢C ranged between 59.8 and
73.0 mg OC g™ fraction and fC between 29.1 and 41.4 mg OC g fraction. C to N
ratios generally narrowed with decreasing particle size class from 7.0 to 10.3 for mSi,
9.1 to 9.9 for fSi, 7.4 to 8.3 for cC and 6.4 to 7.6 for fC. Total amounts of OC in
particle size fractions were comparable between plots and ASC. Highest amounts
were found in cC (2.65 to 6.97 mg OC g™ soil) and fSi (2.09 to 3.19 mg OC g™ soil),
followed by fC (1.00 to 2.54 mg OC g™ soil), mSi (0.74 to 1.61 mg OC g soil) and
cSi (0.59 to 1.45 mg OC g™ soil). The differences between the plots are assumed to
be the result of differences in texture (Table 13). The C loading of particles <20 um
(Hassink, 1997) was calculated to consider differences in texture and showed
comparable C sequestration potentials of particles <20um (14.3 to
19.2 mg OC g soil) and comparable saturation levels between 49% and 76% (Table
12).

There were clear differences in mass and OC concentration, C to N ratio and
total amount of OC for the three POM and between differently grazed plots. Between
different ASC only fPOM differed. OC concentrations and C to N ratios of fPOM
decreased with decreasing aggregate size. While fPOM in cASC ranged between
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140.4 to 273.3 mg OC g™ fraction and revealed a C to N ratio of 18.1 to 26.5, the
range decreased to 117.6 to 177.6 mg OC g fraction and a C to N ratio of 13.1 to
13.5 in fASC. In contrast to fPOM, OC concentrations and C to N ratios of o0POM
varied between 283.6 and 376.6 mg OC g fraction and 13.6 and 18.2 across all
plots and ASC. The smaller fraction o0POMgmai had lower OC concentrations between
126.9 and 221.1 mg OC g™ fraction and narrower C to N ratios between 9.3 and
12.9. Generally, mass concentration and total amount of OC increased in the order
Cg/Wg < Ug99 < Ug79. This trend increased from o0POMgmg to oPOM and fPOM and
was stronger in mASC and cASC. The largest total OC amounts were found in Ug79
for the fPOM of the two coarse ASC. These findings are in good accordance with
significantly greater organic matter inputs, measured as above- and belowground net
primary productivity, in Ug79 compared to Ug99, Wg and Cg (Table 13; Gao, 2007).

To summarise, ungrazed areas showed higher contributions of POM and
especially fPOM in mASC and cASC. Particle size fractions revealed comparable
mass and C distributions between all plots and across all ASC. The C saturation level
of particles <20 um was comparable between the four plots.

6.1.1.2 Chemical composition of POM and particle size fractions in three
ASC

3C CPMAS-NMR spectra revealed a high contribution of alkyl C and O-alkyl C
in all analyzed fractions (Figure 26). Across three ASC and four plots carbonyl C and
alkyl C increased and aryl and O-alkyl C decreased with decreasing particle size.
Alkyl C to O-alkyl C ratios (A/O-A; Baldock et al., 1997) increased in the order fPOM
< 0POM < fSi < ¢C < mSi < oPOMgmai < fC (Figure 27). This sequence remained
constant across the three ASC, but A/O-A increased with decreasing aggregate size
for all fractions. Differences between individual fractions were pronounced for the
fPOM and oPOM, but smaller for the o0POMgmai and particle size fractions. o0POMgma
had large values between 0.6 and 0.8 that were comparable to particle size fractions,
while fPOM and oPOM exhibited lower values between 0.2 and 0.6. Across the
majority of analysed fractions, Ug79 showed a slightly wider A/O-A compared to
Ug99, Wg and Cg. Notable was that fPOM in fASC showed similar values to oPOM
in MASC and fPOM of mASC similar values to oPOM in cASC.
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Figure 26: *C CPMAS NMR spectra of POM and selected particle size fractions of cASC in Cg
and Ug79 (Cg = continuously grazed, Ug79 = ungrazed since 1979; cASC = 2000-6300 um). A
maximal line broadening of 10 Hz was applied.

Clearly different radiocarbon concentrations between all four plots, but no effects of
aggregate size were found (Table 13 and Figure 28). Across all fractions, Ug79 had
clearly larger radiocarbon concentrations compared with Cg. In both plots, oPOM
was younger than oPOMgna and radiocarbon concentrations of particle size fractions
decreased with decreasing particle sizes. Radiocarbon concentrations of the
fractions ranged from 95.47 to 118.99 pMC (corresponding to radiocarbon ages from
375220 to modern). The fractions o0POMgma in mMASC and fASC, cC and fC in Cg
were older than 1954 with pre-bomb radiocarbon concentrations of less than
100 pMC.
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Figure 27: Chemical composition of POM and selected particle size fractions of three ASC as

analysed by '*C CPMAS NMR spectroscopy (Cg = continuously grazed, Wg = winter grazing,
Ug99 = ungrazed since 1999, Ug79 = ungrazed since 1979; cASC = 2000-6300 um, mASC = 630-
2000 pm, fASC = <630 um). All results are given as alkyl C to O-alkyl C ratios (Baldock et al.,
1997) and arithmetic means of two replicates; error bars give the standard deviation (no

standard deviations were calculated for oPOMg,.y).
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Figure 28: Radiocarbon concentrations of selected POM and particle size fractions of three
ASC in Cg and Ug79 (Cg = continuously grazed, Ug79 = ungrazed since 1979; cASC = 2000-
6300 pm, mASC = 630-2000 pm, fASC = <630 um). Radiocarbon concentrations of mSi were not
determined. Error bars give the 1 o measurement uncertainty.

Neutral sugars contributed between 21% and 32% to ASC SOM. The quantity and
composition of seven neutral sugars (rhamnose, fucose, arabinose, xylose,
mannose, galactose and glucose) were different between Cg and Ug79, between
different ASC and between POM and particle size fractions (Figure 29). Low
concentrations of rhamnose and fucose (<5% of total neutral sugars) were found
across all fractions. The mainly plant-derived neutral sugars arabinose and xylose,
and the mainly microbial-derived neutral sugars galactose and mannose showed a
diametrical behaviour across all fractions. High contributions of galactose and
mannose were associated with low contributions of arabinose and xylose and vice
versa. Therefore, all further results are given as (galactose + mannose)/(arabinose +
xylose) ratios (GM/AX; Oades, 1984). GM/AX of POM varied between 0.3 and 1.3
and increased from fPOM to oPOM and with decreasing ASC. Particle size fractions
had higher GM/AX values between 2.2 and 4.5 and decreased in the order mSi > cC
>fSi > fC. Ug79 revealed slightly higher GM/AX values in seven of ten analyzed

fractions.
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Figure 29: Quantity and quality of neutral sugars in selected POM and particle size fractions of
three ASC in Cg and Ug79 (Cg = continuously grazed, Ug79 = ungrazed since 1979; cASC =
2000-6300 um, mASC = 630-2000 pum, fASC = <630 um). Qualitative results are given as
galactose+mannose)/(arabinose+xylose) ratios (Oades, 1984) and mean values of four
replicates (error bars represent the standard deviation).
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6.1.2 Aggregate stability

Aggregate stability was different between Ug79 and Cg and between the three
ASC (Figure 30). If no ultrasonic energy was applied, the particle size distribution of
all six ASC was similar; the contribution of gravel- and sand-sized particles was
greater, that of clay-sized particles smaller and that of silt-sized particles similar to
particle size analyses. If 30 J mI"" were applied, the contribution of gravel- and sand-
sized particles decreased and that of silt- and clay-sized particles increased. Further
increases of sonication energy did not affect the contribution of sand-sized particles.
In general, the contribution of silt-sized particles decreased and that of clay-sized
particles increased with increased sonication energy. Coarse and medium
aggregates in Ug79 showed a greater resistance to sonication compared with Cg.
Gravel-sized aggregates were abundant in cASC of Ug79, while no particles of this
size were present in Cg. In mASC, the contribution of clay-sized particles in Ug79
was small and increased when 150 J mI"" were applied. The contribution of sand-
sized particles in mASC of Ug79 exceeded particle size analysis even at an energy
input of 150 J mI"". Aggregates in Ug79 were more stable than in Cg and differences
in stability decreased with decreasing aggregate size.
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Figure 30: Aggregate stability of three ASC in topsoils of Cg and Ug79 as analysed by
sonication (Cg = continuously grazed, Ug79 = ungrazed since 1979; cASC = 2000-6300 pum,
mASC = 630-2000 um, fASC = <630 um). Amount of energy used was calculated using
Equation 8.
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6.2 Discussion
6.2.1 Impacts of grazing exclusion on topsoils

6.2.1.1 Quantity and distribution of SOM in POM and mineral fractions of
steppe topsoils

Higher OM inputs as a consequence of grazing exclusion affected only OC
amounts of POM (Table 12) and can be explained as a consequence of higher
biomass production (Table 13), i.e. greater litter inputs. The increase was
pronounced in cASC and mASC, with a larger contribution of POM OC to total SOC
in Ug79 compared with Cg. Within the POMSs, the effect decreased in the order fPOM
> 0POM > oPOMgmai. Many authors describe POMs as sensitive to management
changes (Hassink et al., 1997; Christensen, 2001), and especially the coarse POM
pool reacts rapidly to management changes (Burke et al., 1999; Tan et al., 2007).

According to the empirical formula of Hassink & Whitmore (1997), these soils
should have free capacities to sequester C in fine particle size fractions (Table 12).
Despite this potential, no quantitative changes in mineral fractions were detected
after 25 years of increased litter inputs. A mean carbon saturation of 68+8% was
found for particles smaller than 20 um in all four plots. This suggests that the C
sequestration capacities of the mineral fraction <20 um in these soils were saturated.
Clay minerals in these soils consist predominantly of unweathered illite, which is
characterized by a low surface area and low sorption capacities. It is assumed that
these low surface clay minerals were not considered in the formula and the
calculation overestimated the capacities. These findings support the assumption that
organo-mineral associations can be saturated (Hassink & Whitmore, 1997; Baldock &
Skjemstad, 2000).

To conclude, aggregate size fractionation followed by density and particle size
fractionation produced fractions that were more sensitive to changing inputs after
management changes than bulk soils. Higher litter input following grazing exclusion
increased the OC amount in coarse POM. Total amounts and concentrations of SOM
in particle size fractions were not affected by greater litter inputs from 25 years of
grazing exclusion. This is ascribed to saturated C sequestration capacities of the

mostly unweathered illite minerals.
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6.2.1.2 SOM quality in POM and particle size fractions of steppe topsoils

Baldock et al. (1997) proposed the use of A/O-A ratios as a sensitive index of
the extent of decomposition. Increasing alkyl C and decreasing O-alkyl C
contributions with decreasing particle size were found across all grazing treatments,
resulting in higher A/O-A ratios in smaller particle sizes (Figure 26 and Figure 27).
Further evidence of successional decomposition “from coarse to fine particles” is
found in neutral sugar concentrations, which contribute mainly to the O-alkyl region in
3C CPMAS NMR spectra (Kdgel-Knabner, 2002). Decreasing concentrations of
neutral sugars from POM to particle size fractions were consistent with the decrease
in the O-alkyl signal intensity (Figure 29). The decrease of neutral sugar
concentrations is accompanied by an increase in GM/AX. According to
Guggenberger et al. (1995) this can be seen as a consequence of a higher
contribution of microbially derived neutral sugars with decreasing particle size. To
summarise, both *C CPMAS NMR spectroscopy and neutral sugar analytics of all
analyzed fractions show an increasing degree of decomposition with decreasing
particle size, but no clear influence of grazing management (Figure 26, Figure 27,
Figure 28, Figure 29).

Degrees of decomposition of POM increased in the order cASC < mASC <
fASC (Figure 27). This is considered as a consequence of the predominant accrual of
fresh OM in POM of coarse ASC. Greater litter inputs in ungrazed areas were
predominantly incorporated in cASC and mASC (Table 12). POMs in cASC and
mASC were more sensitive to management changes than particle size fractions.
SOM quality was similar between differently grazed plots, but SOM quantity changed
predominantly in coarse POM.

The most surprising result of this study is the higher post-bomb radiocarbon
concentration of particle size fractions in Ug79 and especially the very young OM in
fC in Ug79 (Figure 28). This fraction had a radiocarbon concentration of
101.3+0.4 pMC, corresponding to a conventional age of less than 60 years,
indicating a high contribution of young (post-bomb) OM. The same fraction in Cg has
a radiocarbon concentration of 95.5+0.2 pMC or a conventional age of 375120 years
BP. Higher radiocarbon concentrations in Ug79 compared with Cg seem to be in
contrast to generally higher A/O-A ratios in Ug79. Higher inputs of fresh OM (Table
13) are assumed to dilute the more decomposed fractions and decrease the A/O-A
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ratio. This leads to the conclusion that despite similar decomposition processes, the
turnover time in Ug79 was faster than in Cg. It is presumed that higher microbial
activity in Ug79 stems from more favourable soil moisture and nutritional conditions
in the ungrazed plot (Holt, 1997; Raiesi & Asadi, 2006).

To conclude, the qualitative analyses of SOM fractions corroborate the results
regarding grazing effects on SOM quantity. Whereas patrticle size fractions were
similar in OC amount and composition across all three ASC and between Cg and
Ug79, POMs showed an increasing degree of decomposition with decreasing ASC.
This is in line with the finding that inputs of OM are primarily incorporated in coarse
ASC. Grazing cessation did not alter SOM forming processes, but affected the

turnover of OC.

6.2.1.3 Stability of different aggregate size classes of steppe topsoils

Data shows strong effects of increased litter input due to grazing cessation on
aggregate stability (Figure 30). While fASC showed comparable aggregate stabilities
in Cg and Ug79, mASC and cASC were more stable in Ug79 compared with Cg.
More evidences can be seen in a greater contribution of post-bomb radiocarbon in
POM of Ug79 compared with Cg, pointing towards the protection of older material in
more stable aggregates in the ungrazed plot (Figure 28). These findings are
attributed to greater amounts of POM and neutral sugars in coarse ASC in Ug79
(Table 12 and Figure 29). In agreement with these findings, Pikul et al. (2007) found
higher aggregate stabilities associated with high contributions of POM to SOM. POM
quality was comparable in both plots and therefore seems not to affect aggregate
formation. The A/O-A ratios of POMs increased with decreasing ASC (Figure 27).
This is attributed to the predominant incorporation of undecomposed OM in coarse
aggregates and faster turnover times of coarse aggregates. Similar results are
described by John et al. (2005) and Christensen (2001) for temperate loamy soils
under agricultural use. Further evidence can be seen in the fact that fPOM in fASC is
chemically similar to oPOM in mASC, and fPOM of mASC has a comparable
chemical quality to oPOM in cASC. Small aggregates are assumed to be stable and
contain more decomposed POM. Higher litter inputs due to greater biomass
production initiate the formation of coarse aggregates from the smaller aggregates.
These coarse aggregates are less stable and have faster turnover times than small
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aggregates, setting free formerly occluded and protected POM particles and small
aggregates. Considering the concept of aggregate hierarchy, Tisdall & Oades (1982),
Cambardella & Elliot (1993), Puget et al. (1995) and Six et al. (2004) showed that
macroaggregates are predominantly affected by cultivation, while microaggregates
are mostly unaffected. Grazing exclusion did not change the aggregate size
distribution but POM quantities and aggregate stabilities of coarse ASC.

To summarise, coarse aggregates were less stable and had shorter turnover
times than fine aggregates. Formation and stability of coarse aggregates was
stimulated by high OM inputs after grazing cessation. Larger POM quantities
resulting from grazing cessation are crucial for formation and stability of coarse

aggregates.

6.2.2 Carbon sequestration in steppe topsoils - effects of grazing

cessation

Cessation of overgrazing and implementation of moderate grazing intensity in
grasslands are expected to increase C sequestration (Conant & Paustian, 2002).
This study showed that higher biomass production and subsequent higher litter
inputs from grazing cessation increased SOM quantities of certain fractions,
especially in coarse POMs, but did not affect SOM quality (Table 12 and Figure 27).
Grazing cessation did not only affect the amount of OM in POMs, which were used
as sensitive indicators for forthcoming bulk soil OM changes, but also accelerated the
turnover of the complete SOM system. It is assumed that the greater extent of
decomposition (Figure 27), despite higher radiocarbon concentrations in Ug79
(Figure 28) is a consequence of faster turnover in ungrazed plots associated with
greater microbial activity. Holst et al. (2008) found higher CO, production in Ug99
compared to Wg and related their findings to more favourable soil moisture
conditions in the ungrazed plot. Holt (1997) described higher microbial and enzyme
activities in ungrazed compared with grazed plots in semiarid Australia and attributed
his findings to greater soil moisture and higher inputs of organic matter in ungrazed
plots. Large radiocarbon concentrations revealed that increased litter inputs had
already reached the fine clay fraction in Ug79, predominately in the form of microbial
residues (GM/AX >2.0; Figure 29). Despite increasing radiocarbon concentrations,
the OC quantity in these particle size fractions did not change. These results suggest
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that the C sequestration limit of the particle size fractions in these soils was already
reached. These results corroborate the theory of Hassink & Whitemore (1997) and
Baldock & Skjemstad (2000), who claimed that pool of organo-mineral associations

can be saturated.

Greater OM inputs from grazing cessation were mostly associated with
increases in coarse POMs and triggered the formation and increased the stability of
coarse aggregates. This OM pool is physically stabilised through spatial
inaccessibility inside aggregates and contributes to the intermediate C sequestration
potential of a soil (von Litzow et al., 2006). Kblbl & Kégel-Knabner (2004) assumed a
limitation of the POM pool occluded in aggregates. They attributed this to a limited
capacity of soils to form aggregates. It is concluded that grazing cessation increased
SOM amounts in Ug79, but a large portion was sequestered in the readily

decomposable POM pool.

6.3 Conclusion

Physical fractionation is a useful tool to discriminate functional SOM pools.
Clear differences between ASC were found and coarse aggregates (>630 um) were
identified as the ASC most sensitive to changes in OM input due to grazing

management.

Grazing exclusion increased only the quantity of SOC stabilised in intermediate
turnover POMs. Over 25 years no quantitative effects on smaller particle size
fractions were found. Particle size fractions of these soils seem to be at the limit of
their C sequestration capacity since higher inputs for 25 years did not change C
saturation. The quality of SOM (**C CPMAS NMR spectroscopy, neutral sugars) was
comparable across all fractions pointing towards similar mechanisms of SOM

decomposition and alteration.

Grazing induced differences in aggregate stability were pronounced for coarse
aggregates and were mainly driven by POM quantity. Effects of POM quality and

particle size fractions were not verifiable.

Greater litter inputs after grazing cessation increased turnover rates. All pools

were involved in C cycling, as can be seen in higher radiocarbon concentrations in
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fine particle size fractions in ungrazed plots. SOM in the fine clay fraction was also
involved in the increased C cycling.

Steppe ecosystems should not be referred to generally as C sinks. In this soil
system, additional C was stored in intermediate but still relatively unstable POMs.
When evaluating C sequestration potentials of soil systems, both quantity and quality
of the particle size fractions play an important role and should be considered with

caution.
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7. Distribution of soil organic matter between fractions,
aggregate size classes and horizons

7.1 Results

7.1.1 Mass, OC concentration and C-to-N ratio of POM and particle size

fractions

Clear differences were found between the differently grazed plots for OC
quantities across many physical fractions. These differences are mainly driven by
different masses of fractions while OC concentrations were generally comparable
between the four plots. Mean bulk soil OC recovery was 101£23% (Ah1: 96+6%,
Ah2: 92+15% and Ah3: 116+34%) across all plots and ASC.

7.1.1.1 POM fractions

Clearly higher fPOM-OC amounts were found in ungrazed plots, arising from
differences in mass, while OC concentration and C to N ratio were comparable
between the different plots across all ASC and horizons (Table 14). Mean OC
concentration of the fPOM varied between 180+51 mg OC g”, 146+29 mg OC g
and 165+13 mg OC g™ from Ah1 to Ah3. C to N ratios were significantly different
between the ASC and narrowed from cASC to mASC to fASC in all three horizons.
Mean C to N ratios of the horizons were similar and differed between 18.0 and 21.0.
Total amounts of fPOM-OC in each ASC were highest in Ug79 and comparable
between Ug99, Wg and Cg across all ASC and horizons. In each plot and horizon,
total fPOM-OC amounts were highest in mASC, decreased to cASC and were lowest
in fASC. Generally, total amount of fPOM-OC decreased from Ah1 to Ah3.

Total amounts of oPOM-OC were clearly higher in ungrazed plots as a result of
different masses. OC concentrations were similar between all four plots across all
ASC and the horizon mean decreased not significantly from 336+31 mg OC g in
Ah1 to 290+71 mg OC g in Ah2 and to 241481 mg OC g in Ah3. C to N ratios of
oPOM showed no differences between horizons but decreased from cASC to mASC
to fASC (18+2 to 1612 to 15+2). Total amounts of oPOM-OC decreased in all plots
from cASC to mASC and fASC and decreased from Ah1 to Ah2 to Ah3. The
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Table 14: Mass distribution, OC concentration and C/N of soil fractions and contribution of OC

of a specific fraction to the bulk soil of three aggregate size classes as affected by grazing

intensity (Cg = continuously grazed, Wg = winter grazing, Ug99 = ungrazed since 1999, Ug79 =
ungrazed since 1979; cASC = 2000-6300 pm, mASC = 630-2000 um, fASC = <630 um). All
numbers give the arithmetic mean and standard deviation of two replicates. Potential C-loading

of particles <20 um was calculated using the empirical formula of Hassink (1997; Equation 7).

Current C-loading is the sum of the measured OC concentrations of the fractions <20pum.

Ah1 cASC (2000-6300 um) mASC (630-2000 pm) fASC (<630 um)

Cg Wg Ug99 Ug79] Cg Wg Ug99 Ug79] Cg Wg Ug99 Ug79
Soil OC [mg g soil] 17.7 175 197 208

Aggregates OC [mg g soil] 19.1 184 23.0 332| 254 232 263 405 165 165 18.1 17.7

Contribution [%] 132 154 130 61| 95 111 128 95| 773 735 742 845

Mass [mg g”'] 128 6.7 249 659] 649 489 564 1298 112 93 83 117

OC[mgg’] 2419 140.4 2331 273.3| 150.6 165.4 182.6 218.7| 117.6 114.4 148.7 177.6

fPOM CIN 261 181 251 265 166 153 186 157 135 134 134 131

OC [mg g”' ASC] 31 09 58 180] 98 81 103 284 13 11 12 21

OC [mg g™ total soil] 04 01 08 11 09 09 13 27/ 10 08 09 18

Mass [mg g”'] 57 63 66 87 52 45 74 62 37 31 79 59

OC[mgg’] 330.6 340.2 341.5 371.9| 336.7 337.6 353.0 376.6| 283.6 279.8 318.2 366.9

oPOM CIN 16.1 171 179 172| 158 182 152 154 149 150 136 14.3

OC [mg g”' ASC] 19 24 22 32 17 15 26 23] 11 09 25 22

OC [mg g™ total soil] 02 03 03 02] 02 02 03 02/ 08 06 19 18

Mass [mg g”'] 25 68 66 33 18 22 36 61 17 15 48 17

OC[mgg’] 221.1 126.9 201.7 185.6| 197.1 214.1 201.6 158.0| 205.0 204.8 210.2 173.8

OPOMsmar  C/IN 116 105 115 94| 112 123 111 107] 11.7 129 108 93

OC [mg g”' ASC] 06 09 13 o06] 04 05 07 10 03 03 10 03

OC [mg g™ total soil] 01 01 02 o00] 00 01 01 01 03 02 07 03

Mass [mg g”'] 4711 498.3 499.1 569.5| 454.1 505.0 498.0 619.5| 469.0 491.2 490.5 559.4

OC[mgg’] 05 05 07 07 09 05 07 11 05 05 08 08

Sand CIN 59 66 83 93] 70 47 63 90| 52 53 76 75

OC [mg g ASC] 02 03 03 04 04 03 04 07/ 02 02 04 04

OC [mg g™ total soil] 00 00 00 00] 00 00 00 01 02 02 03 04

Mass [mg g”'] 334.3 320.8 310.4 239.0| 322.2 282.2 296.6 171.3| 348.4 330.4 353.3 288.5

OC[mgg’] 128 149 144 189 143 147 157 26.0| 143 16.0 147 20.6

Silt C/N 87 84 117 103] 82 91 90 103 88 95 95 103

OC [mg g” ASC] 43 48 45 45 46 42 47 45 50 53 52 59

OC [mg g™ total soil] 06 07 06 03] 04 05 06 04 39 39 39 50

Mass [mg g”'] 173.6 161.1 1524 113.7| 151.8 157.1 138.0 67.0] 166.0 164.4 1352 132.7

OC[mgg’] 524 586 574 56.6| 56.2 552 551 545 51.9 528 572 50.8

Clay C/N 75 72 78 75| 73 75 80 71| 76 73 79 7.1

OC [mg g”' ASC] 91 94 87 64 85 87 76 37| 86 87 77 67

OC [mg g™ total soil] 12 15 11 04 08 10 10 03] 67 64 57 57

Cloadingof curment[mggsoil’] | 127 135 125 102 124 122 11.6 69| 128 131 121 112

particles <20 um potential [ng g soil]| 184 17.8 192 146| 184 178 192 143| 172 178 192 149

(Hassink, 1997) | nading [%] 69 76 65 70| 67 69 61 49| 75 73 63 75

POM [% of ASC OC] 29 21 41 66| 47 44 52 78 16 14 26 26

Particle size [% of ASC OC] 71 79 59 34 53 56 48 22 84 86 74 74
POM [% of total OC] 22 19 33 39
Particle size [% of total OC] 78 81 67 61
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Table 14: continued

Ah2 cASC (2000-6300 pm) mASC (630-2000 pm) fASC (<630 um)

Cg Wg Ug99 Ug79] Cg Wg Ug99 Ug79| Cg Wg Ug99 Ug79
Soil OC [mg g soil] 135 104 121 9.4

Aggregates OC [mg g soil] 153 112 129 10.7] 162 119 132 95 127 100 116 9.2

Contribution [%)] 171 167 198 96| 104 107 125 98| 725 726 67.8 80.6

Mass [mg g''] 124 37 102 226| 378 139 152 307 28 22 20 38

OC[mgg’] 178.4 200.0 116.9 135.1] 93.7 134.3 135.3 130.7| 145.1 178.2 155.6 154.0

fPOM C/N 287 236 337 36.1| 144 203 178 21.1| 153 151 138 123

OC [mg g” ASC] 22 07 12 31 35 19 21 40| 04 04 03 06

OC [mg g™ total soil] 04 01 02 03] 04 02 03 04 03 03 02 05

Mass [mg g”'] 36 20 21 40| 35 15 24 26| 15 08 15 37

OC[mgg’] 3456 365.3 329.6 333.2| 235.6 194.2 296.0 232.7| 335.8 343.6 321.9 141.2

oPOM CIN 185 18.3 183 232 16.9 179 148 18.3| 164 152 13.8 13.3

OC [mg g”' ASC] 12 07 07 13 08 03 07 06| 05 03 05 05

OC [mg g™ total soil] 02 01 01 01 01 00 01 o01] 04 02 03 04

Mass [mg g”'] 57 52 43 05| 32 30 33 08 27 51 17 08

OC[mgg’] 542 186.7 188.2 174.0| 181.4 146.7 241.0 143.8| 139.7 93.3 2245 224.7

OPOMgpai  C/N 127 121 116 122 132 124 110 127| 138 126 11.0 11.3

OC [mg g”' ASC] 03 10 08 01 06 04 08 01 04 05 04 02

OC [mg g™ total soil] 01 02 02 00 01 00 01 00 03 03 03 0.1

Mass [mg g”'] 4842 513.8 548.0 730.5| 481.8 554.4 578.6 792.1| 501.9 511.2 553.1 693.3

OC[mgg’] 04 03 04 02 04 19 04 02| 04 03 04 02

Sand C/N 49 41 72 42| 42 78 6.0 44| 44 42 72 40

OC [mg g ASC] 02 01 02 02 02 10 02 02 02 01 02 0.1

OC [mg g™ total soil] 00 00 00 00 00 01t 00 00 01 01 02 01

Mass [mg g”'] 323.3 303.3 288.3 156.5] 310.2 273.0 267.8 108.6| 318.4 311.2 296.1 187.4

OC[mgg" 94 49 101 123] 91 87 118 126 93 58 109 108

Silt CIN 73 48 123 89| 68 73 95 88 75 58 114 74

OC [mg g” ASC] 31 15 29 19| 28 24 32 14| 30 18 32 20

OC [mg g™ total soil] 05 02 06 02] 03 03 04 01 22 13 22 16

Mass [mg g”'] 170.9 172.0 147.1 85.9]| 163.6 154.3 1327 65.3| 172.8 169.5 145.6 111.0

OC[mgg’] 487 415 479 488| 50.3 384 466 50.0| 481 40.8 47.8 51.9

Clay C/N 74 69 76 70| 75 72 78 68 73 71 81 73

OC [mg g”' ASC] 83 71 71 42| 82 59 62 33 83 69 70 58

OC [mg g™ total soil] 14 12 14 04 09 06 08 03] 60 50 47 46

Cloadingof curent[mggsoil’] | 110 85 96 58 108 74 89 45 109 86 97 76

particles <20 um potential [ng g soil']| 17.0 174 159 11.7] 170 174 159 11.7| 170 174 159 117

(Hassink, 1997) | nading [%] 65 49 60 50| 64 42 56 38 64 49 61 65

POM [% of ASC OC] 25 22 21 42l 30 22 27 50 10 11 10 14

Particle size [% of ASC OC] 75 78 79 58] 70 78 73 50 90 8 90 86
POM [% of total OC] 15 15 15 21
Particle size [% of total OC] 85 85 85 79
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Table 14: continued

Ah3 cASC (2000-6300 um) mASC (630-2000 pm) fASC (<630 pm)

Cg Wg Ug99 Ug79] Cg Wg Ug99 Ug79| Cg Wg Ug99 Ug79
Soil OC [mg g soil] 93 90 104 53

Aggregates OC [mg g soil] 95 93 106 86| 102 95 103 66| 92 89 103 438

Contribution [%)] 132 16.6 286 103 83 113 165 83| 785 721 550 814

Mass [mg g”'] 34 44 39 139| 114 88 76 181 16 14 25 19

OC[mgg’] 139.7 173.2 182.1 176.8| 148.7 161.1 163.6 171.7| 150.1 179.0 164.1 165.9

fPOM C/N 231 248 291 284| 192 173 203 186| 158 156 141 156

OC [mg g” ASC] 05 08 07 25 17 14 12 31 02 03 04 03

OC [mg g™ total soil] 01 01 02 03] 01 02 02 03 02 02 02 03

Mass [mg g”'] 12 15 30 106/ 07 07 =27 21| 07 06 80 05

OC[mgg’] 316.7 294.6 1755 188.4| 298.2 360.7 139.4 238.5|268.1 289.6 78.8 238.3

oPOM C/N 175 170 140 19.0] 149 151 129 19.2| 169 16.1 141 16.7

OC [mg g”' ASC] 04 04 05 =20 02 02 04 05 02 02 06 0.1

OC [mg g™ total soil] 00 01 01 02] 00 00 01 00 01 01 03 0.1

Mass [mg g”'] 180 75 18 30| 236 139 1.9 02| 197 104 26 04

OC[mgg’] 425 126.1 260.5 106.6] 354 66.3 265.8 281.7| 441 71.1 196.5 222.4

OPOMsmar  GIN 112 124 101 105| 127 102 105 136] 135 9.6 111 13.0

OC [mg g”' ASC] 08 09 05 03] 08 09 05 01 09 07 05 0.1

OC [mg g™ total soil] 01 02 01 o00] o1 01 01 00 07 05 03 0.1

Mass [mg g”'] 476.9 503.1 554.3 769.3| 486.5 520.2 561.9 830.0| 478.5 502.2 545.3 746.6

OC[mgg’] 05 05 25 02| 06 04 20 01 05 05 24 02

Sand C/N 73 84 391 41| 80 67 38 32| 79 82 396 34

OC [mg g ASC] 02 02 14 02 03 02 11 01 02 02 13 0.1

OC [mg g™ total soil] 00 00 04 00] 00 00 02 00 02 02 07 0.1

Mass [mg g”'] 337.5 3241 312.0 128.9] 324.0 302.5 295.8 92.4| 336.7 326.7 312.3 155.7

OC[mgg" 63 53 107 68| 61 56 100 66| 61 60 102 55

Silt C/N 16.8 112 447 79| 134 128 419 73| 124 140 539 6.2

OC [mg g” ASC] 21 17 33 09| 20 17 30 06 20 20 32 09

OC [mg g™ total soil] 03 03 10 o01] 02 02 05 01 16 14 17 07

Mass [mg g”'] 163.0 159.4 1251 74.3| 153.9 153.9 130.1 57.2| 162.7 158.7 129.3 94.9

OC[mgg’] 340 33.0 334 37.0] 338 329 312 373| 344 347 327 342

Clay CIN 79 85 77 66] 83 84 77 65 84 83 74 62

OC [mg g”' ASC] 55 53 42 28] 52 51 41 21| 56 55 42 32

OC [mg g™ total soil] 07 09 12 03] 04 06 07 02 44 40 23 26

C-loading of  currrent [mg g soil '] 72 66 55 351 67 64 53 271 72 71 56 4.0

particles <20 um potential [ng g soil]| 15.8 19.6 169 115 158 196 169 115 158 196 169 11.5

(Hassink, 1997) | oading [%] 46 34 33 31| 43 33 31 23| 45 36 33 35

POM [% of ASC OC] 17 23 16 56| 27 27 21 s6] 14 13 15 11

Particle size [% of ASC OC] 83 77 84 44 73 73 79 44 8 87 8 89
POM [% of total OC] 16 17 16 23
Particle size [% of total OC] 84 83 84 77
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ungrazed plots had the highest total amounts of oPOM-OC in all ASC of Ah1. In Ah2
and Ah3, Ug99 was similar to the grazed plots while Ug79 had clearly higher total
amounts. The difference between Ug79 and Ug99, Wg and Cg decreased with
decreasing ASC.

Differently grazed plots showed no clear differences in total amount of
0POMqgnai-OC. OC concentrations were similar between the different ASC across all
horizons and decreased not significantly from 192+27 mgOCg' in Ah1 to
166455 mg OC g in Ah2 and to 143+96 mg OC g in Ah3. High fluctuations of OC
concentrations between the plots in Ah2 and Ah3 were balanced by diverging
masses and resulted in comparable total amounts. C to N ratios of o0POMgma Were
similar between the different plots, ASC and horizons and varied between 9.3 and
13.8. Total amounts of o0POMgnqi-OC were not significantly different between plots
and horizons, but decreased from cASC to mASC and were lowest in fASC. Ug79
showed clearly lower proportions of 0POMgmqi-OC in Ah2 and Ah3.

To summarise, ungrazed areas showed higher absolute and relative amounts of
POM and especially fPOM in mASC and cASC in Ah1 when compared to the grazed
plots Wg and Cg. Ug99 was similar to Wg and Cg in Ah2 and Ah3 and Ug79 became
more similar to the other three plots with depth.

7.1.1.2 Particle size fractions

Subdivisions of organo-mineral particle size fractions (coarse, medium and fine)
were comparable among each other with respect to OC concentration and C to N
ratio and are shown as mean sand, silt and clay values (Table 14).

Sand fraction OC was quantitatively similar across differently grazed plots, ASC
and horizons (Table 14). OC concentrations varied between 0.18 mgOC g' and
1.88 mg OC g, while C to N ratios differed between 3.2 and 9.3. Total amounts of
sand-OC were also comparable across plots, ASC and horizons and highest values
were found in the Ah1 of the ungrazed plots. The Ah3 sand fraction in Ug99 showed
higher C concentrations (mean = 2.3 mg OC g'), wider C to N ratios in Ah3 (mean =
38.5) and higher total amounts of sand-OC as a consequence of carbonates (Table
2).

Silt fraction OC was quantitatively comparable between the different plots and
ASC, but showed differences between the three horizons. OC concentration
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decreased highly significant from 16.5+3.7 mg OC g’ in Ah1 to 9.7+2.4 mg OC g™ in
Ah2 and was lowest in Ah3 with 7.1+2.0 mg OC g™'. Ug79 showed clearly higher OC
concentrations in silt-OC of Ah1 and Ah2. C to N ratio of silt-OC was similar in Ah1
and Ah2 with 9.5+1 and 8.2+2 across all ASC and plots. In Ah3, Cg, Wg and
especially Ug99 showed clearly wider C to N ratios between 11.2 and 53.9 due to the
presence of carbonates (Table 2). Total amounts of silt-OC in ASC were comparable
between the three ASC in each horizon, but generally decreased in the order
Ah1>Ah2>Ah3. All plots had similar amounts in Ah1 (mean of Ahi:
4.8+0.5 mg OC g soil'"), but showed higher variation in Ah2 (2.4+0.7 mg OC g soil™")
and Ah3 (1.940.9 mg OC g soil"). Ug79 had significantly lower total amounts of silt-
OC in Ah3.

The clay fractions contributed most to the total OC of all particle size classes
and across all plots, ASC and horizons. Clay fraction OC was quantitatively
comparable between the different plots and ASC, but showed strong differences
between the three horizons. OC concentration of the clay fractions decreased on the
highest level of significance from 54.9+2.5 mg OC g in Ah1 to 46.7+4.2mg OC g
in Ah2 and to 34.1+1.7 mg OC g in Ah3. C to N ratios remained constant across all
horizons, ASC and plots at 7.5+0.6. Total amounts of clay-OC were similar between
three ASC for all plots and decreased significantly from 7.8 mg OC g ASC™ in Ah1 to
6.5mg OC g ASC™ in Ah2 and to 4.4 mgOC g ASC"' in Ah3. Cg, Wg and Ug99
showed comparable total amounts in ASC, while Ug79 had 12% to 53% lower
amounts of clay-OC than each horizon mean. This difference between the plots is
assumed to be the result of differences in texture. The C loading of particles <20 um
(Hassink, 1997) was calculated to consider differences in texture and produced
different C sequestration potentials of particles <20 um between 19.6 mg C g soil
and 11.5 mg C g soil". Despite diverging sequestration potentials, the current carbon
saturation was in the same range between the plots and ASC for each horizon, but
decreased highly significant from 68+8% in Ah1 to 55+9% in Ah2 and to 35+7% in
Ah3. This is in good accordance with decreasing OC concentrations and total
amounts of OC in silt and clay fractions (Table 14).

To summarise, sand fraction revealed comparable C quantities between all
plots and across all ASC and horizons, while silt fractions were different between the
horizons. The clay fraction generally contained the highest amount of OC and
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showed differences between the plots due to different textures. Despite diverging C
sequestration potentials, current C saturation of particles <20 ym was comparable

between the four plots, but decreased highly significant with depth.

7.1.1.3 Relative contribution of fractions to total OC

The relative contribution of total POM and particle size fractions to total OC
showed clear effects of differently grazed plots, ASC and horizons (Table 15).
Generally, the contribution of POM fractions to total OC decreased and of silt and
clay fractions increased in the order mASC-cASC-fASC and Ah1-Ah2-Ah3. Cg and
Wg showed similar proportions across all fractions, ASC and horizons while Ug79
had clearly higher POM and lower clay contributions. Ug99 showed comparable
contributions as Ug79 in Ah1 and was equal to Cg/Wg in Ah2 and Ah3. No clear
differences were found between Ug79 and the other plots for fASC in Ah2 and Ah3.
In this ASC, all plots showed the same distribution of OC between the POM and
particle size fractions. The sand fraction contained the lowest proportion of total OC
with values between 1.1% and 2.9% and showed no effects of grazing intensity, ASC
or horizon. Ug99 had clearly higher values in Ah3, where the sand fractions
contributed 12.5% to total carbon as a consequence of carbonates.

Table 15: Relative percental contribution of POM-OC, sand-OC, silt-OC and clay-OC to ASC-OC
and bulk-OC of three horizons (cASC = 2000-6300 pm, mASC = 630-2000 pum, fASC = <630 um;

Cg = continuously grazed, Wg = winter grazing, Ug99 = ungrazed since 1999, Ug79 = ungrazed
since 1979).

Horizon Fraction Total soil cASC mASC fASC
Cg Wg Ug99 Ug79|Cg Wg Ug99 Ug79|Cg Wg Ug99 Ug79|Cg Wg Ug99 Ug79
POM 22 19 33 39 (29 21 41 66 |47 44 52 78 |16 14 26 26
Ah1 Sand 1 1 2 2 1 1 1 1 2 1 1 2 1 1 2 3
Silt 27 29 26 28 |22 26 20 14 |18 18 18 11 30 32 29 34
Clay 49 50 40 31 |48 51 38 19 |34 37 29 9 |52 53 43 38
POM 15 15 15 21 |25 22 21 42 |30 22 27 50 (10 11 10 14
A2 Sand 1 2 2 2 1 1 2 2 1 9 2 2 1 1 2 2
Silt 22 17 26 21 |20 13 283 18 |17 20 24 14 |23 18 28 22
Clay 61 66 57 57 |54 64 55 39 |51 50 47 34 |65 69 60 62
POM 16 17 16 23 (17 23 16 56 (27 27 21 56 (14 13 15 11
AR3 Sand 3 3 12 3 2 2 13 2 3 2 11 2 3 3 13 3
Silt 22 21 31 16 |22 18 32 10 |20 18 29 9 |22 22 3 18
Clay 60 60 40 58 |58 56 40 32 |51 53 39 33 |61 62 41 68
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7.1.2 Chemical composition of POM fractions

Chemical composition of POM fractions as analysed by *C-NMR spectroscopy
was similar between the differently grazed plots but showed significant differences
between different POM fractions, ASC and horizons.

The chemical composition of the fPOM fraction was different between the ASC
and between the horizons (Table 16). The proportions of carboxylic C increased from
coarse to medium to fine ASC in each horizon and from 7£2% in Ah1 to 8+3% in Ah2
and to 9+2% in Ah3. Aryl C was similar across the three ASC in each horizon, but
increased from 16+2% in Ah1 to 17£1% in Ah2 and to 19+1% in Ah3. O-alkyl C
contributed most to the fPOM spectra (between 65% and 50%) and decreased with
decreasing ASC in all horizons and generally with depth. The decrease from Ah1 to
Ah2 and Ah3 was not observed for mASC. Alkyl C behaved inversely to O-alkyl C
and increased with decreasing ASC while it decreased from Ah1 to Ah2 and Ah3 for
mASC and fASC. Alkyl to O-Alkyl ratios (A/O-A; Baldock et al., 1997) showed no
clear differences with depth, but increased from 0.2+0.1 in cASC to 0.3+£0.0 in mASC
and were highest in fASC with 0.4£0.0 (mean values across all horizons). The
contribution of alkyl C and O-alkyl C to the fPOM-spectra decreased from 79.4% in
cASC of Ah1 with decreasing ASC and depth to 69.6% in fASC of Ah3.

Compared to fPOM, the oPOM generally contained more carboxyl C and
alkyl C, less O-alkyl C and comparable proportions of aryl C. A/O-A ratios of oPOM
fractions were wider than fPOM ratios and increased from 0.3£0.1 in cASC to 0.4+0.1
in mASC and were widest in fASC with 0.5£0.1 (mean values across all horizons).
Carboxyl C slightly increased with decreasing ASC and depth, ranging between 7.3
and 11.5%. Aryl C was comparable between the ASC or slightly increased with
decreasing ASC and generally increased from 16+2% in Ah1 to 18+2% in Ah2 to
20+2% in Ah3. Relative proportion of O-alkyl C decreased with ASC and depth from
58.1% in cASC of Ah2 (57.2% in Ah1) to 43.8% in fASC of Ah3. Alkyl C behaved
inversely to O-alkyl C and increased with decreasing ASC from 18.5+2.3% in cASC
to 21.2+2.0% in mASC and to 23.5+£1.9% in fASC, but showed no trend with depth.
The contribution of alkyl C and O-alkyl C decreased with ASC and depth from 76.0%
in cASC of Ah1 to 66.8% in fASC of Ah3.
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Chemical quality of the o0POMgnmai fractions was significantly different to oPOM
and fPOM fractions. This fraction contained more carboxyl C, aryl C and alkyl C, but
showed lower proportions of O-alkyl C when compared to fPOM and oPOM. A/O-A
ratios of oPOMgma fractions were wider compared to oPOM ratios, strongly increased
with decreasing ASC (in Ah1 and Ah2) and slightly increased with depth from 0.7+0.1
in Ah1, 0.7+0.1 in Ah2 and 0.8+0.2 in Ah3. Carboxyl C was similar across the ASC in
each horizon and increased from 13+2% in Ah1 to 14+4% in Ah2 and 17+2% in Ah3.
The proportion of aryl C was constant in Ah1 and Ah2 (20+4% and 25%4%) and
increased in Ah3 from 26+4% in cASC to 27+5% in Ah2 and was highest in fASC
with 29+5%. O-alkyl C decreased with decreasing ASC and horizon from 40.5% in
cASC of Ah1 to 30.7% in fASC of Ah3. Alkyl C increased with ASC but also
decreased with depth. A/O-A widened with ASC and depth. Alkyl C and O-alkyl C
contribution to oPOMgmai Spectra was constant across ASC in Ah1 and Ah2
(67.1£0.6% and 60.8+0.6%) but decreased from cASC to mASC and fASC in Ah3
(Ah3 mean value: 55.9+1.8%).

To summarise, chemical composition of POM fractions was not different
between grazing intensities. Degrees of decomposition increased with decreasing
ASC and increasing depth as indicated by alkyl/O-alkyl ratios. Contribution of alkyl C
and O-alkyl C both decreased with depth while carboxyl C and aryl C increased.

7.2 Discussion

7.2.1 Quantity and distribution of SOM in steppe soils as affected by
grazing cessation

7.2.1.1 POM fractions

The results show clear differences in amount and distribution of OC between
differently grazed plots (Table 14 and Table 15). Ug79 had higher absolute and
relative contributions of POM OC across all horizons. Ug99 showed clearly higher
relative and absolute proportions of POM-OC compared to Wg and Cg in Ah1 and
was similar to the grazed plots in Ah2 and Ah3. These findings were amplified for
fPOM and oPOM and in cASC and mASC, while all plots were similar for oPOMgma
and in fASC. Higher belowground biomass production due to grazing cessation is
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assumed to be the source for higher POM-OC amounts and contributions in
ungrazed plots. Time effects of recovery of grasslands from grazing in terms of POM-
OC accumulation are indicated by differences between Ug99 and Ug79, the latter
showing higher contributions of POM-OC only in Ah1. The longer exclosure period at
Ug79 resulted in a wider ramified rooting system and extended the rooting zone
down to deeper soil horizons leading to higher absolute and relative POM amounts.
In Ug79, species composition diversified, including deeper rooting species, while
vegetation in Cg, Wg and Ug99 mainly consisted of shallow rooting grass species.
Gao et al. (2008a) reported higher species richness, species diversity and
aboveground net primary productivity in Ug79 compared to Wg. They also found
different species compositions and functional groups, with especially higher
abundances of deep rooting perennial forbs, shrubs and semishrubs in Ug79 (Gao et
al.,, 2008b). Gao (2007) found higher belowground biomass and cumulated root
lengths in Ah1 of Ug99 and Ug79 and in Ah2 and Ah3 of Ug79 compared to Cg.

Higher absolute and relative POM amounts were found in coarse and medium
aggregates compared to fine aggregates. It is assumed that cASC and mASC are
more sensitive to landuse changes and possibly act as indicators for changing
carbon cycling processes in soils. Similar findings are reported by Hassink et al.
(1997) and Christensen (2001). Large aggregates have shorter turnover times and
are built by smaller aggregates. Many authors (Tisdall & Oades, 1982; Cambardella
& Elliot, 1993; Puget et al., 1995; Six et al., 2004) described smaller aggregates to be
more stable and to be bound by coagulating agents as oxides, carbonates and OM to
larger aggregates. During these forming processes free particulate OM can be
included inside aggregates or aggregates form around OM, due to microbial
excretion of coagulating non recalcitrant substances, and be stabilised temporarily.
The data shows that these processes also take place in deeper soil layers. The fASC
was similar between all plots and showed no effects of increased OM inputs while
MASC and cASC contained large amounts of POM. The fASC is assumed either to
take part in the C cycling but not increasing as the potential carbon sequestration of
this fraction is reached or incorporation of fresh OM to take more time because of
longer aggregate turnover times. Kolbl and Kdgel-Knabner (2004) deduced an upper
limit of soils to sequester OC in form of occluded POM. They attributed this to a
limited capacity of soils to store POM in aggregates. Gulde et al. (2008) found
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indications for a hierarchical carbon sequestration. Small aggregates saturated faster
than large aggregates, which have not shown an upper limit of sequestration. But the

authors assume this fraction to be also limited.

To conclude, grazing cessation increased the amount of OC in the POM
fraction. This process predominately took place in coarse and medium ASC, started
in the topsoil and reached deeper horizons after more than 5 years as a product of

changes in species composition.

7.2.1.2 Mineral fractions

Higher absolute and relative amounts of OC were found in POM fractions of the
ungrazed plots, but OC in mineral fractions was similar across the differently grazed
plots. Moreover, Ug79 had significantly lower total OC contents in Ah2 and Ah3
compared to Ug99, Wg and Cg. The higher contributions of sand in Ah2 and Ah3 of
Ug79 (Table 2) were considered by calculating the current carbon loading of particles
<20 pm. Similar C loadings, OC concentrations and C to N ratios of particles <20 um
were found across all horizons and plots and the differences in texture are assume to
be responsible for the different levels of total carbon content. Nevertheless, 25 years
of higher biomass production and input, proved by clearly higher POM contributions
in Ug79, have not changed the amount of C in fine particle size classes, but clearly
increased the relative and absolute amount of POM across all horizons. It is
assumed that the particle size fractions are saturated and inputs above this
sequestration limit are stored primarily in form of labile POM fractions, even in deeper
soil layers. Chung et al. (2008) and Gulde et al. (2008) analysed the effects of
increased OM inputs (higher plant inputs due to higher plant productivity following N
application and manure application) on the OC contents of different fractions of
topsoils. Both authors found higher C contents only in coarse particulate organic
matter fractions and macroaggregates, but report fine particle size fractions to remain
constant in C content. Carter et al. (2003) proposed that once the capacity level of
particle size classes was saturated, further organic C and N accumulation was
associated with the POM fraction.

According to the empirical formula of Hassink (1997), large capacities for C
sequestration should be free in deeper soil layers (mean current carbon loading in
Ah2: 55% and in Ah3: 35%; Table 14). But decreasing OC concentrations of silt and
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clay fractions with depth across all plots and ASC and very low current carbon
loadings were found in deeper soil horizons. Two different processes are assumed to
be responsible for the saturated behaviour of fine particle size classes in deeper
horizons despite free potential sequestration capacities. The first assumption is that
the empirical formula overestimated the real carbon sequestration capacities. In
contrast to Hassink, other groups assumed C sequestration in particle size classes
not to be related to the amount of silt and clay but to be related to specific surface
area (Mayer, 1994; Kiem & Kdégel-Knabner, 2002) or quantity and quality of oxides
(Eusterhues et al., 2005; Kleber et al., 2005). Clay mineralogy as a first indicator for
surface area was comparable between the horizons or contributions of clay minerals
with higher specific surface areas even increased with depth (Table 5). Iron quantity
and quality was comparable between plots and horizons (Table 3) or iron contents
even decreased with depth. The potential carbon sequestration of a certain soil is
assumed to be the product of many parameters like texture, clay mineralogy, specific
surface area and quality and quantity of oxides and is therefore too complex to be
estimated with a general empirical formula. Therefore, the potential carbon
sequestration is supposed to be overestimated. Further it is suggested that OM
decomposition and incorporation in steppe soils is retarded by the dry and cold
climate (Gregorich et al., 2006; Liu et al., 2006). Zhao Y. (personal communication)
found clearly lower water contents in deeper soil horizons compared to the topsoil of
the studied plots. It is proposed that this water deficiency in deeper soil layers slows
the decomposition process and delays the incorporation of OM in fine particle size
classes of deeper horizons. 25 years of grazing cessation may be too short a period
to increase the OC concentrations of fine particle size fractions in deeper soil
horizons - effects of land use changes take longer periods to change the carbon
saturation of deeper horizons in semiarid steppe soils. Giese et al. (2008) studied the
litter decomposition dynamics in the same plots using litterbags and found soil water
content to be the best predictor of root litter decomposition. They found clearly higher
amounts of remaining root litter in dry years compared to wetter years.

To summarise, particle size fractions showed no quantitative effects of higher
OM inputs. Particle size fractions seem to be saturated and the potential carbon
sequestration of deeper soil horizons was overestimated. Carbon sequestration
potentials of deeper soil layers should be assessed with caution and not derived from
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topsoils. There is a general lack in knowledge of carbon sequestration potentials and
stabilisation processes of deeper soil layers.

7.2.2 Effects of grazing cessation on the quality of POM fractions in
steppe soils

Higher OM inputs due to grazing cessation did not affect the chemical quality of
POM fractions as analysed by solid-state ')C NMR spectroscopy. No clear
differences of chemical composition were found between differently grazed plots
(Table 16). This is in line with Ganjegunte et al. (2005), who analysed the effect of
reduced grazing intensity on the chemical composition of fulvic and humic acids with

solid-state *C NMR spectroscopy and found no significant differences.

But the results show clear differences between POM fractions, ASC and horizons.
O-alkyl C decreased while alkyl C, carboxyl C and aryl C increased in the order
fPOM<0POM<0POMgmai and cASC<mASC<fASC. OM predominately enters the soil
system in form of the coarse fPOM and is subsequently decomposed, occluded in
aggregates and set free again when coarse aggregates deteriorate. Beside physical
breakdown, chemical degradation reduces the proportion of readily decomposable
substances as carbohydrates (mainly represented by O-alkyl C) and increases the
proportion of recalcitrant structures (Figure 31; carboxyl C, aryl C and alkyl C). Using
solid-state '*C NMR spectroscopy, Golchin et al. (1994) and Kélbl and Kégel-
Knabner (2004) found occluded light fraction and POM to contain more alkyl C and
less O-alkyl C than the free light fraction and POM. They suggested that during the
inclusion of occluded OM, there is a selective decomposition of carbohydrates and
relative enrichment of more stable OM compounds compared with free OM. These
findings corroborate the theory of aggregate hierarchy and of faster turnover times
with coarse aggregates while smaller aggregates are more stable (Puget et al., 1995;
Christensen, 2001; John et al.,, 2005). Gregorich et al. (1996) describe similar
findings of hierarchical decomposition of litter inputs using solid-state *C NMR
spectroscopy. Baldock et al. (1997) proposed the alkyl C/O-alkyl C ratio (A/O-A) as a
sensitive index of the extent of decomposition. Simpson et al. (2008) corroborate
these findings and evaluated the potential of CPMAS NMR for assessment of SOM
degradation compared to specific SOM biomarkers. Following their results, A/O-A
showed comparable degrees of decomposition as source-specific biomarkers and
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Figure 32: Chemical composition of POM fractions as analysed by solid state *Cc NMR
spectroscopy (Cg = continuously grazed, Wg = winter grazing, Ug99 = ungrazed since 1999,
Ug79 = ungrazed since 1979; fPOM = free particulate organic matter, oPOM = occluded
particulate organic matter, oPOM,,,; = occluded particulate organic matter <20 um).
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were a useful tool for the assessment of the degradation stage of bulk SOM.
Recalcitrant structures accumulated in the o0POMgma of the studied samples, with
clearly higher percentages of alkyl C, aryl C and carboxyl C compared to fPOM and
oPOM fractions and it is assumed that the o0POMgnmai is @ preliminary endstage of OM
decomposition.

Besides increasing stages of decomposition (A/O-A) with decreasing ASC and
fraction, contributions of O-alkyl C and alkyl C decreased (from 75% in Ah1 to 51% in
Ah3; Figure 31) and contributions of carboxyl C and aryl C increased with depth.
Higher inputs of unaltered OM (fPOM) dilute the more decomposed SOM in Ah1 and
Ah2, but in Ah3 only the more recalcitrant fractions were found (Figure 32). Higher
contributions of O-alkyl C and alkyl C in oPOMgmai of Ah2 and Ah3 of ungrazed plots
were attributed to higher OM inputs in ungrazed plots due to grazing cessation
(Figure 32). This is in good accordance with the findings of higher POM contributions
(Table 14 and Table 15) and generally higher radiocarbon concentrations (Table 2) in
deeper horizons of ungrazed plots. Moreover, it is assumed that higher inputs of root
exudates following deeper rooting species led to higher contributions of O-alkyl C
and alkyl C in deeper horizons of ungrazed plots. When using the A/O-A ratio, it
should be taken into account that this ratio only considers two chemical shift regions,
but the more recalcitrant fractions of aryl C and carboxyl C are disregarded.
Comparable findings are not possible when just using A/O-A ratios.

To summarise, POM is decomposed hierarchically with ASC in steppe soils.
POM decomposition is similar in different depths of steppe soils and no evidence
were found for changing decomposition processes due to higher OM inputs following
grazing cessation. Ungrazed plots had higher O-alkyl C and alkyl C contributions in
deeper soil layers due to higher OM inputs through root litter and exudates.

7.2.3 Carbon sequestration in steppe soils

Our results showed higher relative and absolute amounts of POM in topsoils of
ungrazed plots compared to grazed plots (Table 14 and Table 15). We ascribe this to
higher inputs of OM following the recovery of vegetation after grazing cessation
(Table 13). Higher POM amounts in subsoils predominate in the long-term ungrazed
plot Ug79 and were ascribed to higher inputs of root-OM following a change in
species composition towards deeper rooting plant species after long-term cessation
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of grazing. These findings underline the importance of deeper soil layers for carbon
sequestration - a topic that has not yet received much attention, but should be
considered when sequestration potentials are to be assessed (Batjes, 1996; Jobbagy
& Jackson, 2000; Rumpel et al., 2002; Don et al., 2008). This conclusion also
corroborates the hypothesis of many authors who calculated carbon sequestration
potentials and concluded that large amounts of OC can be stored in grazed steppe
soils when grazing is abandoned or land-use management is improved (Conant &
Paustian, 2002; Conant et al., 2003; Derner & Schuman, 2007).

But in contrast to the POM fractions, the particle size fractions did not change
quantitatively after 25 years of grazing cessation and higher litter inputs, neither in
topsoils nor in subsoils. This is interesting as fine particle size fractions are of great
importance for the long-term stabilisation of OM (von Litzow et al., 2006) and may
become even more important in deeper soil layers (Kaiser et al., 2002). Our data
showed decreasing current carbon loadings in subsoils and we assume these fine
particle size fractions to be saturated. An upper limit of carbon sequestration in
particle size fractions has been proposed by many authors (Hassink, 1997; Carter et
al., 2003; Kleber et al., 2005; Stewart et al., 2008). In deeper layers of our soils
neither the empirical formula based on the quantity of fine particle size classes, nor
the quantity and quality of iron oxides or clay mineralogy explained the
overestimation of carbon sequestration capacities. We assume soil moisture and
temperature to slow OM decomposition processes and to delay the incorporation of
OM in particle size classes. Increased inputs of undecomposed OM due to grazing
cessation are predominately stored in readily decomposable POM fractions. These
results show that the assumption of increasing C sequestration following grazing
cessation in grasslands is true for the total amount of C in the soil, but more
emphasize has to be placed on the involved pools and stabilisation mechanisms.
Overestimated C sequestration potentials in particle size classes together with the
predominant stabilisation of fresh inputs in the readily decomposable POM pools will
result in large sequestration capacities. But these capacities are not stabile in the
long-term and a climate change to wetter conditions or strong changes in
management system may result in the relatively fast mobilisation of large amounts of

C that was stored in the readily decomposable POM fraction. We conclude that
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different pools and the related stabilisation mechanisms should be considered in all
soil horizons separately when effects of land-use change are to be evaluated.

7.3 Conclusion

Grazing cessation led to increased amounts of coarse and medium POM in
topsoils (<10 cm) already 5 years after grazing cessation. It is assumed that the
recovering vegetation is responsible for greater OM inputs leading to higher amounts
of POM in topsoils shortly after grazing cessation. Amounts of coarse and medium
POM were elevated in subsoil horizons (>25 cm) after 25 years of grazing cessation,
but not after 5 years. This was ascribed to higher root inputs of deeper rooting plant
species becoming more abundant following a shifting plant community composition
during long-term grazing cessation. OM in particle size fractions did not change
quantitatively after grazing cessation in any horizon. The fine particle size fractions
seem to be saturated or the incorporation of OM from fresh inputs into this fraction to
take longer than 25 years. It can be concluded that greater OM inputs following
grazing cessation were primarily stored in POM fractions. Chemical composition of
POM fractions was analysed using '*C CPMAS NMR spectroscopy and showed
generally comparable results between all plots and horizons. The degree of
decomposition increased with depth and predominately with decreasing aggregate
size corroborating the theory of aggregate hierarchy. This study showed that
semiarid steppe soils can sequester OC when grazing is abandoned and also
subsoils may play an important role in the carbon sequestration of these ecosystems
when management is improved in the long-term. But as a large proportion of the
sequestered OM in top- as well as in subsoils is stored in the readily decomposable
POM pool, the potential of semiarid steppe soils to act as carbon sinks has to be

scrutinised.
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8. Conclusion

The main focus of this dissertation was to understand how grazing and
especially grazing cessation affect the quantity, quality and the distribution of SOM
and its subsequent effects on soil aggregation in a semiarid steppe ecosystem. At
first this study statistically confirmed the detrimental effects of heavy continued
grazing on topsoils (0-4 cm) that lead to desertification in semiarid steppe
ecosystems. It was shown that the recovery of degraded areas after grazing
cessation started with the amelioration of vegetation. Individual plants act as nucleus
of recovery by increasing the litter input and the accumulation of wind-blown
materials. While the amelioration of chemical and physical topsoil properties was
detected after 25 years of grazing cessation, the spatial distribution of vegetation
showed first evidence of improvement already 5 years after grazing cessation. The
subsequent larger litter inputs in ungrazed topsoils (0-10 cm) were predominately
stored in the readily decomposable POM fractions. These higher POM amounts in
ungrazed topsoils increased the abundance and the stability of coarse and medium
aggregates in the ungrazed topsoils. Together with the higher soil cover by
undisturbed vegetation this reduces the erodibility of topsoils and therefore reduces
the erosion of fertile soil material and the formation of dust storms. In contrast to the
POM fractions, particle size fractions in topsoils did not change quantitatively after
grazing cessation. It is assumed that these fractions reached their carbon
sequestration potential and were saturated. Despite this saturation, higher
radiocarbon concentrations of these particle size fractions in Ug79 showed that the
pool of organo-mineral associations is taking part in the carbon cycling faster than
expected. This pool is generally taken as stable and to be slow-changing because of
the intimate association of organic and inorganic matter. But this study gave
evidence that this assumption has to be questioned and organo-mineral associations
are not that stabile and slow-changing. Deeper soil horizons were also affected by
grazing cessation. Higher OM inputs in ungrazed plots have reached deeper soil
horizons (>10 cm) after 25 years of grazing cessation and were predominately stored
in the POM fractions. These findings are very interesting as the grazed steppe
ecosystems are discussed as global carbon sinks that may sequester and more
important stabilise large amounts of carbon also and especially in deeper soil layers.

But as the reported higher inputs in deeper soil layers were also stored
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predominately in the readily decomposable POM fractions, their long-term
stabilisation has to be questioned.

The sampling design in combination with geostatistical analyses proved to be a
suitable tool to detect impacts of grazing cessation on topsoil and vegetation
parameters by assessing their spatial distribution. The large-scale sampling provided
useful information on topographical effects, while small-scale sampling gave clear
evidence for grazing-induced processes that would have not been detected without
geostatistical analyses. Physical fractionation has been used previously to identify
sensitive fractions and pools of the SOM. But in combination with an aggregate size
separation the density and particle size fractionation provided a deeper insight into
the carbon cycles and stabilisation mechanisms and into the formation and
stabilisation of aggregates in this ecosystem.

Finally, this study showed that grazing reduction and especially grazing
cessation can help mitigating the detrimental effects of heavy grazing on semiarid
steppe soils when management is controlled for periods longer than 25 years. Higher
abundance and stability of coarse and medium aggregates in ungrazed plots may
also reduce the erodibility of topsoils and subsequently reduce the formation of dust
storms. Grazed steppe soils may become a carbon sink in the long term by improving
grazing management or completely stopping the grazing if the management is also
controlled and the ecosystem protected from disturbance in the long-term.
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