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Abstract

Aims. The subject of the present study was the variatiothe carbon§&-*C) and nitrogen
(6"°N) stable isotope composition in the Mongolian-Maundan grassland. The first aim was
to assess the relationship between the carbonpisaliscrimination ‘€A) of C3 vegetation
and precipitation gradients intended to predict@3eend-member in isotope mixing models
of C3/C4 bulk material. Secondly, the influencegodizing on the fractionation betwe&HiC
and 8*°N of vegetation and grazers’ tissues were evaluateshded to obtain information
about the isotopic composition of bulk vegetationaolarger temporal and spatial scale than
by vegetation sampling from the analysis of gram=ue. Lastly, a spatial pattern of the C4
abundance was established fréMC of woollen samples and of soil organic carbon CRO
and was related to environmental and socio-econagréclients intended to reveal the
influence of changes in the grazing regime, in &pheric CQ concentration and in climate
on the competition between C3 and C4 plants in Mastgolian-Manchurian grassland.
Material & Methods. Sheep’s wool and faeces, top soil and vegetatienre sampled in the
Mongolian-Manchurian grassland (Inner Mongolia &wepublic of Mongolia) covering an
area of approximately 700000 km2 and at a five-ygazing experiment with variable
stocking rates. The samples were analyzed for 8h&rands™N and the C4 abundancec{P
was calculated froni**C. Maps of R, and of environmental parameters were geostatistica
interpolated.

Results & Discussion.The*3A of C3 vegetation exhibited a highly significandyrvilinear
increase towards growing period precipitation ot thespective sampling year. This
relationship was tighter and more consistent thaat towards long-term precipitation. A
similar response could be found for published \@loé*A of C3 vegetation in a wide
regional range.

The fractionation 08™C and3'>N between grazed vegetation and grazers’ tissuesl @nd
faeces) was not influenced by stocking rate, nos \@ay selection towards C3 or C4
vegetation or towards old or young material apparé&urther, there was no effect of
differential digestibility of C3 and C4 grasslanaesies on the fractionation. Thus a constant
fractionation could be assumed for the reconsmuactif 5°C or §*°N of grassland vegetation
from grazers’ tissue.

From woollen samples originating between 1998 a@d72 a mean & of 19% in Inner
Mongolian grassland could be calculated. The slpp#ttern closely followed isotherms of

the respective period. The same was true §arcBlculated from SOC, but the spatial pattern



differed, and meandz was 10% lower. The difference between the pattieicisated that £
has increased, and spread northwards and towaglerhaltitudes. A comparison offfrom
recent woollen samples from Inner Mongolia and Répuof Mongolia exhibited no
difference, despite a distinct difference in thestpeal system (sedentary grazimgrsus
transhumance) and stocking densities. Though, the¥ah spatial pattern of &2 of the
Mongolian-Manchurian grassland closely followedergcisotherms and the difference & P
calculated from SOC could be attributed to the pumted and regionally varied warming in
recent decades.

Conclusions. The 5'3C and 5N of grazers’ tissues can be used to obtain thpemtive
isotopic composition of the vegetation. This allofes retrospective views, which exhibited
an increase ind& in the Mongolian-Manchurian grassland. The spat#tern of R4 closely
followed that of temperature. This suggests thatpterature is the dominant control of C4

abundance on the regional scale.



Zusammenfassung

Zielsetzung. Die vorliegende Arbeit befasst sich mit der Vaoat der isotopischen
Zusammensetzung von Kohlenstof8C) und Stickstoff &°N) im Mongolisch-
Mandschurischen Grasland. Zunachst wurde die Verand der*C Diskriminierung £°A)
von C3 Vegetation entlang eines Niederschlagsgnéetieuntersucht um das C3 Endglied fur
den Einsatz in isotopischen Mischmodellen aus gemesn C3/C4 Material zu schéatzen. Ein
weiteres Ziel bestand in der Erfassung von Beweademflissen auf die Fraktionierung
zwischend™C und&™N von Vegetation und tierischem Gewebe. Ziel warle®rmationen
Uber die isotopische Zusammensetzung gemischteC4ACS/egetation auf einer grol3eren
zeitlichen und raumlichen Skala zu erhalten, alsl@sh Vegetationsbeprobungen moglich
ware. Zuletzt wurde der C4 BiomasseanteitPaus dems'*C von Wollproben und
organischem Bodenkohlenstoff (SOC) ermittelt, rdadml interpoliert und mit
Umweltgradienten und sozio6konomischen Begebenheitrglichen. Zielsetzung hierbei
war es, die Einflisse von Veranderungen im Beweajdragime, in der atmosphérischen,CO
Konzentration und im Klima auf die Konkurrenz zwisa C3 und C4 Arten im weitlaufigen
Mongolisch-Mandschurischen Grasland zu untersuchen.

Material & Methoden. Wolle und Kot von Schafen, Oberboden und Vegatatvarden im
Mongolisch-Mandschurischen Grasland (Innere Morigofel Republik Mongolei) verteilt
Uber eine Flache von ungefahr 700000 km? und voenei Beweidungsexperiment mit
variablen Besatzdichten beprobt, WitC unds*®N der Proben bestimmtcpPwurde dann aus
8°C berechnet. Die & Karten und Umweltparameterkarten wurden geosisalst
interpoliert.

Ergebnisse & Diskussion Die **C Diskriminierung von C3 Vegetation nahm
hochstsignifikant gekrimmt mit steigendem Wachspanedenniederschlag des
entsprechenden Beprobungsjahres zu. Diese Beziefangnger und stimmiger als mit dem
langfristigen Niederschlag und wurde auch fiir kieregroffentlichte Daten voliA auf einer
grof3en rdumlichen Skala nachgewiesen.

Die 5'3C und8™N Fraktionierung zwischen beweideter Vegetation tiadschem Gewebe
(Wolle und Kot) war nicht von der Besatzdichte alifig. Es konnte auch keine Selektion auf
C3 oder C4 Pflanzen oder altes oder neues Pflaretenad nachgewiesen werden.
Verdaulichkeitsunterschiede zwischen C3 und C4nRé#a hatten ebenfalls keinen Einfluss
auf die Fraktionierung, weshalb diese fiir Rekorisionen von Grasland**C bzw. §'°N als

konstant angenommen werden kann.



Von Wollproben aus den Jahren 1998-2007 wurde ditbenes R4 von 19% flr die Innere
Mongolei ermittelt, und das rdumliche Muster hahsmit den entsprechenden Isothermen
gedeckt. Eine dhnliche Beziehung zu den entsprelemelsothermen konnte auch fig,Rus
SOC entwickelt werden, jedoch war das mittleggut 10% geringer. Der Unterschied in der
raumlichen Struktur lasst eine Ausdehnung von Cdhndorden und zu héheren Lagen
vermuten. Ein Vergleich von rezenten Wolldaten @d&isinneren Mongolei und der Republik
Mongolei konnte keinen Unterschied erkennbar magcloémvohl die Art der Beweidung
(Sesshatftigkeit gegentiber Transhumanz) und dietBéshten sich unterschieden. Jedoch
folgte das raumliche Muster vorrfdes Mongolisch-Mandschurischen Graslands wiederum
eng dem Muster der Isothermen. Die Differenz zu @& SOC berechnetegs&onnte auf

die ausgepragte und radumlich variierende Erwarmumgerhalb der letzten Dekaden
zurtckgefuhrt werden.

Schlussfolgerungen.5**C und '°N von tierischem Gewebe lassen Riickschliisse auf die
entsprechende Signatur des Graslands zu. Dadurcbsaadglich, einen Anstieg vorg/Am
Mongolisch-Mandschurischen Grasland nachzuweisen.dBs raumliche Muster voncpP
weitgehend dem raumlichen Muster der Temperatwpeath, ist es wahrscheinlich, dass die
Temperatur der dominante Kontrollfaktor fur das ioegle Vorkommen von C4

Graslandarten ist.
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CHAPTER| —GENERAL INTRODUCTION 1

CHAPTER | — General introduction

The present work is part of the second phase oD@ founded projedtorschergruppe 536
MAGIM (Matter fluxes ingrasslands oflinner Mongolia as influenced by stocking rate,
www.magim.net). The project was intended to una@athow extensive grazing regimes and
environmental changes — as prevailing in Inner Mdiag grassland — provoke the
degradation of the grassland and promote the agsdcalterations in e.g. soil erosion and
desertification rate as well as in vegetation comitywstructure. Therefore eleven subprojects
were established to shed light how different effeat grazing regimes and environmental
changes affect the Inner Mongolian steppe. The waal to offer a possible implementation
of a sustainable grazing system to prevent thesgnagds of further degradation, just as to
allow for recovery of the grasslands. This workeexts the focus of the MAGIM group to the
Mongolia-Manchurian grassland to cover a wide raoigenvironmental and socio-economic
gradients which cannot be analysed on the locdesddis also may allow predicting the
boundary conditions under which (some) resultsiobthon the local scale are still valid.
This work further extends the focus of the MAGIMogp temporarily and allows for
retrospective views, which should help to identifyanges in grassland composition due to
the pronounced changes in grazing system and ityemmsclimate and in C@concentration

during the last century.

Grasslands, the carbon and nitrogen balance and thenan impact

With its 50 million km2 (about 40% of land surfac#)e global extent of grassland embraces
more than that of forests, which cover an aregpf@imately 40 million km? (about 32% of
land surface) (Lovelanet al, 2000; FAO, 2005). Altogether, the global grasgkastore 57.5
gigatonnes (Gt) of carbon (C) in living vegetatanmd another 613 Gt C in the soil beneath it
(calculated after Houghton, 1999). The yearly ami@fnC cycled within the grasslands is
tremendous, with an estimated unidirectional néiu& from the atmosphere of about 0.5 Gt
yr! (Schimel, 1995 Scurlock & Hall, 1998). For nitesg(N), only tentative estimates of the
global storage exist, as for instance the amoungaskeous losses and fixation by legume
species are hard to capture as well as the magnatidther potential nitrogen sources and
sinks (Galloway, 1998). A simplified appraisal d@done by assuming a C:N ratio of 20 for
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vegetation and 10 for soil. Hence one yields al2a@itGt N in stored in living vegetation and
about 30.6 Gt N stored in the soil.

However, none of these pools and fluxes is globadiystant, but they are subject to distinct
variations on the temporal and on the spatial sd@tecisely, human activity is distinctly
altering the global balance and budget. Conceroamgon, this happens globally due to fossil
fuel burning and the associated rise in the atmasplCQ concentration and thus global
warming. On the regional scale carbon cycle is ciig@ by land-use changes like
deforestation or intensification, and subsequentgsses like erosion or desertification.
Changes in the N cycle induced by the effects s$ifduel burning on the C cycle act on the
global scale while production and application ofrogen fertilizers and cultivation of
nitrogen-fixing legumes act more regionally. Esp#giN addition to grasslands can cause a
feed-back, as it has been observed that this edltl Ito species-poor communities with a
dominance of nitrogen-demanding species (Vittowted, 1997).

The effect of human induced changes is especidligia to quantify, as it can vary strongly
between different regions but also between indi@idusers, whose impact is manifold and
difficult to capture. Despite of the individual ham activity being difficult to appraise,
various studies report a gross C flux to the atrhesp of about 6.5 — 9.2 Gt y&a(Gifford,
1994; Schimel, 1995; Schimel al, 2001) due to human induced changes, while energy
production, fertilizer production and cultivatiohlegume crops lead to a additional nitrogen
fixation of about 0.2 Gt yed(Galloway, 1998).

Even though it is essential to quantify the ex@nhuman induced alteration of the carbon
and nitrogen cycle, the primary changes especiaiflyhe additional carbon are already
obvious: an increase in atmospheric ;G@ll foster climatic change, and thus leads to an
increase in temperature and a spatial shift in tgatpre gradients. Thinking of mixed
grasslands with variable proportions of C3 and Gdtpsynthetic types that changes would
result in variation in the C3/C4 ratio as an inseea CQ concentration favours C3 plants,
while increasing temperature favours C4 plants€ihder & Bjorkmann, 1977; Ehleringet

al., 1997; Sage & Kubien 2003). The C3/C4 ratio idHer closely coupled to the nitrogen
cycle, as C4 grasses tend to dominate where nitrisgecarce, owed to a higher nitrogen-use
efficiency (Yuanet al, 2007). Although the overall influence of the eerse effects is hard
to appraise, a variation in the C3/C4 ratio entallanges in the seasonal distribution and
magnitude of biomass production, soil carbon sw@ragter use and nutrient cycling (Bird &
Pousai, 1997; Tieszest al, 1997; Epsteiret al, 1998; Sage & Kubien, 2003; Semmasin
al., 2004). The largest changes should occur in gnags, where both photosynthetic types
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coexist and allow identifying the drivers and metbms behind these changes. Such mixed
C3/C4 grasslands occupy about 15% of the grasslerad(Partoet al, 1995). Small changes
in the drivers may have pronounced effects on tBAECZ competition and thus affect the

sustainability of land-use regionally and even laadlobally relevant feedback mechanisms.

The Inner Mongolia grassland

The semi-arid grassland of Inner Mongolia belormgdviongolian-Manchurian grassland, a
part of the Eurasian steppe, one of the most contig biomes of the world. Of the total land
area of 1.2 million km2 in Inner Mongolia, 0.8 noth km2 are covered with grassland,
including meadow steppe, typical steppe and dseseppe (Xiaeet al, 1995a). This grassland
is dominated by perennial C3 grasses (8tgpa grandis, S. baicalensis Leymus chinensjs
but other perennial C3 vegetation (e.g. shrubbyregs like Caragana microphyllaand
xerophytic shrubs likeReaumuria soongoriga perennial C4 grasses (e(@eistogenes
squarrosg, annual C4 grasses (e@hloris virgatg and annual C4 dicotyledons (eSalsola
collina) are also present and are often co-dominant mendfe¢he grassland community (Bai
et al, 2002).

For centuries, the Inner Mongolia grassland wasl dse traditional livestock keeping with
nomadic lifestyle. The herds consisted of mainlgeghand goats for the production of wool
and meat, horses and camels for riding and trahgpar a few cows. However, in the late
1950s, following the politically entailed collectration of the livestock, the herders were
forced to change their lifestyle and become sedgnta the early 1980s, the collectivization
was annihilated again and the pastoralists gaimateship of their livestock but remained
sedentary (Humphrey & Sneath, 1995; Sneath, 19BBis also induced changes in the
composition and size of the herds. Especially tvels numbers increased in an attempt to
keep pace with the increasing non-rural incomes.iitance, the number of sheep increased
by about 1250% from 4.6 million heads in 1950 ta25willion heads in 2007 (Inner
Mongolia Statistical Yearbook, 2008). Thus, Innerorigolia faced the increase in
atmospheric C@ concentration, the rising temperatures, and irstngagrazing pressure.
Hence one might expect a pronounced impact on 8i€4ratio of Inner Mongolia grassland

on the temporal scale, but also on the spatiaéscal
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Methodological aspects concerning the reconstruatiof the C3/C4 ratio from
bulk carbon isotope signatures of samples

The C3 and C4 vegetation patterns can be infenmech the carbon isotope composition
(6%3C) of a suitable sample, due to the pronounceermdiffce in>C discrimination {A) of C3
and C4 plants during photosynthesis (O Leary, 1%&itguharet al, 1989). Even though a
variety of expedient samples exist (e.g. bulk vagen, soil carbon or animal tissues), the
general approach is the same: from the signaitit of a bulk sample (i.e. the signature of
the sample) and know C8%Cs) and C4 §*3C,) end-members, the proportion of C34Pand

C4 (R4 = 1 — Ry3) derived carbonto the bulk signature can be calculated from a

rearrangement of the mass-balance equation
813Ch = Prog X 85°C5 + Pey x 5%°C, (1.1)
which thus delivers

_ 58Cy—5Cs

Pet = S BCs — 57Cs

=1-Pcs . (1.2)

However, several points need to be addressed fwi@alculation of B; which relate to
environmental impacts on the non-constant end-mesrthat can cause some uncertainty in
the mass balance calculation despite the wide sgaifi the end-members. Firstly, a change
in atmospherié™°C (3*°C,) can influence thé'*C of a plant §°C,) (Farquharet al, 1989).
This is vitally important on the temporal scaledetcades a8"°C, constantly decreases since
the beginning of the record, especially strongesitie 1960s (Geidt al, 2005; Barbosat

al., 2009a) but it is also important on the seasoopalesdue to the fluctuations caused by
seasonally changing photosynthesis and respirafitiis problem can be overcome by
calculating™A, defined as

13A - 613Ca_613CS (l 3)

1+ 813Cs '
which ‘normalises’ the respectivé'’C of the sample 8(°Cs) (Farquharet al, 1989).
Secondly,3**C; and8**C, are unknown. The plain use of a single mean vidueach on a

broad spatial scale (e.g. as reported by @itl, 1998) is a oversimplification, as it is known
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that5*°C of C3 species (and therefdf€Cs) follows altitudinal gradients (e.g., Kérner al.,
1988; 1991; Mannedt al, 2007) as well as precipitation gradients (e.ghufzeet al, 1998;
Swapet al, 2004;Liu et al, 2005; Zheng & Shangguan, 2006; Murphy & Bowmain9d).
To some degree, the same applie$'fi€ of C4 species (and therefos&C,), as again it
appears that there is a relationship to precipmatiradients (e.g. Buchmarat al., 1996;
Schulzeet al, 1996; Murphy & Bowman, 2009), although the abseoicany relationship to
precipitation gradients has also been reported @agpet al, 2004). In any case, influences
of altitude and of aridity on the end-members nieede quantified to get a resilient estimate

of Pc4 or R-3 on the spatial scale.

Isotopic composition of animals tissue and soil ban and nitrogen as proxies
for isotopic composition of vegetation

Since “you are what you eat, isotopically” (De N&oEpstein, 1978; 1981) animals tissue
have gained attention for studying the isotopicdatie history of an animal. However, in
doing so one must consider a tissue-specific isottsypctionation between the diet and the
tissue (e.g. Cerling & Harris, 1999; Manneil al, 2007), which can be referred to as
discrimination in case of carbon (Auerswadt al, 2009a) or enrichment in the case of
nitrogen (Robinson, 2001). The situation howevanae complicated. For nitrogen there is
evidence for a change in enrichment with a chamgdietary nitrogen content (Adams &
Sterner, 2000; Pearsen al, 2003; Vanderklift & Ponsard, 2003; Robbgtsal,, 2005) which
needs to be considered. Furthermore, selectiveingraand differential digestibility, e.g.
between C3 and C4 species, can lead to biases detibee isotopic composition of
aboveground biomass (i.e. the vegetation whictecedl the diet on offer) and the ingested
diet. Further, depending on the tissue regardedspatial and temporal integration can vary
considerably. For instance, a sheep grazing the-sedh grassland of Inner Mongolia
integrates the whole grazing area and the wholeirggatime in its hair between two
shearings. On the other hand, the passage rafedoes is less than one week (Raymond,
1948), hence the integrated grazing area and gydiire is considerably lower for faeces,
compared to that of hair.

Soil carbon — organic carbon or from carbonatean-aiso be used for retrospective views on
the C3/C4 ratio of grasslands (Cerlieg al, 1989; Monger et al., 2009). Depending on
whether soil organic carbon or soil carbonatesragarded, the other fraction needs to be

removed prior to analysis (e.g. Hargs al. 2001; Kennedyet al, 2005) given that organic
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and carbonate carbon differ isotopically even ifivde from the same initial carbon source.
On the other hand, soil organic carbon is turnest ewithin decades (Jenkinsenal, 1990),
hence a definite temporal allocation is not pogsibahd thus no time course can be detracted.
For instance, top-soil organic carbon deliver$'3C signal integrating that 08'°C of
aboveground biomass over several years to decade® centuries (Wynn & Bird, 2007).

The nitrogen isotopic compositiof'tN) of the soil tends to reflect tH°N of the vegetation
(Cheng et al, 2009), but this relationship changes with chaggolimatic conditions
(Amundsonet al, 2003). The latter mainly acts on the global scateregional variation in
temperature and precipitation is mostly too snRélgional variation is thus mainly associated

with landuse variations, e.g. in stocking rate wmian induced disturbance.

Aims

The subject of the present study was the variatiosi°C ands™N in the vast Mongolian-
Manchurian grassland. The first aim was to esthbéisrelationship betweeffA of C3
vegetation and precipitation gradients intendedottedict the C3 end-member in isotope
mixing models of C3/C4 bulk material (cf. eqn. 1.3econdly, the influence of grazing on the
fractionation betweers*C and §"°N of vegetation and grazers’ tissues were evaluated
intended to obtain information about the isotopmposition of bulk vegetation on a larger
temporal and spatial scale than by vegetation sagftom the analysis of grazer tissue.
Lastly, a spatial pattern of the C4 abundance vstabbished frons*°C of woollen samples
and of SOC, and was related to environmental amibsxonomic gradients intended to
reveal the influence of changes in the grazing megi changes in atmospheric £0
concentration and changes in climate on the competbetween C3 and C4 plants in vast
Mongolian-Manchurian grassland.

The first part of this thesis evaluates how @#1&C of the C3 end-member relates to
precipitation gradients. Precisely, a geostatistinathod to derive site-specific and year-
specific growing period precipitation in a thin metological network was established and
demonstrated that this can be used to derive ayraradl spatially resolved values B of
the C3 end-member of equation 1.2 despite the laegeonal and inter-annual variation in
growing-season precipitation in semi-arid areag likner Mongolia (Chapter Il; hereafter
referenced as Wittmet al, 2008).

The second part evaluates the influence of sekegtiszing and differential digestibility of C3

and C4 species on théC discrimination between vegetation and sheep vemal faeces
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(Chapter IlI; hereafter referenced as Wittraeal, 2010a). This part was carried out within a
long-term grazing experiment with the MAGIM framewo(for further information see
Schonbactlet al, 2009).

The third part evaluates the influence of grazirgspure and the resultant change in nitrogen
content of the vegetation on selectivity of grazimgd on the®N enrichment between
vegetation, soil and sheep wool and faeces wasgestuthis part was — in analogy to carbon —
carried within the long-term grazing experiment égter 1V).

The last and largest part then retrives recent €3/€jetation patterns in Inner Mongolia
from carbon isotope analysis of wool originatingnir the years 1998 to 2007 and how this
relates to temperature and other climate gradi¢@tsapter V, hereafter referenced as
Auerswaldet al, 2009). This pattern was then compared to a ‘foitinees’ pattern derived
from carbon isotope analysis of soil organic carl{Gmapter VI, hereafter referenced as
Wittmer et al, 2010b) and related to long-term gradients of terajure and atmospheric €O
concentration. This part is completed by a regi@eale quantification of the influences of
grazing pressure and transhumeaeatsussedentary grazing on the C3/C4 ratio of vegetation
by comparison of the contrasting but neighbouriogntries, the Autonomous Region of
Inner Mongolia and the Republic of Mongolia (Chaptll) and by a local scale
guantification of the influences of grazing presswn the C3/C4 ratio from the grazing
experiment (Chapter VIII).

The work is completed in the Annex by a review tdtistical problems arising from
retrieving the isotopic composition of vegetatioani consumers’ tissues (Auerswaltlal.,
2010; Annex).
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CHAPTER Il — Carbon isotope discrimination of C3 vajetation in
Central Asian grassland as related to long term andghort term

precipitation patterns’

Abstract

The relationship between carbon isotope discrinonaf-*A) of C3 vegetation and long-term
(30 years) and short-term (growing period) preaijoin was investigated. Different species of
Stipg a dominant grass genus in the (semi-)arid Asteppes, and other C3 species were
collected along aridity gradients in Inner Mongaha2005 (11 sites, 71 samples) and in the
Republic of Mongolia in 2006 (40 sites, 45 sampleR)e data set was expanded with
published and unpublished dataStipa and other C3 species (11 studies covering 8 years,
including 64 observations dbtipg and 103 observations of other C3 species) and C3
community bulk-samples (11 samples). Weather dat& \geostatistically interpolated for all
sampling sites and year$A of Stipafollowed different relationships for the individugtars
when related to mean annual precipitation due rigelanomalies between annual and long-
term average precipitation patterns. However,'theaesponse to rainfall converged when the
(long-term) mean annual precipitation was replawggear-specific mean daily precipitation
during the growing period @F. Remarkably, th&*A-response to £for C3 species as a whole
(including herbaceous dicots, semi-shrubs and gsasand also the C3 community-level
response were virtually identical to that $fipa The relation was also valid outside the
geographical and climatic range where it was dexelpgiving proof of its robustness.

! Wwittmer MHOM, Auerswald K, Tungalag R, Bai YF, Sciféle R, Schnyder H (2008jogeosciences, 913-
924.
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Introduction

The Central Asian Grassland is the largest contisusiome of the world and includes the
steppes of the Republic of Mongolia (1.3 Mio km#adbtal land area of 1.6 Mio km?2, Kerven
et al, 1996) and of the Inner Mongolia autonomous red®B8 Mio km? of a total land area
of 1.2 Mio km?, Xiaoet al, 1995a and citations therein) of the People’s Repwf China.
This region has a continental climate with mosthef rain falling from June to August. By
far, the largest part of this grassland is situateaid and semiarid zones, and the amount and
distribution of rainfall is a major factor contnolty vegetation composition, functioning and
services, such as the quality and availability efblage for grazing livestock (Xiagt al,
1995a and citations therein). The Central Asiars&eand flora contains a large number of C4
species (approx. 20% of the flora; mostly dicotgarkovet al, 2000), but the vegetation is
generally dominated by C3 species, mostly peremgrasses. In particular, species of the
genusStipa are a frequent and often dominant component oft gusssland types in the
region.

The carbon isotope compositiod{C) of C3 vegetation generally correlates negativei
water availability. This is primarily attributed the leaf-level response &iC discrimination
(*3A) to water availability in C3 plants (Farquhetral, 1989), which translates to community
and higher scales (e.g., Kaplahal, 2002; Randersoat al, 2002; Schnydeet al, 2006).

The carbon isotope composition of plari§Cr) is related td>A as

B 613061 _ 13A

513G
P 1+ 8

(I1.1)

wheres'*C, is thed™*C of atmospheric CQ(Farquhaset al, 1989). Rearranging Eq. I1.1 leads
to A = (3"°C, —8"C,)/(1 +8"°C,) and shows thdfA can be calculated directly frodi°C, if
§3C, is also known.

Precipitation is highly variable in time and spasghe Mongolian grassland. Mean annual
precipitation (MAP) varies from several hundredlimieters per year (mm yr mainly in the
northern and eastern part of the region) to leas tine hundred millimeters per year in the
Gobi desert (Fig. 11.1). But, at a given site, hyldgical conditions may differ drastically
between years. For example, MAP at Erenhot is 168 ynr, but exceeds 275 mm Yror
falls below 45 mm yt in every second year (NOAA NCDC Climate Data Oai2007).
These factors may exert strong influences on theocaisotope composition of grasslarid

(i) effects on the relative abundance of C3 andsg@écies (which differ by about 10 to 18%o
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in carbon isotope discrimination; O’Leary, 1981rdtéharet al, 1989), and (ii) variation of

3A in C3 plants.
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Fig. 1.1 Mean Annual Precipitation (MAP, mm Yrnormal period 1961 - 90; data from Climate
Source Inc.), major towns and sampling sites (@les denote the 2005 and squares the 2006
sampling campaign).

The carbon isotope signal produced by grasslandtaggn is imprinted in ecosystem carbon
pools (such as soil carbon) and exchange fluxesh(sas biosphere atmosphere L£O
exchange), and is therefore potentially highly ukdbr biogeochemical studies and
ecosystem reconstruction. However, in C3/C4 mixedggjand, the separate effects of C3/C4
abundance and variation b in C3 plants on community/ecosystéfA must be known, to
allow interpretation of ecosystem or community carbsotope signals. The present work
concentrates on one aspect of this problem, nathelgffect of aridity ort*A in C3 plants,
and then discusses its implications for C3/C4 ngpimodels.

The effect of aridity orf*A in C3 plants has generally been studied in arilagsect studies
where the™A of species was related to mean annual precipitafiéAP) at the sampling
sites. The responses observed in theses studiedwgtily variable (e.g., Stewaat al, 1995;
Schulzeet al; 1991, 1996; Wangt al, 2003a; Liuet al, 2005; Zheng & Shangguan, 2007).
Here, we test the hypothesis, that the variabdftyhe **A-response of C3 plants to MAP in

(semi-)arid grasslands is related to interannualatian of weather conditions. To test this
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prediction, we analysed the relationship betw&anof C3 species and short-term (growing
period) and long-term (climatic, 30 years) preapdn along aridity gradients in Inner

Mongolia in 2005 and in the Republic of Mongolia2@06. The data set was complemented
with published and unpublished (partially own) datlus expanding the temporal and

geographic representation.

Material and Methods

Sampling area

Stipa species were sampled in the Republic of Mongoli2®6 (total transect length of
approx. 1650 km) and in Inner Mongolia, People’pi#ic of China in 2005 (total transect
length of approx. 400 km) passing three vegetatiomes, forest steppe, typical steppe and
desert steppe (Wallis de Vriesal, 1996), with MAP ranging from around 280 mniyrear
Ulaanbaatar to 125 mm Yrand less in the Gobi area near Sainshand and &renf rising
again to 280 mm ¥rnear Xilinhot (Fig. 11.1).

The mean temperature ranges from about -23°C itewin Ulaanbaatar to about 23°C in
summer in Zamyn-Uud. The local precipitation ishygvariable in space and time (Goet

al. 2004). Even closely vicinal climate stations sh@markable differences: although the
distance between Zamyn-Uud (Republic of Mongoliad &renhot (Inner Mongolia) is only
10 km, the mean monthly precipitation in Augus0i§2 mm day for Zamyn-Uud and 1.29
mm day" for Erenhot (mean for last normal period 1961-)9%milarly, the MAP is 114
mm yr* for Zamyn-Uud and 158 mm Vifor Erenhot, while mean monthly temperatures are
similar for both locations (calculated from NOAA BC Climate Data Online, 2007).

Sampling methods and sampled species

Sampling stops were made about every 30 km. Leak&tipa (if present), and other C3
species were cut with scissors from several plavitein an area of about 50 x 50 m
(sometimes there were only one or two specimenspiegies at a sampling site). The samples
for each site were transferred to separate pajgr &ad dried behind the front window of the
car. The current position was measured with a meobitdoor global positioning system
(Casio Satellite Navi 2 or Garmin GPS 12). In td38l Stipa samples were taken in the
Republic of Mongolia in 2006 and te&tipasamples were taken in Inner Mongolia in 2005

(see Table Al in appendix of the online versiothes article for original data). In a few cases
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specimens oftipa could not be classified at the species level. fidtlewing species were
collected:Stipa krylovij Stipa grandisand Stipa glareosan Republic of Mongolia, an8tipa
gobicaandStipa grandign Inner Mongolia. In addition, 61 samples of dret19 C3 species
were collected in 2005; and six samples of six @Xes in 2006.

For validation, the data set was expanded withsamples ofStipaand 20 samples from 20
C3 species sampled in 2003 in Inner Mongolia, thmdé& C3 samples collected in Mongolia
in 2006 and eight C3 bulk samples collected in tiMengolia in 2007. Sampling procedures
were the same as during the 2005 and 2006 sangaimgaigns.

Inclusion of published data and normalization for dtitude effect

Published data (Table 1l.1) were included in thedetion data base with the primary aim of
increasing the temporal (and secondarily the ggabcarepresentation. These data covered a
wide range of site conditions, with altitudes exliey above 2000 m above sea level
(especially lvanoet al, 2007). As altitude affects t18&°C of C3 plants (Kérneet al, 1988),

all data were normalized to an altitude of 1000 love sea level, which is close to the
average altitude of our sampling locations (meaB801lm a.s.I; SD: 180 m). The altitude
effect was corrected for by 1.15%. per 1000 m follgyvMéannelet al. (2007) with a mean
absolute correction td°A of 0.26%.. For publications containing no altitudata, this

information was obtained with Google Earth® using toordinates of the sample sites.
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Table 1.1 Sampling year, region, mean annual precipitatid@®) and species name of literature
references and own data used for validation. Boipadata, bottom: other C3 species.

Sampling MAP Altitude ~ Number
year Region (mmyrl) (masl) ofdata  gpecies Reference
i . . Cerling &
1996 Mongolia 250 1750 1 Stipa krylovii Harris 1999
1999 Northwest China 290 1730 3 Stipa breviflora \2/\6%r159et al,
. . . Chenet al,
2001 Inner Mongolia 325 1267 1 Stipa grandis 20054
2001 Mongolia 118 2170 2 Stipa glaeosa '2"6"‘(;‘70"“ al,
2002 Northwest China 240 - 670;1835_ 37 Stipa bungeana Liu et al, 2005
2003 Inner Mongolia 340 1180 2 St'.pa kr_yjovu, Stipa This study
unidentified
2003 —2004 Inner Mongolia ~ 250 1200 3 Stipagrandis, S. 4, o1 51 2004
baicalensis, S. krylovii
2004 Inner Mongolia 321 1184 11 Stipa grandis Gao, 2004
2004 —2005 Inner Mongolia 323 1267 4 Stipa grandis Sggget al,
Carex rhynchophysa,
. Agrostis trinii, Leymus  Cerling &
1997 Mongolia 250 1750 4 chinensis, Ptilogostis ~ Harris 1999
mongolica
Allium polyrhizum,
Sympegma regelii,
1999 Northwest China 194 1730-1851b Reaumuria soongorica, Wanget al,
A : 2005
Ajania fruticolosaand
others
. Allium polyrhizum, Ivanovet al,
2001 Mongolia 118 2170 5 Ephedra sinica 2007
2002 Northwest China 240 - 670 498 - 2094 Lespedeza davurica, ;o1 41, 2005
Heteropappus less
2003 Inner Mongolia 323 1180 20 20 different C3cége  This study
2003 Northwest China 50 - 350 iggg 21 Reaumuria soongorica Ma et al, 2005
. Carex korshinskyi, Gonget al,
2004 Inner Mongolia 323 1267 4 Leymus chinensis 2008
. Carex korshinskyi, Gonget al,
2005 Inner Mongolia 323 1267 3 Leymus chinensis 2008
Leymus sp., Caragana
2005 Inner Mongolia 146 - 364 951 - 1208 sp., Agropyron spand  This study
others
Caragana microphylla,
. i 1253 - Hedysarum pumilum, .
2006 Mongolia 125 - 257 1479 6 Astralagus sp., Salsola This study

laricifolia

* Gao, Y.: Yinzhi Gao, Institut fur Pflanzenerndhgy Chrisitan-Albrechts Universitat zu Kiel, Unpigbled

data, 2004.

Isotope analysis

Samples were further dried in the laboratory (1t B5C and 48 h at 60°C), ground with a

ball mill and then combusted in an elemental amaly®NA 1110; Carlo Erba, Milan)
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interfaced (ConFlo IlI; Finnigan MAT, Bremen) to &otope ratio mass spectrometer (Delta
Plus; Finnigan MAT). Carbon isotope data are preskass’>C relative to the international
VPDB standardd™°C = (RampiéRstandar) — 1; Where Rumpiednd Reandarre the ratios ofC/*°C

in the sample and standard.

All samples were measured against laboratory wgrkiandard gases, which were previously
calibrated against IAEA secondary standards (IAEW6Cfor »°C, accuracy of calibration
+0.06%0 SD). Wheat flour (C/N 21:6) as solid intdriaboratory standard (SILS)was
calibrated against these references. One SILS wemsuned after every tenth sample. The
precision for sample repeats was better than 0.@%;fC.

C3 community-meam’A was calculated as the biomass- or ground coveghteil average of
all C3 species in the community. The arithmeticweighted) meart®A was calculated if
information on ground cover or biomass fraction wassing. In this way C3 community-
mean**A was obtained from 35 data sets by Cheal. (2005a), Wangt al. (2005), Liuet al.
(2005), Gonget al. (2008) and for 10 data sets obtained by us in 200%s was
complemented by 11 C3 samples collected as bullplegnin our 2006 and 2007 sampling
trips.

Carbon isotope composition of atmospheric C®

8*C, of sampling years was estimated with a third ordelynomial that was fitted to
measured*C, data of Keeling (1979), Friediit al. (1986), Conwaygt al. (1994), Francegt
al. (1999), Gatet al. (2001), Allisonet al. (2003) and the NOAA data base (NOAA NCDC
Climate Data Online, 2007) for the stations Maupa,LSiple, Antarctica, Ulan Uul, Shetland
Islands, Hegyhatsal and Ochsenkopf (n = 62), &sistet al. (2005):

8%Ca = myyr® + mpyr® + mgyr + My, (11.2)

where yr is the sampling year and;,mm,, mz and m are constants (11.707-12°;
-69.7899910°% 138.640104 and -91,785 valid from 1959 to 200®)e standard error of this
regression was 0.09%2°C, decreased from -8.12%o in 1996 to -8.48%. in 20(ffe hean
83C. during the growing period was then estimated ftbenmears*C, of the year (Eq. 11.2)
by applying a correction for the seasonal deparfuoen the annual mead'®C. This
correction was obtained from air samples colleetiedlan Uul (Tan®t al, 2005), which is a
long-term measuring station located near the cesfténe sampling area (44°2M, 111°05%

E). Averages**C, was less negative by 0.25%. between April and Atigescompared to the
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annual average. Thuss&’C, of -8.17%o and -8.19%. resulted for the growing pdsi in 2005
and 2006 respectively. The meaf’C, during the growing period of other years was
estimated accordingly.

Statistical methods

Linear and linearised regressions were used touatalthe datasets. The coefficient of
determination was tested with a two-sided testsfgnificance of the regression. In addition
the 95%-confidence interval for the samples and 9B&o-confidence interval for the
regression were calculated to allow for comparigetween data sets. A pairwise comparison
of means was used to test whether the speciesatlffegarding MAP and. These statistical
procedures followed standard protocols (Sachs &ddedh, 2006).

Geostatistical analyses (for theory see Nielsen é@woth, 2003; Webster & Oliver, 2004)
were conducted with package geoR (Ribeiro & DiggleQ1) of the software GNU R 2.6 (R
Development Core Team, 2007). The semivariance parameter (e.g., precipitation) is
defined as the half mean quadratic difference ef jarameter values of points which are
separated by a certain distance (called lag). Bmukation of the latter, the coordinates of
sampling points were transformed from geographardinates to UTM coordinates using the
package PBSmapping (Schnwe al, 2007, UTM zone = 50). Semivariances were then
grouped by lag classes and semivariances and lidigie & group were averaged yielding the
empirical semivariogram (x axis: lag, y axis: seamignce). A theoretical semivariogram was
fitted to minimize weighted least squares, with giw$ calculated from the ratio of pairs
within a class to mean lag. This gives more wetghthe classes, which are based on many
data pairs and which are more important for intlpan. Maps were constructed by spatial
interpolation, which was carried out for a rectaaggrid by ordinary point kriging, based on
the theoretical semivariogram. The quality of thedactions from the resulting maps is given

as the krige standard deviation averaged for thgbag locations.

Meteorological data

The growing period in the sampling area starts prilAwith only one growth cycle (no
regrowth after cutting or heavy grazing). Samplithpmaterial thus included biomass grown
in the period of April to mid of July (2005) or Apto end of July/beginning of August
(2006). This period is termed ‘growing period’ lretfollowing and indexed with ‘G’. Most of
the rain usually falls during this period. For 4@teorological stations in and around the
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sampling area, long-term mean precipitation fromil&p September correlated closely with
MAP (r2 = 0.98) and contributed 74% to MAP. Normgabnly little growth occurs in
September, which receives only 10% of MAP in arrage year. Hence, above-ground living
biomass in ungrazed areas generally peaks betve¢erdlily and late August (Xiagt al,
1995b). The effective water availability for plamsdifferent years and studies was estimated
as the mean daily precipitation during the respectirowing period (8 mm day'). This
accounted for the fact that sampling did not oamurexactly the same dates in the different
studies, but provided a common denominator for aepn of data gathered in different
years.

Sampling sites, either own or from literature, wasaially not located near meteorological
stations. Two data sets were used to estimate no&tgaal data for the sampling sites. (i)
The long-term averages of the last normal peri@b{11990) of precipitation data (monthly
and annual means) were taken from high resolutiapshobtained from The Climate Source
Inc., Corvallis, Oregon. These maps have a pixablgion of 0.02° x 0.02° (approximately
1.5 x 1.5 km?, Fig. 1.1), judged sufficient to &ie the sampling sites. These data were
created using the PRISM method (parameter-elevatgmnessions on independent slopes
model; Daly et al, 2002), which accounts for topography, rain shegjolake effects,
temperature inversions, and more. (ii) For yeacsjgedata we assumed that the principal
causes underlying the PRISM maps were also valttieasmall scale but were modified by
large-scale trends. Daily precipitation data atclifhate stations, provided by the NOAA
Satellite and Information Service (NOAA NCDC CliradData Online, 2007) was compiled.
These stations were situated inside or just outsidesampling area. The latter were included
to improve the geostatistical interpolation at gegiphery of the sampling area. To calculate
Ps, the difference between the normal-period meaty daecipitation during the growing
period (MPG) and Pwas calculated for each meteorological statioguantify the anomaly,
dPs. These anomalies were geostatistically interpdléde the whole sampling area and each
year to represent the large-scale spatial pattérth@ anomalies. This trend was then
superimposed on high-resolution normal-period mapobtain high-resolution maps for

individual years; e.g., for the year 20058was given by:

F_)GOSZ MGP + dEo5. (”3)

While annual precipitation was similar in 2005 &@D6, Ros06 differed considerably (Fig.

I1.2). In some locations anomalies i Between the two years and between MGP and P
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were as large as 0.6 mm dayvhich was more than one third of the mean prétipn. The
best geostatistical interpolation was obtained toynary kriging interpolation with Gaussian
models (Fig. 11.2). In both years there was a trendhe anomaly, which decreased from
northwest to southeast. In 2005 the trend diffes@ehewhat in direction, strength, curvature
and the position of the zero isohyet compared @62M 2006 the zero isohyet was near the
center of the sampling area, the south-eastern gdaitie sampling area being drier than
average and the north-western part wetter. In 206@5zero isohyet was near the northern
border of the sampling area, and most of the aeeaived less precipitation during the

vegetation period than in a normal year (Fig. 11.2)
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Fig. 1.2 Isohyet maps for the annual precipitation in 20@p left) and 2006 (top right) and of the
anomalies in mean daily precipitation during thevgng period (dB) in 2005 (bottom left) and 2006
(bottom right). For details see text. Circles dernsampling sites; dashed lines are the border betwe
the Republic of Mongolia and Inner Mongolia Autormm Region of China. Mean krige standard
deviation is 46 mm yr (top left), 52 mm yt (top right), 0.32 mm day (bottom left) and 0.41 mm
day” (bottom right) for the locations of vegetation simyg.
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Results

Carbon isotope discrimination ofStipaas related to mean annual precipitation

The gradient of MAP covered by the sampling tratsseeas similar in the two years, and
ranged between approx. 130 and 290 mh (fg. 11.3). **A amongStipa increased with
MAP in both years, although the increase was oiglyificant in 2006 (P<0.01). The slope of
this relationship '€A versusMAP) was very similar in both years (P>0.05), there was a
significant offset between the years, so ffiatat a particular MAP was 1.1%o higher in 2006
than in 2005. In both years, there was no relatigndetween™A and the C/N ratio of
samples suggesting that variation in photosynthetipacity related to changed nitrogen

concentration did not cause the variatior’in

22
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A S. grandis A S. grandis
B S. gobica V S. glareosa
& S, krylovii

O unidentified S.

Fig. 11.3 Carbon isotope discriminatiod®4) of different Stipa species depending on mean annual
precipitation (MAP) for samples collected in 200% £ 0.385, P<0.1) and in 2006 (r> = 0.296,

P<0.001).

In both years, the effect of MAP dfA coincided at least partially with species replaeetn
along the aridity gradien8. gobicaandS. glareosavere only present in the most arid part of
the transects (MAP <200 mm¥rand had lower than averalja (Table 11.2). Conversel\S.
grandis and S. krylovii had higher than averad@ and mainly occurred where MAP was

>210 mm yr'. This was true except for one site with MAP = T yr* whereS. krylovii
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was also found in 2006. It is not knowrSif kryloviihas a wider ecological range with respect
to MAP, or if a local hydrological peculiarity, du@as local groundwater or lateral water flow,
accounted for its presence. The significant sejmaréetween species regarding MAP &l
suggests that species distribution in the area (@aseast partially) determined by MAP,

whereas specigéA was strongly influenced by year-to-year variapilit precipitation.

Table 11.2 Mean annuaprecipitation (MAP) at sampling sites and carbaidpe discrimination'fA)
of different species oBtipain the 2005 and 2006 transect studies. Mean, mimirand maximum,
standard deviation (SD), and significance of spgeséparation at P<0.05.

Species MAP (mm ¥ 137 (%)

Mean Min. Max. SD  Significance Mean Min. Max. SD  Significance

2006
S. glareosa 160 130 197 27 A 175 169 18.7 0.81 B
S. krylovii 232 146 269 40 B 181 169 193 0.66 B
S. grandis 246 209 284 25 B 182 17.1 19.7 0.71 B
2005
S. gobica 164 146 177 16 A 16.0 155 16.8 0.68 A
S. grandis 259 214 278 25 B 170 159 175 0.72 A

Carbon isotope discrimination ofStipaas related to actual precipitation

Mean daily precipitation during the growing peri@hged from 0.1 to 0.7 mm dayn 2005
and from 0.5 to 1.8 mm d&yin 2006.'%A of Stipacollected in 2005 and 2006 followed the
same relationship with & with *A (%) = 15.0 + 2.53 sqrt@ (Fig. 1.4). Thus, the
difference between years (apparent whignwas regressed against MAP) disappeared when
13A was regressed against growing period precipitatifins suggested that interannual
variations in**A were related to interannual variations in preeifin. The square root
expression indicates that the effect was strongnwlRewas very low and decreased with
increasing precipitation.

Species did not differ in the relationship betwé&n and R (highlighted forS. grandisin
Fig. 11.4). Thus, it seemed that species-replacémes controlled by long-term precipitation
patterns, whereas the within-species responsedud-t&rm precipitation patterns controlled
13A.
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Fig. 1.4 **A and mean daily precipitation during the growingi@e (Ps) for Stipaspecies sampled in
2005 (triangels) and in 2006 (squares). Closed sisn8. grandisr? = 0.352, P<<0.001.

Comparison with published Stipadata

There were eight data sets (six published and twaublished; see Table 11.1) for which the
relationship betweeffA and actual precipitation could be calculated amhmared with the
results from our transects (see Table A2 in appeatlithe online version of this articel for
precipitation data). These studies reported a tité6P data for different species $fipa The
data corresponded well with the relation derivemirfrthe 2005 and 2006 samples (Fig. 11.5
top). Notably, this was also true for studies inickhStipa experienced higher precipitation
than the maximum encountered in our transect stu¢feg. 1.5, hatched areas denoting
Pe>2.2 mm day). Inclusion of data of Liwet al. (2005) reporting®A of S. bungeanalong a
rainfall gradient in Northwest China further expaddthe range of precipitation, and also
agreed with the relationship derived from the 2@@8 2006 collections dbtipa Overall,
these comparisons supported the notion that tla¢ioeship presented in Fig. 11.4 provides a
general and unbiased prediction of tf of Stipain the grasslands of Mongolia.

The relation with B even explained data obtained in 2001 (Table Inihjch was an
extremely dry year in Inner Mongolia. In that yeaore than half of the numerous lakes of
the province of Qinghai (in the west of Inner Mohgpdisappeared (Reuters, 2001), and in
the Republic of Mongolia the herders lost one agraot their large-animal livestock such as
horses and cattle (Retzer, 2007).
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Fig. Il.5 Validation of the**A versusmean daily precipitation relationship 8fipasp. shown in Fig.

II.4. Top panel:Stipadata from nine studies (n = 64) given in Table.IBbttom panel: Data from
other (‘nonStipd) C3 species as taken from literature (squaresg8i; see Table 1l.1) or collected in
our own 2005 and 2006 transect studies (circles; 87, see Table 1l.1). Data froReaumuria
soongorica(from Maet al, 2005; samples obtained in 2003) are shown aangles (n = 21). In
both panels, the lines denote tB#paregression from Fig. 11.4, which was obtained frdm 2005

and 2006 samples (central line), the 95% confidémezvals for the regression (dashed inner lines)
and the 95% confidence intervals for the individBapasamples collected in 2005 and 2006 (thick
outer lines). The hatched areas denote the pratigitrange that exceeded the range covered by the
2005 and 2006 sampling transects.

The *A-response of C3 communities to growing period prepitation

The C3 community-meaffA responded to mean daily growing period preciptatin the
same way a$°A of Stipa(Fig. 11.6; see Table A3 in appendix of the onliwersion of this
aricle for main species and biomass data) but \e$ls scatter due to an averaging effect,
which compressed the 95% confidence interval fer data points. The regression for the

community data, calculated to obtain a robust imlabver the entire range of precipitation,
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was virtually the same relation as that 8iipg but the confidence interval of the regression

remained narrow over the entire range due to théramous support by data.

22

P; (mm day™)

Fig. 1.6 *A and R for C3 communities from this study (closed triggjlin 2005 (n=10), in 2006

(n=3) and in 2007 (n=8) and from literature datpuéses; n=35). All data were adjusted to a common
altitude of 1000 m a.s.l. The middle line denotes $quare-root regression (r? = 0.753, P<<0.01),
dashed lines the 95%-confidence interval for tlgragsion and outer bold lines the 95%-confidence

interval for the data points.

The relationship between precipitation anomalies ath **A anomalies

The deviation of growing period precipitation frothe long-term mean (precipitation
anomaly) was directly related to the deviation estwactual®A and*3A predicted for mean
conditions at the respective sité&\(anomaly). This effect was manifested at the le¥el3
communities (Fig. 11.7), and species (data not giowhe precipitation anomalies modified
the community-meafA by +1%.. The response at the community level aredldhge spatial

extension of precipitation anomalies imply thatstihésponse was also effective at larger

scales.
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Fig. 1.7 Relation of the anomalies in C3 community m&anand growing period precipitation (r2 =
0.556, P<<0.001, same communities as in Fig. 6)h Bmomalies are expressed as the difference
between the annual and the long-term value. Thg-ferm average discriminatior®Aye, was
calculated from the equation shown in Fig. Il.6.a¥epecific precipitation for the sites of other
studies was obtained by geostatistical interpafagicalogously to our own data.

Discussion

Interannual variation of **A results from growing period precipitation anomalies

This work reveals strong effects of interannualation in precipitation ofi°A of C3 plants in
the grasslands of Mongolia. This effect was paldidy evident in the genuStipafor which a
large data set was available from collections alpregipitation gradients in two different
years, and published data from several years. Merethe effect was also apparent at the
level of communities and functional groups (grasséer thanStipg perennial forbs, and
shrubs and semi-shrubs). An important consequericéhe interannual variability of
precipitation was that it caused interannual flattuns in the relationship between (annually
determined)®A and MAP. This means, that a stable and unbiadatamship between®A
and MAP can only be obtained by relating long-terraraged>A to MAP.

Interannual variation dfA (or §'°C) has been observed before, particularly in t(8esrks &
Ehleringer, 1997; Warreet al, 2001, Liet al, 2007), but also in grassland taxa (Meteal,
1994; Tsialtaet al, 2001), and was also explained by rainfall anoesa{Moleet al, 1994;

Li et al, 2007) or other weather related factors (e.gs@&a variation in water vapour deficit
as reported by Sparks & Ehleringer (1997), varmaiio soil water content as reported by
Tsialtaset al. (2001) and Schnydeat al. (2006)). However, effects of weather anomalies on
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13A have generally not been considered in aridity steah studies. It is evident from the
present work, that (at least) part of the variation*>A observed in those studies (e.g.,
compare studies of Gongt al, 2008, or Wanget al, 2005) can be explained by such
deviations of growing year weather conditions friang-term mean conditions. This may
also include interannual variability of soil moistuand atmospheric vapour pressure, which
exert direct effects offA (Sparks & Ehleringer, 1997; Tsialtasal, 2001). However, since
these factors are usually (but not always, see |3ehet al. 1996) correlated with
precipitation, their effect is (at least partialipicluded in the relationship dfA with year-

specific growing period precipitation.

Species, functional groups and communities share eéh same precipitation
response ofA

The *A-response (that is the slope of the relationshipéen®*A and R) of S. grandiswas
the same as that of the other specieStgfain the data base. It was also very similar to the
‘mean’ species response, and the response of CBuaaities. Even irR. soongoricawhich
had a comparatively highA in all rainfall conditions, the slope of the réteiship between
137 and year-specific growing period precipitation iz same as that of the “mean” species.
Although the relationship betweém and growing period precipitation has not beenistiid
in any detail, the uniformity in thEA responses of species’ or functional groups tofaljn

as seen here, was not expected: inter-specifierdiftes in th&’A-response to environmental
parameters have been observed before (e.g., Harallegl, 1994), and the adaptive
significance of different strategies of water useéh been discussed and emphasized (e.qg.,
Golluscio & Oesterheld, 2007). Yet, it is acknowged that, although the number of species
in the data base was relatively large (55 C3 specdiecluding 7 Stipa species), it was
nevertheless a small fraction of the total florattté grasslands of Mongolia. Moreover, the
data base was dominated by perennial grasses %0%erof all data). But in this respect the
data base reflects the species composition of grasisland communities of Mongolia. For
instance Stipaaccounted for more than 40% and perennial grgsssgading Stipg for more
than 70% of total aboveground biomass in the conitiegsnsampled in 2005. Perennial
grasses from arid and semi-arid temperate grasslahdre great similarities in phenology,
leaf structure, and root architecture and placemehich may explain the similarity in their
water use (Golluscio & Oesterheld, 2007). Thus sih@larity in the precipitation response of

13A by C3 communities was related to the predominarfcgerennial grasses (particularly
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Stipg in these communities and the similarity in waise strategies among grasses. These
similarities might also explain, why species-replaent along the aridity gradient did not
affect the precipitation response’® (Fig. 11.4).

Nevertheless, there was significant scatter irotreall relationship betweériA and growing
period precipitation. Although there was no diffeze between functional groups, the scatter
may partly be due to differences between specidgsmgroups. Differences between species
have been interpreted in terms of differences innsic water use efficiency (e.g., Condein
al., 1990; Ehleringeet al, 1992; Meinzert al, 1992) and may be related to differences in
phenology (e.g., Smedlest al, 1991), rooting pattern/depth (Golluscio & Oesgddh 2007)
and leaf anatomy (including leaf thickness andogin content) (Farquhaat al, 1989;
Schulzeet al, 2006). Mechanisms also include special adaptatiorarid conditions such as
leaf shedding in response to drought as express® soongorica(Ma et al, 2005) and
phreatophyte lifestyle. This also explains why fprecipitation response at the community
level was associated with much less scatter thanahthe species level (cf. Figs. 4 and 6):
communities include species with a range of fumaioattributes which are related to
differences intA.

Finally, there exists large short-term, small-scaeiability in precipitation in the region,
which is not represented entirely when interpotatprecipitation at collection sites from
weather station data. For instance, the ErenhoZanuyn-Uud weather stations are separated
by approximately 10 km but differ by an averageléf mm in the monthly precipitation
during the growing period. Therefore, errors in gp#@ation estimates are probably

substantial and explain some of the scatter if¥heersus precipitation relationship.

A stable and unbiased relationship betweert>A and precipitation for use in

C3/C4 mixing models

The findings of this work are useful for estimatiohthe relative abundance of C3 and C4
vegetation in community biomass from communiBA (“*Acommuniy), Which requires
knowledge of thé®A of the C3 t°A3) and C4 °A,) members in a two-component mixing
model (e.g., Stillet al, 2003a). Evidently, errors in the assessmentsf and *A, cause
errors in the estimation of C3/C4 abundance. Ireganneglect of variation dfA; or A,
overestimates the true variation of the fractionC& (and C4) vegetation in communities,
because all variation dfAcommunityis attributed to variation in the relative abuncies of C3

and C4 plants. If variation ofA; (or *A4) is systematic, then neglect of this variation
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provokes a biased variation of the relative abundarof C3 and C4 plants. For instance,
neglect of the effect of aridity oA of C3 plants would underestimate the relative abnod

of C3 plants in the dry section of the transectshAewn above the potential variation'dfs

is large in semi-arid and arid grassland, creadimgortunities for large errors in estimation of
the relative abundance of C3 and C4 plants frlémommumty_ln the present study aridity
caused a variation dfA; of up to ~5%. (Fig. 11.6). This is about one thimone half of the
difference in*A between C3 and C4 plants in arid and semiarid gnaggSchulzeet al,
1996; Wanget al, 2005). Accordingly, the shift from the wet to tdey end of the aridity
gradient has the same effect]timcomrmmity as a 33-50% replacement by C4 plants. A possible
systematic variation dfA; must also be considered when interpreting long+tercords such
as soil organic matter or sediments in terms ofGB&C4 abundance. Variation 5f\, would
have a similar effect, although, variation’itA, is generally smaller (e.g., Liet al, 2005;
Wang et al, 2005) than that of C3 plants and communities lasewved here, antfA,
responds much less to drought (Schdizal, 1996; Ghannouret al, 2002). Yet, systematic
differences in3A between C4 metabolic types exist (e.g., Schetzal, 1996; Ghannouret
al., 2002) and the relative abundance of metaboliegsypay change with aridity (Schulee
al., 1996).

Conclusions

This work demonstrates that rainfall anomalies edasge variations of th€A versusMAP
relationship, which are greatly reduced whén is related to actual rainfall during the
growing period. Significantly, th&’A-response to growing period rainfall was stablessr
years, and it was very similar for dominant tax@iga members), functional groups
(including herbaceous dicots, semi-shrubs and gsasand C3 communities. Moreover, the
relation was also valid outside the geographical dimatic range where it was developed,
giving proof of its robustness. Because of its gality and stability, the relationship between
13 and growing period rainfall allows an unbiasednesation of'*A of the C3 member for use
in C3/C4 mixing models based on community C isotogaposition.
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CHAPTER Ill — Do grazer hair and faeces reflect the carbon

isotope composition of semi-arid C3/C4 grassland?

Abstract

The carbon isotope compositiod{C) of C3/C4 mixed grassland reflects #1éC of diet,
hair or faeces of grazers,fiC discrimination °A) between grassland vegetation and these
tissues is known and constant. However, theseior&dtips could be modified by selective
grazing or differential digestibility of the C3 ar@¥ components, potentially creating a bias
between grassland and grazer tissti€. Importantly, these factors have never been studi
in detail. We investigated the relation betw&&iC of C3/C4 grassland vegetation and that of
faeces and hair of sheep in a 3-yr (2005-2007) raxgat in the Inner Mongolian semi-arid
steppe. The experiment employed six stocking réded75 to 2.25 sheep Hayear™; four
replications), which allowed for a large variationspecies composition, digestibility, and
diet selection. Faecal-nitrogen content, a proxydigestibility, decreased from 1.9% to 1.5%
during the grazing period due to aging of the hgebaAt the same time, the C3/C4 ratio
decreased due to the later growth initiation ofspdcies*A between diet and faeceSAp;
0.6%0) and between diet and hdifApn; —3.9%0) were not influenced by stocking rate, eri

in the season or C3/C4 ratio. Moreover, faeces-tiiicrimination {*Ary; —4.3%o), which
reflects differences between digestibility of thg &d C4 components, did not vary along the
different gradients. Th&"*C of grassland vegetation can be estimated frond'ti@ of sheep
faeces and hair, provided tHd was accounted for. This is useful for landscapeegional-
scale investigations or reconstruction of C3/C4etaton distribution from faeces and hair,

which provide different temporal and spatial intg@n of grassland isotope signals.

2 wittmer MHOM, Auerswald K, Schénbach P, Schaufe|eMiiller K, Yang H, Bai YF, Susenbeth A, Taube F,
Schnyder H (2010Basic and Applied Ecolog§1, 83-92.



CHAPTERIIl —CARBON |SOTOPEDISCIMINATION BETWEEN TISSUES ANDVEGETATION 28

Introduction

The carbon isotope composition of a primary consutherbivore) is a reflection of the
photosynthetic mechanism of the primary producersvhich it subsists (DeNiro & Epstein,
1978). This relationship between feed and anintbj®e composition is of great value for the
reconstruction of C3 and C4 vegetation patterng;esiC3 and C4 plants differ strongly in
carbon isotope compositiod*fC) (O’Leary, 1981). This isotope signal is propagain the
food web, which is based on C3 or C4 vegetatiayp (Eeszeret al, 1983; Sponheimesat al.,
2006; Barbosat al, 2009b). In consequence, fossil animal tissueshtand bone tissue) can
be used as surrogates for plant remains, whichmoape available. In the same way, animal
tissues can also be used as an isotopic archieerdémporaneous vegetation compaosition
and change. This is especially valuable in the chggassland vegetation since this consists
of short-lived plants. In particular, it is intetieg for monitoring changes in the proportions
of C3 and C4 plants in mixed grasslands.

As animals move across landscapes they feed onalbpaand temporally distributed
resources, ingesting isotopic information over spacd time. Hair appears to be particularly
useful for recording (and integrating) such isotomformation, because it is durable,
chemically uniform, and grows at an approximateipstant rate over an extended period of
time (Schwertket al, 2003; Ayliffeet al, 2004; Schnydegt al, 2006). Faeces, if collected at
intervals, provide better resolved temporal recasti@animals’ diets (Codrort al, 2006;
Jones & Hu, 2006), with the additional advantagat #nimals need not be captured for
sample collection.

The isotopic reconstruction of grassland vegetafrmm animal tissue or faeces isotope
composition relies on the assumptions that theaekisown constant relationship between the
81%C of vegetation and that of the tissue or faeaethe case of C3/C4 grassland this requires
that (1) animals do not prefer one photosynthefoe tover the other (non-selective feeding)
and (2) the C3 and C4 components have similar tiiity, so that they are assimilated and
excreted in similar proportions. These are impdréasumptions, which need testing because
presently the relationships between diet, tissug fa®ces are extrapolated from only a
handful of experiments of mostly domestic specaey] have small sample sizes. This is
especially true for C3/C4 grassland systems sutheagrasslands of Central Asia, the largest
contiguous biome of the world, which is grazed asteely by domestic animals, particularly
sheep, goats and cattle. However, even these speace thought to graze selectively,
choosing a diet of better quality than the avenaggetation (Prachet al, 1998). This could

create a significant bias between h&lifC (3*°Cpay) or faecess®C (6"°Craeced and that of
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vegetation, as C4 plants are believed to be lesgtious and less digestible than C3 plants
(Caswell et al, 1973; Barbehenret al, 2004). We are not aware of any systematic
investigation of the relationship between 81éC of natural C3/C4 grassland vegetation and
that of hair or faeces of bulk grazers such asshkeeparticular, it is unclear if differential
selection and digestibility of C3 and C4 vegetattomponents affect this relationship.
Keratinous tissue (such as hair) is generally @edcn3C relative to diet by approximately
3%o in domestic and wild ruminants fed pure C3 ordizts (Minsoret al, 1975; Auerswald

et al, 2009). Conversely, faeces are commonly slightpleted (—0.6%o) relative to diet
(6%Cgie;, Joneset al, 1979; Coatest al, 1991; Normanet al, 2009). These isotopic
deviations are termed discriminatioifA) and are attributed to isotope fractionation dgrin
digestion or metabolism (e.g. DeNiro & Epstein, 897Tieszenet al, 1983). They are

calculated as

BCiet - 63 issue
13A — 8 Cdlet136 Ct (I”l)
1 + 6 Ctissue

with 8"Cissue denoting eithers™*Cha;r for estimation of diet-hair discriminatiort*fpn) or
8"Craccesfor estimation of diet-faeces discriminatidfipe).

These discriminations are often treated as cors{ang. Codroret al, 2007; Normaret al,
2009; Sponheimeegt al, 2003a) although there is some variation in th&.dCertainly, some
(and perhaps most) of the variation is due to egoch as sampling and analytical error or
isotopic non-equilibrium between diet and tissueewtslowly turning over body pools
contribute to hair growth and defecation (Ayli#eal, 2004; Zazzoet al, 2008; Auerswald
et al, 2009). While the variation in discrimination mbg of little relevance, if C3 diets are
compared with C4 diets due to the large isotopacsm between both, the spacing becomes
small and the variation in discrimination becomekevant if the objective is to detect a
change in diet from C3/C4 from 0.8/0.2 to 0.7/Qr8.such cases it is important to know,
under which conditions, discrimination is constamid when it changes as a function of
animal, diet, habitat or environment.

Where ruminants graze freely in C3/C4 grassland,isbtopic composition of the herbage
eaten (diet) is different from the isotopic compiosi of the vegetation (=herbage on offer) as
it is influenced by diet selection, which is usyalinknown. However, the relationship
between vegetatio’C and hair'®C (i.e. vegetation-hair discriminatioh®Av) provides a

clue about selection given that digestibility igmdical and isotopic scrambling in the rumen
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distributes C3 and C4 derived components evenlyngnmicrobial protein**Avy should be
<—3%o, If animals prefer the C3 component, and >—8%ae C4 component is preferred. In
the same way, vegetation-faeces discriminatidayf) should be <0.6%o, if animals prefer
C3, and >0.6%. if C4 is preferred. Furthermore, tlwemparison of vegetation-hair and
vegetation-faeces discrimination should providdéua @bout the relative digestibilities of the
C3 and C4 components of the diet. If the ingestédsGess digestible than the C3, then the
C4 will contribute a larger fraction of the totalefcal output, causing a less positive diet-
faeces discrimination. Consequently, the C4 coutidim to hair growth would be smaller,
hence causing a less negative diet-hair discrinoinand both causing a two-fold effect on
the faeces-hair discrimination. Therefore, selecaad digestibility have different effects on
diet-hair and diet-faeces discrimination, and darstbe distinguished based B analysis
of vegetation (herbage on offer), hair and faebekereas selection would influené&pe
and *Apy in the same direction, effects of differential eltjbility should have opposite
effects (Fig. 11l.1). As far as we know, these e effects have never been explored with
domestic ruminants grazing C3/C4 grassland.

This work was conducted to shed light on this issunel in particular to explore the potential
of sheep hair and faeces as archives of the cadmbope composition of Inner Mongolia
C3/C4 grassland. The study was conducted in theefraf an extensive grazing experiment,
with a wide range of stocking rates which determiogportunities for selective grazing of
C3 and C4 components. There was little opportufotyselection at high stocking rates
(=high grazing pressure), but ample opportunity $etection at low stocking rates (=low
grazing pressure). Effects of selection and digayi were analyzed in terms of diet-hair and

diet-faeces discrimination (as predicted in Fig1)L
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Fig. 1.1 Modeled apparent diet-tissue discriminations (top:diet-faeces discrimination®Ape.

and diet-hair discriminatioﬁ?ADH) and resulting faeces-hair discriminatiotyry (bottom box) with
increasing relative abundance of C3 plants on offierthe calculations, we assumed a higher
digestibility of the C3 component and a higher sde of the presumably more palatable C3
component: solid lines denote a better digestbditthe C3 component (D3 = 60% and D4 = 54%)
without selection (S3 = S4 = 100%); the dashedsluenote a preference of the C3 component over
the C4 component (S3 = 120% and S4 = 80%) at time shgestibility (D3 = D4 = 56%); the bold
lines denote the combined effect of higher digdgtitand higher selection of the C3 component (D3
= 60%, D4 = 54%, S3 = 120% and S4 = 80%). Otheutilgarameters were taken as constants
(values that are applicable to the research ammegns. lIl.4-111.11: &°C = —12.1%0, PAor =
0.6%o, P*Apn = —3.9%o).

Material and Methods

Grazing Experiment

The grazing experiment was situated at 116°40'E4&383'N in the Xilin River Basin, Inner
Mongolia Autonomous Region, People’s Republic oin@h It was operated by the Inner
Mongolian Grassland Ecosystem Research Station HRI®, the Institute of Botany,
Chinese Academy of Sciences, and the Deutschelitorgsgemeinschatft research group 536
MAGIM (www.magim.net). The vegetation is a semidasteppe, dominated by perennial C3
grasses (mainhStipa grandisand Leymus chinensjis but perennial C4 grasses (mainly
Cleistogenes squarroyand annual C4 herbs (mairfalsola collingd were also present.

The growing period in Inner Mongolia lasts from Afplay to September/October. During
this period the mean nitrogen content of abovegidauiomass decreases from about 2.1% to
0.7% (Liu, 1993). Growth of C4 plants starts abgito 50 days later (Bai al, 2004).
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The grazing experiment consisted of six differg¢atking rates (fixed stocking rates of 0.375
to 2.25 sheep hayear’, in steps of 0.375 sheep hgear?). The sheep were about 2 years
old non-pregnant and non-lactating ewes from tkhallMongolian fat-tail breed.

Vegetation samples were taken at aroufidol16" of July, August or September of 2005,
2006 and 2007. Bulk vegetation samples were oldafrean the outside of three frames of
0.5 m? in pasture cages (hereafter cage) and fh@mniside of pastures (hereafter pasture).
Thus, we determined the proportion of vegetatiaqgested by the animals. In both situations,
vegetation was clipped at 1 cm stubble height. rAfleoping, the cages were moved to a
previously grazed part to determine growth for $hbsequent month. In total 217 vegetation
samples from cages and 178 vegetation samples pestures were analyzed. At the same
time, fresh faeces were sampled in 2005 and in . 2008007, faeces sampling was performed
at around 28 to 30" of June, July and August. In total, we analyzed feces samples. In
addition, in 2007, we sampled the leaves of theidam C3 speciesS( grandis n=72) and
C4 species(. squarrosan=72) in the grazed area.

Hair samples originated from shearing at the enthefgrazing period in late September of
the years 2005, 2006 and 2007. This included oaly grown during the grazing period
because as sheep had also been shorn just beéobegimning of the grazing period (June).

In total, 40 hair samples were analyzed.

Sample preparation, isotope and elemental analysis

Plant and faeces samples were dried prior to rgillplant samples for 48 hours at 60°C and
faeces for 48 hours at 40°C. Plant and faeces ssmn@re ground to homogeneity with a ball
mill; 0.7-0.8 mg of plant or faeces material perdup. The distal first cm of the hair samples
was discarded. This accounted for the stubblesafedt shearing, which were marked by dye
to account for the proportion of hair within theirhehannel and turnover of body pools. The
remaining hair (approximately 4 to 6 cm) was clehbg the procedure of Schwest al
(2003), ground to homogeneity with a ball mill, &nh@-0.4 mg hair material was packed into
tin cups for isotope analysis.

The ™ C and the nitrogen content of each sample wererdited with an elemental analyzer
(NA 1110; Carlo Erba, Milan) interfaced (ConFlo; IRinnigan MAT, Bremen) to an isotope
ratio mass spectrometer (Delta Plus; Finnigan MAJgrbon isotopic data are presented as
5°C, with 8°C = (RampidRstandard — 1, Where R is thé’C/*°C ratio and standard is the

Vienna Pee Dee Belemnite standard. Each samplenwasured against a laboratory working
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standard C@ gas, which was previously calibrated against akBAAsecondary standard
(IAEA-CH6, accuracy of calibration 0.06%. SD). Aftevery tenth sample a solid internal lab
standard (SILS) with similar C/N ratio as the saenplaterial (fine ground wheat flour for
plant and faeces material, and protein powder &r imaterial) was run as a blind control.
The SILS were previously calibrated against anrir@gonal standard (IAEA-CH6)The
precision for sample repeats was better than 0.{&%adard deviation).

All data ond™C of vegetation, faeces and wool and the data togein content of vegetation

and faeces are available in Table 1 — 3 in AppeAdix the online version of this article.

Calculation of dietary $*°C and *3C discrimination

The§*3C of the diet §°Cqie)) Was estimated using an isotopic mass balance:

613Ccagex DM cage™ SlSCpasturex DM pasture
DM cage ™ DM pasture

5" Caier = (I11.2)

with 5'°C of aboveground biomass samples taken insideate §C.aqd and on the pasture
(613Cpastura and the aboveground dry biomass of the respestawaples taken inside the cage
(DMcagd and on the pasture (DMwr). The estimate@™°Cyier may have a large error when
subtrahend and minuend in the denominator areaindihis was not the case as Rpwas
on average 38% higher than PMure

The different**C discriminations (diet-hair, diet-faeces, faecasjhcould then be calculated
from the measured isotopic composition of the déffie: tissues and the dietdC according
to eqn. Ill.1. Additionally, the proportion of C3amts (R3) and C4 plants (@ = 1-R3) at
each site was estimated from the isotopic compmwsiti the aboveground biomass following
Auerswaldet al (2009).

Faecal nitrogen content, digestibility and relativefeed intake

Faecal nitrogen content (%hke) can be used as a proxy for digestibility (Bogahl, 2003;
Wanget al, 2009). This relation is based on the decreaamgunt of diet and increasing
relative amount of undigested ruminal microbial tpno excretion in faeces as dietary
digestibility increasedViean digestibility of organic matter was estimatesihg the equation
by Wanget al. (2009), which has been derived in the same enwiesn. Relative feed intake

was calculated as:
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DM cage— DM pasture
DM cage (n.3)

relative feed intake=

Statistical methods and outliers

Linear regressions and multiple non-linear regmssi(weighted least-squares estimations)
were used to evaluate the datasets. The coefficedndetermination were tested with a two-
sided test for significance of the regressions.r&segjon coefficients were tested on parity
with Student’s t-test. Hypothesis testing on equahans of groups or on parity of the mean of
the population and a specified value were carrigiduging Student’s t-test (two-sided). This
was generally performed against a 95% confidentaval, preceded by a test for normal
distribution and if necessary by an F-test on paoftvariances. Mean values are presented
with 95% confidence intervals (Cl) prefixed by aigiminus sign. Significance thresholds of
P>0.05 (n.s.), P<0.05 (*), P<0.01 (**) and P<0.00%**were used. All procedures followed
standard protocols (Sachs & Hedderich, 2006) anck warried out using GNU R 2.9.0 (R
Development Core Team, 2009). T@5C outliers in the vegetation data and sever.%N

outliers were removed from the data set.

Modelling of apparent diet-tissue and tissue-tissudiscriminations

The apparent diet-tissue and tissue-tissue discatimns were modeled with the following

equations:

S4=2-S3 (I11.4)

sCa= S (1=Pe) (IlL.5)
S4x (1- Pcs) + S3% Pcs

sC3=1-sC4 (111.6)

dca=_ D4xsC4 (I11.7)
D4 xsC<+ D3xsC:

_ (1-D4)xsC4 (111.8)

(1- D4)xsC4+ (1- D3)xsC3 '

3 Aok = p"*Aor + (1 - Pcs— rC4)x d5**C (11.9)

¥ Apn = p"*AoH + (1 - Pcs—dC4)x d§™*C (11.10)

13
gzt AOF 4 (11.11)
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where S4 denotes the relative selectivity of Cdmaiss, S3 the relative selectivity of C3
biomass, B; the relative contribution of C3 species to aboweagd biomass, sC3 the selected
C3 biomass, sC4 the selected C4 biomass, dC4 glestdd proportion of C4 biomass, D4 the
digestibility of the ingested C4 biomass, D3 thgedgtibility of the ingested C3 biomass, rC4
the residual proportion of C4 biomass in the fapo@$Apr the ‘pure’ diet-faeces
discrimination, p*Apn the ‘pure’ diet-hair discrimination, s°C the difference ofs'*C
between C3 and C4 species, dil- the faeces-hair discrimination. Here, digestipili
defined as the relative fraction of the either C&€4 derived biomass in faeces to the ingested
respective biomass. Relative selectivity is defiasdhe ratio of ingested C3 or C4 derived
mass to the respective mass in the vegetation @me’*discrimination as th&€A arising for
an infinite feeding of one component (i.e. not uefhced of either the digestibility or

selectivity).

Results

Seasonal change in abundance and leaf nitrogen @nitof C3 and C4 plants

Pcs on offer, calculated fromi**C of bulk vegetation from the cages, decreasedfiigntly
during the growing period (P<<0.001; not shown) doghe later growth initiation of C4
plants (Baiet al, 2004). On the 17dday of the year (mid of June) approximately 95% of
aboveground biomass consisted of C3 plants, whilehe 278" day of the year (end of
September) & had dropped to approximately 80%.

On average, the leaf nitrogen content of the C3pmmant (%N3) was 0.35% less than that
of the C4 component (%) (P<<0.001; Table I1l.1). This was true until Sapber (P<0.01)
when C3 and C4 biomass had the same digestibilitg.nitrogen content of herbage on offer
(bulk vegetation from the cages) decreased from0118%6 (CI) in July to 1.7£0.1% (CI) in
August and finally to 1.5+£0.1% (CI) in SeptembeegsAppendix in online version of this

article).
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Table Ill.1 Mean differences between the carbon isotopic caitipa of vegetation from inside of
pasture cages and from the past@éQqaged""Cpasiurd, Mean diet-faeces discriminatiolApe) and
mean difference of nitrogen content between thea@dthe C3 component (%N%Nc3). The 95%
confidence intervals (Cl) and error probabilitid®) for July, August, September and the grazing
period mean are given,; Benotes the significance of a mean larger tha® Genotes the significance
of the'®Apr deviating from 0.6%o, the averadipr compiled from literature.

Month 5" Coaged" Cpasture(%o) Aok (%o0) %Nc—%Ncs (%)
Mean * ClI P, Mean = ClI P, P, Mean * CI P,
July 0.31+0.21 0.005 0.39+0.87 0.360 0.646 0.20+£0.08 0.002
August 0.46 £0.16 <<0.001 0.48+055 0.084 0.659 0.61+£0.10 <<0.001
September 0.23+£0.26 0.08 0.96+0.78 0.017 0.355 0.24+£0.10 0.006
Mean 0.34 £0.10 <<0.001 0.61+0.41 0.004 0.995 0.35+0.04 <<0.001

Seasonal change in %Neces

The %Naeces decreased from 1.9% (July) to 1.5% (Septemberinguthe grazing period
(P<<0.001; not shown). Following Warg al (2009), this corresponds to a digestibility of
organic matter of approximately 57% in July and 5&¥d&September. Multiple non-linear
regression analysis exhibited no significant infice of Rz (P>0.5) on %MNecs The day of

year was the only significant (P<<0.001) variabiplaining %Naeces

Apparent selective grazing of sheep

Preferential grazing of one photosynthetic typeeitected in a difference betweéﬁscCage
and 3" Cpasture The meard®Ceaged *CpasureWas significantly higher than 0, for July, August
and for the grazing period mean (all P<0.05; Tdbl&; Fig. 111.2) but not for September
(P>0.05; Table I1I.1; Fig. lll.2). This might incite a preferential grazing of the C4
component in the early grazing period. The higmn813Ccage_613Cpasture0f 0.5£0.2%0 (CI)
occurred in August, coinciding with C4 peak biomas&razing period mean
8"Ceaged Cpasure Was 0.3+0.1%o (CI) (Table 1ll.1). Given a 12.1%. difénce ind"°C
between C3 and C4 species (unpublished data of 5@®ples), this effect corresponded to a
preference of C4 biomass of 4% in August and 2%uidinout the grazing period. There was
no significant difference, however, in Me#NCeaged" Cpasurebetween the stocking rates (all
P>0.05, Fig. 111.3) although'*Ccaged"*Crasurewas significantly larger than 0 only for 0.75,
1.5 and 1.875 sheepfgear™.
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Fig. lll.2 Relationship between the carbon isotopic compasitiovegetation from inside of pasture
cages §Ceagd and from the pasturé'fCpasurd for July ©), August €) and Septemben. Dashed
line denotes the 1:1 line.

One might expect a stronger relationships B .qe5"*CrasureWith relative feed intake than
with stocking rate, as relative feed intake reflettte real opportunity for selection. When
relative feed intake varied from 5% to 80%, themswo clear effect 0B Ceaged Cpasture
(Fig. 1l1.4). This meant that C4 may have beenhgligpreferred but this effect did not vary

with feed intake.
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Fig. l1.3 Box plot for the difference between the isotopienposition of vegetation from the cage
(813Ccage) and from the pasturél("Cpasmra for all stocking rates and the overall mean. Bosieow the
75% percentile, the median and the 25% percentltéskers denote 1.5 times the interquartile range;
outliers bigger than that are denoted as circleg. Bottom line denotes the significance of the mean
deviating from 0.
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Within the experiment, relative feed intake coveaedide range. The common stocking rate
in the region is slightly above 1 sheep’hgear”. For this stocking rate, feed intake ranged
between 20% and 60% whité Ceaged "Cpasurevaried from —1.3%o to +1.0%.. Multiple non-
linear regression analysis indicated no significeffect of relative feed intake or day of year
(P>0.5) 0n3"*Ceaged"*Cpasture

13 13 0
3 Ccage -9 Cpasture ( /00)

5/ S U N R BT
0 20 40 60 8 100

Relative feed intake (%)

Fig. lll.4 Relationship between relative feed intake (%) aifferénce between the isotopic
composition of vegetation from the cage’Ceagd and from the pastureé'fCasu for all stocking
rates: 0.375 A), 0.75 @), 1.125 (x), 1.5 (+), 1.8750) and 2.25 ¢) sheep ha year". The
relationships of the individual stocking rates wallenot significant (P>0.1).

Seasonal variation in diet-faeces discrimination

The'®Apr did not differ among stocking rates (all P>0.1t sloown). The faeces were slightly
less depleted in July (0.4+£0.9%. (Cl)) compared it than in September (1.0+0.8%o. (Cl)).
Overall the difference between months was 0.6%ndmonth, did*Ap differ significantly
from the mean 0.6%. that was observed in a liteeatompilation of*Ape for pure and mixed
C3 and C4 diets (Jones al, 1979; Coateset al, 1991; Normaret al., 2009). In July and
August, the*Apr was not significantly different from 0, but in Sember and for the grazing

period mean th&Apr differed significantly from 0 (Table I11.1).
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Relation betweens"*C of faeces and diet compared to hair

The change i *Craeces0r 5-°Caiet Was not significantly different from the respeetishange
in 8"Chair (both P>0.1; Fig. 111.5). This indicated constdaeces-hair 'fAry) and diet-hair
(**Apn) discriminations that were independent of the @3f@&tio of ingested biomass. The
averageAry was —4.3+0.2%o (CI) and the averajapy was —3.9+0.3%. (CI) (Fig. 1I1.5).
The latter was not significantly different from awerage™Apy of —3.3%o for sheep from
literature (P>0.1).
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Fig. 1Il.5 8"°C of hair and grazing period me&HC of faecesd, solid line) or diet (x, dashed line).
The lines denote a constaifgy of —4.3%0 and a constaftApy of —3.9%o respectively. The bold
grey line denotes the 1:1 line.

Discussion

Influence of grazing pressure on apparent selection

Our experimental design provided a broad rangdauksng rates and yielded little evidence
for effects of stocking rate (and related grazingspure and relative feed intake) on C3 versus
C4 selection. This is not an intuitive finding: omeght expect that grazers (such as sheep,
goat and cattle) select for a certain componentnwierbage is available in ample supply.
Conversely, if competition for feed is high (i.ehen stocking rates increase) then the
opportunity for selection is low (e.g. Edwardsal, 1994; Mobeelet al, 2009). Potential
causes for selection are multiple: selection fotate parts of plants driven by taste and odour
(Hulberet al, 2005), species composition (Jones & Hu, 2006j9kadet al, 2006; Mobaek
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et al, 2009), site productivity (Kausruet al, 2006; Mobeelet al, 2009) or dietary quality
(Garciaet al, 2003). However, we found no effect of stockiaterand relative feed intake on
the relationship between tH&C of ingested feed, meaning that variable oppatiesifor
selection had actually no effect on selection f8rabd C4. Hence, the contrast in attributes
that drive selection between C3 or C4 species wparantly too small to cause an effect in
this typical Inner Mongolian steppe. This findingrees with those of Hodgkinsaet al
(1995) who examined the defoliation pattern of wemtrasting C3 and C4 grasses in semi-
arid and arid Australian woodland and found no rckféect of grazing pressure on selection.
Further, Schiborrat al. (2009) compared the organic matter digestiboitynerbage on offer
and herbage ingested in the same experiment amdl fioo evidence of an effect of grazing
intensity on selection.

The small difference betwee*C age and ™ °Cpasture (+0.3+0.1%0 Cl) was barely significant
owing to the large number of data poims177) and such a small effect could be due to a
number of reasons. Most likely the effect is arefadt of the sampling, e.g. when clipping
height did not exactly match the biting height (i2swet al, 1950; Griffithset al, 2003).
Importantly, the lack of any correlation to paraemstthat indicate the opportunity of
selection like stocking rate or relative feed imtakdicates that the difference does not

originate from selection.

Influence of growth initiation and digestibility

Several studies have reported an inferior digdyimf C4 species compared to C3 species
(e.g. Barbehenet al, 2004; Normaret al, 2009). But digestibility also decreases strongly
with plant age (Wilson & Hacker, 1987; Buxton, 1998s the C4 species of the Inner
Mongolian grassland initiate growth about 30 to d#ys later than C3 plants (Bat al,
2004), the C4 species likely have a relatively hiligrestibility (see Milchunast al, 1995).
This agrees with the present results in that tlegage nitrogen content of the C4 component
was actually higher than that of the C3 componadtthat %N of herbage on offer decreased
significantly from August to September (P<<0.00h)the same experiment, Schiboataal.
(2009) analyseth vitro digestibility of organic matter and found the sagffects.

However, a significant influence of differentialggstibility on**Apr was not evident. The
A0 was not significantly different from the me&ipr of 0.6%. which was observed when
sheep were fed pure and mixed C3 or C4 diets (Jehed, 1979; Coate®t al, 1991;
Normanet al, 2009). Also*Apr was near-constant during the grazing period.
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Differences in digestibility between C3 and C4 comgnts should also influené®py. As
digestibility influences**Apr and **Apy in opposite directions (Fig. 11l.1), the effect of
differential digestibility on'*Ary should be even more pronouncédAy is equal to the
difference betweeApr and**Apy). **Ary was —4.3%o, close to the expected value (—3.9%o)
that was derived from published estimates®afr (mean —0.6%o) ant’Apy (Mean —3.3%o).
Furthermore, there was no systematic variationhin'tAr related to an increase in the
proportion of C4. Thus there was no evidence fteot$ of differential digestibility oM°ApE

or 13ADH-

8'%C of faeces and hair as a tool to estimate the C34Gatio of vegetation

The above findings are important for the estimdtegonstruction of C3/C4 ratios of
grassland from th&'*C of sheep faeces and wool. To a close approximasizeep grazed C3
and C4 vegetation non-selectively, and both compienbad similar digestibility, yielding
approximately constanttApe and **Apn. Thus, thes'*C of grassland vegetation could be
predicted from that of faeces or wool by applyinga@nstant discrimination, which was
related to constant animal properties. Notably,itikegration over time (and, hence, space if
animals range unconfined) usually differs betwesatés (a few days) and hair (a few months
to one year). This can be used to estimate C3/@dsrat different scales fro™>C by
analyzing the appropriate tissue. Faeces integnateliet of less than one week (Raymond,
1948), which corresponds to the area grazed intless one week, while hair integrates the
isotopic signal of the diet ingested between tweasimgs. Thus, hair provides a much higher
degree of spatio-temporal integration (or averagamgl is more suitable for the assessment of
yearly mean C3/C4 composition, when the lattertflates seasonally or spatially within the
grazing area of a flock of sheep. Evidently, a tseees of hair samples would be useful for
the reconstruction of long-term changes in the @3/C

Conclusions

The C3/C4 ratio of the Inner Mongolian grasslandnaicated by communit§**C varied in
space and time due to the differential growth atitin of C3 and C4 plant species.
Instantaneous sampling of vegetation did not refllee C3/C4 ratio of annual growth under
these conditions. Th&°C of faeces and hair integrated over the grazieg and period, with
integration times differing for hair and faeces.itNer faeces nor hair were influenced by
selective grazing of sheep within a reasonable ede@f uncertainty. The mediApr of
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0.620.4%0 (CI) and the mediApy of —3.9+0.3%0 (CI) in this study were close to pshbéd

estimates obtained with C3 or C4 feedinth\ry of —4.3+0.2%0 (Cl) was near-constant,
although this parameter should respond stronglysdlective grazing and differences in
digestibility between the C3- and C4-component.sTihdicated that discrimination was not
influenced by differential digestibility of C3 ar@4 species within uncertainty. Our findings
demonstrate thad'*Craeces and 8*Crair are suitable proxies for the C3/C4 ratio of Inner

Mongolia grassland.
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CHAPTER IV — Stocking rate of sheep does not affechitrogen
isotope fractionation between grazed vegetation, soand faeces

and wool

Abstract

Understanding stable isotope fractionation in tiopmetworks is important for the
interpretation of stable isotope composition ofsgsbem components. This work explores the
influence of grazing pressure on the nitrogen et@omposition §°N) of vegetation
(standing biomass), soil, and sheep’s faeces amtliwa multi-year (20052007) experiment
with different stocking rates (0.375 — 2.25 sheep hear') in semi-arid Inner Mongolia
grassland. Bulk vegetation nitrogen concentratianed between 0.9% and 3.7% of dry
matter and increased with increasing stocking Mg, we found no effect of stocking rate on
8N of vegetation, soil, and faeces and wool of sh&epthermore, we found no difference
betweens™®N of vegetation and diet. HenceN fractionation between vegetation and faeces
(Eveg-faece}, Vegetation and wookeg.woo), faeces and soikdeces-so) and soil and vegetation
(€soil-veg WaS constant Withyeg.facces= 3.0%0 (£0.1%0, 95% confidence intervabyeg-wool =
5.3%o0 (£0.1%0),etaeces-soi= 1.1%o0 (£0.4%0) an@spil-veg = -4.1%0(+0.3%o). This finding is useful
for vegetation™N reconstruction from grazer tissues, particulaityce selective grazing and

grazing pressure are often unknown.
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Introduction

Stable isotopes are increasingly used for studgogsystem processes because they allow
tracking the flow of elements and thus fluxes ar@tesses associated with them. In the study
of grassland vegetation, grazer tissues like wétdbson, 1999; Schnydest al, 2006;
Auerswaldet al, 2009), horn (e.g. Barbosd al., 2009a), bone (e.g. Richardsal, 2000),
teeth (Cerling & Harris, 1999) and faeces (Sponkeie al, 2003b) have become favourite
objects of study as variation in the isotopic cosipon of the grazed vegetation imprints the
grazer’s tissue with an isotopic signal (De Niro Bpstein, 1981). In turn, the isotopic
composition of plants may reflect soil factors, ls@s nutrient cycling and losses (Hogberg,
1997). For example, nitrogen isotope analysis tifechair shed light on farm-scale nitrogen
balances (Schwertét al, 2005) and or allows retrospective view on (itgds former
grassland vegetation (e.g. Barbesal, 2009a; Cerlinget al, 2009). The different tissues of
animals have different turnover rates and so pmsdtopic records with different temporal
integration: bones the lifetime, wool the time beé&w successive shearings, and faeces a
period of less than one week (Raymond, 1948).

When using grazer tissue as a proxy for (grazedgtation, the isotopic offset between
grazer tissue and vegetation must be known. Tisebivas often expressed as the diet-tissue
shift A’ = 6p — s (e.g. Mannekt al, 2007), wherép anddés denote the isotopic compaosition
of the product and the source in comm&motation. Theoretical considerations show
(Mariotti et al, 1981; Auerswalet al, 2010) that it should be expressed in terms dbfso
fractionation. This can either be ‘enrichmegy’s = (0p —9s) / (1 +8s), which is often used in
the case of nitrogen (Mariotet al, 1981) and will be used by us in the following or
‘discrimination’ A p.s = (6s—6p) / (1 +6p) in the case of carbon (Auerswadd al, 2009;
Barboseet al, 2009a). For carbon the discrimination between and hair or faeces of sheep
grazing Inner Mongolia pasture seemed to be cohsiaer a wide range of conditions
(Wittmer et al, 2010). For nitrogen, it is known that enrichmerithin various animals (e.g.
mammals, fish and insects) tends to decrease natieasing N concentration (or increasing
dietary value or decreasing C:N ratio) of the di&tlams & Sterner, 2000; Pearsenhal,
2003; Vanderklift & Ponsard, 2003; Robbiesal, 2005). These relationships have — to our
knowledge — not yet been verified for sheep granatyral grassland. Thus, it is not clear in
how far grazer tissues reflect the nitrogen isa@a@omposition of the grassland.

We see two main reasons why one may expect variigldgissue™N enrichment of grazers

on natural grassland:
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First, the grazer may select for the N-rich plaat&l plant parts, which are usually more
digestible. Selection is particularly advantageatsre the vegetation has a low digestibility,
as is often the case in semi-arid grasslands. @Qumbes for selection arise if plants species
differ in their stage of development. Such a systirdifference is to be expected in C3/C4
mixed grassland, such the vast Central Asia stefjge.plants start growth at higher
temperature, and thus later in the season, thapl&8s (Ehleringeet al, 1997). So, C4
plants are in a younger stage of development tharco-occurring C3 plants. The delay in
development may be longer than one month @aal, 2004; Lianget al, 2002), causing
young, palatable, and highly digestible C4 plantsd-exist near more mature, less palatable
and digestible plants. Such a situation likely iffepportunities and motivation for selective
grazing. The grazerN composition would then not reflect the total viegien, but rather that
of the selected diet, causing the apparent vegetéissue enrichment to deviate from that
obtained with non-selective grazing

Second, the grazer causes a feedback mechanisinrehsoves leaves, it initiates re-growth
and reduces leaf age. Young leaves usually havglehN concentration than old leaves
(Field, 1983). Thus, grazing changes the N conagatr of the vegetation. As grazing
pressure is usually not controlled in regional Esda variation in grazing pressure may lead
to variation in N concentration of grazed vegetatamd an ensuing change in vegetation-
tissue enrichment.

The grazer also changes the N return into the Sbd. organic N pool of the soil is either fed
by senescent plant parts, which is associatedtihwtlvegetation-soil enrichment, or by faeces,
which is associated with the faeces-soil enrichmemider ungrazed conditions senescence
dominates while under heavily grazed conditions aslimall above-ground biomass-N is
returned to the soil as excrements (Baebral, 2002), which in turn could influence the
apparent enrichment between soil and vegetatioglgeidy, 1997).

Our first hypotheses is that differences in nitrogentent anéd'°N exist within grazed plots,
which can affect apparent enrichments between aggatand grazer tissues due to selection.
The second hypothesis is that the nitrogen conaortr of the bulk vegetation increases with
grazing pressure and that this causes a decredisingssue enrichment.

We examined these hypotheses using an experimenhich grazing pressure was varied
from very low (0.375 sheep Hayeai'), providing ample opportunity for selection, torye
high (2.25 sheep Hayeaf'), where practically all aboveground biomass wassamed with

no opportunity for selection by the sheep. Thiseskxpent was carried out within the Central
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Asian grassland and where typically grazing rangemf almost ungrazed areas where

drinking water is not available to heavily grazedas.
Material & Methods

Grazing experiment and sampling procedure

The grazing experiment was situated at 116°40'E4&383'N in the Xilin River Basin, Inner
Mongolia Autonomous Region, People’s Republic ofindh It was operated by the Inner
Mongolian Grassland Ecosystem Research Station HRI®, the Institute of Botany,
Chinese Academy of Sciences, and the Deutschehrorgsgemeinschaft research group 536
MAGIM (www.magim.net). The vegetation is a semidasieppe, dominated by perennial C3
grasses Stipa grandis Leymus chinensisAgropyron cristatum Carex korshinskyiand
Achnatherum sibiricuip but perennial C4 grasses (mainBeistogenes squarrosand
Festuca dahurichand annual C4 herbs (mairBalsola collind were also present. Legumes,
although present Qxytropis myriophylla Melilotoides ruthenica,Astragalus galactites
Lespedeza davurigaaccounted for less than 1% of total biomass. Sthis were classified as
Calcic Chernozems (Wiesmeigtral, 2009).

The growing period in Inner Mongolia lasts from Afpday to September/October. During
this period, the mean nitrogen concentration invagoound biomass decreases from about
2.1% to 0.7% (Liu, 1993). Growth of C4 plants staabout 30 to 50 days later compared to
C3 plants (Baet al, 2004, Lianget al, 2002).

The grazing experiment included six different stogkrates (fixed stocking rates of 0.375 to
2.25 sheep hayear?, in steps of 0.375 sheep hgear?) with four replicates. This yielded a
total of 24 plots, each of about 2 ha in size tovala minimum of three sheep per plot at the
lowest stocking rate (Fig. 1V.1). The experimenv@®d a total area of approximately 2 kmz2.
The sheep@vis arie$ were about 2 years old, non-pregnant, and ndmatiag ewes from the
local Mongolian fat-tail breed. The sheep grazesl plasture from beginning of June until
September. Previous to the experiment the whola wees moderately grazed by local semi-
nomadic herders until 2003. Then the grass swasllefato recover for two years prior to

the beginning of the experiment in 2005.
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Fig. IV.1 Layout of the grazing experiment in Xilingol Leagimethe Autonomus Region of Inner
Mongolia, China. Six stocking rates were replicdtad times.

Vegetation samples of standing biomass from eamthwere taken at around th& tb the 18’

of July, August, or September of 2005, 2006, an@72@Bulk vegetation samples were
obtained from inside three 0.5-m? pasture cage=dlfter termed ‘cage’) and from the grazed
pastures (‘pasture’). In both situations, vegetaiias clipped at 1 cm stubble height. After
clipping, the cages were moved to a previously epapart to determine growth for the
subsequent month. In total, 217 vegetation sanfpbes cages and 212 vegetation samples
from the continuously grazed pastures were analyZdditionally, in 2007 we sampled the
leaves of the three dominant speci8&s grandis n=72, L. chinensis n=48, C. squarrosa
n=72), to determine eventual difference in isotagmposition of these species. These three
species together accounted for about 75% of stgridomass. The selection for other species
would have had little effect a&. cristatumandC. korshinskyiaccounted for only 10% and
the others for less than 3% of the standing biomass

Fresh faeces were sampled at the time of vegetatiompling in 2005 and in 2006. In 2007,
faeces sampling was performed at around tHetacthe 38' of June, July, and August. In
total, we analyzed 152 faeces samples. Hair samopigisated from shearing at the end of the
grazing period in late September of the years 20086, and 2007. This included only hair
grown during the grazing period because sheep lsadb&en shorn just before the grazing
period (June). In total, 40 wool samples were arely

Top soil samples (L0 cm) were taken in September 2007. In total, @4 ssamples were
analyzed. Further information on the grazing experit and the sampling can be found
elsewhere (Schonbaeh al, 2009; Wittmeet al, 2010).
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Nitrogen isotope and elemental composition

Plant, faeces, and soil samples were dried priamiting: plant and soil samples for 48 hours
at 60°C and faeces for 48 hours at 40°C. Plant faetes samples were ground to
homogeneity with a ball mill and 06-0.8 mg of plant or faeces material per tin cup were
analyzed. The distal first cm of the wool samplesswdiscarded. This accounted for the
stubble left after shearing, which was marked wligl, to account for the proportion of wool
within the hair channel and the turnover of bodglpoThe remaining wool (approximately 4
to 6 cm) was cleaned as per the procedure of Stheteail (2003), ground to homogeneity
with a ball mill, and 0.20.4 mg woollen material was packed into tin cupsaiealysis. Soil
samples were sieved prior to analysis (2 mm), tmdled, and 715 mg of soil was packed
into tin cups for analysis.

The nitrogen isotope and elemental compositiongwetermined with an elemental analyzer
(NA 1110; Carlo Erba, Milan) interfaced (ConFlo; IRinnigan MAT, Bremen) to an isotope
ratio mass spectrometer (Delta Plus; Finnigan MANI)togen isotopic data are presented as
8N, with 6N = (RsampidRetandar) — 1, whereR is the®N/N ratio and standard is the air
nitrogen standard. Each sample was measured agalalBbratory working standard, lgas,
which was previously calibrated against an IAEAms®ary standard (IAEA-NO3, accuracy
of calibration 0.19%. SD). After every tenth samgesolid internal lab standard (SILS) with
similar C/N ratio as the sample material (fine-grduvheat flour for vegetation, soil, and
faeces samples; protein powder for wool samples)nwa as a blind control. The SILS were
previously calibrated against an international déad (IAEA-NO3). The precision for sample
repeats was better than 0.2%. (standard deviation).

Nitrogen isotope enrichments between a certainceoand a certain product were calculated.
Thed™N of the diet however could not be measured diydmik was calculated from the mass
and isotopic composition of the vegetation in tlagec and on the pasture. Though a close
approximation of the vegetation-diet enrichmengigen by the difference of th&°N of

vegetation in the cage and on the pasture.

Statistical Methods

The datasets were evaluated by ordinary least sguerear regression. The coefficients of
determination were tested with a two-sided test tfog significance of the regressions.
Significance thresholds d#>0.05 (n.s.),P<0.05 (*), P<0.01 (**) andP<0.001 (***) were

used. The statistical spread is reported as medmitai95% confidence interval prefixed by a
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plus-minus sign. Hypothesis testing on equal meaingroups used Student’s t-test. All
statistical analyses were performed with GNU R@(R Development Core Team, 2009) and
followed standard protocols (Sachs & Hedderich,&0We excluded one outlier (vegetation

data from pasture) from a total of 837 samples.

Results

The nitrogen concentration (%N in dry biomass) with grazed plot varied by about a factor
of three and the largest contrast occurred betvdiféerent organs of a plant. For instance
leaves ofC. squarrosaof different age sampled at the same time diffdretiveen 1.4% and
3.9%, with higher %N in younger phytomers (r2 =6).6 =35). Also, species differed in %N:
C. squarrosawhich was similar td.. chinensig2.71+0.10%, n=48), had consistently higher
%N (mean 2.61+0.08%, n=72) th&n grandigmean 2.26+0.06%, n=72) This difference was
especially large in July when the species diffenebN by 0.6%.

Moreover there were large species- and phytomet-ifferences i*°N. C. squarrosahad

a consistently lowes'®N (mean 0.29+0.13%o, n = 72), th&h grandis(mean 1.33:+0.16%o,
n=72) andL. chinensigmean 1.19+0.21%., n=48). Larger differences wetident between
leaves of different age. For instance, the leavieslifferent phytomers ofC. squarrosa
differed by up to 8.0%. with differences as large6a@%. between successive phytomers.
However, these differences within a plant were mststent (e.g. correlation with leaf nodal
positions yielded r2=0.009), perhaps due to (spetimporal variation in thé'*N of the soil
nitrogen source.

Considerable differences also occurred betweers.plhie %N in bulk vegetation ranged
from 1.3 to 2.4%. In general %N was lowest in Seyiiter (1.52+0.07%) and highest in July
(1.74+0.09%). The largest influence however wassedwby stocking rate. The %N in bulk
vegetation of cage samples increased from abo@b 1041.9% with increasing stocking rate
(Fig. IV.2 top). Similarly, the %N of bulk vegetati increased with stocking rate (Fig. V.2
bottom). A pair-wise t-test per stocking rate shdwat %N in the cage was not significantly
different from that in the pasture (all P>0.05).sélthe regression coefficients were not

significantly different.
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Fig. IV.2 Nitrogen concentration in bulk vegetation from tizgyes ¢, top) and from the pasture,(
bottom) as related to stocking rate. Error baroteethe 95% confidence interval of the mean. Lines
denote linear regressions.

The 8N varied over a range of 0.5% without a clear pattethus, there were no
relationships between stocking rate araN from the cages, pasture, soil, faeces or wool
(6"Ncage 8" Npasture 8 Nsoil, 5" NiaecesOF 5 "Nuoo,, respectively) (all P>0.05, Fig. IV.3). The
means averaged over all stocking rates were 0.88%0. for 815Ncage 0.64+0.09%0 for
8" Npasture 4.61+0.32%o f0rd™Nsoit, 3.61+0.12%0 for5 *Nraeces,and 5.94+0.22%o f0B " Nyool
(Fig. IV.3). The means of the species were 1.33%1for S. grandis 1.19+0.20%. forl.
chinensisand -0.29+0.13%. folC. squarrosa Further, a pair-wise t-test per stocking rate
showed thas"N¢agewas not significantly different froi "Npaswre(all P>0.05). No net effects
were evident that would relate to selection and tauld change with stocking rates despite
a difference of about 1.5%. between the dominantispewhich together accounted for more
than 75% of aboveground biomass. Consequentlys'theof the diet was similar t6*°N of
the vegetation and there was no evidence of'@enrichment between vegetation and diet.
Accordingly, we did not distinguish between dietlaregetation in the following. ThE"N of
vegetation §°Nyeg Was calculated as the meanddiNcage and & Npasure The overall mean
8"Nyeg Was 0.60+0.06%o.
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Fig. IV.3 Nitrogen isotope compositiors’fN) of faeces (a) and wool (b) of sheep, soil (cil an
vegetation (d) from the pasture)(and the cage] in relation to stocking rate. Error bars denbie t
95% confidence interval of the mean. Dashed lirete the mean over all respective samples. Total
nis 152, 40, 24, 211 and 217 for faeces, wool,, qmisture and cage samples. To allow for
comparison, the y-axis spans always 3.0%o.

The *N enrichment between individual components of thsoil-animal N cycle and in
wool production were then calculated (Fig. IV.4heTlargest enrichment within the cycle

occurred between vegetation and sejbgsoi= 4.1%0). The enrichment between vegetation
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and faeces was also larg&ef-racces= 3.0%0), but that between faeces and soil was Ismal

(staeces-soi= 1.1%0).">N enrichment in wool production was very larggd.wool = 5.3%o).

——— 615N

€ = wool
veg-wool
5.3+ 0.1%o
9" Naet
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Fig. IV.4 Conceptual model of nitrogen isotope enrichmeritvben vegetation, faeces, soil and
wool. The dashed line denotes the plant-soil-anigyatem. Exports and imports are denoted by
arrows out or in of the dashed box. Enrichmentsraported together with the 95% confidence
interval of the mean.

Discussion

No effect of selective grazing

In agreement with our first hypothesis there wassaterable variation in %N within a grazed
plot. %N was higher in young than in old leavesysistent with many studies (e.g. Field
1983 and citations therein). Als@. squarrosa which started to grow later than the C3
species, had higher %N and additionally witl@dn squarrosa%N was higher in younger
parts. Hence there was an opportunity for selegnazing of an N-rich diet, which could
have caused &N enrichment between whole vegetation and diettheamore there was a
1.0%0 difference betweef. squarrosaand the main C3 species from which an apparent
enrichment due to the selection of a componentoefet >N would result. Both, the
expected true enrichment due to the higher %N hadpparent enrichment due to the lower
8N of C. squarrosaact in the same direction and should cause a leffget if selection

happens consistently. However, we did not findfiedince between th#°N of the cage and
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the pasture, meaning that selective grazing didoootr or that it was too small to cause an
effect. This finding is consistent with data fromrloon isotope analysis which presented no
evidence for selection &. squarrosgWittmeret al, 2010).

The lack of any significant effect of %N 0N eveg-fec OF €veg-wool IS IN contrast with results from
controlled feeding experiments (e.g. Adams & SterB@00; Pearsoat al, 2003; Robbingt

al., 2005) but it does not invalidate those resdltsat is because the effect was not different
from zero but at the same time it was also noediffit from the weak effect reported from the
controlled feeding experiments. In the study by Riobet al (2005) dietary %N ranged from
2.5 t0 12%. This is much larger than the range. ®ft@ 3.7% in %Ng which is reported here
and which is typical for the semi-arid grasslandrofer Mongolia (Liu, 1993; Cheat al,
2007). Following the regression by Robbitsal (2005), the present difference in %N
caused by grazing (Fig. IV.2) would only cause ange in enrichment of less than 0.1%o,
which is too small to be identified. Even the totahge of individual samples (0.9-3.7%)
would only cause a variation in enrichment of 0.3%his cannot be detected from body
tissues of free-ranging grazers especially in aw®rsition of the fact that the contrast of 0.9-
3.7% only applies if different months are compaegedl full selection is assumed. The
difference between months, however, is attenuatedalthe relatively long nitrogen turnover
times (e.g. more than eight weeks for new hair gihawported by Sponheimet al, 2003c)
and full selection does not seem to occur.

Furthermore, the higher %N on the intensively gdapdots, where selection was less
possible, might have been attenuated by selecfidirrach parts on the plots of low stocking
rates, as ungulates tend to maximize their N up(@eold, 1960; Garcieet al, 2003).
Hence, effects of grazing intensity on selectiod sotopic enrichment were not apparent and

if applicable they are possibly counteracting.

Enrichments between N compartments of grazed ecosgms

The &veg-wool OF 5.3%o is similar to that reported by Sponheiraeal (2003c) for goats fed on
a pure Medicago diet (5.0%) and to that of 5.2%. established fovesal free ranging
domestic animals (e.g. sheep, goat, yak) in Moag@iohzuet al, 2009). However, it
slightly differs from thegeyeg.wool Of 3.6%0 for sheep grazing pure C3 vegetation riegoby
Mannel et al (2007), which is presumably caused by onetimepsiagn of Ménnelet al
(2007) where a seasonal variation &N in the vegetation would not be captured but
contribute to the isotopic composition of the wolol.our experimentyeg-facceswas 3.0%o,
which was also found for sheep fed on a pdeslicagodiet (Sutohet al, 1993). For goats,
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Sutohet al (1987) reported slightly higheleg.taccesOf about 3.6%o. For llamayeg-faccesWas
about 3.0%0 for animals fed either a pukedicagoor Cynodondiet (Sponheimeet al,
2003b). This close similarity of most of the ennnts over a wide range of environmental
and feed conditions indicates that both have littipact on the physiological process causing
enrichment. Faecal®N however could be altered after deposition, eyggdseous losses like
ammonia volatilization, which could be associatedthwpronounced enrichments if
incomplete (HOogberg, 1997). However, faeces maadgsist of protein, lignin and other
indigestible components (van Soest, 1994). Gaslesgss from faeces and hence exogenous
enrichments are small (Holst al, 2007; Maet al, 2007). Volatile compounds are mainly
produced by microbial conversion of non-utilizedtrrents and gastrointestinal products
under anaerobic conditions (le¢ al, 2005; Shabtagt al, 2009), while faeces dry fast under
semi-arid conditions and become aerated. Furthexm&otope effects can only result from a
partial loss of volatile compounds, which is unljkender semi-arid conditions and excluded
by drying prior to analysis. This is supported bhg tight 95% confidence interval of only
0.1%o (Fig. 1V.3) associated Witheg-facces

The eyeg-soil Of 4.1%o0 is similar to that reported by Cheeigal (2009) of approximately 4.5%o
established along a transect in Inner Mongolia, atgb similar to that predicted by
Amundsoret al (2003) for the semi-arid Inner Mongolian grasdlafurther, a meta-analysis
of the data (inclduding grasslands, forests anddhomls) presented by Amundsen al
(2003) in the form of supporting material, exhibit@o influence of mean annual precipitation
on globally establisheekgiiveq but @ mean of -4.8%o, which is close to @wg.sor Watzkaet

al. (2006) reported a constasdi.veg Of about -3.7%o established for various fertilipati
regimes (e.g. no fertilization, mineral fertilizexattle manure, slurry or urine) of grasslands.
Thus it appears thateg-soi IS more or less constant along various environadesanditions
(e.g. forest, natural grassland, managed grasslarnd¢h may indicate that the pathway of
nitrogen cycling in the plant-soil system (e.g.edity via senescence or by grazer faeces)
does not affectsiveg This also follows from the present finding tlal.soiwas constant in a
wide range of grazing intensities differing in tbensumption to senescence ratio. However,
further investigations are needed to verify thiseason, especially with regard to the
heterogeneity of soils and the associated uncégaim estimatingsoii.veg.

A precondition for the determination of enrichmeistghat the system has had enough time to
equilibrate isotopically. This is usually difficuidb achieve in controlled experiments, as this
requires an isotopically uniform diet for the anirtteoughout most of its lifetime. We could

not identify any effect of the experiment 81N of vegetation or animal-related enrichments.
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The experiment covered also the conditions of pastan which the animals were kept prior
to the experiment. Hence, the animals had recesiradar feed throughout their lifetime after
weaning and thus should have equilibrated.

Isotopic equilibration to determine the enrichmehthe top soil even requires that land use
and nitrogen cycling has not changed at least dutie period reflected by the mean age of
the nitrogen pool in the soil. We sampled only $og, for which the mean age of the organic
matter is in the order of 50 years in this are&f(8hset al, 2009). So we would need a
period with constant conditions for at least thesipd of time to determingeg.soit The Inner
Mongolian grassland has traditionally been usedyfazing for centuries (Sneath, 1998) with
no measures to improve the pastures (e.g., fatibia, sowing). For the area where the
grazing experiment was located, this can be coefirnsince 1979, when the nearby
experimental station was established. Hence, teesywas probably in equilibrium at the
beginning of the grazing experiment. All enrichnsedéetermined in this study thus seem to

reflect near equilibrium conditions and true enmemnts.

Conclusions

This work demonstrated considerable differencegsM and&*N of vegetation in grazed
paddocks. However, grazing pressure — and hencertojpjities for selection — did not cause
changes it°N enrichment between vegetation and grazer tisdilés.suggests, that eventual
selection did not entaf®™N enrichment during grazing. Also, our second hipets — that
increasing %N in herbage leads to incredSiidenrichment in animals — was not apparent in
the data. Accordingly, it does seem that isotofieets between vegetation and animal tissues
are near constant irrespective of grazing pressiltas, knowledge of grazing pressure or
stocking rate is not required, to estimate vegatdfiN composition from grazer tissues. This
means that grazer tissues are valid proxies fansteuction of vegetatiollN composition in

regional or historic studies of vegetatioN variation.
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CHAPTER V - Large regional scale variation C3/C4 dstribution
pattern of Inner Mongolia steppe is revealed by graer wool

carbon isotope compositior

Abstract

This work explored the spatial variation of C3/G4tdbution in the Inner Mongolia, P.R.
China, steppe by geostatistical analysis of caibotope data of vegetation and sheep wool.
Standing community biomass (n=118) and sheep wwedl46) were sampled in a ~0.2 Mio
km? area. Samples from ten consecutive years (1998)2@@re obtained. Community
biomass samples represented the carbon isotopipasition of standing vegetation on about
1000 m? (‘community-scale’), whereas the spatiogeral scale of wool reflected the isotope
composition of the entire area grazed by the hemihg a 1-yr period (~5-10 kin ‘farm-
scale’). Pair wise sampling of wool and vegetatienealed &°C-enrichment of 2.7+0.7%o
(95% confidence interval) in wool relative to vemj@in, but this shift exhibited no apparent
relationships with environmental parameters orlstmcrate. The proportion of C4 plants in
above-ground biomass P %) was estimated with a two-member mixing modefe
discrimination by C3 and C4 vegetatiofiAz and **A4, respectively), in accounting for the
effects of changing>C in atmospheric Con sample isotope composition, and of altitude
and aridity on**As. Pcs averaged 19%, but the variation was enormous:stale (0% to
100%) at community-scale, and 0% to 85% at farnhesCEhe farm-scale variation ofcP
exhibited a clear regional pattern over a range250 km. Importantly £ was significantly
higher above the 22°C isotherm of the warmest mamitich was obtained from annual high-
resolution maps and averaged over the differentpBag years. This is consistent with
predictions from C3/C4 crossover temperature ohtjua yield or light use efficiency in C3
and C4 plants. Still, temperature gradients acaxuifdar only 10% of the farm-scale variation

of Pcy, indicating that additional factors contral®n this scale.

3 Auerswald K, Wittmer MHOM, Mannel TT, Bai YF, Saiféle R, Schnyder H (200Biogeosciences, 795-
805.
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Introduction

The carbon isotope compositiodC) of terrestrial ecosystems holds important infation

on photosynthetic pathways, carbon fluxes and tinkegeochemical cycles (Schimel, 1995;
Ehleringeret al, 2000). In grassland, tH&C signal can vary considerably, which is primarily
related to the presence of variable proportion€®fand C4 photosynthetic types (Tiese¢n
al., 1997; Bird & Pousai, 1997; Colla&t al, 1998) and the large difference in carbon isotope
discrimination t°A) between them (Farquhat al, 1989). Variation in the C3/C4 ratio has
wide biogeochemical and land use implications: fifecds the magnitude and seasonal
distribution of biomass production, soil carbonrage, water use and nutrient cycling
(Tieszenet al, 1997; Bird & Pousai, 1997; Epsteat al, 1998; Sage & Kubien, 2003;
Semmartiret al, 2004). Hence, as it indicates the C3/C4 ratitC is a useful proxy of vital
functions of grassland. However there exist very fegional-scale investigations 6f°C of
C3/C4 mixed grassland.

There is abundant evidence that the current digtab of C4 plants is primarily controlled by
growing season temperature (Ehleringeral, 1997; Collatzet al, 1998) and that this is
related to the higher effective quantum yield of ,Gi®ation (Ehleringer & Bjorkman, 1977)
or higher maximum photosynthetic rate of C4 plaaitdigh temperature (Sage & Kubien,
2003, Stillet al, 2003b). Central East Asia has experienced onteofargest temperature
increases on earth during the last decades (GHaale 2000; Yuet al, 2003), which should
promote C4 plants. On the other hand, rising atimesp CQ stimulates C3 photosynthesis
more than C4 (e.g., Ehleringest al, 1997). Nutrient limitation due to increased
photosynthesis may again favour C4 species (Sadaulsien, 2003) leading to a complex
web of interactions, which makes it difficult toegliict the overall effect. Furthermore, the
different influences act on different spatio-tengl@cales. While COconcentration changes
globally, temperature varies regionally and nutrianitation may differ down to the scale of
urine patches. The effects may thus vary regiorallgven locally and can only be assessed
by taking scales into account. Furthermore, the@®a distribution of precipitation (Murphy
& Bowman, 2007), aridity, and disturbance (for arste by overgrazing) may exert
secondary, modifying effects. E.g., predominanceswhmer rainfalls typically benefits C4
more than C3 (Hattersley 1983; Paruelo & Lauenrtf96). C4 dicots predominate in hot
arid, saline or highly disturbed habitats (e.g.leEhger et al, 1997). Presumably such
secondary controls have their strongest effect 8fC& abundance in those regions which

have a growing season mean temperature that ighee&3/C4 crossover temperature of light
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use efficiency (Ehleringeet al, 1997; Sage & Kubien, 2003; Sti#it al, 2003b). In this
respect, the grassland of Inner Mongolia is ofipaldr interest, as the average temperature
during the summer months (especially July) whentnodbghe annual precipitation falls is
close to the C3/C4 crossover temperature. Therseseral reports indicating increases in the
number and abundance of C4 species with aridi{ynimer) Mongolia grassland (Pyanket
al., 2000; Wang, 2004) and desertification (Wang, 200although conflicting evidence has
also been presented (Wang, 2003; Ni, 2003).

Although the C3/C4 ratio is the main factor affagtd'°C of grassland, variation A of C3
plants that follow regional patterns may also donte, as thed**C of C3 plants decreases
with precipitation, moisture availability (e.g.,l8dzeet al, 1998; Liuet al, 2005; Wittmeret

al., 2008) and altitude (Korneat al, 1991, Mannekt al, 2007).Variation in thé"C of C3
plants thus has to be taken into account when astijmthe C3/C4atio from carbon isotope
composition. Further:>A of C4 plants can also vary along environmentatligrats (Schulze
et al, 1996, Cheret al, 2002) and must also be considered.

Another difficulty in regional-scale studies of tH€ signal of grassland is a potentially high
spatio-temporal variation: the life-span of the \admround parts of grassland plants is short,
reflecting growing conditions prevailing in a peatiof weeks to a few months before
sampling. This is aggravated in C3/C4 grasslandtduke asynchronous development of C3
and C4 components resulting from their differengrthal preferences. One possibility to
overcome (integrate) these spatio-temporal vanatie to collect representative bulk samples
over a large area and to sample several timesgltingm vegetation period. An alternative to
this is to take advantage of the ‘sampling’ acyivdf livestock which are grazing the
grassland. Provided that they do not select betypbetosynthetic types, and eventual post-
ingestion fractionation (possibly resulting fronifeliential digestibility of C3 and C4 plants)
of carbon isotopes is known, tB&C of vegetation can be inferred from wool or otaeimal
tissue (e.g., Jonest al, 1981; Schnydeet al, 2006; Normaret al, 2009). Geostatistical
analysis can then be used to separate betweeretfienal pattern and the noise of the
individual samples, e.g. caused by small-scale I@eties of individual animals, farms or
years.

The aim of this work was to answer the followingestions by geostatistical analysissdiC
derived from wool samples by taking into accourg thet-wool shift and environmental
influences on the C3 and C4 end-members:

(i) How are C3 and C4 grasses spatially distriburtetthe grassland of Inner Mongolia?
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(i) How does this pattern relate to driver pattetike (growing period) temperature and/or

precipitation?
Materials and Methods

Study area

The study area was situated between 111°38" an@49F (approximately 500 km) and
41°48’ and 45°46’N (approximately 450 km) in thet@momous Region of Inner Mongolia in
the Peoples Republic of China (Fig. V.1). Sampliitldes ranged from 800-1700 m above
sea level (a.s.l.). Mean annual precipitation (MA#mn yr') increases from 100 mm Yin

the western part to 400 mmyin the eastern part of the study area. Most oftieeipitation
(approximately 75%) falls during the growing peri@gril-September). The spatial variation
of temperature follows altitudinal and latitudineénds. Mean annual temperature and mean
temperature of the growing period vary betweer6CG€ and 14 - 19 °C, respectively. AImost
the whole area is used for small ruminant livestpodduction (mainly sheep and cashmere
goats) with little agriculture, mainly cultivatioof maize. In general, animals graze from
spring till winter depending on snow cover and kkality of herbage. In overgrazed areas
grazing is suspended during winter and/or earlyngpto allow for recovery of vegetation.
Animals do not receive supplements on pasture. fBdder in the winter and/or spring
consists of hay from meadows, supplemented in s@wes with small amounts (<10% of the

ration) of maize (information obtained from intewiing the local herders).
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Fig. V.1 Mean annual precipitation (MAP, mmyrnormal period 1961-90) and sampling sites
within the study area in Inner Mongolia, People&pRblic of China. Towns are A = Abag Qi, B =
Baochang, BS = Bayan Sum, D = Dong Ujimgin Qi, Erenhot, HQ = Huang Qi, SW = Siziwang,
SY = Sonid Yougqi, SZ = Sonid Zuogi, XH = XilinhotU = Xi Ujimgin Qi.

Sampling

Samples were collected in August/September 2008ustiSeptember 2004, July 2005, July
2006 and June/July 2007. The sampling area (116061218°54’ E and 40°36’ to 47°42’ N)
exceeded the study (target) area. This was doredade boundary effects at the periphery of
the study area during spatial analysis and intatfmyl. Otherwise the number of samples
available for estimation close to the boundary walécrease and be unfavorably distributed
in space, and both these factors would increasertioe variance (Ayyub & McCuen, 1990).
The current sampling position and altitude was mesbk with a mobile outdoor global
positioning system. Bulk leaf samples representotgl standing biomass were collected
within approximately 1000 m2 (‘community-scale’ gales) on 112 sites within the study area
and on 6 sites outside the periphery. At some ¢ite52), encompassing the entire aridity
gradient in the sampling area, the leaves of theidant and in parts the co-dominant species
(contributing individually >5% to total abovegroudbmass) were sampled separately (>3
different plants per sample), to obtain separatemeses of thedC of the C3 and C4
components of plant communities.

The wool samples resulted from the last shearing therefore reflected the period in
between two consecutive shearing (mostly one yednigh generally take place in June, and

the grazing grounds of one herder (‘farm-scale’ gas). Wool from 146 sheep dating from
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1998 — 2007 was sampled on 82 sites (2003, 2002@@did) within the study area and on ten
sites beyond the periphery. Most wool samples \wergided by local herders and originated
from the recent shearing.

Additional samples were taken between late Junenaiddof September in 2005 and 2006
from a long term grazing experiment at 116°40'E;34BN. The grazing experiment allowed
comparing vegetation and wool directly and to assetective grazing because it covered a
large gradient of six stocking densities betwees sheep per hectare, which allowed for
selection, and 9.0 sheep per hectare, where thleaiodbveground biomass was grazed leaving
bare soil. This experimental set up, with four iegdes per stocking density in different
landscape positions, also allowed for a variatiorthe proportion of C4 biomass to total
aboveground biomass. Vegetation samples were @okdiom inside exclosures (pasture
cages) which were redistributed in the pasture @thly intervals. In addition, we obtained
the wool from 90 sheep, which were shorn beforg there moved to the pasture (mid of July
2005 and 2006 respectively) and at the end of pagtymid of September 2005 and 2006

respectively).

Sample preparation

The plant samples for each site were held in sépg@aper bags and dried behind the front
window of the car. In addition plant samples wetiedifor 48 hours at 60°C and then ground
to homogeneity with a ball mill. 0.7-0.8 mg planaterial in tin cups was analyzed for their
isotopic composition. The wool samples were cleamgdhe procedure of Schwest al.
(2003) and 0.2-0.4 mg wool was packed into tin cfgrsisotope analysis. For the wool
originating from the years 2003, 2004 and 2005 ddit@nal segmentation was carried out:
the wool was cut into 1 cm-long pieces, which wamalyzed separately. These segments
could be assigned to a time axis (Schwetthl, 2003) with the proximal segment grown
immediately before the last shearing and the dstgiment immediately after the previous
shearing. This allowed to quantify an isotopic shé#tween the summer wool segments and
summer vegetation (n=62 for repeated regional saggland n=14 for the grazing

experiment).

Isotope and elemental analysis

The carbon isotope composition and carbon and gatrocontent of each sample was
determined with an elemental analyzer (NA 1110;cCBrba, Milan) interfaced (ConFlo III;
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Finnigan MAT, Bremen) to an isotope ratio mass speteter (Delta Plus; Finnigan MAT).
Carbon isotopic data are presentedd€, with §°C = (RampidRstandard — 1, Where R is the
13C/*C ratio and standard is the Vienna Pee Dee Belensidandard. Each sample was
measured against a laboratory working standard @43, which was previously calibrated
against an IAEA secondary standard (IAEA-CHG6, aacyrof calibration 0.06%. SD). After
every tenth sample a solid internal lab standatdBwith similar C/N ratio as the sample
material (fine ground wheat flour for plant samplpsotein powder for wool) was run as a
blind control. The SILS were previously calibratagiainst an international standard (IAEA-
CHG6). The precision for sample repeats (SD) wa$%:.Gor plant samples and 0.11%. for

wool samples.

Carbon isotope discrimination of plants

The§™C of plants §°Cp) differs from the3™*C of air $'°C,) depending on the discrimination
137 (Farquhaet al, 1989):

3Ca—5"Crp
BA=—T T V.1
1+8%Ce V-1
with 8°C, continuously decreasing over time mainly due ssilofuel burning (see citations
in Wittmer et al, 2008). Mean annua:*C, was predicted by applying a third order
polynomial and corrected for seasonal variationsifC, as described by Wittmest al.
(2008).

Meteorological data

For year-specific data on precipitation and temjoeeawe followed the procedure by Wittmer
et al. (2008) and corrected long-term average high résolu 2 km x 2 km) maps (The
Climate Source LLC, 2002) obtained by the PRISMhudt(parameter-elevation regressions
on independent slopes model; Datyal, 2002) for the deviation of an individual year,iah
was geostatistically interpolated between metegiodd stations. Daily precipitation and
temperature data of 46 climate stations, providgedhe NOAA Satellite and Information
Service (NOAA NCDC Climate Data Online 2008) wesed. The annual maps were then
averaged for the period of the investigation (12987).
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Estimation of C4 fraction

The relative contribution of C4 plants {§ to aboveground biomass at each site was

estimated front®A of the community using a two-member mixing model:

13AC _ 13A3

Pea = BA,— 187, (vV.2)

where'®A; denotes community, arfdA; and*?A, are the end-members of the mixing model
(local A of pure C3 and C4 vegetation communities, respelgli. Regionalized estimates of
137, (taken as a constant, see Results) were obtainetd>C of C4 vegetation samples,
whereas®A; was derived from study-area specific data accagrftr precipitation during the
growing period as reported by Wittmet al. (2008 and citations therein) and for altitude
following Méannelet al. (2007). Combining the equations of both studietd@d an estimate

for BA:

-1000

A3 = 14.4%o +1.1%o +2. % B/P (V.3)

with A denoting altitude (m a.s.l.) and P denotthg mean precipitation (mm d&yduring
the growing period. The constant 14.4%. is the malireferencé®A; as reported by Wittmer
et al. (2008) for 1000 m a.s.l.

In principle, recent £ can be estimated from wool considering the isatagiset with
respect to vegetation: in studies with pure or &8 or C4 diets th&**C of hair was 2 to
3%o enriched withC relative to diet (Jonest al, 1981; Sponheimest al, 2003a; Mannekt
al., 2007). This offset is termed ‘vegetation-woolf§hByw (Svw = 8 *Cuool — 6*°C vegetatio),
and results fromt®C fractionation during digestion or metabolism ofraals (De Niro and
Epstein, 1978). Hence, th&\ of the community can directly be estimated from #d. with
813Cc = 8"*Cuooi- Svw. So far published estimates of the shift for wimslmixed C3/C4 diets
are missing as the shift of sheep wool from Mamtell. (2007) was established for pure C3
grassland, which exhibits higher digestibility thdmat in Inner Mongoliawang et al, 2009). In
principle, such factors could affectys Therefore, we assessed\Sby paired sampling across the study
area and in the grazing experiment. We compared'ti@ of vegetation with that of the
most-recently grown 1 cm-long wool segment from eghevhich actually grazed the

vegetation. From the grazing experiment, the whael was used, which was grown while a
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sheep was grazing on an individual plot. In thisecahe first cm was discarded to avoid

effects of the metabolic turnover of body carboigiaating from prior feeding.

Statistical methods and geostatistical analysis

Linear regressions were used to evaluate the dataBee coefficient of determination was
tested with a two-sided test for significance o tlegression. Hypothesis testing on equal
means of groups were carried out using Studenéstf{-customarily performed against a 95%
confidence interval if not stated otherwise. Kemhehsities (Silverman, 1986) were calculated
using Gaussian kernels to yield estimates of thesite distribution. Bandwidth of density
estimation of different sized data sets was defwadsilverman’s ‘rule of thumb’. To allow
for comparison of differently sized data sets indglensity was adjusted to unity. Statistical
spread is denoted as standard deviation (SD) or @&%tidence interval (Gdo). All these
procedures followed standard protocols (Sachs &ddedh, 2006) and were carried out
using GNU R 2.7.2 (R Development Core Team, 2008).

Geostatistics quantify the nature of spatial depand of a property. This allows to separate
the data uncertainty from the spatial pattern,ni@rpret the pattern, and to estimate the
property at unrecorded positions (see Ressl, 1992, and citations therein). Geostatistical
analyses were conducted with the auxiliary packgge® (Ribeiro & Diggle, 2001) and gstat
(Pebesma, 2004). The semivariange €quals the variance for values at points whidah ar
separated by a certain distance called lag (Baamaaid Backes, 2008). The semivariances
for classes of different lags yields the empirisemivariogram (x axis: mean lag, y axis:
mean semivariance). A theoretical semivariogram Withsd to minimize weighted least
squares, with weights calculated from the ratipafs within a class to mean lag. This gives
more weight to those classes, which are based amy rdata pairs and which are more
important for interpolation (Wittmeet al, 2008). The theoretical semivariogram delivers
three parameters: the nugget effect, the sill &edrange. The nugget effect quantifies the
small-scale variation including data uncertaintiieTsill quantifies the total variation caused
by the nugget effect and the variation due to thatial pattern. The nugget to sill ratio
reflects the ratio of random (unexplained) to tetliation. The range quantifies the distance
of autocorrelation caused by the extension of thtepn elements. The quality of the fit
between the experimental and the theoretical semgram is expressed as root mean
squared error (RMSE). For calculation of the ldgg toordinates of sampling points were
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transformed from geographic coordinates to UTM dowtes with the package PBSmapping
(Schnuteet al, 2008; UTM zone = 50).

Spatial interpolation to construct maps was themiexh out for a uniform rectangular grid
(200 x 200 nodes) by ordinary block kriging for 55xkm?2 blocks, using the theoretical
semivariogram. Samples beyond the periphery ofsthdy area were included because this
greatly reduced the error at the margins of thdystirea. The quality of the predictions from
the resulting maps is given as the (block) krigendarrd deviation averaged for the study area.

Results

The 6*°C of vegetation and hair

The isotopic composition of carbon pools variedagsein the sampling area. Furthermore,
the range differed strongly between types of potis 8°C of whole vegetation varied
between -12.5%0. and -28.4%. (Fig. V.2a), whereassiteemeans for wool ranged between
-13.1%0 and -23.7%o (Fig. V.2b). THe3C of the C3 components varied between -23.3%. and
-28.5%0 (mean: -25.0%o), th&°C of the C4 components of vegetation between -125%b
-15.8%0 (mean: -14.2%o). Th#*C of the C3 and C4 components exhibited variatthnse to
four times smaller than that of whole vegetatiorg(fV.2a) meaning that the C3/C4 ratio

must have varied strongly in the region (see below)
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Fig. V.2 Density distribution of carbon isotope composit{8HC) of carbon pools in Inner Mongolia
grassland: (a) standing vegetation, C4 componettCGBcomponent; (b) site mean of wool, whole
vegetation and wool with applied shift (data frdm grazing experiment are not included).

Bulk vegetation and wool differed markedly in theistributions o*°C (Fig. V.2a, b). These
differences corresponded almost exactly to theomotshift, which was observed by paired
sampling: on average, wool was enriched by 2.7%d §n€bs~=0.7%o0) relative to vegetation
sampled at the same location. There was no inditati preferential grazing in the grazing
experiment, when the shift was regressed eithemsigatocking densities or againsgsP
derived from vegetation analysis (P>0.05 and P>Qé&%pectively). Correcting for this
independently derived shift led to similar dengtigtributions for vegetation derived from
either vegetation itself or from wool (Fig. V.2blhe main difference between the density
distributions then was that the extremes were Wastn using wool, reflecting the larger
temporal and spatial integration in wool samplelse Hensity peak fo°C of vegetation
derived from wool (-23.4%0) was close to the med{&8.6%0) and the mean (-22.8%o) of

83C from bulk vegetation.

The relationship betwees™*C and environmental gradients

The response of*°C to the environmental variables was the same égetation and wool
with no significant differences in slope of the negsion, which were very highly significant
for mean July temperature, MAP and altitude (Table) with similar strength. However, the
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correlations were rather weak and effects wereimdgpendent, since there were also close
correlations between the mean July temperatureMAB (r?=0.75, P<<0.001) as well as
between mean July temperature and altitude (r’50P4k0.001), and MAP and altitude
(r2=0.26, P<<0.001). As a result, the effects ofiemmental variables od'°C of vegetation
could not be separated, and each response funoti@®’C to an environmental variable

included direct and indirect effects.

Table V.1 Effect of the environmental variables mean anpuetipitation (MAP), mean precipitation
during the growing period of the actual year (Ppam annual temperature (MAT), mean July
temperature (MJulT) and mean July temperature 199807 (MJulTs.o) on3*C of Inner Mongolia
grassland quantified by linear regressions; climagans apply for the last normal period 1961-1990 i
not stated otherwise; data from vegetation and wegere combined after applying the appropriate

shift for wool

Parameter Range 8°C response SE r2 n
Altitude 840 — 1692 m a.s.l. -2.4%0 / 1000 m a.s.l. +0.001 0.02* 264
MAP 136 — 389 mm yf -1.3%0 / 100 mm yt +0.002 0.10%** 264

P 0.4 — 2.3 mm day 0.6%0 / 1 mm day +0.403 0.01n.s. 264
MAT 1.1-79°C 0.3%0/1°C +0.098 0.03** 264
MJulT 18.5-25.2°C 0.5%0 /1 °C +0.108 0.09%** 26
MJulTeg.q7 20.5-25.0°C 0.8%0 /1 °C +0.151 0.10%** 264

* *x *xx denote error probability smaller than 05, 0.01 and 0.001 respectively

3A of C4 vegetation and Cdbundance

Mean™A, was 6.0%0 (n=46; SD +0.9%0). Within the C4 plantsrthwas a highly significant
difference of 1.1%. (P<<0.0001y=0.01) betweenCleistogenes squarrosémean 6.6%o;
n=19), a common perennial xerophytic C4 grass,thadther C4 species (mean 5.5%o; n=27,
see also the two shoulders in the density disiobubf §*°C of C4 component in Fig. V.2a).
However, we found no significant relationship betwé&®A, and normal-period (P>0.60) or
annual precipitation (P>0.75), normal-period (P9).8r annual temperature (P>0.10), or
plant available soil water (P>0.23, calculated rafilen et al, 1998 and Schnydest al,
2006). As no indication for a relevant regionaliadon was evident, the meaf, was used
to calculate B, from **C of wool samples considering the isotopic shiftween vegetation
and wool.

C4 plants accounted for 19% of aboveground plaoimbss when averaged over all wool

samples, but & varied widely between sites (0 to 85%). C4 abundancreased by 6% with
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an increase of 1°C of mean July temperature (nopmiabd, P<<0.001), decreased by 6% for
each 100 mm V¥ increase in MAP (P<0.05). Although all these ielmhips were
significant, the scatter was large in all of thefrbgtween 0.04 and 0.10).

Geographic variation of C4 abundance

The theoretical semivariogram followed a spherinaldel for R4 (Fig. V.3). The range was

approximately 260 km and the nugget-to-sill ratiasw0.4. Hence the nugget effect
corresponds to an uncertainty of approximately 16€#c4. Furthermore, the nugget/sill ratio
indicates that 60% of the variation was caused $yadial pattern (Table V.2). This is a much
bigger effect than was suggested by regressiorysina(Table V.1) which assumed linear

relationships with isolated environmental variables

400

300
C
S 200
>
nugget = 130
100 - sill = 300
range = 260
O L | L | L | L
0 100 200 300 40(
lag (km)

Fig. V.3 Empirical (circles) and theoretical (line) semivapiam of percent Céh above-ground
biomass (in %) calculated from isotopic signatuwieaool.

Table V.2 Semivariogram parameters for spherical models @f derived from™C of wool or
vegetation. Nugget uncertainty ofAs the square root of twice the nugget.

Semivariogram parametewool semivariogramVegetation semivariogram

nugget (%?2) 130 690
sill (%?) 300 950
range (km) 260 305
nugget/sill ratio (%) 43 73
nugget uncertainty (%) 16 37

RMSE (%?) 24.9 86.5
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The map of Bs, as reflected i6*°C of wool generated by ordinary block kriging, radgnly
between 0 and 40% because block kriging separagedotal variation (noise) from the
pattern (regional variation). The map (Fig. V.4pddcterized an increase of,from 0% in

the south-eastern part to around 40% in the wegtantnof the study area near the Gobi desert
and also a ‘C3 favoring valley’ withd<20% which extended from south-east to north-east.
From Collatzet al. (1998) a crossover temperature for C3/C4 distiwioubf 22°C for the
warmest month followed for a G@artial pressure of 37 Pa. This theoretical thokshgreed
well with our estimated distribution of C4 plantshich followed the 22°C July isotherm
averaged for the years 1998 - 2007 (MJgibh). Separated into two areas, MJsldz below
and above 22°C, 4z differed significantly (P<0.0019¢=0.01) by approximately 13% with
sample site meanci=23% above 22°C (mean MJyklh=22.9°C)and sample site mean
Pc4=10% below 22°C (mean MJud,=21.5°C). This indicates a substantial change in a

narrow range of temperature.
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Fig. V.4 Regional R, developedria kriging, estimated frorwool originating from 1998-2007. Mean
krige standard deviation for the study area is 9.#4%wns are the same as in Fig. V.1. The 22°C
isotherm reflects meteorological conditions durthg period 1998-2007 and it is equivalent to the
predicted crossover temperature for the, €@nhcentration during this period.
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Discussion

Variation of 62C of Inner Mongolia grassland at differing spaticetnporal
scales

Individual vegetation samples give the mean isat@amposition of aboveground biomass
grown in a period of weeks to months in an areamfroximately 1000 fn The short
temporal integration of vegetation samples likelgds to a bias of the results by the time of
sampling as C4 develops considerably later tham@3s area (Baet al, 2004). This causes

a high variability in3'°C of vegetation samples leading to a semivariabeaitafive times as
high as for wool samples (nugget: 690%?sus130%?2) and a semivariogram being almost a
complete nugget (nugget/sill ratio of 73%) withaage RMSE (Table V.2), which does not
allow to retrieve a spatial pattern from vegetat@malyses. Whole wool, however, integrates
the isotopic signal of feed ingested between twazsssive shearing (one year) on an area that
encompasses the grazing grounds and the haymaidag af an entire farm (several Rm
Despite the large spatio-temporal integration obWits inter-annual variation may be large.
Inter-annual weather variability (e.g., dry yeaessuswet years; Wittmeet al, 2008) and a
semi-arid situation, where moisture availabilityalsnost entirely driven by precipitation but
not by the spatially varying storage capacity of, stertainly can alter the spatial patterns
between years. Theoretically, inter-annual varieti@an be excluded by pooling the data
(Schuurmanst al, 2007) by years prior to the calculation of thepemoal semivariogram.
However, this procedure neither improved the sentdgeam (actually the nugget and the
nugget/sill ratio were higher) nor the kriging picton (all not shown). The main random
variability hence mainly resulted from the intraaaal variation of the C3/C4 ratio and not

from the inter-annual variation which was excludgdusing wool instead of vegetation.

Isotopic shift between vegetation and wool

Preferential grazing is one mechanism by which grazan modify vegetation composition
(Caswellet al, 1973), and hence carbon pools, fluxes and teetopic composition. Yet, the
present data indicated no preferential grazingnef ghotosynthetic type (C3 relative to C4, or
vice versa This was suggested by the fact that the obsevegétation-wool shift (+2.7%o)
was similar to that of pure C3 or C4 diets (averag#t: +2.6%0 + 0.6%0 SD for hairs of
different animal species in the studies of Mingbral, 1975; Jonest al, 1981; Sponheimer
et al, 2003a; Ayliffeet al, 2004; Schwertet al, 2005). If animals had grazed preferentially
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one component of vegetation, then the apparent shifuld deviate. A shift <2.7%. would
indicate preferential grazing of the C3 componang a shift >2.7%. preferential grazing of
the C4 component. Preferential grazing would aésult in an either right (= more negative;
C3 preferred) or left (= less negative; C4 pref@yrskewed density distribution of wool
compared to vegetation. This was not the case edémsity distributions for wool and
vegetation were centered (Fig. V.2b). In the dendistribution of wool, however, the
extremes on both sides of the vegetation densdtyildution were missing due to the spatio-
temporal integration by the animals. And finallyreferential grazing should cause a
correlation between the shift and either sheegksigaensities or £, which both determine
the likelihood for selective grazing. Such relaamere not found in the grazing experiment.
Furthermore, if selection would happen opportusituld be small on an annual basis with
only one growth cycle due to the high grazing pressaused by the high stocking rate in the
study area (Sneath, 1998).

Differences in digestibility between C3 and C4 sgecan displace the signal in the wool and
thus influence the vegetation-wool shift. Sevetatles reported that the nutritional quality
and/or digestibility of C4 species is inferior toat of C3 species (e.g., Sponheinegral,
2003d; Barbehenat al, 2004) although the opposite was also reportedgigset al, 2000).
Digestibility decreases strongly with age of plamterial (Ficket al, 1994). An alternating
ranking of the digestibility can thus be expecteodnf the asynchronous growth of both
photosynthetic types where the C4 species inigabevth when the aboveground parts of the
C3 species are already about two months old. @ytdurther investigations on individual
and combined digestibility of C3 and C4 speciesrameded. However, in the present study,
this had only a minor influence on our results,tl@s reported differences in digestibility
between C3 and C4 species rarely exceeded 10-15% $ponheimeet al, 2003d; Norman

et al, 2009) and the overall C4 abundance in the studg avas not higher than 40%.
Postulating a direct effect of digestibility on tpattern of C4 abundance, the variation in
digestibility reported in other studies would caasmaximum error in the estimation of 6%

but it would not distinctly alter the C4 abundampedtern derived from wool.

Variation in C4 end-member'{A,) of C3/C4 mixing model

Several studies reported variations't4 along environmental gradients e.g., a decrease in
37, with increasing precipitation (Schulzt al, 1996) or, in contrast, an increase'tf,

with increasing soil water content (Chenal, 2002). The absence of any relationship with
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individual climatic gradients (temperature, pret@pon and soil water parameters) may thus
be caused by compensating effects. Furthermoresp€dies of different metabolic types (see
Pyankovet al, 2000) can differ significantly if°A (e.g., Schulzeet al, 1996). This was
apparent in our data, & squarrosaNAD-ME metabolic type, Pyankost al, 2000) had a
1.1%0 higher**A than other metabolic types (mainly NADP-ME). Sedestudies reported
that the abundances of different metabolic typesralated to precipitation gradients with
abundance of NADP-ME plants increasing with inciegrecipitation at the expense of
NAD-ME plants (Taub, 2000; Wangt al, 2003; Cabideet al, 2008; Osborne, 2008). This
should lead to a decrease’®, with precipitation. However, this effect was ndiserved in
our data asC. squarrosawas a component of the C4 community throughoutsdm@pling
area. Additionally, there was no apparent patterthe occurrence of the different metabolic
types (data not shown) with the exceptiorCbiloris virgatg an annual grass of the PEP-CK
metabolic type, which was restricted to the drieregtern) part of the sampling area.
However,C. virgatawas never a dominant component the C4 commumipoftantly, the
present estimates otPdid not change very much when we varied the C4reachber value
of the C3-C4 mixing equation. A, was set to 5.5%. (100% NADP-ME species in C4
community), then the resulting meaasRvas 18.2%. Conversely, #fA, was set to 6.5%o
(assuming that the C4 community consisted entilyNAD-ME species, such a€.
squarrosd, then the meand? was 19.8%. So, any likely error in estimation'®f, had a

negligible effect on the spatial variation ofsRFig.V.4).

Regional variation in C3/C4 composition is relatéol temperature gradients

Competition between C3 and C4 photosynthetic tygescontrolled by ambient GO
concentration and temperature during the growingoge(Ehleringeret al, 1997, Sage &
Kubien, 2003; Stillet al, 2003b) with high C@concentrations favoring C3 plants and high
temperatures favoring C4 plants. The latter agmés the conclusions of Pyankaost al.
(2000) regarding the temperature-dependent disibibuof C4 grasses in (Republic of)
Mongolia. Due to the simultaneous increase in teatpee and precipitation during the
growing season (Xiaet al. 1995b) the temperature of the warmest month ecgfe for this
competition. The warmest-month isotherm for thedpted crossover temperature following
Collatz et al. (1998) essentially explained the spatial pattems Tvas only true, however, if
the isotherm was derived from the conditions duthng study period because the study area

has undergone major changes, which must be acabtorteA pronounced warming of +2°C
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in mean annual temperature has occured in the3lastears (NOAA NCDC Climate Data
Online, 2008). Thus, the 22°C isotherm has shifigchbout 250 km to the east. The 22°C
isotherm for 1998-2007 matches the C3/C4 pattethefsame period while the 22°C of the
last normal period does not. On the other handthedower CQ concentration 30 years ago
the crossover temperature was about 2°C lower dicgpto Collatzet al. (1998). Although
on average both effects seem to compensate eaghratimerically, this was not the case for
the spatial pattern. The 20°C crossover isotherntheflast normal period did not differ
between areas of significantly differerdsKmeans 19% vs. 14%) while the mean difference
in Pcq between the areas above and below the presenbesrssotherm of 22°C was 13%
(23% vs. 10%) and highly significant. Hence, the &3undance followed the crossover
temperature isotherm calculated for the conditidnsng the sampling period. The good
agreement even despite a flat gradient in summepdeature indicates the dominant
influence of differences in light use efficiency thre regional pattern while the large variation
found on smaller scales are hence likely to beaxhby controls acting on smaller scales. To
our knowledge, this is the first proof on a regioseale for the C3/C4 distribution predicted
from crossover temperature of quantum yield by &wlet al. (1998). It shows that the
present community reflects present conditions dedarge changes in G@oncentration and

temperature in the past.

Conclusions

This work demonstrates that wool is qualified fesessing the abundance of C4 plants in the
Inner Mongolia grassland on the regional scale.sTiki advantageous because it allows
covering the whole growth cycle, many years andydaareas within short sampling
campaigns. A high variation oncfoccurred despite the integration by wool over @ 1-
period and the grazing area. The regional pattérRcg followed predictions from C3/C4

crossover temperature of quantum yield in C3 anghl@dts (Collatzt al, 1998).
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CHAPTER VI — Changes in the abundance of C3/C4 spaxs of
Inner Mongolia grassland: evidence from isotopic cmposition of

soil and vegetatiof

Abstract

Global warming, increasing GOconcentration, and environmental disturbances ctffe
grassland communities throughout the world. Here, report on variations in the C3/C4
pattern of Inner Mongolian grassland derived fra and vegetation. Soil samples from 149
sites covering an area of approximately 250,000 kvithin Inner Mongolia, People’s
Republic of China were analyzed for the isotopimposition §**C) of soil organic carbon
(SOC). The contrast i5°C between C3 and C4 plants allowed for calculatibthe C3/C4
ratio from&'°C of SOC with a two-member mixing model, which aoued for influences of
aridity and altitude or3'°C of the C3 end-member and for changes$'fic of atmospheric
CO,. Maps were created geostatistically, and showsdbatantially lower C4 abundance in
soil than in recent vegetation (—10%). The diffeesrbetween soil and vegetation varied
regionally and was most pronounced within an E-W &leng 44°N and in a mountainous
area, suggesting a spread of C4 plants toward$aerartlatitudes (about 1°) and higher
altitudes. The areas of high C4 abundance for ptesegetation and SOC were well
delineated by the isotherms of crossover tempeardiased on the climatic conditions of the
respective time periods. Our study indicates thange in the patterns of C3/C4 composition
in the Inner Mongolia grassland was mainly trigget®y increasing temperature, which

overrode the antagonistic effect of rising £fncentrations.

4 Wittmer MHOM, Auerswald K, Bai YF, Schaufele R,Hyder H (2010)Global Change Biologyl6, 605-
616.
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Introduction

The carbon isotope compositiod*{C) of plants and soil organic carbon (SOC) vyields
important information regarding carbon fluxes amkeéd biogeochemical cycles (Schimel,
1995; Ehleringeret al., 2000). In grassland, th€C signal can vary considerably. This is
related primarily to the presence of variable prtipas of C3 and C4 photosynthetic types
(Tieszenet al., 1997; Bird & Pousai, 1997; Colla&t al., 1998) and the large difference in
carbon isotope discriminatiort*) between them (Farquhat al., 1989). Variation in the
C3/C4 ratio has wide biogeochemical and land ug@ications: it affects the magnitude and
seasonal distribution of biomass production, saitbon storage, water use, and nutrient
cycling (Tieszenet al., 1997; Bird & Pousai, 1997; Epsteat al., 1998; Sage & Kubien,
2003; Semmartiret al., 2004). Hence, because it indicates the C3/C4,ratie is a useful
proxy of vital functions of grassland. However, yml few regional-scale investigations of
83C of C3/C4 mixed grassland have been undertakenKischeret al.,2008).

Soil is one of the most important terrestrial carbbeservoirs, storing more than twice as
much carbon as the atmosphere (Trumbore, 2000).SI€ input to this pool is mainly
composed of carbon from vegetation, and the ouwspaarbon is by soil respiration (Schimel,
1995). With increasing soil depth, the soil carlagie increases greatly (e.g. as derived from
radiocarbon dating) (Rumpeit al., 2002; Lopez-Capett al, 2008; Dumiget al., 2008).
Hence, SOC is affected by past vegetation, ancefiwer allows for the reconstruction of
changes in the isotopically distinct C3/C4 rati@(Bonet al, 1998; Ehleringeet al, 2000;
Krull et al, 2005; Krullet al., 2007, von Fischeet al., 2008), while current vegetation is
strongly influenced by current environmental colaais.

Modeling has revealed that the Chinese grasslaraineng the most sensitive ecosystems
with regard to climatic changes (Xia al., 1995a; Gacet al., 2000). This grassland has
experienced extensive changes in land use andoanvantal conditions during the past 50
years: (1) Land use changed from nomadic to sedegtazing in the 1960s; this change was
accelerated following the stimulation of the Chme=conomy in the 1990s. (2) The area
experienced a temperature increase of approximat€yduring the growing period (NOAA
NCDC Climate Data Online, 2008), which is one o thrgest increases on earth (&tual.,
2003). (3) Over the last century, the volumetric,@Oncentration increased by more than 50
ppm.

There is abundant evidence that the current digtab of C4 plants is primarily controlled by

growing season temperature (Ehleringeral., 1997; Collatzet al., 1998) and that this is
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related to the higher effective quantum yield of,Gi®ation (Ehleringer & Bjorkman, 1977)
and a higher maximum photosynthetic rate of C4tplahhigh temperatures (Sage & Kubien,
2003). C4 dicots predominate in hot, arid, salmrehighly disturbed habitats (Ehleringetr

al., 1997). Hence, increasing temperature and lantdligsgrbance should promote the growth
of C4 plants. On the other hand, rising atmosph@@s should favor C3 plants (Colla&t al.
1998). Furthermore, the different influences actddferent scales. Land use can vary over a
few square kilometers, while temperature variesoregly and CQ concentration changes
globally. Moreover, the seasonal distribution cé@pitation and aridity may exert secondary,
modifying effects. For example, a predominance whmer rainfalls typically benefits C4
plants more than C3 plants (Hattersley, 1983; Rar&d.auenroth, 1996). Presumably, such
secondary controls have their strongest effect &€& abundance in those regions that have
a growing season mean temperature that is neaC3€4 crossover temperature (i.e. the
temperature above which the light use efficiencgdfplants is higher than that of C3 plants;
see Ehleringeet al., 1997, Stillet al.,2003b). In this respect, the grassland of Innengybhia

is of particular interest, because the average ¢eatyre during the summer months is close to
the crossover temperature when most of the anmaaigitation falls (especially July). There
are several reports indicating increases in thebaunand abundance of C4 species with
increasing aridity in (Inner) Mongolia grasslandygRkov et al., 2000; Wang, 2004) and
desertification (Wang, 2002b), although conflictiegjdence has also been presented (Wang,
2003; Ni, 2003). However, a quantitative, regioredi assessment in terms of biomass is
absent.

The spatial variation of C3/C4 species contributingbiomass was determined for recent
vegetation by Auerswaldt al. (2009), who made use of the “sampling” activityligéstock.

By grazing the grassland, livestock integrate theban isotope information of the grazed
vegetation over the entire growing period and thére grazed area depositing isotopic
information from present-day vegetation in woolwtio. The soil carbon pool, due to its slow
turnover, should contain information of former veg®n. Hence, the aim of this work was to
compare the isotopic records of soil and vegetatioa large area of Inner Mongolia using
geostatistical tools. Specifically, we addressfttlewing questions: (1) Which C3/C4 pattern
is reflected by thé'3C of SOC? (2) How do present-day vegetation patteratch with those

of SOC? (3) Are differences between former and esreday C3/C4 patterns related to

environmental patterns?
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Material and Methods

Study area

The study area was situated between 111888 117°4% (approximately 500 km) and
41°30 and 45°46N (approximately 450 km) in the Inner Mongolia Aontonous Region in
the Peoples Republic of China (Fig. VI.1). Sam@#&dudes ranged from 800-1700 m above
sea level (ASL). Mean annual precipitation (MAPYrizases from 100 mmyiin the western
region near the Gobi desert to 400 mrit im the eastern region. Most of the precipitation
(approximately 75%) falls during the growing peri¢dpril-September). Mean annual
temperature and mean temperature (MAT) of the grgvgeriod vary from 0-6°C and 14—
19°C, respectively. The soils in the eastern rega mostly Haplic Kastanozems and
Chernozems on loesslike substrates, whereas (ale@ad Cambisols are more common in
the western region (Let al., 1978). Almost the entire area is used for smathinant
livestock production (mainly sheep and cashmerésyadth little agriculture, which consists

mainly of vegetables and other crops to supplernienhuman diet, and some maize.
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Fig. VI.1 Top Study area (rectangle) within the grassland (sthaatea) of Inner Mongolia, P.R.
China (contour)Bottom Mean July temperature (MJulT, normal period 19@&)-ehd sampling sites.
The star denotes the NOAA/CMDL station in Ulaan.Uwdwns are A = Abag Qi, B = Baochang, BS
= Bayan Sum, D = Dong Ujimgin Qi, E = Erenhot, HQHaang Qi, SW = Siziwang, SY = Sonid
Yougqi, SZ = Sonid Zuodgi, XH = Xilinhot, XU = Xi Ujhgin Qi.

Sampling, sample preparation and analysis

The steps from sampling the soil to the interpalateaps, which are necessary to derive
C3/C4 pattern from soils, are illustrated as a fhart in Figure 2. Samples were collected in

August/September 2003, August/September 2004, and/duly 2007. The sampling area

(106°12 to 118°54E and 40°36to 46°37N) exceeded the study area to avoid boundary
effects at the periphery of the study area duripgtial analysis and interpolation. Sampling

positions and altitudes were measured with a mdblsS. Soil was sampled to a depth of

approximately 10 cm within an area of approxima@lyx 20 cm2. Altogether 149 samples

were taken, ten of them were beyond the periphéthe study area to enhance the spatial

interpolation and reduce the error at the boundarie
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Soil sampling + sieving + grinding
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Fig. V1.2 Flow chart of the individual steps from samplihg soil to the E, map. Graphs present the
density estimation o§**C of SOC (top) and@™*C of vegetation (bottom).

Stones, roots, and litter were removed; the sos wi@ved (1 mm), and subsamples were
ground to homogeneity with a ball mill after beitiged for 48 hours at 40°C. Samples were
weighed into silver cups and moistened with 15fudesionized water. Carbonates were then
removed by acid fumigation above a 12 N HCI solufior 24 h (modified after Harrist al.,
2001). Afterwards samples were dried at 60°C fohl1Repending on SOC content, 7-15 mg
of soil in silver cups coated with tin cups weralgred for their isotopic composition.

The carbon isotope composition was determined antlelemental analyzer (NA 1110; Carlo
Erba, Milan) interfaced (ConFlo Ill; Finnigan MATBremen) to an isotope ratio mass
spectrometer (Delta Plus; Finnigan MAT). Carbortapic data are presented &SC, with
5"°C = (RampidRstandar) — 1, where R is th€C/*°C ratio and standard is the Vienna Pee Dee
Belemnite standard. Each sample was measured agalaboratory working standard @O
gas, which was previously calibrated against an AAgecondary standard (IAEA-CHS6,
accuracy of calibration 0.06%. SD). After every tersample a solid internal lab standard
(SILS) with similar C/N ratio as the sample matefne ground wheat flour for plant
samples; protein powder for wool) was run as adblontrol. The SILS were previously
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calibrated against an international standard (IXEA6). The precision for sample repeats

was 0.22%o (standard deviation).

Carbon isotope discrimination of plants and retrieal from SOC

Thed™C of plants §°C,) differs from thes'*C of air §*°C,) depending on the discrimination
%A, (Farquhaet al., 1989):

_PCa-8Cy
1A, = o (VI.2)

with §'°C, continuously decreasing over time as a consequehttee CQ accumulation in
the atmosphere (i.e. Suess-effect). Assuming t@dl Sriginates entirely from plant material,
A, can be calculated from the°C of SOC §'*Csod). However, an isotopic shift between
plant and soil carbon must be considered. Thisesanith soil depth and, hence, integration
time, and is termed inherent fractionation (Krellal, 2005). The inherent fractionation can
be attributed to several processes, such as pnéfdrdegradation of some plant materials,
microbiological and invertebrate activity, Suesdeef and adsorption processes (see
discussions by Ehleringest al, 2000; Santuckovat al, 2000; Krull et al, 2005). The
inherent fractionation usually ranges between 1%.—8%sichment (Krullet al, 2005).
However, it is difficult to find a fixed value fdhe fractionation from paired samples of sall
and plant material due to the large differencenbegration time between both pools and the
multitude of influences, which may differ in impanice between sites. This is especially true
when a change in the C3/C4 ratio affects the pdolmixed C3/C4 grassland, th&’Csoc of

the A horizon is enriched by approximately 1%o. conegawith the present standing biomass
(Krull et al.,2005; von Fischeet al, 2008). Because we only sampled the A horizonvead
explicitly accounted for the Suess effect (see Wwglavhich corresponds to approximately
1.2%o0 (see Supporting Information in the online i@rf this article), we assumed no further
inherent fractionation. Yet, we discuss relatednaimeena.

Atmospheric isotope composition, C@concentration, and crossover temperature

When determining the C3/C4 vegetation pattern fil®®C, one must address the fact that
SOC comprises plant material in varying proportifmesn different years. A§*°C, changes

over time (Suess effect) so does the respe«St"i'\sléID (Zhaoet al, 2001). Hence, one must



CHAPTERVI —8'3C oF SoiL CARBON IN INNER MONGOLIA 81

know how §*°C, has changed, and during approximately which yé&eesSOC originated.
83C, and CQ concentrations are known from ice-core studie@¢firet al, 1986; Francegpt

al., 1999) and from atmospheric monitoring (Keelin@79; Friedliet al, 1986; Conwayet

al., 1994; Francewgt al, 1999; Gatt al, 2001; Allisonet al, 2003; NOAA ESRL, 200&) =
62). Because the changes do not follow a genezatlfrthree time periods with overlapping
cubic functions were fitted to thé°C, data (see Supporting Information in the onlinesigr

of this article), yielding a continuous estimatenséan annual values for each year back to
1700. The root mean squared error (RMSE) for theeliptedd**C, was 0.08%.. Further we
accounted for a 0.14%. less negati/&C, during the growing period compared to the annual
mean (Wittmeret al, 2008), as derived from air samples at Ulan Ulbng-term monitoring
station in the Republic of Mongolia less than 50 korthwest of the study area (Tans &
Conway, 2005) (Fig. VI.1).

Because SOC cannot be assigned to a particularweaccounted for the overall integration
by assuming an exponential decay function (Wynni& B2007):

D = exp(—k- tsod), (VI.2)

with D denoting the fraction contribution of a @t year 4. (year before present, yr b.p.) to
SOC. We assumed a maximum SOC age of 700 yeargnanakrically) varied the decay
constant k between 0.02 and 0.003 to obtain mead &§es between 50 and 300 years. For
example, a decay constant of 0.02 correspondedféstadecay and thus a relatively recent
mean SOC age of 50 years. A weighted m&&i€, was then calculated based on the
respective decay function. For further calculatiores assumed a mean SOC age of 100 yr,
and we discuss the implications of different SO€sa able VI.1).

Table VI.1 Influence of mean SOC age b.p. on decay-weighteghmolumetric C@concentration in
the atmosphere, crossover temperature (i.e. thpeieture above which the quantum yield of C4
plants is higher than that of C3 plant&)’C, during the growing period, and the correspondidg C
abundance calculated from SOC when applying theetedd'*C, and averaged over all sampling
sites. The weighted means take into account thegehaf a variable over time at varying proportions
depending on mean SOC age and a first order decayidn (Eq. VI.2).

Mean SOC age (yr) Volumetric GORange for crossoveDecay-weighted Site-mean B,
concentration (ppm) temperature (°C) 81°C,, (%o) (%)

50 321 16.3-21.5 -7.23 12.9

75 306 15.5-20.6 -7.04 111

100 298 15.0-20.2 -6.88 9.7

150 290 14.6 -19.7 -6.78 8.8

200 286 14.3-19.4 -6.67 7.9

300 276 13.7-18.8 -6.52 6.5
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The crossover temperature for quantum yield ob GQtake is a proxy for the physiological
mechanisms explaining the C3/C4 distribution aldamperature and CGOconcentration
gradients according to Colla&t al. (1998) (see equations 1 and Al to A4 in Colkitzl,
1998). This procedure also accounts for effect€0f concentration on quantum vyield. As
the latter increased over time, the crossover temtpe also increased (see Supporting

Information in the online version of this article).

Meteorological data

The long-term averages of the last normal perio86{31990) of precipitation and
temperature (monthly and annual means) were takan high-resolution maps obtained
from The Climate Source LLC (2002). These maps leapexel resolution of 0.02° x 0.02°
(approximately 1.5 x 1.5 km?2), which was judgedfisignt to locate the sampling sites. The
maps were created using the PRISM method (pararaketeation regressions on independent

slopes model; Dalgt al.,2002).

Estimation of C4 fraction from SOC and present vegetion

At each site, the C4 fraction {f} from SOC (R4 sod was estimated from théAsoc using a

two-member mixing model:

13 13
Asoc—"" As

BA- As

, (V1.3)

Pcs soc=

where®A; and A, denote the end-members of the mixing model (I6%®lof pure C3 and
C4 vegetation communities, respectivef, was taken as 6.0%o. (Auerswadt al, 2009).

Regionalized estimates bf\; were obtained following Auerswakt al. (2009):
¥ A3 =144%0 +1.1%o 138(00+ 2. 7% 3/Pa (VI.4)

accounting for precipitation during the growingripd (Ps; Wittmer et al., 2008) and for
altitude (A; Mannelet al., 2007). R4 for present vegetation P veg covering the period
1998-2007 was taken from Auerswatal. (2009). The latter was estimated fr&¥C of
woolen samples obtained from sheep grazing withi@ $tudy area. This approach is
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advantegeous, as sheep wool integrates over tire gnbwing period and the grazing area.
To obtaind™C of the vegetation (Fig. VI.2), a tissue spedifiscrimination in3*°C between
wool and vegetation was taken into account. Thigr@gch was discussed and justified in
detail by Auerswalet al. (2009).

Statistical methods and geostatistical analysis

Linear and multiple regressions were used to etaldbe datasets. The coefficient of
determination was tested with a two-sided testsfgnificance of the regression. Hypothesis
testing on equal means of groups were carried sitguStudent’s t-test. Significance
thresholds of P<0.05, P<0.01, and P<0.001 were.uStatistical spread is denoted as
standard deviation (SD), standard error (SE), o¥ 9%onfidence interval (Cl). Kernel
densities (Silverman, 1986) were calculated usiaggSian kernels to yield estimates of the
density distribution. Bandwidth of density estinoatiof different sized data sets was defined
via Silverman’s ‘rule of thumb’. To allow for compamis of differently sized data sets
integral density was adjusted to unity. All of tagsrocedures followed standard protocols
(Sachs & Hedderich, 2006), and were carried outgu8NU R 2.7.2 (R Development Core
Team, 2008).

Geostatistical analyses (see Rastsal. 1992 and citations therein) were conducted with th
auxiliary packages geoR (Ribeiro & Diggle, 20019tafy (Pebesma, 2004), and PBSmapping
(Schnuteet al, 2008). The semivariance) (equals the variance for values at points, whreh a
separated by a certain distance called lag (BadmiaBackes, 2008). The semivariances for
classes of different lags yielded the empirical isanbgram (x axis: mean lag, y axis: mean
semivariance). A theoretical semivariogram wasditto minimize weighted least squares,
with weights calculated from the ratio of pairs it a class to mean lag (Wittmet al,
2008). The theoretical semivariogram delivers tlp@@ameters: the nugget effect, the sill, and
the range. The nugget effect quantifies the sntallesvariation including data uncertainty.
The sill quantifies the total variation caused hg nhugget effect and the variation due to a
spatial pattern. The nugget/sill ratio hence réflete ratio of random (unexplained by a
pattern)-to-total variation. The range quantifiee tlistance of autocorrelation caused by the
distance between pattern elements. The qualityheffit between the theoretical and the
empirical semivariogram was expressed as root regaared error (RMSE).

Maps were then constructed for a uniform rectarrguili, slightly exceeding the study area
by ordinary block kriging (for 5 x 5 kmz2 grid céllasing the theoretical semivariogram and

all measured data. Sites outside the peripheryhef dstudy area were included in the
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calculation of the map, otherwise the number ofgamavailable for estimations close to the
periphery would decrease and be unfavorably digeib in space, both increasing the error
variance (Ayyub & McCuen, 1990). The quality of theedictions from the resulting maps

was given as the (block) krige standard deviatwimich is a measure of the prediction error
of an individual block. The krige standard deviaavere averaged for the study area. The

difference between thecP socand the B4 vec map could then be calculated for each block.

Results

8'%C of SOC and its relationship to environmental paraneters

The §"*Csoc ranged between —17.4%. and —26.3%., with a mean28f7+1.8%. (SD) and a
median of —23.0%o (Fig. VI.2). Th&"*Csoc responded significantly to mean July temperature
(MJulT), MAP, MAT, and altitude (Table VI.2). All fothe correlations were highly
significant (P<<0.001), but altitude explained oo of the variation, while the climate
parameters explained 30%—-35%. However, the coiwaktwere not independent, because
there were also close correlations between ther@mwviental variables (all P<<0.001); e.g.
MJulT and MAP (r2 = 0.88) or MJulT and altitude &20.46). As a result, the effects of
environmental variables 081°Csoc could not be separated, and each response funation
8Csoc to an environmental variable included direct amdirect effects. A multiple
regression (MAT, MJuIT) explained 37% of the vaaat but only the contribution of MJulT
was highly significant (P<<0.001), while that of MAvas only significant (P<0.01).

Table V1.2 Effect of the environmental variables altitude, meanual precipitation (MAP), mean
annual temperature (MAT) and mean July temperati@ulT) on 8°Csoc of Inner Mongolia
grassland soils quantified by linear regressiolisiate means apply for the last normal period 1961—
1990, n = 149.

Parameter Range 8"Csoc response SE r2 P

Altitude 875—1692 m ASL -2.8%0 / 1000 m +0.001 0.07 <<0.001
MAP 139—386 mm yt -1.5%0 / 100 mm yt +0.002 0.33 << 0.001
MAT -0.6—7.5°C 0.7%o / 1°C +0.084 031 << 0.001
MJulT 18.5—23.2°C 0.7%o / 1°C +0.080  0.35 << 0.001

Geographic variation of C4 abundance

The mean B; soc was 9.7+2.5% (Cl) with a median of 7.3% for theidst area. The

theoretical semivariogram followed a spherical middePcs4_soc(Fig. VI.3). The range was
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approximately 385 km. The nugget effect correspdniiean uncertainty of approximately
14% for R4 socat the sampling locations. The nugget/sill ratiasvd.35 and indicated that
65% of the variation was caused by a spatial patt€his was far greater than what was
explained with regression analysis&fCsoc (Table VI.2), which assumed (multiple) linear
relationships with isolated environmental variabldswever, the linear relations otPsoc
with altitude, MAP, MAT, and MJulT were narrowerath those witt8**Csoc This can be
attributed to the removal of the uncertainty atsampling locations and the short-range noise
by kriging 5 x 5 km2 blocks. MAP, MAT, and MJulT @aexplained about 40% of the block-
average Bs sog While only 10% was explained by altitude (Tabld.3y. A multiple
regression (MJulT, MAT) explained 45% of the vaaatof block averages.

Table V1.3 Effect of the environmental variables altitude, meanual precipitation (MAP), mean
annual temperature (MAT) and mean July tempergiaailT) on kriged R4 of 25 km? blocks around
the sample sites of Inner Mongolia grassland gails 149) quantified by linear regressions; climate
means apply for the last normal period 1961-1990.

Parameter Range Krige¢@ Fesponse SE r2 P
Altitude 875—1692 m ASL -16% / 1000 m 4 0.10 <em
MAP 139—386 mm yt -8.4% / 100 mm yt +0.8 0.41 << 0.001
MAT -0.6—7.5°C 3.8% / 1°C yt* +0.4 0.38 << 0.001
MJulT 18.5—23.2°C 3.8%/ 1°C +0.4 0.42 << 0.001
b [ ]
300

< 200
X
=
100 ¥ soil (°) vegetation ¢)
nugget 100 130
sill 280 300

range 385 260

1 L 1

L 1 L L 1 L
0 100 200 300 400 50

lag (km)

Fig. V1.3 Empirical (circles) and theoretical (line) semivaiams of percent C4 derived from soil
and present (1998-2007) vegetation (the latter \vs@iogram was taken from Auerswadd al,
2009). RMSEs are 20%? and 25%?2, respectively.
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The map of Bs_socranged between 0% and 24% for the individuallgrpblated 5 x 5 km?
blocks, with a mean block krige standard deviabdr% for the study area. The map (Fig.
Vl.4a) was characterized by an increase ¢ &cfrom 0% in the southeastern region to
around 24% in the western region of the study aesa the Gobi desert, and also by a C3-
favoring lobe with a B4 soc of approximately 1% in the southeast. Collatzal. (1998)
obtained an upper limit for the C3/C4 crossoverpgerature of 20°C for the warmest month
at a volumetric C@concentration of 300 ppm (Table VI.1). The isothesf this theoretical
crossover temperature essentially separated aféeghoand low R4 soc Separated into two
areas, MJulT below and above the crossover temperai. soc differed very highly
significantly (Table VI.4), by about 15% betweere teample sites above the crossover
temperature (mean MJulT = 21.6°@)d the sample sites below (mean MJulT = 19.2°C),
despite the flat temperature gradient. This alseedywith the C3 lobe. This extended to the
town Abag Qi (“A” in Fig. VI.4a), which was situaten a small temperature depression (~70
x 70 km2) where MJulT was below the crossover teatpee. This clear separation by the
isotherm of the predicted crossover temperaturécaneld a substantial change within a

narrow temperature range, and a spatial depenaentEnperature.

Table VI.4 Mean contribution of C4 plants £ to vegetation biomass and soil organic carbon for
areas of Inner Mongolia separated by the isotheivengby the upper limit of the crossover
temperature (c/o) calculated for 1900 and 2000.@sgstatistical probability of identical means
within a row.

Pc, below c/o R, above c/o P
1900 crossover isotherm
Soil 1.0% 15.9% << 0.001
Vegetation 14.3% 19.1% >0.1

2000 crossover isotherm
Soil 5.2% 11.5% <0.05
Vegetation 10.5% 23.3% << 0.001
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Fig. V1.4 (a) Regional R, estimated from SOC; mean krige standard devidborthe study area is
7%. (b) Regional R, estimated for present vegetation taken from Aualdet al. (2009); mean krige
standard deviation for the study area is 9%. Toaveghe same as in Fig. VI.1. The long-dashed lines
reflect the isotherms of upper limit for the crogsotemperature predicted for the meteorological
conditions during the regarded period (19802000), while the short-dashed lines give a rarigg-o
0.5°C around the mean isotherm. Isotherms arehwtrs for areas were the krige standard deviation
exceeded one class (hatched areas, krige staneledidn >10%).

Comparison of C4 abundance estimated from SOC withresent vegetation

The theoretical semivariogram foefvec (Auerswaldet al. 2009) also followed a spherical
model (Fig. VI.3), but had a range that was 125l&ss than the range for SOC. The nugget
uncertainty was 2% larger than that for SOC, aedntigget/sill ratio indicated that the spatial
pattern was less pronounced by approximately 8%. oAlthe parameters indicated a
substantial difference between both patterns. Was confirmed by the maps (Fig. VI.4),

which deviated considerably.cPvec was approximately 10% higher (mean 19.1%) than
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Pca_soc(mean 9.7%). This difference was highly significéP<<0.0010=0.001). Again, the
structure of the vegetation pattern was relategt sgmnificantly to the crossover temperature,
but only when this was derived for present-day d@mmts. In contrast, the line of former
crossover temperature, which successfully separhigd and low Bs soc was a poor
predictor for present 10-yr average vegetation I@ah.4). Analogously, the line of the
present crossover temperature poorly separated afebffering R4 soc(Table VI.4).

The map showing the difference between ftc and R4 soc(Fig. VI.5) demonstrated that
the increase in & mainly occurred along an east—west transect froemitot (“E” in Fig.
VI1.5) to Xilinhot at a latitude of about 44° and iine mountainous area (Da Hinggan Ling
mountain ridge) east of Xilinhot (“XH”). Importantl Fig. VI.5 was not based on any
assumption regarding underlying mechanisms, buindicated that the latitudinal and
altitudinal range of C4 occurrence has expandesirédng increase took place close to Abag
Qi ("A”), where a rather small area previously belthe former crossover temperature is now
well above the crossover temperature. Almost naglabccurred in the north and south of

the study area, except for a decrease around HQa(glQ").

PC47VEG - PC4750C (%)
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Fig. V1.5 Difference betweendz of present vegetation {Pvec) and R4 derived from soil (Bs sod-
Towns are the same as in Fig. VI.1. To accounufarertainties (absolute) differences smaller than

half the maximum krige standard deviation (=7.5%y)evset to zero
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Discussion

Methodological aspects of deriving C3/C4 patterngdém SOC

There are two vital and related problems that niesaddressed when retrieving;Rrom
SOC. These are the unknowfC fractionation during SOC decomposition (Wedinal.,
1995), the quantification of soil age, and the Itasy isotopic shift between vegetation and
SOC caused by the the Suess effect. With increasinglepth, the soil ages (Rumptlal,
2002; Dumiget al.,2008) and the isotopic shift compared to presegetation increases (e.g.
Tornet al.,2002). Following Wynn and Bird’s reasoning (2008§ restricted our analysis to
the top soil, where both of these influences weralkest and where recent changes in
vegetation could be determined. At shallow soiltdepboth above-ground and root biomass
contribute to SOC, and all of the important spebi@ge most of their roots there (Chetral,
2001) due to the semi-arid climate, in which raitevaluring the vegetation period is stored
within the first few decimeters of soil.

Apart from the Suess effect, we assumed that nerémt fractionation 08™*Csoc occurred.
Yet we acknowledge that further fractionation-assec uncertainties may exist (von Fischer
et al, 2008) and that this may lead to further relatrgichment ofs**Csoc However it
appears that further fractionations (e.g, due spiration by invertebrates or microbes) are
negligible during early stages of decompositionu@Banet al., 1998 and citation therein).

The assumed soil age defines 8, and the atmospheric G@oncentration, and — in turn
— influences the crossover temperature. Assuminp ages >100 yr had only a small
influence on the crossover temperature; hence atliegi soil ages would bias our calculated
crossover temperature only marginally. The inflleen€ atmospheric signature was greater,
and substantially changed averagge Bocvalues. In any casecPsoc(6.5%-12.9%, Table
VI.1) was lower than average-Pvec (19.1%, Auerswalet al., 2009). While the difference
between Bs soc and R4 veg became smaller with decreasing soil ages \2c was still
higher. With decreasing soil age, the contributadnpresent vegetation to SOC increased
exponentially. Therefore, an even larger contragh iiormer vegetation would result if
decreasing soil age caused a lowes Ecthan in vegetation. For a difference of 6.5%
between Bs socand R4 veg at a mean SOC age of 50 yr, the contrast betwessmmR4 in
vegetation from the last ten years and the previougy years would have to be 8%. As a
consequence, the uncertainty caused by the unkrie@@ age is not whethercP has

increased, but only whether this increase had oedunore recently and was more rapid (8%
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within 50 yr), or whether the change had occurreer @ longer period of time (13% within
300 yr).

SOC age should not have an influence on the regmattern as long as the soil age did not
vary spatially. However, there is abundant evidehe¢ SOC turnover is primarily controlled
by temperature (references see Wynn & Bird, 2008) leading to latitudinal gradients in
turnover time (Bircet al.,2002). The magnitude of the Suess effect obsarvdte SOC pool
should then also increase with MAT or MJulT. In camalysis we applied a regionally
constant Suess effect; this should relatively uestenate B4 at higher temperatures. Because
the primary observed effect was an increasecinvi®th temperature, this increase could not
be caused by regionally varying decomposition rdtas may be even somewhat larger than

our estimate.

Land use change and the spatiotemporal variation i€3/C4 composition

Three drivers are likely to cause changes i Ramely, land-use change, change in,CO
concentration, and temperature change. Land usenveaisly influenced by the transition
from nomadic to sedentary life style in the 19@8arQiphrey & Sneath, 1995), and by the fast
economic rise in the 1990s (e.g. Xu & Zhang, 20@M)hough these drivers were active
within the entire study area, their effect may haliffered between herders, because of
differences in attitude and access to markets. éleland use changes would most likely
result in small-scale changes, which should ine&d¢hs nugget effect and decrease the range
in the semivariogram (Rosst al, 1992). Both of these modifications were observite
nugget effect of present vegetation was larger ttet of soil, despite the method of
retrieving the vegetation pattern from wool, whalhminated the small-scale variation within
the grazing ground of a flock of sheep, and thuseled the nugget effect. Given the
patchiness of the vegetation, the nugget effectidvbave been much larger if the vegetation
had been sampled on the same spatial scale (20 &m2p as the soil, because of the
decreasing so-called ‘support’ (i.e. the spatiadkpk for which the measured value for the
property is valid) increasing the nugget effect Pater, 1991). Sampling wool, however,
conserved the variation between vicinal herds, tamdributing to the nugget effect. Further,
the decrease in the range of the present vegetatimpared with soil supported land use as a
main driver. However, the pronounced regional patte the change of &2 (Fig. VI.5) was

likely not related to these land use changes.
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CO, concentration change and the spatiotemporal varigdn in C3/C4
composition

Changes in C@concentration should have decreasegli®the entire area, thus reducing the
competitiveness of C4 plants (Ehleringdral., 1997). The present data contrast with this
prediction. R, increased, and this occurred in a pronounced rpattéoreover, this increase
was independent ofd? soc(Table VI.1). Very clearly, the increase in £€ncentration was
unlikely to have caused the change in thgpttern. Yet, it may have attenuated the increase
in Pcg, and it may explain why, in the southwestern prthe study area, d2 actually

decreased.

Temperature change and the spatiotemporal variationn C3/C4 composition

Changes in temperature should also cause large-stenges, but because temperature
change varies regionally, this effect was perhaps homogenous within the area. The
regional variation in temperature change becameoabwhen comparing the line of the
present crossover temperature on the vegetationwathpthe line of the former crossover
temperature on the soil map (Fig. VI.4). Althoudte tpresent crossover temperature is
expected to be 2°C higher due to the increase ia €@@centration, both isotherms should
still be near parallel if the temperature patteas Imot changed. However, this was not the
case. While the former crossover temperature isothessentially extended SW-NE, the
present crossover temperature extended SSW-NNErasded the former one, indicating a
substantial change in the temperature pattern. Bwgthpatterns basically followed the
predicted crossover temperatures of the respeptvieds. The ‘true’ crossover temperature
may have differed because species/metabolic growgysdiffer in quantum yield (Ehleringer
et al., 1997). Moreover, MJUIT is only a proxy for leahtperature (Teeri, 1988; Wynn &
Bird, 2008), which is the direct control of photaflyesis in C3 and C4 plants (Ehleringer &
Bjorkmann, 1977). Also, the true crossover tempeeatfor SOC may deviate from that
calculated for the last normal period (1961-199€pehding on the temporal integration of
SOC. This potential bias should be small as nondistvarm or cold period occurred between
1700 and 1970 (Livet al, 2009) and most of the SOC was formed after 1960.
approximately 40% of total SOC was formed after@@8suming a SOC age of 100 years
(Eq. VIL.2). Hence, it can still be expected tha thue lines were near parallels of the most

likely crossover temperatures, as shown in Figuend thus would also explain the pattern.
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The effect of even a constant temperature increasgld differ depending on the initial
conditions. A temperature increase should be mibsttese in areas close to the crossover
temperature, while it becomes marginal at tempezatwell above or below. The largest
increase in By (Fig. VI1.5) occurred within a latitudinal belt alg 44°N and in the only
mountainous area in the east, indicating that tloeease in temperature has enlarged the
latitudinal and altitudinal range in which C4 sussfelly competed with C3. This is in
agreement with a recent finding by von Fisckeml. (2008) showing that the competition
between C3 and C4 in North American grasslands paacularily sensitive to changes in
summer temperature.

Hence, temperature changes appeared to be thedmaen for the change ind2, while the
change in C@concentration likely attenuated this effect. Larsg# changes may have added
local variation. The interaction of many driverscireating the pattern was also evident from
the poor performance of the linear and multiple@sgions in explaining the variation despite
the pronounced pattern that was evident from tlggetssill ratio and the maps. Geostatistical
analysis does not depend upon predefined variabtes types of relation, e.g. linear,
polynomic or exponential. Instead, it quantifieg thutocorrelation depending on distance,
revealing the response of vegetation in a complek wf interactions. This is necessary
because estimates of the terrestrial discrimination must take into account ecophysjial
processes on the leaf and plant scale, translate throcesses into regional or global scales
(Lloyd & Farquhar, 1994; Stilet al, 2003b; Wynn & Bird, 2008), and enable quantiiicat

of the change and range of underlying patterns.

Conclusions

This work indicates thatdz of Inner Mongolia grassland has increased by apmrately 10%

in the past decades. Although there are unceraimégarding inherent fractionation during
SOC formation, turnover and age, these appear toumh smaller than the change revealed
by the isotope data. In particular, these unceremnwould not account for the distinct
relationships of these changes with weather facfbne main driver for the increased4P
appeared to be regional warming, which increasedatitudinal and altitudinal range of C4
plants. Both patterns ofcl in recent vegetation and in SOC, followed thedmt®ons derived
from crossover temperature of quantum yield for,@&ation in modern time and in the

period of SOC formation.
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CHAPTER VII — Crossing the Mongolian border: does he C3/C4
distribution follow changes in grazing or environmental

conditions — evidence fron5*C of woollen artefacts

Abstract

Aims The study was carried out to investigate whethazigg conditions cause differences in
the relative proportion of C4 biomass in total abgnound biomass &) in mixed semi-arid
C3/C4 grasslands with different socio-economic asknds, but similar environmental
conditions.

Location Mongolian-Manchurian grassland (northern Chingguddic of Mongolia) between
106°28’ and 117°49’E (approximately 850 km) and3#1°and 47°50'N (approximately 800
km).

Methods We derived B, from the carbon isotope compositidit’C) of sheep wool (n = 298)
originating from different years (1996 — 2007). #lvings so, we accounted f&C
fractionation between vegetation and wool, andotsfef aridity and altitude on the C3 end-
member. We used a geostatistical approach to creeateap of B4 for the Mongolian-
Manchurian grassland and related the observedapatitern to temperature gradients and to
the livestock density of the respective country.

Results We found no differences incl between the grasslands in Inner Mongolia and
Republic of Mongolia close to the border. The spgtattern of B, greatly agreed with the
isotherms of the mean July temperature (MJulThefrespective period 1996 — 2007. MJulT
explained 71% of the pattern ofcfat the sampling sites.clP showed no significant
relationship to livestock density, despite a didtivariation of a factor of about three between
Inner Mongolia and Republic of Mongolia and translanmtversussedentary grazing.

Main conclusions Our results showed that C4 abundance on the raggoale is mainly
driven by environmental conditions and that graziogs not affect this pattern. However, on
the small scale (i.e. the farm scale) distinct dgons from the temperature induceg, P

pattern exist.
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Introduction

The carbon isotope compositiodi {C) of terrestrial ecosystems holds important infation

on photosynthetic pathways, carbon fluxes and tinkegeochemical cycles (Schimel, 1995;
Ehleringeret al, 2000). A distinct variation in th€C signal can especially be anticipated for
grasslands with variable proportions of C3 and Gdtpsynthetic types (Tieszen al, 1997;
Bird & Pousai, 1997; Collatet al, 1998), as the respective carbon isotope disgatian
(*°A) is greatly different between them (Farquleral, 1989). A shift in the C3/C4
community structure will have major implications the biogeochemistry of the grasslands,
and further will affect land-use, as the magnitiaded seasonal distribution of biomass
production, soil carbon storage, water use andemitcycling will be altered (Tieszest al,
1997; Bird & Pousai, 1997; Epsteet al, 1998; Sage & Kubien, 2003; Semmartinal,
2004). As it directly relates to the C3/C4 rati&’C is a useful proxy of the vital functions of
grasslands. However, there exist only few regi@oale investigations o8™C of mixed
C3/C4 grasslands (e.g. von Fisclegral, 2008; Auerswaldet al, 2009; Wittmeret al,
2010Db).

The theory behind the distribution of C4 plantdasly clear. It appears that the growing
season temperature acts as the main driver ofrtu@4 distribution (Ehleringest al., 1997;
Collatz et al, 1998; Pyankowt al, 2000; Stillet al, 2003b) and that this is related to the
higher effective quantum vyield of GQixation (Ehleringer & Bjorkman, 1977) or higher
maximum photosynthetic rate of C4 plants (Sage &ikn, 2003; Stillet al, 2003b) at
higher temperature. Distinct influence of a chamgéemperature on the C4 abundance can
hence be expected for grasslands with temperatase ¢o so-called crossover temperature
(i.e. the temperature above which the light uskieficy of C3 plants is inferior compared to
that of C4 plants; see Ehleringet al, 1997). On the regional scale, this was recently
corroborated by Auerswalet al (2009). They showed that the pattern of C4 dhistion in
Inner Mongolia grassland closely follows temperatgradients. However, there are several
more factors that can modify the C4 distributiomnt-use changes (Archet al, 1995),
grazing (Wang, 2002a; Dernet al, 2006), anthropogenic disturbance étial, 2006) and
atmospheric C® concentration (Collatzt al, 1998) can exert direct effects on the C4
distribution. So far, models predicting the glokal distribution are based on environmental
factors, like temperature, precipitation and thegeral change in ambient G@oncentration
(Collatz et al, 1998), while anthropogenic or socio-economictdex are not taken into

account. The same applies for regional studies Yemg Fischeet al, 2008; Auerswale@t al.,
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2009), as the contrast of anthropogenic or socom@aiic factors between herders within a
country is manifold, often small or contradictomydathus difficult to quantify. Grazing is
often assumed to exert direct effects on the contjmaomposition — and hence on the C3/C4
ratio — due to the plants response to defoliatimmbivore selectivity and species physiology
(Brown & Stuth, 1993).

However, there exists a large contrast betweenlgsedconditions in the Autonomous region
of Inner Mongolia in northern China and the Repuloif Mongolia. Both countries share a
4700 km long common border with identical enviromta¢ conditions on both sides.
However, both countries were strictly separatedelenging to different blocks during the
Cold War. The separation and the differences inenalddevelopment are still largely
maintained although both countries partly openetiatensified their economy.

Historically, the Mongolian-Manchurian grasslandswahabited by transhumant pastoralists,
who lived in yurts and moved with their livestoak different seasonal pastures, but on the
occasion of extended feed shortage also moved lavger distances. Their animals were
herded by monastery serfs or banner princes’ dariener Mongolia theses institutions were
replaced in the 1950s, and the pastoralists wdtectwized and forced to settle down. The
collectives were dissolved again in the early 1980l individual pastoralists gained
ownership of the livestock but remained sedent&tynf{phrey & Sneath, 1995; Sneath,
1998). Nowadays, the pastoralists in Inner Mongloliain permanent settlements (Fig. VII.1
top).

Accompanied with the change in land-use, the ecarainframework also changed. This
manifests in the gross domestic product of Innerngpdia which increased from
approximately 122 Mio Euro (1216 Mio Yuan) in 19B¢ about 500% to about 60910 Mio
Euro in 2007. During the same time, the numberhelep and goat increased from about 5.7
Mio heads to about 87.7 Mio heads (Statistical Weak of Inner Mongolia, 2008). Problems
induced by increased grazing pressure were recedy the Chinese authorities and lead to
a prohibition of grazing by sheep and goat from myulil to early June (45 days) since 2001.
In contrast to Inner Mongolia, this mobile systemd@ed even after Mongolia turned
socialistic with governmental campaigns to orgaritze herders in collectives in the early
1950s. In the 1980s, when communism in the formmried Union descended, Mongolia
moved towards a democratic system, again allowangpfivate ownership of the livestock.
After the complete breakdown of the communisticteaysin 1990, nearly all livestock was
owned by private households, who — in contrastrioet Mongolia — widely kept their

transhumant lifestyle (Sneath, 2002; Fernandez-G&me 2006). In contrast to Inner
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Mongolia, the economic condition changed much stowih the gross domestic product
increasing by 170% from 1981 to 2007 (from 1540 Mioo to 2620 Mio Euro; World Bank,
20009).

The number of sheep and goat increased from akoltid heads in 1950 to about 35.4 Mio
heads in 2007 (Suttie, 2000; Statistical Yearbooklongolia, 2008). Nowadays, about 30%
of the inhabitants of the Republic of Mongolia lire the greater area of Ulaanbaatar (the
capital of Republic of Mongolia) and another 30%other urban areas creating also a large
gradient in livestock density within the countryherl pastoralists living in rural areas still
maintain their mobility and live in yurts (Fig. V1l bottom). During winter time, the animals
do not receive supplementary fodder but stay aterigrazing pastures (Fernandez-Gimenez,
2006).

Fig. VII.1 Typical farmhouse in Inner Mongolia (top) and tadi yurts in Republic of Mongolia
(bottom). Pictures were taken by K. Auerswald dgisampling trips.

Despite the large contrast in the intensity andagament of grazing between both countries,
livestock keeping is still the principal sourceinéome for the rural population. Thus, we use
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the recently reported method by Auersweidl (2009) to infer the proportion of C4 plants in
aboveground-biomass fro™*C of woollen samples to answer the following questi
concerning the C4 abundance in the Mongolian-Manahwgrassland:
0] Is there a difference in the pattern and levektdtive C4 abundance in
aboveground biomass between the grasslands of Maoegolia and Republic of

Mongolia?

(i) Can the observed pattern be explained by diffeeninethe socio-economic
conditions (e.g. livestock density and pastoratesy$, or does this pattern mainly

depend on environmental conditions?

Material & Methods

Study area, sampling and transhumance

The study area was situated between 106°28" an@49F (approximately 850 km) and
41°34’ and 47°50’'N (approximately 800 km) in thet@momous Region of Inner Mongolia in
the Peoples Republic of China and in the RepubficMongolia (Fig. VII.2). Sampled
altitudes ranged from 800-2000 m above sea levearivannual precipitation (MAP, mmyr
increases from less than 100 mnt yn the Gobi Desert to more than 400 mrit ym the
eastern and northern part of the study area. Mb#teo precipitation (approximately 75%)
falls during the growing period (April-SeptembeNlean annual temperature and mean
temperature of the growing period vary betweeno-8°C and 14 to 19°C, respectively. The
spatial variation of temperature and precipitafmiows altitudinal and latitudinal trends.
Samples in Inner Mongolia were collected in Audgbsptember 2003, August/September
2004, July 2005, July 2006, June/July 2007 and 2089 (partially from Auerswalét al,
2009). Samples in Republic of Mongolia were cobélcin July/August 2006. The sampling
position and altitude were measured with a mobigdoor global positioning system.
Overall, 146 samples dating from 1998-2007 werepsadnon 101 sites in Inner Mongolia
(partially from Auerswaldet al, 2009). The constraint of grazing prohibitionthe early
growing period is partially compensated by the ritistion of 0.15 kg @ animal’ of
concentrate pellets, which consist mainly of mdé@eaverage 65%). Overall, this adds about
1% C4 to the annual diet of sheep and goats. Asimlalnot receive supplements on pasture.
Normal pen fodder in the winter and/or spring cstssof hay from meadows (information

obtained from interviewing the local herders).
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In the Republic of Mongolia, 152 samples, datirgfrl996-2006 were sampled on 65 sites.
The transhumant movement in Republic of Mongolias whiborated from interviewing the
herders (n= 65). The maximum distance between surantewinter places was about 70 km,
the arithmetic mean was about 16 km and the geametean was about 8 km. Hence,
samples could be assigned to the location of sagngiiven the total extension of the research
area. Where long-distance movement has occurrgd i(@uced by droughts), the samples
were assigned to the place of origin.

Republic of Mongolia Sheep units

per km
I <20
50 20 - 50
B 50-100
I 100 - 200
B > 200
o Sampling site
Country borders
— District borders

Latitude (°)
N
(6}
I

Inner
Mongolia

1 L 1 1 L ‘ 1 L 1 1 ‘ L 1 L 1 ‘ L
90 100 110 120
Longitude (°)

Fig. VII.2 Sampling sites in Inner Mongolia and in the Reubf Mongolia and livestock density
averaged for the years 1996 to 2007 expressedesp smits per km? for the districts (Aimags in
Republic of Mongolia and Leagues in Inner Mongolia)

Sample preparation, isotope analysis and estimatioof C4 fraction

The samples were cleaned by the procedure of Stdheteasl (2003) and 0.2-0.4 mg wool
were packed into tin cups for isotope analysis. Thebon isotope composition of each
sample was determined with an elemental analyz&rXINLO; Carlo Erba, Milan) interfaced
(ConFlo 1lI; Finnigan MAT, Bremen) to an isotopeticamass spectrometer (Delta Plus;
Finnigan MAT). Carbon isotopic data are presend 3, with 5°C = (RiampidRstandar) — 1,
where R is thé>C/**C ratio and standard is the Vienna Pee Dee Belenstindard. Each
sample was measured against a laboratory workangdatd CQ gas, which was previously
calibrated against an IAEA secondary standard (IAEA6, accuracy of calibration 0.06%o
SD). After every tenth sample a solid internal ahndard (SILS) with similar C/N ratio as
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the sample material (protein powder) was run asrnal ltontrol. The SILS were previously
calibrated against an international standard (IXEA6). The precision for sample repeats
(SD) was better than 0.1%e.

The relative contribution of C4 plants {f to aboveground biomass at each site was
estimated from5°C of the woollen samples, following the proceduseAuerswaldet al
(2009). We accounted for the isotopic fractionatisetween vegetation and sheep wool
(Auerswaldet al, 2010; Wittmeret al, 2010a), the influence of aridity (Wittmet al,, 2008)
and the influence of altitude (Mannet al, 2007) on the C3 end-member. The C4 end-
member was taken constant as 6.0%. (Auerswhall., 2009). A bias due to the selection of
sheep or differences in the digestibility of C3 &l components could be excluded over the
entire range of grazing intensities found in bathrdriesvia a controlled grazing experiment
(Wittmeret al, 2010a).

Meteorological, livestock and geographical data

For year-specific data on precipitation and temjpeeawe followed the procedure by Wittmer
et al. (2008) and corrected the long-term average fresolution (2 km x 2 km) maps (The
Climate Source LLC, 2002) for the deviation of adividual year, which was geostatistically
interpolated between meteorological stations. Dailscipitation and temperature data of 63
climate stations, provided by the NOAA Satellitedanformation Service (NOAA NCDC
Climate Data Online, 2009) were used. For statikanalsysis, we used either the mean July
temperature (MJulT) of the respective year fromahlithe wool originated or the average for
the observation period 1996 to 2007 indicated leyitldex ‘96-07'.

Livestock data and land area of the Leagues (IMmrgolia) and the Aimags (Republic of
Mongolia) were taken from the official statisticgarbooks (National Statistical Office of
Mongolia, 2003; 2004; 2007; Statistical Yearbookrmier Mongolia, 2008). Livestock data
were converted to sheep units (SU) according tdeldHl.1. Borders between countries and

districts (Leagues, Aimags) were taken from GDAMviwgdam.org, 2009).

Table VII.1 Sheep units for the different types of livestatkhe Mongolian-Manchurian grassland

Animal Sheep unit (SU)
Sheep 1
Goat 0.9
Cattle, horse, donkey or mule 6

Camel 5.4
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Statistical and geostatistical analysis

Linear regressions and multiple linear regressmege used to evaluate the datasets. The
coefficient of determination was tested with a tsvded test for significance of the regression.
Significance thresholds of P<0.05, P<0.01, and G3d.were used. Statistical spread is
denoted as standard deviation (SD), or 95% condielenterval (CI) of the mean. To test
whether the level of £ differed between Inner Mongolia and Republic ofridolia we used
Student’s t-test on parity of the means of two patons (two-sided). This was performed
against a 95% confidence interval, preceded by ahedt on equality of variances.
Populations were selected from the data of all sagmpoints within a 100 km belt to each
side along the common border. We only used datalwbriginated from the overlapping
period of 1998 to 2006 to exclude of inter-anndattiations. All statistical procedures
followed standard protocols (Sachs & Hedderich,60@nd were carried out using R 2.9.0
(R Development Core Team, 2009).

Geostatistics quantify the nature of spatial depand of a property. This allows separating
the data uncertainty from the spatial pattern,ni@rpret the pattern, and to estimate the
property at unrecorded positions (see Rasisial, 1992, and citations therein). The
semivariancey| equals the variance for values at points, whieh separated by a certain
distance called lag (h). The semivariances forsela®f different lags yielded the empirical
semivariogram (x axis: mean h, y axis: mganA theoretical semivariogram was fitted to
minimize weighted least squares, with weights datewdl from the ratio of pairs within a class
to mean h (Wittmeet al, 2008). The theoretical semivariogram delivere¢hparameters: the
nugget effect, the sill, and the range. The nugdielct quantifies the small-scale variation
including data uncertainty. The sill quantifies tio¢al variation caused by the nugget effect
and the variation due to a spatial pattern. Thegatigill ratio hence reflects the ratio of
random-(unexplained by a pattern)-to-total varmatidhe range quantifies the distance of
autocorrelation caused by the distance betweererpattlements. The quality of the fit
between the theoretical and the empirical semigaaim was expressed as weighted root
mean squared error with weights as above. Maps wee constructed for a uniform
rectangular grid by ordinary block kriging (for 55<km?2 grid cells) using the theoretical
semivariogram and all measured data. The qualith@fpredictions from the resulting maps
was given as the (block) krige standard deviatl®i), which is a measure of the prediction
error of an individual block. All geostatistical grspatial analysis and data handling were
carried out, using R 2.9.0 (R Development Core Te2009), with the auxiliary packages
gstat (Pebesma, 2004) and maptools (Lewin-Koh &Bdy 2008).
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Results

Distinct difference in livestock density between Iner Mongolia and Mongolia

The livestock density averaged for the years 1998007 of 94 SU kifi in Inner Mongolia
differed by a factor of three from that of 36 SU kim Republic of Mongolia. The overall
grazing gradient ranged from about 10 SU%tm more than 450 SU Kfmwith overlapping
livestock densities between Inner Mongolia and Republic of Mongolia (Fig. VII.3).
Samples from Inner Mongolia origination prior taetprohibition of spring grazing in 2001
apparently exhibited no distinctly higheg,RFig. VI1.3, P>0.5). Small ruminants (sheep and
goat) contributed 55% in Inner Mongolia and 43%ha Republic of Mongolia to total SU.
This indicates that if grazing — especially by dmaininants — influencesdz an effect must
be visible, as the two countries differ markedlytieir livestock density. Within a 100-km
belt along the common border, livestock densitiss differed by a factor of three between
both countries although densities are smaller tenrespective country averages (Table
VII.2).

Table VII.2 Number of data points within a 100 km belt alohg tountry border, the mean stocking
density of the respective years (expressed as shetsy SU krnif), the mean £, the respective 95%
confidence interval of the mean ¢6J), and the level of significance (P<0.05) for Inhdongolia and
Republic of Mongolia.

Inner Mongolia Republic of Mongolia
n 38 67
mean SU (SU kif) 67.7 24.1
SU Clysy(SU kmi?) 2.6 3.0
Significance (two-sided) A B
mean R, (%) 175 21.9
Pc4 Clgs, (%) 4.2 3.1
Significance (two-sided) C C

Pc4 is not different between Inner Mongolia and Mongah

For Inner Mongolia, 38 data points fell into theD1kim belt along the border, for Republic of
Mongolia 67 data points fell into the 100 km belthe means of the respective,P
populations were not significantly different (P>B.0able VI11.2) despite a highly significant
difference of approximately 44 SU Knbetween the sampling points in Inner Mongolia and
those in the Republic of Mongolia. Even morgg Was (insignificantly) higher in Republic of

Mongolia despite a much lower stocking density.
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Geographical variation of R4 and the relation to temperature and livestock
density

C4 plants accounted for 18 + 2% (CI) to abovegrdoinghass when averaged but made up to
85% at the site-level. No influence of livestocknsiéy could be identified despite its large
variation (42-fold) between years and districtg(f/11.3). Also in combination with MJulT,
no significant influence of livestock density eithia multiple regression nor in interaction
terms (SU x MJulT, SU / MJulT) could be identifi€fable VII.3). In contrast MJulT was
highly significantly related to &.
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Fig. VII.3 Relative contribution of C4 plants to abovegrousidmass (B, in relation to year-
specific sheep units (log-scaled to increase rabigaln the respective district and mean for séesp
from the Republic of Mongolia (x) and for sampleanf Inner Mongolia prior to 2001 (+) and since
2001 ).

Table VII.3 Linear (1,2,4,5) and multiple (3) regression pagtars for regressions of the form
y=BotX1xP1+X2%P, with y denoting B, and x and % denoting either mean July temperature (MJulT)
or sheep units (SU) or a combination of both fer thspective year from which the sample originated
(n=298).

Model  Po Xy X2 P
Parameter By P Parameter , P
1 -26.40 MJulT  2.02 <<0.001 0.060
2 16.77 SU 0.01 0.358 0.003
3 -28.95 MJulT 2.08 <<0.001 SU 0.02 0.18 0.060
4 16.46 SU x MJulT 0.001 0.203 0.005
5 17.16 SU/MJUIT 0.16 0.613 0.001
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The theoretical semivariogram followed a spheriwadel (nugget = 140%2, sill = 290%2,
range = 680 km, RMSE = 2%?) and the nugget effectesponded to an uncertainty of
approximately 17%. The nugget/sill ratio was 0.4#licating a spatial pattern, which
explained 52% of the variation irtP

Kriged R4 ranged from 1% to 34% (mean Sfor individual 5 x 5 km?2 blocks were samples
were available: 4%; mean $or all blocks of the map shown in Fig. VIl.4: 9. with a
mean of 18%. The kriged block means highly sigaifity increased by 4.5% per 1°C
increase in MJulds.o7 (Fig. VI.4). The linear regression with MJykly7 explained 71% of
the observed (regional scale) variation.
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Fig. VIl.4 Kriged relative contribution of C4 plants to abgk@und biomass (Krigedck) at the
sampling sites (n = 166) in relation to the medy temperature, averaged for the years 1996 — 2007
(MJulTge.07). The line denotes the linear regression.

The map (Fig. VIL.5) indicated an increase @f, Fom <10% in the north and east of the
study area to >30% in the Gobi desert (west path®fstudy area). The spatial pattern gf P
greatly agreed with isotherms of MJuyb7 which successfully deliminated areas of ‘high’
Pcs from areas of ‘low’ Rs. Both parameters agreed well even in areas wharglsg
density was low, which additionally underlines girenounced and closely correlated nature
of their patterns.

Within the research area, growing period precitatand MJulT are closely correlated
(sample year specific r?2 = 0.37, last normal perfod 0.75) with lower precipitation within
the warmer area of the Gobi desert. Both influerc@as hence not be separated. In the drier

and warmer part of the research area sufficiemt mainly falls during the warmest months
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(June, July and August) while in the cooler ardas spring and autumn months receive rain
to sustain some growth. Hence, differences in teatpee averaged over the growing period —
which is determined by rain availability — are ev&mmewhat larger than differences in
MJulT.
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Fig. VIL.5 Regional R, estimated byordinary block (5% 5 km?2) kriging, derived from woo
originating from 1996 — 2007. The white lines denitte 21, 22 and 23°C isotherms of the mean July
temperature, averaged for the years 1996 — 200¥n3are UB = Ulaanbaatar, SH = Sainshand, E =
Erenhot + Zamny-Uud, XH = Xilinhot, D = Duolun akl) = Haliut.

Discussion

This study clearly showed that livestock densitg grazing regime had no influence ogu,P

as both variables covered almost their entire abgtrange. Even under ungrazed conditions,
which could not be captured by our method basewaollen samples Wanet al. (2003b)
and Cheret al. (2005b) report a contribution @fleistogenes squarrosawhich is one of the
two main species contributing to the C4 communityhie research area — of 7 to 24 % during
1996 to 2002 in an exclosure experiment. From oap,ma mean & of 16% during 1996 to
2007 follows for the area (near Xilinhot) in whitie exclosure experiment is located. There
are two likely explanations how grazing may exartiafluence on B, which need to be

discussed in terms of their effective scale.
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(i) With increasing grazing intensity and thusrbass removal (micro-)climate may change
by reduced transpiration leading to more sensibkg,hwhich then favours C4 species (Terri
& Stowe, 1976; Liet al, 2000).

(i) With increasing grazing intensity the earlyrisig growing C3 species (Wangt al,
2003b) are damaged more that the later developihgsiiecies because feed shortage is
always most pronounced after winter. This may a&olagtl reduce early water consumption
and leave more soil moisture for the C4 specieandtumant grazing damages vegetation
less the sedentary grazing because seasonal paimigal feed shortage is compensated by
movement, which should even increase the suppeesgfect on C4 if combined with low
livestock densities.

Thus the questions arise, why grazing obviouslysdoa influence the pattern otfon the
regional scale and whether it may have an influemtéhe local scale. Livestock densities
differ on such large areas that an influence onptature should even be visible on the
regional scale. The isotherms, however, show noodiuity along the Mongolian border. It
may still be speculated that temperature may bagdaon the local scale but it is difficult to
argue why such a change should not scale to thenréignot compensated by an opposing
influence. Such an opposing influence — workingyam the regional scale — is not known.
More likely, it already acts on the local scaledAndeed, measurements show that the albedo
of bare soil under dry conditions is higher thavedetation covered surfaces €tial, 2000;

Lei et al, 2010). This leaves less energy for heating, évewapotranspiration is lowered by
biomass removal due to grazing (see discussionibgt lal, 2000). The reasons why the
second explanation is unlikely are less clear.tfals species are adapted to (normal) grazing
and sever drought and can survive with little gfowtver several years (Christenssnal,
2004). Second, C3 can partly escape from mild ggam spring by adapting their growth
habit (Oesterheld & McNaughton, 1991), while a phgrazing, which takes off nearly all
aboveground biomass, would then also cause feetlaglkoand damage the C4 later in the
season, when C4 starts to turn green. Finallyptbaibition of spring grazing, which was set
into action in Inner Mongolia in 2001 following ymaof severe biomass removal and
subsequent wind erosion problems, may have beakfafiects for C3. However, it is
unlikely that this measure could elevate the effdctjrazing on C4 if this effect would be
strong. Furthermore, no difference between thesybafore and after 2001 was obvious from
our data (see Fig. VI1.3), which would indicate iafluence of prohibition of spring grazing
on R4 Hence neither the regional differences nor theptwral difference provide any hint of

an effect of grazing pressure in early spring en Bn the local scale (i.e. the farm scale) we
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observed B, of up to 85% which might be caused by grazing, doutld not be captured by
our method. Anyhow, only 10 samples (7 from Inneondgolia and 3 from Republic of
Mongolia) from a total of 298 samples were assediatith a R4 larger than 50%. Hence it is
not clear and furthermore arguable, if grazingiwedtock density really can be considered as
a factor altering the C3/C4 ratio even on the |ecalle.

In contrast to livestock density, MJulT had an exelming influence on & (Table VII.1;
Fig. VII.4) despite the relatively flat gradientnAncrease in MJulT of only 4°C caused an
increase in B, of about 20%. Several reasons may contribute itolénge effect. First, the
area is close to the estimated crossover temperathere a change in temperature should
have the largest impact. The crossover temperatrgiven, where the lines of net
photosynthesiversustemperature of C3 and C4 species intersect (Eigeriet al, 1997;
Collatzet al.,1998; Stillet al, 2003b). For the C£during the growing period of the research
period (1996 — 2007) an average crossover temperaili approximately 22°C can be
computed for a light saturated stand following @ikt al. (1998). For the observed range in
temperature in July (17.7°C — 27.0°C) an increas@at photosynthesis of approximately
120% can be expected for C4 species while net gliotbesis only increases by 15% for C3
species following Stillet al. 2003b (in both cases assuming a mean atmosph@jc C
concentration of 350 ppmand that leaf temperature equals air temperatufajther
temperature related processes than net photosisitmes, however, also contribute to the
success of the C4.

Germination temperature may contribute to thisle€4in the research area can be classified
as ruderals and one of the two dominating C4 speBesola collinais an annual species.
As germination temperature follows the temperafueference of the plant, C4 have a higher
germination temperature than C3 (Baskin & Baski®98). Furthermore, with increasing
MJulT also the period favourable for C4 growth gases in length relative to the period of
growth for C3 species (data not shown; NOAA NCD@@ke Data Online, 2009). Aridity
for that region also increased, as precipitationitaied no significant trend, but temperature
did (data not shown; NOAA NCDC Climate Data Onlir2d®09). As aridity promotes C4
species (Pyankoet al, 2000;Sage, 2004) it can be expected that ongoing aradiin will
exhibit further benefits for the C4 species. Fummare, high growth temperatures tend to
decrease the leakiness (i.e the fraction of, @énerated by C4 acid decarboxylation that
subsequently leaks from bundle-sheath cells; Hatah, 1995) in C4 grasses (Kubaslal,
2007). The most abundant C4 spedlesquarrosaYanget al, 2010) is characterized by a

high leakiness, and may thus additionally profinfirhigh temperatures.
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Even though C3 species are favoured by increasimgospheric C@ concentration
(Ehleringeret al, 1997) this will most likely only attenuate thersad of C4 species in the
Mongolian-Manchurian grassland, as the percentdg@4ospecies in aboveground biomass
already increased by about 10% (Wittnet¢ral, 2010b) despite an increase in atmospheric
CO, concentration. Recent evidence from the Mongdimchurian grassland further
suggests that increasing €€oncentration promotes C3 species, but @lsgquarrosamay
benefit due to its relatively high leakiness as thight result in increased assimilation under

elevated atmospheric G@oncentration (Ziskat al, 1999).

Conclusions

The conditions in Inner Mongolia and Republic of Mgolia differ greatly in their grazing
pressure. Livestock density expressed in sheeps usitabout threefold higher in Inner
Mongolia and in addition, sedentary grazing doetsatiow adjusting grazing to the annually
and regionally changing precipitation sustaininggvgh. Despite this large contrast no
influence of grazing conditions orxfcould be identified. The regional pattern gf Breatly
agreed with MJulT, the temperature during the watmeonth.
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CHAPTER VIII — What drives the C4 increase - grazirg pressure
or warming? Isotopic evidence from a multi-year graing

experiment in semi-arid Inner Mongolia

Abstract

Warming and disturbances like grazing are assum@damote the spread of C4 plants. Here
we present data on the abundance of C4 plants &dime-year (2005 — 2009) grazing
experiment in the semi-arid grassland of Inner Mxiag Sheep grazed the grassland with six
stocking rates (0.375, 0.75, 1.125, 1.5, 1.875 212 sheep hayeaf) from June until
September. Wool that had been growing during theigg period of each year was analysed
for its carbon isotopic compositiofi'fC). The C4 abundance was then calculated from a two
member mixing model, a$C distinctly differs between C3 and C4 grasses.asmunted
for effects of aridity, altitude and isotopic fremtation. Average & was 5.8% in 2005 and
increased to 12.1% in 2009. In no yeag, Bxhibited a significant relationship towards
stocking rate. This increase ia/Phowever, was highly significantly related to acrease of
about 2°C in mean July temperature. Similar finding an increase in C4 abundance were
reported from floristic evidence under grazed andrazed conditions. All this suggests that
warming is the main driver of the increase in theabundance in semi-arid Inner Mongolia

grassland while an influence of grazing pressutgdcoot be verified.
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Introduction

Global warming is expected to be a promoter fomges in the distribution and patterns of
the vegetative ecotype spectrum (Alwatal, 1999; Collatzet al, 1998; Epsteiret al,
1997; Sage & Kubien, 2007), with special relevafarethe distribution of the C3 and C4
photosynthetic mechanism (Ehleringet al, 1997). Thus, a notable impact on global
(semi-)arid C3/C4 grasslands can be anticipatee. arfsing shift in the C3/C4 community
structure will have major implications on the biogkemistry of the grasslands, and further
will affect land-use, by altering the magnitude asdasonal distribution of biomass
production, soil carbon storage, water use andemitcycling (Bird & Pousai, 1997; Epstein
et al, 1998; Sage & Kubien, 2003; Semmaminal, 2004; Tieszert al, 1997). There are
clear indications that temperature exerts diretéced on the distribution of C3 and C4
vegetation in (semi-)arid grasslands (e.g. Auerdvetlal, 2009; von Fischeet al, 2008;
Wittmer et al, 2010b). Disturbances caused by land-use cha(geher et al 1995),
anthropogenic disturbances like dirt roads ti al, 2006), increasing ambient GO
concentration (Collatet al, 1998) and grazing (Dernet al, 2006; Hickmaret al, 2004;
Hoshinoet al, 2009; Wang, 2002a) can also strongly affect@B&C4 community structure.
Especially the impact of grazing on the C3/C4 comityustructure is conversely presented in
literature, as there are reports of a positivectftd grazing on C4 abundance (e.g. Hickman
et al, 2004; Tonget al, 2004), ambiguous effects of grazing on C4 abooede.g. Dernest
al., 2006) and under certain conditions even hamgegifects on C4 abundance (e.g. Howe,
1994). Such controversial results may be parthybaited to the fact that it is often difficult to
separate grazing effects from other ongoing changas is especially true where time series
are analysed because all parameters which exhibiérad will be correlated irrespective
whether they are physically connected or not.

One likely explanation why grazing might be the mdriver of C4 abundance is the earlier
development of C3 species (Liaagal, 2002), which then might get more damaged byyearl
grazing (Wanget al, 2003b). This additionally promotes the C4 speces early water-
consumption might be reduced, leaving more soilewdbr later developing species.
However, in our experiment grazing did not stafobe June, thus this scenario is unlikely to
explain the observed increase P

Another possible explanation would be a promotibi4 species due to a change in micro-
climatic conditions (Liet al, 2000; Teeri & Stowe, 1976) caused by differdni@mass

removal among different stocking rates (betweendsfih >80%, see Wittmesat al, 2010a).
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However, this is also unlikely as this should hawenifested in a differential & among
different stocking rates.

To disentangle the possible effects of environmefita. temperature and ambient €0
concentration) and other (i.e. grazing) factorglenC3/C4 community structure, a controlled
guasi-natural experiment in a suitable habitatgired.

Monitoring changes in the C3/C4 ratio is difficdiie to the spatial and temporal variation.
Presumably, the most elegant way is to take adgantd the ‘sampling activity’ of the
grazing livestock itself. The carbon isotope conitpms (5'°C) is distinctly different between
C3 and C4 vegetation, due to the pronounced diftas® in the respective carbon isotope
discrimination t°A) (Farquhaet al, 1989). Hencey'C of the standing biomass is a mixture
of the respectivé**C of the C3 and C4 component and this signal ipamated in the food
web. Since ‘you are what you eat, isotopically’ (Beo & Epstein, 1978) this fact has been
harnessed in many studies.

Here we report on C3/C4 ratio changes from a figary(2005 — 2009) grazing experiment
with varying stocking rates located in the semdaytassland of Inner Mongolia. During the
experimental period, the mean July temperatureeasad by about 2°C. Specifically we want
to address to the question, to which degree chamgé%, can be attributed to grazing

pressure and/or to July temperature.

Experimental design, isotope analysis, estimatioh G4 abundance and
statistical analysis

The grazing experiment is located in a typical gee@rea of the Xilin river catchment
(116°40E and 43°33'N) in the Inner Mongolia Autonous Region, P.R. China and is
operated by the Inner Mongolia Ecosystem Reseatetio8 (IMGERS) and the DFG
research group 536 MAGIM (www.magim.net). The vagiet is dominated by perennial C3
grasses (mainhyStipa grandisand Leymus chinensisbut perennial C4 grasses (mainly
Cleistogenes squarroyaand annual C4 herbs (mainfalsola collind are also present.
Altitude is about 1200 m above sea level, mean alnprecipitation (last normal period, 1961
— 1990) is about 320 mm Yrand mean July temperature is about 19.5°C. Yearly
meteorological data were obtained from a monitostafion operated within the MAGIM
project. The grazing experiment included six défarstocking rates (fixed stocking rates of
0.375 to 2.25 sheep hayear, in steps of 0.375 sheephgear’) with two replicates. This

yielded a total of 12 plots, each of about 2 haize to allow a minimum of three sheep per
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plot at the lowest stocking rate. The experimeneced a total area of approximately 2 kmz2.
The sheep@vis arie$ were about 2 years old, non-pregnant, and ndatiag ewes from the
local Mongolian fat-tail breed. The sheep grazesl ghsture from beginning of June, when
biomass was sufficient after the onset of growthl Beptember when the growing period
ends. Previous to the experiment the whole area maderately grazed by local semi-
nomadic herders until 2003. Then the grass swasllefato recover for two years prior to
the beginning of the experiment in 2005. The sheepe shorn before and after the grazing
period. Wool samples from the end of the grazingopewere used in this study, as this
integrated the whole vegetation grazed between dnde&eptember. We obtained 12 samples
from the years 2005, 2007, 2008 and 2009. No sanwpdee taken in 2006. We excluded one
outlier from the 2005 data, thus we yielded an alNef 47 samples.

The distal first cm of the wool samples was disedrdThis accounted for the stubbles left
after shearing, which were marked by dye, to acttarrthe proportion of hair within the hair
channel and turnover of body pools. The remainiag Kapproximately 4 to 6 cm) was
cleaned following Schwer#t al (2003), ground to homogeneity with a ball mithdaD.2-0.4
mg hair material was packed into tin cups for ipetanalysis. Thé'*C of each sample was
determined with an elemental analyzer (NA 1110;cCarba, Milan) interfaced (ConFlo IlII;
Finnigan MAT, Bremen) to an isotope ratio mass speteter (Delta Plus; Finnigan MAT).
Carbon isotopic data are presentedd€, with §°C = (RampidRstandard — 1, Where R is the
13C/*C ratio and standard is the Vienna Pee Dee Belensiiandard. Each sample was
measured against a laboratory working standard @43, which was previously calibrated
against an IAEA secondary standard (IAEA-CHG6, aacurof calibration 0.06%. SD). After
every tenth sample a solid internal lab standatdSBwith similar C/N ratio as the sample
material (protein powder) was run as a blind cdnffbie SILS were previously calibrated
against an international standard (IAEA-CHBhe precision (standard deviation) or repeats
was better then 0.1%o for SILS, better than 0.2%sBimples, better than 0.4%. for sheep and
better than 0.7%o. for plots.

Pc4 from each sample was estimated following Auersvealdl (2009). We accounted for the
isotopic fractionation between vegetation and shwepl (3.2%0; Auerswaldet al, 2010;
Wittmer et al, 2010a) on the C3 end-member. The C4 end-memhbsrtaken constant as
6.0%0 (Auerswaldet al, 2009). A bias due to the selection of sheepitferénces in the
digestibility of C3 and C4 components could be edeld over the entire range of grazing
intensities found from another study from the sagaging experiment (Wittmeet al,
2010a).
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Linear regressions were used to evaluate the dataBee coefficient of determination was
tested with a two-sided test for significance oé tlegression. Significance thresholds of
P<0.05, P<0.01, and P<0.001 were used. Statistijmadad is denoted as 95% confidence
interval (Cbse) Of the mean. To test whether levels @f Biffered between years we used
Student’s t-test on parity of the means of two pajens (two-sided), performed against a
95% confidence interval, preceded by an F-Testaquralty of variances. In principle many
regressions are possible (e.g4 Rersusstocking rate for each individual year or change i
Pc4 Of consecutive yeangersusstocking rates). Calculating all possible regressivould call
for a Bonferroni correction (Hochberg, 1988), whialould pronouncedly decrease the
degrees of freedom. The strongest effect of gracamgbe expected after the fifth year of the
experiment. We will base our conclusions on theltef this year. A Bonferroni correction
is then not necessary any more, although we algortreéegressions of the other years to
illustrate that the result is consistent and naised by this specific year. All statistical
procedures followed standard protocols (Sachs &ddedh, 2006), and were carried out
using R 2.9.1 (R Development Core Team 2009).

Results

At the beginning of the experiment in 2005 the meahal Pc, was 5.8 + 2.2% (Table
VIII.1). After 5 years of grazing, the mean//of 12.1 £ 2.0% (Table VIII.1) was highly
significantly higher (P << 0.001) however no paitéowards stocking rate has established
(Fig. VIII.1). The same was true for the years 20@B07 and 2008, as there was no
significant relation betweenclPand stocking rate (Table VIII.1). Furthermore, gadtern was
not unique, as the direction of the slopes als;mged as indicated by the coefficient of
determination (Table VIII.1).

Table VIII.1 Sampling year, duration of the experiment, sangpbize, mean contribution of C4
plants to aboveground biomasg{Pthe 95% confidence interval of the meangég)l the respective
mean July temperature (MJulT) and the correlatioeffecient (r) and the P-value for the linear
regression betweertPand stocking rate.

Year Duration of experiment n mean R4+ Clgsg, (%)  MJUIT (°C) r P
2005 1 11 58+2.2 20.0 -0.55 0.08
2007 3 12 58+2.2 20.7 -0.21 0.49
2008 4 12 116+19 21.5 0.36 0.24
2009 5 12 12.1+2.0 21.9 -0.13 0.70
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The yearly differences for the individual plots weaalso not conclusive. For instance, from
2007 to 2008, g increased significantly with increasing stockiager(r = 0.72; P<0.01), but
between 2009 and 2008¢4/decreased significantly with increasing stockiatgr(r = -0.63;
P<0.05) indicating a considerable interannual tlatibn in R4 within the 2-ha plots. More
importantly, the change inck between 2009 and 2005 was not significantly rdlaie
stocking rate (r = 0.38; P>0.2), even though mearhihly significantly increased by about
6.3% during the experiment. This increase ¢ Was highly significantly correlated to mean
July temperature (MJulT).dzincreased by about 4% per increase of 1°C (Fig.2)! Other

meteorological variables will show a similar respenas they are highly auto-correlated.
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Fig. VIII.1 Relationship between stocking rate and contrilnuibC4 plants to aboveground biomass

(Pcg) in 2009 after five years of grazing. The line diexs the linear regression
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Fig. VIII.2 Relationship between mean July temperature (MJali) contribution of C4 plants to
aboveground biomass ¢§. The markers denote low,(0.375 and 0.75 sheep hgear'), medium
(A, 1.125 and 1.5 sheephgeai'l) and high ¢, 1.875 and 2.25 sheep hgeai') stocking rates and

the line denotes the linear regression

Discussion

Different grazing pressure — applied for five yeaigpparently did not alter the C4 abundance
(Fig. VII1.1), but increasing temperature did (Figll.2). Schonbaclet al (2009) reported an
increase in the relative abundance @f squarrosafrom 9.7% to 13.2% under grazed
conditions from 2005 to 2006 based on the florisbenposition of the same experiment as
from our study. This is not only supporting ourulés, but also is giving proof of the high
reliability of the isotopic approach used to monik, as done here. Furthermore, this is
evidenced by the floristic composition reported Wang et al (2003b) and Chemrt al
(2005b) showing that the percentageCofsquarrosaincreased from 7% to 24% within six
years (1996 — 2002) under ungrazed conditions. Mewyethe perennial C4 grass.
squarrosais expected to profit from proceeding degradatansed by enduring grazing in
Inner Mongolia grassland (Torgg al, 2004), as it is usually regarded to be vasthzong
tolerant (Gacet al, 2007; Lianget al, 2002; Wanget al, 2008). Hence, most studies suggest
management adaptation to prevent the grasslandsftraher degradation (e.g. Liargg al,
2002; Tonget al, 2004) apparently indicated by an increasing @4ndance. Based on our
findings however, this might be at least partigllyestioned.
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From our data, it became obvious that temperatppears to be the main driver behind the
increase of B, This is in line with mean July temperature isothe delineating the spatial
extent of C4 abundance in semi-arid Inner Monggjiassland (Auerswalét al, 2009;
Wittmer et al, 2010b). This temperature related increase i@ ¢an be attributed to
physiological parameters of C3 and C4 species, eagiation in the quantum yield
(Ehleringeret al, 1997) or a decrease in the leakiness (i.e #Hatiém of CQ generated by C4
acid decarboxylation that subsequently leaks framdbe-sheath cells; Hatat al, 1995) of
C4 grasses (Kubasek al,, 2007).

We used MJult as a proxy for the interannual vemnain metrological conditions. However,
there is no indication thatcis actually related to the MJulT of the respectyear, as (i) a
high degree of autocorrelation between differemhgerature variables (e.g. MJulT and
growing period temperature) exist and (ii) carryepeffects of previous years cannot be
excluded e.g. as the area experienced a July tatoperincrease of 1°C per decade (data
from 1987 — 2009 from the long-term monitoring istatin Xilinhot about 70 km north-west
of the grazing experiment; NOAA NNDC Climate Datal@e, 2010). In fact, when using
moving averages of mean July temperature from thlenh$t monitoring station, the
presented relationship in Fig. VIII.2 did not changarkedly in strength (not shown).

During the past decades temperature has increaséther Mongolia and simultaneously
stocking rates have increased. An increasecincRBused by the increase in temperature can
thus easily be misinterpreted as an effect of almslpincreasing grazing pressure. This and
the grazing tolerance d&. squarrosa may explain the frequently found assumption #hat
high grazing pressure promotes C4 species. Theratlek grazing experiment gave no
indication of such a relation.

However, all this does not mean that grazing hamfheence on the community composition
and productivity de-stocking is indeed urgently et as the increasing temperature will

decrease water use efficiency and thus lower pitodiyc
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CHAPTER IX — General and summarizing discussion

The work presents a comprehensive view on the cadmal partly on the nitrogen isotope
composition of the semi-arid grasslands of Innemyia. Particularly, the focus was set on
the relationship between th€C discrimination of C3 vegetation and precipitat@dter
(Chapter I1), the influence of different stockirgte regimes on th€C and™N fractionation
between vegetation, soil and sheep wool and fagceapter Il & IV), the estimation and
regionalization of the C3/C4 ratio froBt°C of wool (Chapter V), the comparison of the
recent, woollen-derived C3/C4 ratio with that ofrevformer times derived fros1°C of soil
organic carbon (Chapter VI) and finally a compamisof sedentaryversus transhumant
grazing (Chapter VII) including the influence obsking rate, which was further evaluated in
a controlled grazing experiment (Chapter VIII). Aduhally to the analysis of isotopic data, a
geostatistical approach to yield actual preciptat@t ungauged sites despite a thin network of
meteorological stations was established (Chaptexsivell as a review of statistical problems
arising from retrieving the isotopic composition wégetation from consumers’ tissues
(Annex), a problem which arises for all steps afboa flow within the carbon cycle (and

analogously for nitrogen).

Interpolation of climatic parameters and the relati to 6'°C of C3 and C4
vegetation

Regional scale investigations that include samplings to remote places usually lack
detailed information on site conditions, includingeteorological parameters, as sampling
sites are mostly far apart from meteorological ola®ries. Long term data (i.e. from the last
normal period 1961-1990) are available in suffiti@solution (approximately 1.5 x 1.5 km?),
but are not suited for multi-year investigationsiedo pronounced intra- and inter-annual
variations in e.g. precipitation (Ketzet al, 2008). One possibility to overcome theses
limitations would be to follow the so called PRISklgorithm (parameter-elevations
regressions on independent slopes model) as fdorigeterm data (see Daét al,, 2002), but
this would be extensively time-consuming and wordduire various additional data (e.g.
digital elevation model and lake induced effects).

The approach presented here (Chapter Il) is prestican the assumption that the causes of

small scale variation as quantified by the PRISNadae generally valid but modified every
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year by the respective meteorological conditiorige Workflow of the geostatistical approach
was then to get data from the meteorological stat{@.g. Fengt al, 2004 orvia the NOAA
network), calculate the deviation from the longriamean and interpolate this deviation for
all sampling sitewia kriging. Thus the deviation from the long termtlien known for the
sampling sites, as well as the long term mean filmenhigh resolution map. This allows to
calculate precipitation at an arbitrary samplirtg $or an arbitrary period of time defined by
the research question (temperature would work énsdame way). This approach greatly cuts
down the data requirement as no additional data tiwa parameter under focus is necessary.
Further this approach can be applied for all regjiaere (i) maps of long-term averages and
(i) sufficient meteorological stations are aval@alo apply kriging. In case that also the
number of meteorological stations is insufficiendbr fa proper calculation of the
semivariogram within the geostatistical analysikjol requires at least 30 — 50 stations, the
number of stations can be further cut down by suitistg station with measuring periods of
the desired length but from other than the degietbd of time. This is possible because the
semivariogram is largely time-invariant (Schuurmaatsal, 2007). Fiener & Auerswald
(2009) thus were able to produce high-resolutiom meaps based on twelve stations only.
Therewith obtained year specific precipitation dgrthe growing period greatly explained the
observed patterns iffC discrimination ofStipa grasses (Figure 11.4) as well as of other
individual C3 samples (Figure 11.5) and of C3 conmities as a whole (Figure 11.6). A similar
relationship betweed™*C and a measure for water availability was repobtgcdMurphy &
Bowman (2009) for C3 grasses sampled in Austrafiterestingly, in the same study by
Murphy & Bowman (2009) a relationship betwe®C of C4 grasses and water availability
was also reported, which however run opposite @sing™>C discrimination with increasing
water availability) to that observed in C3 gras3dss effect was visible within the different
photosynthetic groups of C4 vegetation (NADP-ME,INME and PEP-CK) and hence was
not caused by species replacement. Further, tlusasof the rare studies reporting effects of
water availability or8**C of C4 grasses on a broad regional scale.

In the present study however, no effect of wateailability or any other environmental
parameter (e.g. temperature or plant available water) on the regional variation 61C
discrimination by C4 vegetation was observed (Gérajf). But we found thaCleistogenes
squarrosa the dominant C4 grass of the NAD-ME photosynthelype, exhibited a
significantly higher*C discrimination of about 1.1%. compared to NADP-Mfecies
(Chapter V), which was also apparent from the stfdylurphy & Bowman (2009). It might

be questioned, whether the lack of any relationglap either caused by the relatively small



CHAPTERIX —GENERAL AND SUMMARIZING DISCUSSION 118

sample size (n=19 fdC. squarrosaand n=27 for other C4 species) or a flat gradiemhean
annual precipitation of about 250 mm yéasompared to that of about 1400 mm year
reported by Murphy & Bowman (2009).

Indeed in another study within the MAGIM framewod effect of precipitation on tH&C
discrimination ofC. squarrosabecame apparent (n=47; Yaagal, in preparation), but the
response was opposite to that reported by Murp@o&man (2009) and seems to be specific
for this species, which is characterized by an aexttinary high leakiness. For the C4
community, including other species with differepiposite behaviour, the effect will be
dampened or cancelled out. The effect only amoutdezbout 1.0%. and would not change
the findings of the study. Furthermore, it alscagigeared, when influences varying on other
scales (including samples on the local and onilllee $cale) than precipitation were included
(n=306, r2= 0.001). As discussed by Auerswetl@l. (2009), a change of 1.0%o. within the C4
end-member would only result in a change of aba6folin the estimation of the C4
abundance. This is negligible compared to the divesported span of O to 100% in C4
abundance of the Mongolian-Manchurian grassland.

A main reason for the lack or small extent of afeafwithin the Mongolian-Manchurian
grassland may be that the reaction of C3 and CaAtpleowards precipitation anomalies
differs. C3 plants start growth in spring and tlave to cope with water shortage during
summer. In contrast, C4 plant, which start growimgarly summer, when winter moisture is

depleted already, adapt to water shortage by dejaiieir start of growth (Yanet al, 2010).

13¢ and™N fractionation between diet and the animals’ tissu

Analysing the isotopic composition of animals’ tiss represents an elegant way to track the
isotopic composition of diet of the respective aaliniThis offers great opportunities for
ecological and paleoecological research, as sseads may even persist for millennia (e.qg.
bones, teeth and hair). While this was utilizedeneral studies to investigate the relationship
between tissue and diet (cf. Chapter 11l & 1V), tleguirements to investigate the relationship
between tissue and vegetation as done in this sitelyextended. First of all, there are two
requirements to investigate the relationship betwdret and tissue. (i) The fractionation
between the diet and the tissue must be knownlldw &stimation of the dietary isotopic
composition. (ii)) The animal needs to be isotopycalquilibrated, otherwise a bias in the
estimation and application of the fractionation htigopccur (see Annex). Ruminants are

particularly suitable due to the ‘isotopic scramgliin the alimentary tract. However, even if
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the true fractionation between tissue and dietnevk the apparent fractionation between
tissue and standing vegetation can differ due lec8ee grazing and differential digestibility,
e.g. caused by heterogeneous vegetation. In Ché#ptdt was highlighted that thé*C
discrimination between vegetation and grazer'sugssvas not influenced by differential
digestibility or selective grazing of either the 88C4 component. Hence, the reportéd
discriminations can be applied for animals graangasture with variable proportions of C3
and C4 derived biomass.

Concerning nitrogen, the situation was a bit mamglex as recent evidence suggests that
the fractionation between dietas$’N and tissué™N is influenced by the nitrogen content of
the diet (e.g. Adams & Sterner, 2000; Robbeis al 2005). Robbinset al (2005)
hypothesized that this is related to an increaseitiogen metabolism and excretion, which
causes alteretfN in the animal, due to selective renal retentibheir review showed that
enrichment decreases by 1.0%. per 10.0% increadeetary nitrogen content (for a range of
dietary nitrogen content of 2.5 to 12.0%). In casty neither for faeces nor for wool a
significant influence of dietary nitrogen contemt the >N enrichment was found (Chapter
V).

The lack of any effect does not necessarily inaédhe results by Robbies al. (2005) and
others, but it might just be not crucial, when thge of dietary nitrogen content is as narrow
as in this study (0.9 to 4.4% including Chapter Wand VI), from which an effect of only
0.3%0 may be expected. This effect is much smalantthe unexplained scatter (usually
several per mill) and thus does not become staistisignificant although it seems to exist
(Fig. IX.1) and cannot be classified. Anyhow, agamf 10% in dietary vegetation nitrogen
content is not to be expected for semi-arid Innemlyblia grassland as apparent from this
study or reported by others (Liu, 1993; Cletral, 2007).
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Fig. IX.1 Relationship between nitrogen content of the \ag®t (%N and *N enrichment
between vegetation and faecegg(tecces ©; dashed line) and between vegetation and WwoQlooi ®;
solid line). Both relationships are not significéRt-0.05). Note that both y-axes span 5.0%..

Furthermore, maturation of biomass came along wittiistinct difference ir5*°N, which
amounted up to 8.0%. (Chapter IV). Hence, if setettohn e.g. younger material would have
occurred, this would have been revealed. Howeveret was no evidence of selection
towards younger biomass.

Depending on the type of tissue, the retrievedrmé&dion is valid on different scales. For
instance, faeces reflect the diet of a grazer efléist few days (Raymond, 1948) while hair
offers a consecutive integration. This distinctetiénce in temporal integration also leads to a
difference in spatial integration: the grazed aedbected in the faecal isotopic composition is

smaller than the grazed area reflected in the pgotmmposition of the hair (Fig. 1X.2).
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Fig. 1X.2 Schematic illustration of the temporal and spatitdgration for the different samples used
in this thesis.

C4 abundance in Inner Mongolia grassland

Inner Mongolia as a whole has been changing. Fiamte, since 1960 the crop production
area increased by approximately 10000 km? to & ¢6t&7615 kmz2 in 2007 (Inner Mongolia
Statistical Yearbook, 2008). Furthermore, not ahly share of population of Mongolians is
more and more reduced by the ongoing settlemeidaafChinese — which will accelerate the
loss of traditionalistic habits — but also stockidgnsities and temperature increased (Fig.
IX.3). Furthermore, changing enivronmental condisi@re know to affect the productivity of
grasslands (Baat al, 2004) and especially that of grasslands with &mmual precipitation as
they are expected to be even more vulnerable tarsrndroughts (Gilgen & Buchmann,
2009).
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Fig. IX.3 Changes in population with different ethnic backgrd (top), stocking density (expressed
as sheep units; middle) and mean July temperabattof; solid line; dashed lines denote the 95%
confidence interval) in Inner Mongolia since 19@Data were smoothed by kernel regressions
(Hayfield & Racine, 2008) and were taken from InMongolia Statistical Yearbook (2008), Fesig

al. (2004) and NOAA NCDC Climate Data Online (2009).

The performance of the plants is particularly colfed by the prevailing climatic conditions.
By now, it is well know, that temperature is themdoant control of C4 abundance in
grasslands (e.g. Teeri & Stowe, 1976; Ehlerirggeal, 1997; Stillet al, 2003). Due to their
CO.-concentrating mechanism that greatly excludes gshepiration, C4 plants cope well
with high temperatures and low ambient Gfncentrations (Ehleringet al, 1997). From a
comparison of the quantum vyield efficiencies of &8 C4 plants under certain levels of
ambient CQ concentration and temperature, Ehleringteail (1997) developed the concept of
the crossover temperature (Fig. 1X.4). The crossagmperature denotes the temperature

from above which C3 plants have an inferior quanyueid efficiency compared to C4 plants.
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Fig. IX.4 Modelled crossover temperature of the quantumdyfet CQ, uptake as a function of
atmospheric C@concentrations (after Ehleringet al, 1997). Dashed lines denote a shift of 80 ppm
(from 300 to 380 ppm) in ambient G@oncentration and the resultant increase of 4ia°@he
crossover-temperature.

However, this is suggestive for the dilemma of miXxe€3/C4 grasslands, which are facing
both: an increase in ambient €&ncentrations as well as an increase in tempera@ollatz

et al. (1998) modelled the global distribution of C3 af@d plants plainly based on
meteorological parameters (like annual precipitatemd the temperature of the warmest
month). Thereby, in varying the input parametdrsytwere able to produce global maps of
former (i.e. at lower C@concentration) and present C3/C4 distributionghla context, the
Inner Mongolia grassland is especially interestagyit exhibits a mean July temperature
(which is the temperature of the warmest month)ictwlis close to the modelled crossover
temperature (about 22°C). In fact, one major figdaf this thesis supports that model, as the
predicted crossover temperature for the period 1898007 greatly delineated the spatial
pattern of the C4 distribution estimated fr&HC of wool originating from the respective
period (Chapter V & VI). The 22°C crossover tempam@ isotherm highly significantly
separated areas of ‘high’ C4 abundance (approxijn@@%) from those with ‘low’ C4
abundance (approximately 10%) (Fig. VI.4b). Howeweis was not the case when the long-
term mean (last normal period 1961-1990) of theg Seinperature was used. This indicates
that the regional differences of the ongoing clienelhange is already reflected in the C3/C4
ratio of Inner Mongolia grassland, although it ss@med that it may take at least 50 years or
more until a severe impact on the C3/C4 ratio (Sage@ibien, 2003).

This finding is further promoted by the spatialtpat of C3/C4 derived from the analysis of
8%C of soil organic carbon (Chapter VI). Top soildgtates the biomass carbon over a certain
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(but unknown) time and hence reflects the patteifnrsame former times. Despite the
uncertainty concerning the true age of the soilanig carbon, the long term crossover
temperature isotherm (of approximately 19°C fort@aspheric C@ concentration of 300
ppm prevailing about 100 years b.p.), greatly ssedr areas of ‘high’ C4 abundance
(approximately 16%) from areas with ‘low’ C4 abunda (less than 5%) (Fig. VI.4a). Direct
comparison of the recent C4 abundance and the @ddabce derived from soil organic
carbon revealed an increase of the C4 abundantteeimountainous eastern region of the
study area and along an east-west belt at a latbdfidbout 44°North (Fig. VI.5). This pattern
gives proof of C4 spreading to formerly cool regiom moving northwards and to higher
altitudes. Anyhow, it could not definitely be cli@ged how the chronological sequence of this
change looked like. This can be attributed to thenown age of the soil organic carbon as
well as to the lack of any temporal resolution.

Despite this resilient indication of a strong reaship between global warming and
increasing C4 abundance, other factors might adsmsify the spreading of C4 plants. For
instance disturbances, like overgrazing, land-Umsges and other human activities can also
lead to an increase in the abundance of C4 plameng, 2002a; Let al, 2006). Especially
overgrazing possibly could increase the abundah&4agolants, based on two mechanisms.
First, the fed gap is largest after winter, when gléhts start growing while C4 plants will
appear up to one month later (Liaagal, 2002; Chapter lll). This might cause a selective
damage of C3 plants and may thus promote C4 pl&#sond, overgrazing by increasing
percentage of bare soil will change the microclena&oil temperature will increase, water
will accumulate (Garner & Steinberger, 1989; Bh&rismall, 2003), and this may promote
C4 plants. Wanget al (2010), however, have shown that despite thisesse in soil
temperature, canopy temperatures change only nadisgibecause the canopy — in contrast to
soil — is exposed to full sun light in any case.

Despite these two possible mechanisms of grazingaaty no indication — neither on the
regional scale (Chapter VII) nor in a controlledgng experiment (Chapter VIII) — could be
found that grazing pressure influences the C3/@d.ra

Even though the multitude of influences on specdesiposition on the regional scale is
difficult to disentangle and even though the terapoourse of change in the C3/C4 ratio was
not fully resolved and connected to environmentad dand-use changes, there is
overwhelming evidence that the pronounced temperaincrease in the Mongolian-
Manchurian grassland has caused the C3/C4 ratioctease. This in turn has a significant

impact on global biogeochemical cycles and theasnability of land-use.
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Outlook

The present work clearly demonstrated an incraasleel abundance of C4 grassland species
in Inner Mongolia grassland (Chapter VI) but thaitig of that increase is still unclear. That
points to the major drawback in using soil carb@naa isotopic archive: the lack of any
temporal resolution and the uncertainties in thimedion of the age of the soil organic
carbon. Even though, the latter was recently asdebyg Steffens et al. (2009), the age of
individual soil matter fractions varied from modetm >300 years. Hence, the question
whether the increase incfoccurred gradually over several decades to cestun whether
the increase in & occurred rapidly over years to decades could rotabswered with
contemporary samples.

This study however opened the opportunity to gsetliemt estimates of & from woollen
samples of known age. During the sampling campdigms this study (2003, 2004, 2005 and
2007) and as well from a further sampling campdRp09), sheep wool of known age was
sampled, ranging back to the™8entury. Thus, one might establish a time coufsBcg
with a high temporal resolution and a high precisiothe estimation of 2 as environmental
influences could directly be captured by thq mixing model (Chapter II, lll & V). This can
especially shed light on the above evoked questiothe timing of the C4 increase and the
potential drivers behind that, as detailed datatocking rates (Statistical Yearbook of Inner
Mongolia, 2008; Fig. 1X.3) and resilient meteoratm information (e.g. Fengt al, 2004;
Fig. IX.3) are available back to the early 1960°s.
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ANNEX — Biases in the analysis of the stable isotep in food
webs

Abstract

1.

2.

Recently Caut, Angulo & Courchamp (2009, Journapplied Ecology) published a
review on diet-tissue isotopic shifts in animalsey concluded that diet-tissue shifts
are influenced by the isotopic composition of tlet dor both**C and™N in a wide
range of animal taxa.

We suggest that the conclusion of Cattl is in error, and provide a discussion of
sources of error in the assessment of diet-tismegichination.

Errors in the derivation of diet-tissue shifts umbd imprecise definitions,
mathematical artefacts and invalid statistical gsial Likely, the work also suffers
from experimental bias. The mathematical artefartd statistical invalidity result
from using the same variable (diet isotopic comjms) in the independent and
dependent variable for regression analysis andr&aiio correct for the resulting bias.
Experimental bias can result from the incomplet®duer of body pools after diet
switches or during natural fluctuations in diettcgme composition. Unfortunately, the
main sources of error work in the same directitrgngthening the biased relationship
between the diet-tissue shift and diet isotope asitipon. Therefore, the analysis of
Caut et al. does not provide proof of a relatiopdietween diet-tissue shift and diet
isotope composition.

Synthesis and applicatiorthe present discussion is relevant to all apphbeetiof
diet-tissue isotopic shifts in anthropogenic anglfé¢rophic networks, including diet

reconstructions.

*Auerswald K, Wittmer MHOM, Zazzo A, Schéaufele R,h8gder H (2010)Journal of Applied Ecology
doi:10.1111/j.1365-2664.2009.01764.x.
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Introduction

Caut, Angulo & Courchamp have recently reviewedboar and nitrogen isotope
discrimination factors in mammals, birds, fish andertebrates (Cauet al, 2009). This
extended an earlier study on an omnivorous consy@autet al, 2008). These authors
concluded that discrimination factors are influahbg the isotopic composition of the diet in
all taxonomic groups, with statistically signifidagffects in most comparisons. If true, this
finding is important for all studies of diet-tissughifts, including nutritional ecology,
archaeology and forensics. But, other recent catipils of discrimination (or diet-tissue
shifts) have not identified such effects (e.g. Mtbanet al, 2003; Sponheimeat al, 2003a;
Hwanget al, 2007; Mannekt al, 2007). Also the conclusion of Caeit al conflicts with the
rate law of chemical reactions that the rate constd a reaction is independent of the
concentration (IUPAC, 1997; Wright, 2004). This kgpto kinetic isotope effects, which are
given by the ratio of the reaction constants fer leavier and the lighter isotopes (Baertschi,
1952). In this comment we draw attention to geneaairces of bias in isotopic food chain
experiments and we suggest that the effect repbitedautet al. (2009) is flawed by invalid
mathematical/statistical procedures and possibheemental bias.

Definitions

First, we remind that the term ‘discrimination f@ct(or ‘fractionation factor’), as used by
Caut et al and recently also by others (e.g. Pearsbral, 2003; Robbinset al, 2005;
Carletonet al. 2008; Fisket al, 2009; Wolfet al, 2009) was originally defined in a different
way in the bio- and geosciences (e.g. Craig, 1%adguharet al, 1989; Cerling & Harris,
1999; Mook, 2001). This is now opening opportusiti®r ambiguous use, a source of
scientific error (loannidis, 2005). Originally astll in most cases the discrimination factor,
abbreviatedx (cf. Baertschi, 1952; 1953; Craig, 1954; Farquétaal, 1989; Mook, 2001),
was defined as the ratio of the reaction constinté the heavier (®%) and the lighter
isotope {?"'k).

q= heav;k / Iightk (A.l)

Eqgn. A.1l is equivalent to the ratios/Rp, where R denotes the abundance ratio of heavy to

light isotopes and the indices S and P to indita¢esubstrate (diet) and the product (animal
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tissue or body) of a reaction chain. Following ttedinition of 6 (6 = (RsampléRstandard — 1,
where Rampe@nd Riandar@re the ratios of the heavy to the light isotoipethe sample and a
standard; McKinneet al, 1950) egn. A.1 is also equivalent to the ratiot(s) / (1 + dp),
wheredsdenotes the isotopic composition of the substmatbathat of the product.

This definition of a is important as the rate law for chemical reactiamplies that the
reaction constants and hence their ratiis independent of the isotopic composition of the
reactant (i.e. the substrate of the reaction wtidhe diet in trophic relations) (IUPAC, 1997;
Wright, 2004). The discrimination factor in itsistrdefinition can hence not be influenced by
the isotopic composition of the diet. Synonymousmte for o are ‘isotope effect’,
‘fractionation factor’ or ‘enrichment factor’ (Paé Epstein, 1960; O Leary, 1981; Farquhar
et al, 1989; Cerling & Harris, 1999). As a rattocan be used in multiplication operations
with the isotopic composition of the diet (or maenerally: the source) and is hence called
factor and differs from discrimination.

Discrimination, A (sensuBlackmer & Bremner, 1977, Farquhat al, 1989) equals the

difference between and unity:
A=a-1 (A.2)
Egn. A.2 is equivalent to

_ 9% (A.3)
1+6,
A synonymous term foA is ‘enrichment’ (Craig, 1954; Cerling & Harris, 99).
The ‘discrimination factor as named by Cattal. (here designated’) is the numerical

difference between product and substrate isotop®osition:
A = 0p—20s (A.4)

So, the ‘discrimination factor’ reported by Caattal. should be termed ‘diet-tissue shift’ (or
similar) (e.g. Ambrose, 2000; Darr & Hewitt, 2008jerswaldet al, 2009). This distinction

is particularly important for diet-tissue discrimiron studies with a wide range of diet
isotopic composition, because discrimination (e&n3) is independent of the isotopic
composition of the diet, whereas the diet-tissuft &qn. A.4) is not (Fig. A.1). Although the
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magnitude of the effect is small, it does affea tklationship between the diet-tissue shift

and diet isotope composition presented by @&aat, since it reduces the (negative) slope.

3.1 2.9
= -3

£ =
%) 8
9 3 <
3 <
= -3.1

g

2.9 ‘ ‘ -3.2
-40 -30 -20 -10
Diet (%o0)

Fig. A.1 Diet-tissue shift (broken line, left axis) and teissue discriminatiom\ (solid line, right
axis) as related to the isotopic composition ofdiet. The calculations were made for the range of
carbon isotope composition as given by Gatual. (2009) and in assuming a true diet-tissue shift o
3%o for a diet of -20%0 and no errors associated tithmeasurements.

Possible sources of bias

In our opinion, the analysis of Caet al is affected by two sources of bias: one is a
mathematical/statistical artefact, the other isgperimental bias. As we show, both sources
of bias (unfortunately) work in the same directiorytually amplifying the spurious effect of

diet isotope composition on the diet-tissue shift.

Mathematical artefact

Any measured value of diet isotope compositionriseatimate, which is termed ‘random
variable’ in statistics. Any random variable is quweed of its true value (1) and a random
error €), which can be treated by statistical procedufidee same applies to parameters
derived from random variables like the mean. Initimld bias may occur, which cannot be
statistically treated by averaging and other pracesl Assuming no bias for the moment, the
measured value of diet isotope composition thuis s s + €5, anddp = [p + epfor the tissue
isotope composition.

There are many sources of error, including thererad sampling and measurement, which

contribute toes andep. When regressing the difference between measuakey of diet and
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tissue isotope composition (i.e. a ‘measured’ tigsHe shift:dp — ds) against the measured
value of diet isotope compositionsf, as done by Cawtt al, then the error term of the
independent variablesd) appears in the independent and the dependerabl@ricausing a
erroneous (artificial) relationship between the twariables (Fig. A.2), which is termed

spurious correlation in statistics (Pearson, 18®hney, 1982; Kanaroglou, 1996).

Diet (“o0)

£P - Ss
w
Shift (%o0)

Fig. A.2 Shift between two random numbets &nder equivalent to the erroksof the diet and the
tissue) depending on random numbgrboth random numbers were generated for a truenroka
and a true standard deviation of 1; n=200; thehia® a slope of -1.

The top axis and the right axis exemplify the dffaicthe error terms for a true isotopic value of -
28%o of the diet and a true shift of 3%, assumingdtaid deviations for the measurements of diet and
tissue of 0.4%e.

Therefore, regression analysis and related stalgtrocedures require that the independent
and the dependent variable are independent measnterfi-ox, 1997; Sachs & Hedderich,
2006). This is not the case when the dependenahlarincludes the independent. So, the
regression of diet-tissue shift against diet isetapmposition is invalid and invalidates any
further statistical evaluation. In support of thapproach, Cautt al. cited the Hills (1978)
paper, but this does not treat this particulaisteal issue, and it does not contain arguments
in support of their approach.

The reason for this statistical rule is illustratedrig. A.2 by using a biologically meaningful
example: it shows the artefact, which results wttenerror of the independent variable is
included in the dependent variable in a regresaimalyses. The analysis is based on one pair
of samples, a diet and an animal tissue, for wthehtrue isotopic values are knownrg-@8%o

and b -25%0 (thus, the diet-tissue shift is 3%0). The taador (measurement, sampling and
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other) was assumed to yield a standard deviatidh49%o. for both diet and tissue data. From
this we drew 200 random pairs of ‘measured’ diat assue isotope values, and plotted the
‘measured’ diet-tissue shift against diet isotopenposition (Fig. A.2). Subsequently we
performed a regression analysis. This yielded angtdependence of the diet tissue-shift on
diet isotope composition. As is apparent, the actefresulted solely from including the
random error of the independent variable in bo¢hitidependent and the dependent variable.
Based on statistical reasoning and the exampleng@beve, we suspect that the effect of diet
isotope composition on the diet-tissue shift, aporeed by Cautet al, is mainly a
mathematical/statistical artefact. Of course, tlaadset of Caut et al. also contains true
variation of diet isotope composition, but this slamt fix the error. In our ideal example: if
we avoided the artefact by regressing the ‘measweddes of tissue against the ‘measured’
values of diet (not shown), then the slope of #lationship between the two was one. This
meant that estimates of diet and tissue isotopeposition varied in parallel, and the error
was randomly distributed around the regression. tBere was no effect of diet isotope
composition on discrimination, consistent with thigial specifications.

Kenney (1982) and Kanaroglou (1996) have shown &tiynfior the case where the dependent
(0p-09) is a difference with the independedg)(that the equation of the correlation coefficient

r becomes:

S% Xlss5p -1
o (A.5)

rSS,SP—cSS = 2
S S
(B, ) et
\/ SSS SSS 3S 0P

where s denotes the standard deviatioBraindds. For our example, where we assumed no

correlation betweefr andds and an equal s fép andds, eqn. A.5 predictssg spss = 0.707,
which matches what we founddrspss = 0.708). Egn. A.5 can then be used to predict and
remove the spurious componeny) (of the correlation coefficientsd spss (Kenney, 1982;
Kanaroglou, 1996):

[ = (A.6)
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Applying egn. A.6 to the data sets of Catital turns all previously significant correlations
insignificant (Table A.1) proving that the effeduhd by Caukt al is entirely spurious in
their data set. The sign of the correlation cogdfit even changed from negative to positive
after correction, which agrees with the predictiorFig. A.1 that the calculation of a shift

instead of discrimination should cause a smalltp@seffect.

Table A.1 Correlation coefficients between the diet-tissh#t and the isotopic composition of the
diet (15s5s-5p) as calculated by Caut et al. (2009) and coratoefficients corrected for the spurious

component according to Kenney (1982),{rfor the nitrogen and carbon istotopic compositiom

four classes of animals.

Class n I'5555-5P leorr Change in significance fromsfss-sp tO feorr
3°C  Mammals 96 -0.69 -0.01 P<0.05n.s.

Bird 61 0.04 0.25 n.s> n.s.

Fish 40 -0.50 0.17 P<0.65 n.s.

Invertebrates 90 -0.29 0.20 P<0:86n.s.
3N Mammals 79 -0.39 0.20 P<0.05n.s.

Bird 53 0.04 0.38 n.s» P<0.05

Fish 37 -0.59 0.24 P<0.05 n.s.

Invertebrates 74 -0.59 0.14 P<0:05n.s.

Egn. A.5 implicitly predicts that the range and gteength of the relationship in Fig. A.2
depend on the errors of the two measured variaiesh may not be the same. If the error
for the tissue is lower than that for the diet,nttiee relation in Fig. A.2 becomes tighter
(higher f). If tissue measurements have no error (whichctapproximately be true where
measurements of the same tissue are repeated measy then the r2 equals one. Conversely,
if the error for the tissue is larger than for tfiet, then ¥ is smaller than in Fig. A.2. In
general, we assume that it is quite difficult toimn a diet with constant isotopic
composition for a sufficiently long period of tinjgee Experimental bias). Thus, achieving an
isotopic equilibrium between diet and tissue anosampling of diet is more demanding than

sampling of tissue, generating larger errors fet.di

Experimental bias

An animal body comprises several compartments, lwiegn be assigned to one of three
functional groups, which are relevant to isotopicleange kinetics: (i) metabolic pools which
are supplied by digesta, (ii) stores which exchangeon or nitrogen compounds with

metabolic pools (thus showing turnover), and {(ngrt (‘dead’) tissues which receive carbon
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or nitrogen from metabolic pools during formatidmyt do not exchange with them (no
turnover) (Fig. A.3). While metabolic pools resporapidly to a change in the isotopic
composition of the diet, they do not reach isotopmuilibrium until stores are fully
equilibrated (Ayliffeet al, 2004). Stores include liver, muscle, bone cefagnd fat stores,
which differ in turnover times (Telangt al, 2002; Ojeda-Avilaget al., 2003; Ayliffeet al,
2004; Sponheimeet al, 2006; Cerlinget al, 2007; Zazzoet al, 2007). ‘Dead’ tissues
include hair, feathers or chitin skeletons, whichrabt equilibrate with metabolic pools and
stores (Montagna & Ellis, 1958; O'Connell & Hedg&899; Roth & Hobson, 2000). The
presence of ‘dead’ pools makes it impossible taesehisotopic equilibrium in experiments
with whole-body analysis except if they are renewgdshedding or moulting. The presence
of stores also hampers the assessment of truéisiiae discrimination, as they can have half-
lives which are orders of magnitude higher thars¢éhof metabolic pools, which complicates
their detection (Ayliffeet al, 2009. This problem, failure to equilibrate isotopicalbauses

an experimental bias.

-----eooeooe .o eee oo,

A

dead |=<—| metabolic |—= | R
tissue pool < 1
4

e e ecececece == P e

excreta (and respiration)

Fig. A.3 Conceptual model of an animal as composed of tfweetional compartments: (i) a
metabolic pool, (ii) stores which exchange matté&hwhe metabolic pool, and (iii) inert (‘dead’)
tissue, which unidirectionally receives matter frirta metabolic pool during formation.

Unfortunately, the mathematical artefact and expental bias caused by the isotopic
memory, work in the same direction, strengthenimgliias. The main difference between the
two sources of errors is in the value of the sldpencerning the mathematical artefact: here
the slope is always -1 for the diet-tissue shiftqlmse to 1 for discrimination) provided that
there is no real variation in the isotopic compositof the diet (Fig. A.2). But, the slope

decreases with increasing variation of the dietatTih, the bias gets smaller if diet isotope
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composition varies much. Theoretically, the slopedmes nil, if the variation of diet isotope
composition is infinite.

Concerning the experimental bias: the slope (biaspqual to the proportion of non-
equilibrated body material in non-equilibrium ferglistudies. Accordingly, as a special case,
the slope is -1 for the diet-tissue shift immediaiter a diet switch, when diet and tissue
have not started to equilibrate at all.

Clearly, studies with constant chemical and isa@@umposition of feed are mainly affected
by the mathematical artefact. Conversly, studigb warying feed isotope composition suffer
mainly from the memory effect.

As explained above, we can not be certain abouéxiaet magnitude of experimental bias in
the report of Caugt al, as a reinterpretation would require knowledgthefexact kinetics of
isotopic composition of metabolic, storage and degaals of all animals in the review. But
these data are usually not reported in the origghadies. Yet, in the Caet al review about
10% of the studies used diet-switches and thespatiularly sensitive to isotopic memory
effects. Such studies occupy the extremes of thgeraf diet isotope compositions and
therefore have a strong leverage effect on theessgwn. In addition, about 30% were field
studies, which are affected naturally by variaiiodiet isotope composition.

The problem can only be overcome by studies in wigotopically (and chemically) uniform
feed is provided from birth to death, similar te ttassical experiments by De Niro & Epstein
(1978; 1981). Where maternal material constitutesigaificant proportion of body mass,
controlled and constant feeding must start withrttethers as in the experiments by Hobson
& Clark (1992). If diet-tissue shifts are to be éason metabolic pool samples, then the
constancy of diet isotope composition should besests (and documented) by diet sampling
over a multiple of the turnover time of relevantdigostores. Still, there may be special
situations, such as essential amino acids whictdareed from only one feed source (e.g.
Fantleet al., 1999).

The danger of memory effects in the estimationeefdftissue discrimination can be reduced
by avoiding whole body analysis, and focusing anedabolic pool like blood serum (Roth &
Hobson, 2000; Felicetat al, 2003; Hilderbranet al, 1996; Darr & Hewitt, 2008) or recent
products of metabolic pools, such as new hair gngitbbsonet al., 2000; Cerlinget al,
2006; Schnydeet al, 2006; Mutzekt al, 2009; Zazzet al, 2007; 2008). A high resolution
record of changes in diet isotope composition caoltained by analysis of the longitudinal

variation of isotope composition along a hair (Agiet al, 2004). Such analyses have
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revealed the existence and kinetic properties diylstores and can predict the experimental

bias which results from isotopic memory by stores.

Conclusions

We agree with Cautt al. that understanding and estimating discriminatiowliet consumer
relationships is a very important issue in trophetwork studies and diet reconstructions.
Avoiding mathematical and experimental artefacts the estimation of diet-tissue
discrimination is essential to identify (and quntirue effects of diet on discrimination. We
argue that the ‘Diet-Dependent Discrimination Fedctoethod (as proposed by Caett al)
results from these artefacts and becomes unnegest@n these errors are avoided. True
effects may result from other factors, such as mglietein content and amino acid composition
(Sponheimeet al, 2003b; Gaye-Siesegget al, 2004), diet selection (Garcé al, 2003),
differential digestibility of diet components in xeid rations (Caswebt al, 1973; Fantlest
al., 1999) or routing (Fantlet al, 1999; Dalerum & Angerbjorn, 2005).
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Candidates’ contribution and publications

Chapter II
Wittmer et al. (2008) Biogeosciences

The candidate partially took the samples (2006 $ampcampaign), aggregated all
meteorological data, carried out the statistical gaostatistical analysis, wrote the first draft
of the manuscript and composed all graphs. Theidatedhandled the reviewers’ comments

and wrote the reply.

Chapter Il
Wittmer et al (2010a) Basic and Applied Ecology

The candidate took samples (partially in 2007)riedrout all statistical analysis, wrote the
first draft of the manuscript and composed all ggeaprhe candidate handled the reviewers’

comments and wrote the reply.

Chapter IV
Tentative author-list: Wittmer MHOM, Auerswald Kc¢l$nbach P, Bai YF, Schnyder H

The candidate took samples (partially in 2007)riedrout all statistical analysis, wrote the

first draft of the manuscript and composed all ggap

Chapter V
Auerswaldet al (2009) Biogeosciences

The candidate carried out the sampling campai@®dv, aggregated the meteorological data,
and performed the statistical and geostatisticallysis. The candidate participated in the

writing of the manuscript and composed all graphs.

Chapter VI
Wittmer et al (2010b) Global Change Biology
The candidate carried out the sampling campaid@®0v, aggregated all meteorological data,

performed the statistical and geostatistical amalys/rote the first draft of the manuscript and
composed all graphs. The candidate handled thewevs’ comments and wrote the reply.
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Chapter VII
Tentative author-list: Wittmer MHOM, Auerswald KaBYF, Schnyder H

The candidate carried out the sampling campaid200V, aggregated all meteorological and
agricultural data, performed the statistical andstgistical analyses, wrote the first draft of

the manuscript and composed all graphs.

Chapter VIl
Tentative author-list: Wittmer MHOM, Auerswald Kclyder H

The candidate carried out all statistical analysisgte the first draft of the manuscript and

composed all graphs.
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Auerswaldet al (2010) Journal of Applied Ecology

The candidate initiated the study, performed therdiure search, the statistical analysis and

contributed to the first draft and the revisiortlod manuscript.



