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General introduction
Intensification of agriculture is the major reagon worldwide biodiversity loss (Tscharntke
et al., 2005). Permanent grasslands, accountingdproximately 8 % of the land surface in
Europe (FAO, 2008), make an important contributtonplant diversity (NOosberger and
Rodriguez, 1996)Diverse systems have a great potential in incrgafie supply with and
the sustainability of ecosystem services and nighddvantageous compared to simplified or
less species-rich communities under the conditiohglimate change: The productivity
(Tilman et al., 2001) and stability of biomass proibn (Richardson et al., 2010) can be
increased by plant diversity.
Different reasons for the diversity-functioning agbnship have been discussed, e.g. the
number of plant species with differing traits (Heopand Dukes, 2004), the ‘functional
identity’ of the dominant species (Mokany et al008), complementarity of resource use
(Spehn et al., 2005) and the possibility of com@etary interactions determined by spatial
dimension (Dimitrakopoulos and Schmid, 2004). Thespnce of N fixing legumes and
arbuscular mycorrhizal fungi (AMF) can also coniité to larger productivity, due to their
positive effects on N supply (Spehn et al., 2008) B acquisition of plants (Jakobsen et al.,
1992). There are hints to a specifity between AMHE plant species (Vandenkoornhuyse et
al., 2003) and differences in functioning of AMFesfes (Helgason et al., 2002). Therefore,
different vegetation composition might be relatedlifferences in AMF functioning.
Grazing is a common type of grassland managemeedquade for the maintenance and
recreation of diverse grasslands (Collins et &98). Grazing can affect sward heterogeneity
and thereby may affect plant diversity (Adler et 2001). Grazing animals alter the sward by
their feeding choices, nutrient return and treadiGgazer species differ in their herbage
quality requirements, smaller grazer species hadenaand for higher quality herbage than
larger grazers and thus are more selective (Roeak,e2004). Therefore, co-grazing of animal
species may result in complementary grazing, lepthra more efficient sward utilisation and
a different vegetation development than mono-g@zirhe amount and pattern of nutrient
return by animal excretion may affect the nutriese and vegetation composition either
directly or indirectly via changes in belowgrounmgesses, e.g. the functioning of legumes’
rhizobia and AMF.
So far, few studies on the diversity-functionalitglationship have been conducted in
grassland with a long history of agricultural ugafferences in sward composition and
herbage quality and quantity likely affect the gngz animals” feeding decisions and
performance. This in turn should have an impacthensward structure and development.



There is little knowledge on the interaction betwsward composition and animal behaviour

on vegetation development, herbage productivitygliguand nutrient use in semi-natural
grasslands.

Therefore, our objectives were to

1) Analyse the effects of mono- and co-grazing caditel sheep on the vegetation
development and sward use in a semi-natural maagrdiverse sward and its grass-
dominated counterpart (Chapter I);

2) Determine sward and grazing animal effects on lggbguality and productivity
(Chapter II);

3) Evaluate the impact of sward composition and nérogor phosphorus input,
simulating animal urine and faeces, on nutrient arsg& productivity affected by the
functioning of legumes and AMF (Chapter llI);.
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Chapter I:

Initial mono- and co-grazing effects of cattle and sheep on
vegetation development of pastures differing in composition

Seither M., Petersen U., Wrage N., Isselstein J.



Abstract

Grassland plant diversity is influenced by sitedibans and agricultural management. In this
study, we investigated the initial effect of gragioattle and sheep alone or together (co-
grazing) on vegetation composition, diversity amdusl structure of an extensively managed
semi-natural grassland sward with initially diffetediversity, established by herbicide
application. The experimental sites were a modbrafgecies-rich_olio-Cynosuretunin the
Solling Uplands (Germany) and its grass-dominatednterpart. The six combinations of
plant diversity and grazing treatment were repédatree times in blocks grazed rotationally.
Mono-grazing cattle led to significant changes @getation composition compared to sheep-
and co-grazing after two years of differential gngz The vegetation composition of co-
grazed paddocks was intermediate between catttesla@ep-grazed paddocks in the diverse
and grass swards. There were no hints to complemefbraging effects caused by co-
grazing cattle and sheep on sward structure. Wadfdunts to larger forage selectivity by
sheep affecting the vegetation composition. Graaimignal and sward type had a significant
impact on post-grazing sward structure. This suggt®t grazing animals adopt different
foraging strategies in response to the sward coitipos

Key words: grassland; monocots; dicots; foraging behaviatgtional grazing; sward height



Introduction

European grassland makes an important contribtidmodiversity in agricultural landscapes
(N6sberger and Rodriguez, 1996). Site specifiofacsuch as soil type, nutrients, climate and
management practices affect grassland diversitycantposition (Isselsteiet al., 2005).
The maintenance of diverse grassland in Europe ndispen management measures like
mowing or pasturing to avoid a progress in sucoesand a change in the typical vegetation
composition. Grazing promotes vegetation dynamias (@e-) establishment of plant species
more than other management practices (Kahmen, &04l2) and is, therefore, considered an
effective means for conservation and maintenancediwdrse grassland (Hayes and Holl,
2003; Loucougaray et al., 2003; Rogalski and Pav@lkegiczak, 2010). It results in a
heterogeneous sward structure due to the grazimgaés specific foraging behaviour (Rook
et al., 2004), treading (Rook and Tallowin, 2008) autrient return by dung and urine (Rook
et al., 2004). Selective foraging exerts a locaitm on competitive plant species enabling
subordinate specig® coexist (Grime and Mackey, 2002). Small-scalg disturbance by
treading can create niches for gap-colonising ggefiiofmann and Isselstein, 2004). Both
mechanisms are seen as crucial for the promotiarasgfsland diversity (Loucougaray et al.,
2003). The pattern of nutrient input via excretafrfaeces affects the vegetation by a change
in local resource conditions (Rook et al., 2004hiok in turn influences the competitive
relationship of plants. Both, selective foragingdaexcretion patterns affect vegetation
composition via their effects on plant responses laglowground organisms (Bardgett et al.,
1998; Ribas et al., 2010).
The selective grazing behaviour of herbivores iscss-specific and to a great extent
determined by the body size of the grazing anirhatge grazers like cattle have a slower
throughput and more efficient digestion than sngaizers like sheep and can, therefore,
better cope with low forage quality (Rook et aDp2). Small grazers, however, are in need of
high quality forage and are consequently more setedue to the small size of their jaws,
they are usually able to pick only certain partsagflant, where larger animals have to take
the whole plant.
Cattle grazing has been found to facilitate bothediity and abundance of annual forbs
compared to ungrazed sites (Hayes and Holl, 20B8zing with sheep may lead to an
increase in grasses (Sebagtaal., 2008) while the proportion of forbs andueges may
decrease (de Bello et al., 2005; Nolan et al., 2d0& to a higher selectivity of sheep for the
latter. Mixed grazing can increase the utilisatadnexcreta patches of the respective other
species, as found in pastures co-grazed by cattlesheep or horses (Forbes and Hodgson,
9



1985; Loucougaragt al., 2003). Sheep and cattle also affect thedswtaucture differently;
cattle create more patchy swards than sheep (Natlaal., 2001), probably attributable to
larger, less homogeneously distributed excretaheatcDue to grazer species specific effects
on sward structure, the choice of the grazing ahspacies might be a means to achieve
desirable plant species composition and biodiwe(Sitewart and Pullin, 2006) by facilitating
a dynamic spatial heterogeneity of pastures (Raak.£2004). However, grazing might also
decrease the heterogeneity in vegetation compositi@used by environmental factors
(Fuhlendorf and Smeins, 1998) and different grazingnal species do not seem to favour
vegetation heterogeneity equally: Sebastia (200&)d cattle to increase the heterogeneity of
the vegetation, both on the patch and landscape, s¢hile sheep increased homogeneity and
facilitated the presence of species with consesmatalue. The combination of both cattle and
sheep might be advantageous for controlling plpecies differing in toxicity for the two
grazing animal species (Hejcman et al., 2008) amghtmincrease the grazing effect on
grassland diversity and composition (Loucougaetyal., 2004). Co-grazing could be
beneficial for an optimal use of the pasture by plementary foraging behaviour, as found
for cattle co-grazing with horses (LoucougarayletZz003) or goats (Webb et al.), the latter
being the effect of goats feeding on woody plamsided by cattle. However, tall swards
support a higher diversity and abundance of gradséaimals like arachnids and arthropods,
whereas some species are bound to low sward hdiDetmis et al., 2001; Morris, 2000).
Therefore, a heterogeneous sward structure mightelse for the preservation of grassland
animal diversity and abundance.

So far, studies on grazing animals have often tny&ted the effects of either animals grazing
alone, together (Abaye et al., 1994; Nolan and Gtynn1989) or sequentially (Fraset al.,
2007) on animal performance. When the impact ontppecies composition and diversity
was explored, studies mainly focused on cattleiggaalone (Pykéla, 2004) or together, e.g.
with horses (Loucougaray et al., 2004). Sheep tffes vegetation grazing alone (Sebastia et
al., 2008), together with small herbivores (Dengkal., 2010), goats (Animut al., 2005) or

in comparison with other mono-grazing herbivorée Icattle were addressed (Reyneri et al.,
1994). However, there is little knowledge on thieef of sheep mono- and co-grazing with
cattle on vegetation development and compositiocamhplex swards (Stewart and Pullin,
2006). Therefore, we carried out a study on grasslawards with initially differing
vegetation composition grazed by sheep and cdttfeear in combination. We addressed the
following question: Does grazing with cattle andeap alone or together change the

differences in vegetation composition of a divemsegrass-dominated sward within three
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years after a change in management? We hypothetsiaedl) pastures grazed by cattle or
sheep alone show differences in vegetation devetopng2) the utilisation of the co-grazed
sward is larger, resulting in a more homogeneogetation composition, 3) the grazers adapt
their foraging behaviour in response to sward casitjom, resulting in a different vegetation

development in grass compared to diverse swards.
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Material and Methods

The experimental site, an area of 9 ha in totataslerately species rich and can be assigned
to the plant-associatioholio-Cynosuretumlt is located in the Solling Uplands, Germany
(51°46'47 N, 9°42'11 E; the altitude of the totetaaranges from 184 to 209 m above sea
level). The site had been managed as a mown pasitirezarying proportions of cattle and
sheep for more than 16 years before the startefe#periment. Light manure was applied
regularly to the total area; however, not all partshe site were completely accessible for
mowing or application of manure. The soil type ipedosol, the texture is clayey/silty loam.
The average annual precipitation is 879 mm andhttegage temperature 8.2°C (1961-1990,
Deutscher Wetterdienst, DWD, Location: Dassel -3 kom the experimental site). To
characterise initial soil conditions, compositel sa@imples (consisting of eight subsamples)
were taken around five randomly distributed permargots per paddock (also used for
vegetation relevés) to a depth of 10 cm (P, K, Mdy 2007) and 30 cm (mineral N analysis;
October 2007; soil corers were 1.7 and 1.8 cm ameter, respectively). The pH of the soail
(in CaC} suspension) as well as the availability of P, Ktr@cted with calcium acetate
lactate, continuous flow analyser [CFA]), Mg (Ca€ktraction, CFA) and mineral N (KCI
extraction, CFA) showed the large variability tygiéor pastures (pH: 6.8 £ 0.3; in mg 100 g
ldry matter: P: 7.9 + 3.2, K: 17.4 + 4.9, Mg: 35.84, NQ: 0.5 + 0.1, NH": 0.2 + 0.01,
means * standard deviation, sd).

In this experiment, two factors were manipulatedmely the botanical diversity and the
species of grazer. The initial diversity of the stvavas manipulated in summer 2006, prior to
the start of the experiment, by the use of a hatbiagainst dicotyledonous plants (active
components Fluroxypyr/ Triclopyr) resulting in aMdaliversity grass-dominated sward (‘grass
sward’) compared to the untreated ‘diverse swardfe(red to as ‘sward types’ in the
following). The number of plant species after tlebicide application (based on five 9 m2
relevés per paddock) was 9.2 £ 2.5 and 13.8 + @&af = sd) in 2007 for the grass and
diverse sward, respectively.

Both diversity treatments were either grazed byephéy cattle or by both starting in May
2007. Grazing cattle were suckler cows and calfethe breed German Simmental. Ewes
with lambs were Blackheaded and Leine sheep in eoahte proportions. Animals were
assigned to 0.5 ha paddocks on a live weight bBeisco-grazed paddocks, sheep and cattle
were used in equal weight proportions. All treatteenere replicated three times in blocks

that were rotationally grazed three times per y8asward types x 3 grazing treatments x 3
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blocks: 18 paddocks); data of three years, from72@02009, were collected. The grazing
pressure was 13.7 + 1.4 and 14.3 + 1.6 LU fiaJ = livestock unit of 500 kg) in grazing
cycles one and two; in the third cycle grazing pues was reduced to 8.6 +0.6 LU hgnean

+ sd) to adapt to slower vegetation growth. Theigiaperiod typically lasted from beginning
of May to mid-September with a break of approximasex weeks for animal mating after the
second grazing cycle. The grazing time in eachtiootacycle depended on the herbage on
offer; due to the grazing break and reduced gragnegsure in the third cycle, grazing time
was similar to the first cycle: 11 + 3.1 and 12.3.4 for first and third cycles vs. 6.1 £ 2.8
days (mean = sd of the three years) for the secpcié.

Five permanent points per paddock were establiirecegetation analysis and soil sampling
following the generation of randomly distributedinge with the program Hawth’s Analysis
Tool for ArcGIS 9.1. Vegetation composition was ntored in May/June from 2007 to 2009
by means of vegetation relevés of 1 m2 and 9 ntosanding the permanent points. In the 1
m2 relevés, species number, composition and yigtidhates (Klapp and Stahlin, 1936) were
recorded. For the baseline data of 2007, the yaskimates were performed on functional
group level (grasses, herbs, legumes), in 20082&0@ on plant species level. In the 9 m?2
relevés, additionally occurring plant species weseorded. The plant specigsgrostis
giganteaand Agrostis stoloniferawere hard to differentiate; observations wereydfuee,
combined to the species consortiudgrostis spet. Sward height measurements were
carried out to provide insights of how grazing aalsnaffect the sward structure. To this end,
fifty measurements of compressed sward height waen in a zigzag transect across the
paddock before and after each grazing event witlsing plate meter (Castle, 1976). To
compare sward structure and sward utilisation betwtecatments, coefficient of variation of
post-grazing sward height (CV = sd/mean sward hemyd post-grazing sward heights were
analysed. Values on the nutritional value of plapécies were gained from the BiolFlor
database (Klotz et al., 2002a).

The experiment was set up as a two-factorial blbegign with the fixed factors sward type
and grazing system and the random factor block.et&pn data was analysed using
multivariate ordination techniques in Canoco (temdk and Smilauer, 1997-2004). Detrended
correspondence analysis (DCA) resulted in gradiemgths (length of the first DCA axis)
smaller than three, therefore, we used linear naksthor further analysis (Leyer and Wesche,
2008). To calculate the different impact of ouratreents versus the environmental/spatial
influences on vegetation composition, we condutitedvariance partitioning procedure using

partial redundancy analysis (Vandvik and Birks, 200or this procedure, two groups of

13



environmental variables were built, one includimgatment factors (sward diversity and
grazing treatments) and the other spatial factsksgpé, North- and East-orientation of the
plots, block (Borcard and Legendre, 1994)). Plg&cges abundances were log-transformed
apart from that the default setting of CANOCO waedi A split-plot design was used to
account for the sampling design of five sub-plateach ‘whole plot’; Monte Carlo tests with
199 permutations were performed at the whole fdot-not on the split-plot-level. As spatial
factors accounted for a larger proportion of expdi variance (23 and 38 % in the diverse
and grass swards in 2008, respectively) than theabtreatment factors (7 and 5.6 % in the
diverse and grass sward in 2008, respectively)jaddactors were considered as covariables
in analyses. For the analyses of significant effexfttime or its interaction with treatment
factors on changes in species composition, repeateasures RDAs were performed as
described in Leps and Smilauer (2003); all candrec@s were tested under the reduced
model with 499 permutations. If a significant effe@s found, the analysis was repeated with
automatic selection of variables to identify thgnsficant variables or interactions. Tables of
species—by-environmental correlations were usetitect relationships between plant species
abundances and grazing treatments (ter Braak arildugm 2002b). Signficant correlations
of plant species with grazing treatments were agskby t-value biplots on partial RDAs of
the grass and diverse sward (ter Braak and Smjl206gec).

To measure vegetation similarity, DCAs for grazingatments on the paddock level were
performed to determine the standard deviation etigs turnover given as the length of the
first axis of the DCA (Hill and Gauch, 1980), arektBray-Curtis distance between samples
was determined as the sum of differences in spatieadances between two sampleand

y,, divided by the sum of species abundances in ttvesesamples (ter Braak and Smilauer,
2002a):

D12= & [y1 - yaol) / & (Y1t ¥2))-

Further statistical analyses were carried out Wti(2.7.2, 2008). Univariate analyses were
performed with linear mixed effects models (bloskrandom factor, sward type and grazing
animal as fixed factors; year as repeated measutgwih post hoc Tukey adjustments to
investigate differences among sward types and mgazeatments in mean numbers of plant
species, yield proportions of single species, leguand forb yield, Shannon diversity and
Bray-Curtis distance and trampling tolerance of wegetation (Klotz et al., 2002b). For
analyses of treatment effects on VC and sward heigdCOVAs were performed with the
respective post-grazing values as response angrazaéig values of the first grazing cycle as

co-variables. In 2007, only means of pre-grazingrsMheights of the first cycle were noted,
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therefore, post-grazing sward height was only as®ayfor 2008 and 2009. Common visual
tests like the normal QQ plot (test of normalityddathe residuals versus fitted values plot
(test of variance homogeneity) were used to test abesumptions for a parametric test

(Dormann and Kihn, 2008). Non-parametrical dataevwasralysed by Kruskal-Wallis tests.
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Results

As vegetation composition in 2007 was measuredresepce/absence data which makes it
difficult to compare to results from the followingars, here, we present data on vegetation
composition from 2008 and 2009. In 2008, grazirgatiments had no effect on vegetation
composition. In 2009, cattle grazing had a sigaifiiceffect on vegetation composition in the
diverse P = 0.050) and grass sward® £ 0.025, determined by Monte Carlo permutation in
an RDA). Sheep and co-grazing had no significafdécefon vegetation composition; co-
grazed paddocks were intermediate between catttbsheep-grazed paddocks in the diverse
and grass swards (Fig. 1a and 1b, Tab. 1).

In both swards, plant species correlations diffdoedyrazing cattle and sheep; co-grazing led
to species reactions intermediate between the myoamed treatments or were, in tendency,
more similar to those in the cattle treatment (TgbT. repensoccurred in higher abundances
in cattle than in sheep-grazed grass (not sigmfjcand diverseR < 0.05, determined by t-
value biplot) paddocks. In the grass sward, thessgsPhleum pratenseand Poa trivialis
showed smaller proportions in the sheep than incHide treatment. In the diverse sward,
there were larger occurrences @fepis biennisin sheep- and co-grazed than in the cattle-
grazed paddocks. In both swards, larger abundaontekolium perenneand smaller
abundances oD. glomeratawere found in the cattle- compared to the sheepegra
treatment. Sheep-grazing was positivetyrelated tooccurrences ofestuca rubrain the
grass and negatively in the diverse sward.

Sward type and year had significant effects on taga composition (sward effeck =
0.001 in 2008 ané& = 0.005 in 2009; year effed® = 0.002 in the grass aril= 0.008 in the
diverse sward, determined by analyses 1 and 2Take2) and accounted for the two most
important gradients found for vegetation compositi@ata not shown). There was no
significant interaction between grazing treatmend ayear on vegetation composition
(analyses 3 and 4, respectively; Tab. 2), i.e.témeporal change in vegetation composition
did not differ among grazing treatments within sivéypes. As a tendency the explained
variance in vegetation composition by grazing treaits was larger in the grass (7.5 %)
compared to the diverse sward (6 %; data not shown)

From 2007 to 2009, the yields of both legumies(0.016) and forbs(= 0.002) increased in
the diverse sward, by 4 and 28.6 % in cattle- and land 31.8 % in co-grazed paddocks,

respectively.
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Figure 1. PCA diagrams (data log transformed) of plant spe@erows) and environmental variables
(triangles: grazing treatments; covariables: spédiors) for the diverse (a) and grass swardater

two years of differential grazing in 2009. Axesrida3 explain 16.5 or 13.3 and 6.5 or 8.0 % of the
vegetation variance in the diverse and grass sweesigectively. Species within a fit range of 9-200

(a) or 4-100 % (b) are displayed in the speciematibn. Species names are abbreviated with the 3+4

first letters. Agr_capiAgrostis capillaris Agr_spec:Agrostis spec(A. stoloniferaandA. gigante,

Alo_prat: Alopecurus pratensjBel_pereBellis perennisBro_hord:Bromus hordeaceu£er_holo:

Cerastium holosteoide<Cir_arve: Cirsium arvensgCre_bien:Crepis biennis Dac_glom:Dactylis

glomerata Ely_repe:Elymus repensFes_pratFestuca pratensd-es_rubrfestuca rubraGal_moll:

Gallium molluge Hol_lana: Holcus lanatus Lol _mult: Lolium multiflorum Lol_pere: Lolium

perenne Phl_prat: Phleum pratensePoa_humi:Poa humilis Poa_triv: Poa trivialis, Ran_repe:

Ranunculus repensTar_s.Ru:Taraxacum sect. Ruderalidri_prat: Trifolium pratense Tri_repe:

Trifolium repensVer_persVeronica persicaVer_serpVeronica serpyllifolia.
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Table 1: Plant species correlations with grazing treatmé@atsattle, S: sheep, CS: both) in grass and
diverse sward. Correlations were extracted frontiggeby-environmental correlations data file of
RDAs (variables: grazing treatments; covariablpatial variables); NV: nutritional value. Corretati

coefficients are shown if a treatment reached aezaD.40.

Grasssward Diverse sward
NV C S CS C S CS

Trifolium repens 9 0.340 -0.537 -0.137 0.835 -0.658 0.176
Phleum pratense 9 0.462 -0.498 -0.036
Poa trivialis 7 0.401 -0.326 0.075

Lolium perenne 9 0.418 0.010 0.423 0.369 -0.125 0.244

Festuca rubra 6 -0.251 0.510 0.259 0.210 -0.396 -0.186

Dacytylis glomerata 8 -0.692 0.496 -0.195 -0.464 0.112 -0.353

Crepis biennis 5 -0.011 0.408 0.397

Table 2: Results of RDA analyses for years 2008 and 2008ifale swards to determine effects of
year (Y) and its interaction with treatment fact(Cs cattle, S: sheep, CS: co-grazing) on changes i
plant species composition. % expl. 1st axis: priporof explained species variation of the first
canonical axist 1st axis: species-environment correlation on tist éixis;F ratio: F-ratio statistics on

the trace (sum of canonical eigenvalues).

Analy- % expl.
Data ss  Explanatory variables Covariables 1st axis r 1st axis Fratio P
Temporal trend Grass 1 Y, Y*C, Y*S, Y*CS PlotID 8.3 0.95 8.37 0®1
in vegetation
change?  pierse 2 Y, Y*C, Y*S, Y*CS PlotID 9.0 0.97 8.82 0.018
Is the temporal Grass 3 Y*C, Y*S, Y*CS PlotID, Y 0.9 0.62 1.88 0@7
trend dependent
ongrazing  pierse 4 Y*C, Y*S, Y*CS PlotiD, Y 0.6 0.44 1.40 0.784
treatment?

In sheep-grazed paddocks, the yield of forbs ismealby 19.4 %) and that of legumes
decreased (from initially 10.8 to 2.1 % in 20093.R2). In 2009, the legume abundance was
higher in tendency in cattle- and co-grazed conptoesheep-grazed paddocks (by 5 and 6%,
respectively, Fig. 2), though this effect was nighgicant (P = 0.232). In the grass sward,

yield percentages of forbs increased significa®y= 0.020); in tendency, dicots reached

larger levels in cattle- and sheep- compared tgreaed grass paddocks in 2009.
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Figure 2: Mean yield proportions (%) of herbs (white, - sdfddegumes (black, + sd) on cattle, co-
grazed and sheep (C, CS, S) grass and diverse ssWwafore (2007) and after one and two years of

grazing (2008 and 2009, respectively).

Some species with high trampling tolerance incréaseabundance from 2008 to 2009, e.g.
Lolium perenngP < 0.001), Trifolium repens(P = 0.010),Taraxacum sect. Ruderal{® <
0.001), andPoa trivialis(P < 0.001) in both sward typeBpa pratensigP = 0.026) increased
in the diverse sward (Tab. 3). There was no sicaufi difference in trampling tolerance of the
vegetation among grazing treatments in 2008 or 2009

There was a significant effect of the interacti@vieen sward type and grazing treatment on
post-grazing vegetation heigh € 0.001 for the second and third grazing cyclesOg&and

all grazing cycles in 2009). In the grass swardtygnazing sward heights were significantly
larger in cattle- (second grazing cycle 2008) orcaitle- and co-grazed paddocks (third
grazing cycle 2008) than in the sheep-grazed tretrfirab. 4). In the diverse sward, post-
grazing sward heights were significantly largershreep- and cattle- (second grazing cycle
2008) or in sheep- and co-grazed treatments (trading cycle 2008) than in the respective
other grazing treatment® (< 0.001 in both cycles; Tab. 4). In 2009, similasulés were

found, with significantly larger post-grazing swdndights in cattle-grazed grass or sheep-
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grazed diverse paddocks, and co-grazed treatmeirtg bimilar to cattle-grazed paddocks in

the grass sward or to sheep-grazed paddocks ohiveese sward (data not shown).

Table 3: Yield proportions of plant species (mean + sd} tra trampling tolerant after one and two
years of mono- and co-grazing (C: cattle, S: sh€&p,both) on diverse and grass swards. Signficant
differences among grazing treatments within onedwge are indicated by superscript letters, sward
(Sw) and year (Y) effects are given in the lasuoois (ns: not significant; ¥ < 0.05; **: P < 0.01;

*** P < 0.001). Year effects were analysed by repeatedsunement ANOVAs. There were no

interactions between sward and grazing treatment.

Diver se sward Grass sward

C CS S C CS S sw Y
Lolium perenne 2008 25.9+7.8 29.8+6.1 233+6.4 275+6.4 21.2&3241+55 ns *=
2009 17.1+13.3 20.6+4.7 9.3+2.9 132+237.7+638 105+5% ns
Trifolium repens 2008 5.0+3.8 23+26° 0.6+0.6 02+01 0.1+0.1 0.2+0.2ns **
2009 6.4+33 7.1+62 13+13 89+139 02+0.11.7+26 NS
Poa pratensis 2008 1.7+0.6 20+14 16+17 14+07 20+19.6817 ns =
2009 3.6+30 35+23 28+13 38+29 59+31.5553 ns
Taraxacum sect. 2008 11.9+10.0 147+7.4 7.1+92 01+0.1 0.1+0.0 0201+ ==
Ruderalia 2009 25.7+27.2 34.3+1.8 23.2+2541.0+06 04+0.2 11+0.8 **
Poa trivialis 2008 11.9+5.6 20.2+55° 27.8+6.6 251+6.8 27.1+9.1 20.7+10.31S ***
2009 1.6+03 19+05° 3.1+02 47+44 39+26 20+1.00ns

Table 4: ANOVA summary of post-grazing sward height acrtveatments and for grass and diverse
sward separately, at the second and third graziolg en 2008 (C2 and C3). Sward height before the
first grazing cycle (covariable) was considerediias, the block as second factor before the g@zin

treatment (ns: not significant); post-grazing swheight was box.cox-transformed to achieve normal
distribution of residuals.

ANOVA summary, Significance of F-value
Grasssward Diversesward

Date Sward type () Grazing treatment (G) IXG G G
2008, C2 0.038 <0.001 <0.001 <0.001 <0.001
2008, C3 ns 0.009 <0.001 <0.001 0.002

The sward height variability, measured as the aoefft of variation (CV) of sward height,
was in some cases larger in the diverse comparteetgrass sward, e.g. at the first and third
grazing cycle in 2008 = 0.022 and® = 0.018, respectively) and the second grazing dycle
2009 P = 0.043), but was similar between swards at the otjnazing cycles (data not
shown). The CV was significantly larger in catttean in co-grazed diverse paddocks at the
second grazing cycle in 2008 & 0.019) and significantly larger in the cattle- thanthe
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sheep-grazed grass paddocks at the third grazitlg oy 2009 P = 0.030; data not shown);
at the other grazing cycleso difference in CVs among grazing treatments wasd.

Initial differences in plant species numbers betwdiwerse and grass swards< 0.001 and

P = 0.035 in 2007 and 2008, respectively) decreased time (Tab. 5). The Shannon index
differed for the grass and diverse swartls= 0.032), but was not affected by different
grazing treatments. The Bray-Curtis distance diddiféer between swards or among grazing
treatments within both swards, but increased santly from 2008 to 2009°(< 0.001; Tab.
5). The standard deviation of species turnoverrdahed by gradient lengths of DCAs, did
not differ significantly between swards or amongaziyng treatments within sward types in
2008 and 2009 (Tab. 5).

Table 5: Plant species numbers (based on 9 m?), Shannomsithvéndex, Bray-Curtis distance,
gradient lengths of DCAs and trampling tolerancéhefvegetation (mean + sd) in the first year and/o
after one and two years of grazing. Sward (Sw) peal (Y) effects are given in the respective
columns (ns: not significant; * < 0.05; ***: P < 0.001). Year effects were analysed by repeated
measurement ANOVAs. There were no interactions éetwsward and grazing treatment except for
trampling tolerance in 200®(= 0.017).

Diverse sward Grass sward
C CS S C CS S Sw Y

Plant species numbeR007 13.8 £2.4 13.3+2.214.2+5.6 9.3+25 873+1.89.7+£27 *=*
2008 18.3+54155+1.3149+4611.9+0512.1+1.613.7+53 *
2009 14.3+£0.314.2+2.1149+42155+2.0135+23153+36 ns
Shannon 2008 2.0+£0.2 19+0.2 17+£03 15+02 1.7+0.27403 *o
2009 1.6+05 17+04 15+04 15+03 16+035#04 ns
Bray-Curtis 2008 0.4+0.1 04+01 04+02 04+£00 04£0.04801 ns **
2009 05+0.1 05+0.1 05+02 0.6+0.1 05+0.06#6€02 ns
DCA gradient length2008 1.3+0.1 1.1+0.3 13+06 11+00 1.0+£0.1.04£03 ns **
2009 14+0.1 13+01 17+08 1.7+03 13+025#04 ns
Trampling tolerance 2008 6.5+0.4 6.7+0.1 6.3+0.2 64+04 6.2+03560.1 ns ns
2009 6.4+09 6.7+0.7 6.0+t09 6.8+04 6.9+034605 ns
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Discussion

In this study, initial effects of mono- and co-grax cattle and sheep on the vegetation
development of swards with different compositionrevanalysed. Spatial parameters had a
strong effect on vegetation composition, explairéi@gor 71 % of the total explained variance
in 2008 and 2009, respectively. Nevertheless, caimstd analyses considering spatial effects
as covariables confirmed our hypothesis of graaimgnal effects on vegetation composition:
cattle-grazing significantly affected vegetatioompmsition. Sheep- and co-grazing, however,
did not significantly change vegetation compositiomnd co-grazed paddocks were
intermediate in composition between cattle- anekpkgrazed paddocks (Fig. 1a and 1b, Tab.
1).

Our data suggest larger forage selectivity by steepdifferent foraging strategies by both
cattle and sheep to contribute to compositionafetthces among the mono-grazed
treatments. The effect of animal treading, howenerasured as the mean trampling tolerance
of the vegetation, was unaffected by grazing treatralikely due to similar grazing intensity
among treatments- and did not change with timen @éleugh some treading tolerant plant
species likd_. perenneandP. trivialis increased significantly from 2008 to 2009.

Legume proportions decreased in sheep-grazed pksidothe diverse swards from 2007 to
2009, and -consistent with other studies (Dumoral.et2010; Nolan et al., 2001)- repens
abundances were smaller in sheep- compared te-gattzed treatments in 2009, likely due to
selective grazing by sheep (Curll and Wilkins, 1983 both swards, cattle-grazing coincided
with higherLolium perenneabundances than sheep-grazing. Sheep seemeddagtered
indifferently onL. perenne(correlations were around zero in both swards, Tz 1). In
cattle-grazed paddocks, this high-digestible gsp&ies increased in yield, possibly because
it had been avoided in latrine areas.

In the grass sward, there is less possibility felecive behaviour, and sheep, normally
avoiding forage with high crude fibre content (Thamet al., 2010), seemed to have selected
for the highly digestible grasB. pratenseand —to less exten®. trivialis, that were both
grazed indifferently by sheep in the diverse swaFdgubra, a grass of lower digestibility,
was refused by sheep grazing grass swards, wheatlssseemed to have grazedFomubra

to a larger amount.Sheep seemed to have fed selgabtinF. rubra in the diverse swards. In
block C,F. rubra was one of the dominating grasses (average yregoption of 19 %). A
small range of choices might have led to the skerpgreased feeding on that graBs.

glomeratawas reduced in the cattle- and, to less extentheénco-grazed grass and diverse
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swards whereas it seemed to have been avoidedebyp s the grass sward. Selective feeding
on D. glomeratain the co-grazed diverse treatment was also obddrvanother investigation
in the same experiment (Cuchillo and Isselsteid,020The authors suggested that animals
selected species of higher fibre content when geaini the diverse swards. Interestingly, they
did not find this effect —contrary to our resulis- the cattle-grazed grass and diverse
paddocks, probably due to the smaller spatial stfateeasurement (0.5 vs. 1 m2in our study)
leading to different results particularly in thetqyaly-grazed cattle paddocks.

Our hypothesis of a better utilisation of the swardhe co-grazed compared to the mono-
grazed paddocks was not confirmed. Post-grazingdsivaights in co-grazed paddocks were
not smaller compared to the mono-grazed treatmbatsyere either similar to the cattle- or
sheep-grazed treatment. The CV of sward heightneasmaller in the co-grazed treatment
either (with exception of the second grazing cyicle2008), which would have been an
indication of a more even utilisation of the swatsen though in tendency smaller gradient
lengths of DCAs in the co-grazed than in the morazgd paddocks in the diverse sward in
2008 and 2009 and in the grass sward in 2009 hiatlagher vegetation similarity in this
treatment, the Bray-Curtis distance did not ditietong grazing treatments. In other studies,
co-grazing or sequential grazing of cattle and gheas found to result in better animal
performance (Abaye et al., 1994; Fraser et al./20€b-grazing cattle and horses increased
plant diversity in the long term related to a mooenplementary sward use (Loucougaray et
al., 2004). More stable forage biomass, more pos&b of selective foraging by sheep and
complementary grazing were discussed as underlyimeghanisms for higher animal
performance in co-grazed paddocks. In our studyeler, neither distinct differences in the
sward structure between co-grazed and mono-grasadimtents nor hints to more stable
productivity were detected. Experimental sitesha before mentioned studies were grazed
continuously at relatively low stocking rates (ardi2.4 LU hd, respectively), while our site
was grazed rotationally at higher grazing presgbetween 13.7 and 8.6 LU fa This
resulted in less forage availability and less pmobsi for selective and complementary
behaviour.

We found evidence confirming our hypothesis ofatiéint grazing effects by cattle and sheep
depending on the sward type. In the grass swast;grazing sward height was significantly
larger in cattle- than in sheep-grazed paddockereds in the diverse sward, it was vice
versa (with exception of the second grazing cynl@008, when post-grazing sward height
was significantly larger in cattle- and sheep- titano-grazed paddocks). In the grass swards,

the possibility of selective behaviour is limitéthis may have led to preferential grazing by
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sheep on short, vegetative sward areas, in ordectease their digestible dry matter intake,
as proposed by Thomasal. (2010). In the diverse sward, however, tiugle fibre content of
the forage was lower compared to the grass pladscattle, coping better with low forage
guality, seem to have increased their forage intaésulting in smaller post-grazing sward
heights. The two sward types seem to have beeerelifly affected by grazing treatments
with respect to functional group abundances: Wbdd#le- and co-grazing facilitated larger
proportions of dicots in the diverse sward, theasgign of dicots was strongest in both mono-
grazed treatments in the grass sward. The repemtaihg by cattle on short sward areas
(Dumont et al., 2007) likely created the nichestfar establishment of dicots. Stewart et al.
(2006) stated in their review on graz€gnosurus cristatus - Centaurea niggeassland, that
sward height is linked to forb abundance and hdsetdarger in sheep- compared to cattle-
grazed pastures for a promotion of forbs. Contrame finding of Stewart et al. (2006), dicot
invasion on sheep-grazed grass paddocks was stithgugh post-grazing sward heights in
sheep-grazed grass paddocks were similar or ew@teslthan those of sheep-grazed diverse
paddocks, indicating that sufficient sward heighswot an explanation for a dicot increase in
the sheep-grazed grass paddocks. Foraging to lsward heights may have reduced the
competitive ability of grasses, creating niches liess competitive dicot species. Minor
availability and lower visibility of the preferretbrb and legume species in the grass
compared to the diverse sward probably also deedetheir intake by sheep (Dumont et al.,
1998) in our study.

Unfortunately, no data of yield proportions on plapecies level were available for 2007,
making it impossible to assure that there werenital differences in vegetation composition
prior to the start of the experiment. Even tho&glstuca pratenseccurred more anglymus
repensless frequently in the co-grazed paddocks compiardie other treatments before the
start of the experiment, the yield abundances edgdlspecies and the vegetation composition
among grazing treatments did not differ in 2008erEiore, the significant effect of cattle-
grazing on vegetation composition observed in 26060ld not have resulted from initial
compositional differences. Yet, given the fact tthet vegetation development in response to
management may take decades (Gibson and Brown,),1898 astonishing to find such
strong grazing effects after only two years of eliéint management. Since sheep affect the
vegetation by facilitating the presence of certsjrecies (Sebastia et al., 2008), significant

grazing effects by sheep on vegetation compositiag take a longer time period to develop.
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Conclusions

Initial results of differential grazing managemeoh vegetation composition showed
significant changes in mono-grazed cattle paddoCksgrazed paddocks were intermediate
in vegetation composition between cattle- and stygaped paddocks. In the diverse swards,
cattle- and co-grazed paddocks had larger dicqigtimns than the sheep-grazed treatment.
In the grass sward, dicot abundance increased Igotabsheep and cattle mono-grazed
paddocks, likely the effect of cattle creating mishor dicots by patch grazing and worse
conditions for selective behaviour by sheep.

Mono-grazing by cattle and sheep affected postiggagward height differently depending
on the sward type. The decrease of legumes in w#nd types and the reduction of highly
digestible grasses in the grass sward in sheeg@rpaddocks hint at selective feeding by
sheep. Sheep-grazing did not change vegetation @sitign significantly after two years of
grazing. Co-grazing did not lead to a more effitigtilisation of the sward and did not result
in higher plant diversity. Apart from facilitatioaf dicot abundance and effects on sward
structure, no other cause of vegetation changatiteqpaddocks could be identified.

Our results point to different foraging behavioyr dattle and sheep as a function of sward
composition and grazing animal need. Vegetatiomgbs in response to co-grazing cattle and
sheep may take a long time to develop.
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Abstract

In experimental grassland, plant species diversdg often been found to be related to
productivity. However, it is not clear whether in agricultural system with semi-natural
permanent grassland, this relationship also eaistishow it is affected by the grazing system.
We analysed the effects of cattle and sheep gradome or in combination on productivity
and quality of a moderately species-rich sward €dig sward) and its grass-dominated
counterpart (grass sward) during the first threaryeafter the onset of a grazing experiment.
The grass sward was established applying selelstii@cides against dicot species before the
start of the experiment, resulting in a reductiémplant species number by 35 % and a yield
contribution of dicots of less than 1 %. Biomassduictivity was similar between sward types
and was not related to plant diversity, functiogabup proportion, or grazing treatment.
Diverse swards produced higher quality herbage tass-dominated swards, likely the
effect of an increased percentage of highly digéstegumes and forbs. Post-grazing herbage
quality was affected by the grazing treatment assalt of selective feeding, with the fiber
content being increased and crude protein conesredsed by sheep grazing grass or diverse
swards. It is concluded that for grazed permanexgsiand with a considerable nutrient return
via animal excreta and a considerably larger pig@icies number in the grass sward than
usual for low-diversity levels in experimental ggland studies, sward composition is not a
strong determinant of sward productivity. Howeveward composition as well as grazer
species affected herbage quality. So far, co-ggadid not result in a higher herbage quality,

but there were indications that co-grazing couldehsuch an effect in the longer term.

Key words: grassland, diversity, nitrogen fixation, acid dgéat fiber, crude protein,
metabolizable energy, sugar content, patchinessdmrazing
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Introduction

Grassland plant diversity has often been suggettenhfluence ecosystem services like
productivity (Hector et al., 1999; Tilman, 1997{riian and Downing, 1994). Effects of plant
species richness and functional group compositionpmductivity have been related to
nitrogen (N) cycling (Zak et al., 2003), N provisiby legumes (Thompson et al., 2005), and
the presence of plants with differing growth forfage Bello et al., 2010) and phenology
(Hooper and Vitousek, 1998). Recent research imeonities with experimentally assembled
plant composition points to less N leaching witbre@asing richness of non-leguminous plants
(Scherer-Lorenzen et al., 2003), to better nutrniesg efficiency (van Ruijven and Berendse,
2005) and nutrient content of herbage (BullocklgtZz®07) in diverse systems. This may be
linked to an increased herbage quality, influenaiggstibility and herbage consumption by
grazing animals (Dewhurst et al., 2009).

Grazing animals affect sward structure and comjaositfor example by selective feeding
(Wallis de Vries and Daleboudt, 1994) and the patté excreta return (Rook and Tallowin,
2003). Thus, they can also influence herbage quatitl productivity. This effect is likely to
differ among animal species. Sheep are more sete(@rant et al., 1987) and need better
herbage quality than cattle (Milne, 1991; Rooklet2004). Sheep, therefore, strongly prefer
plants at a vegetative stage of development; whfared plants at the reproductive stage,
they select for herbage with low acid detergenerfipADF) and high N content (Thomas et
al., 2010). Cattle, in contrast, also feed on rdpatively growing sward patches (Dumont et
al., 1995) and dead material (Grant et al., 198Wus, the digestibility of diets is usually
higher in sheep than in cattle (Dudzinski and Adndl973; Grant et al., 1987). As a result of
these differences in selective behaviour, a mop&dreecrease in herbage quality in sheep-
than in cattle-grazed paddocks seems likely. L&wgal N concentrations in cattle dung and
urine patches have been found to cause large Mdagssn Groenigen et al., 2005) and to
reduce N fixation rate and legume yield (Ledgardakt 1982; Vinther, 1998). Excreta
nutrients returned by sheep are more evenly diggtbthan those returned by cattle. Sheep
excreta may, therefore, be more efficiently usedplants, with corresponding effects on
productivity. However, due to the spatially moreeeweturn of N, the N fixation rate of
legumes will be likely to be more reduced in shemprpared to cattle-grazed paddocks.
Grazing experiments have shown positive effectsmfrazing cattle and sheep on animal
performance (Nolan et al., 1989), probably reldted more efficient sward utilisation. The
willingness to graze next to dung patches of tlspeaetive other species, especially by sheep
(Forbes and Hodgson, 1985), and cattle’s prefertargalant parts avoided by sheep (Wright
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et al.,, 2001) might cause a more even utilisatibrthe sward. Smaller proportions of

maturing sward of low herbage digestibility (Ricthsiet al., 1962) in cattle-grazed paddocks

should increase overall herbage quality (Bakkex.etL984).

To our knowledge, so far, no studies have invesdjthe interaction between sward diversity

and mono- and co-grazing cattle and sheep on ptiody@nd herbage quality in permanent

grasslands. In a three-year study, we investigatiicl effects of differential grazing and

sward composition on herbage quality and produgtivi a semi-natural agriculturally used

grassland. The vegetation was either the originadlerately species-rich sward or its grass-

dominated counterpart, established by herbiciddéicgimn.

Our hypotheses were the following:

I.  The productivity is larger in the diverse thanhe grass-dominated sward.

a.

In the diverse sward, selective feeding on legubyesheep leads to a decrease of
fixed N compared to cattle mono- or co-grazed tnesits. However, a resulting
potentially negative effect on productivity is magd by a positive effect of a
more homogeneous spread of excreta nutrients oshiep mono- and co-grazed
treatments. Thus, we do not expect any marked teffegrazing treatment on
productivity in the diverse sward.

In the grass sward, the productivity of sheep- endjrazed paddocks is larger
than that of cattle-grazed paddocks, due to theethomogeneous return of sheep

excreta and the here missing effect of legumes.

Il. Herbage quality is larger in the diverse than & ginass sward due to the presence of

legumes and forbs.

a.

In the diverse sward, herbage quality is highesthe co-grazed treatment as a
result of a more homogeneous grazing stimulatiegrdgrowth of the vegetation.

Herbage quality is expected to be poorest in simepo-grazed treatments, as
sheep select herbage of the highest quality.

In the grass sward, the effect of grazing treatnoentherbage quality is similar to

that described for the diverse sward, but it is ldstinct due to less quality

differences within the sward and thus less selediazing by the animals.
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Material and methods

The experimental site is a moderately speciesgraelssland in the Solling Uplands, Germany
(51°46'47 N lat, 9°42'11 E long), assigned to tlepassociation Lolio-Cynosuretum (soll
type: pelosol, clayey-silty texture). The mean ppigtion is 879 mm and the mean
temperature 8.2°C per year (1961-1990, Deutsché&teWieenst, the weather station is located
3 km from the experimental site). Before the stdiuthe experiment, the site had been used as
a mown pasture for more than 16 years; light mahacebeen applied regularly. Throughout
the experiment, neither organic nor mineral femtits were applied. Initial soil conditions
were determined in July (P, K, Mg) and October 2Q@iheral N analysis) on five composite
soil samples per paddock; the sampling depth wasorlBO cm, in July or October,
respectively. The pH of the soil was determined 215 soil to 0.01 M Cagbkuspension (pH:
6.8 = 0.3), P and K were extracted in 1:20 soitaicium acetate lactate (continuous flow
analyzer [CFA]), Mg in 1:10 soil to 0.0125 M CaQCFA) and mineral N in 4:15 soilto 1 M
KCI (CFA). The nutrient availability was, as typidar pastures, variable (in mg 100 dry
soil: P: 7.9 £ 3.2, K: 17.4 + 4.9, Mg: 35.8 + 8MQ3: 0.5 + 0.1, NH": 0.2 + 0.0, means +
standard deviation, sd), but did not differ sigrafity among paddocks of different
treatments.

In the experiment, the factors sward compositiod grazing animal were manipulated. In
2006, half of the naturally ‘diverse’ paddocks @3 3.7 plant species in 2007, the first
experimental year; based on five 9 m2 relevées peldpck) were treated with herbicides
against dicotyledonous plants (‘Starane’ and ‘DeptoKV’ with Triclopyr 2-butoxyethylester
and Fluroxypyr-1-methylheptyl ester or Methylchl@henoxypropionic acid as active
components, respectively), resulting in grass-dameith ‘grass’ paddocks (9.2 = 2.5 species,
mean * sd). Abundant plant species in both swaete Wwolium perenne, Dactylis glomerata,
Phleum pratense and Festuca pratensis; in thesdivarard, Taraxacum sect. Ruderale and
Trifolium repens also occurred frequently. Both slviypes were either grazed by calves and
cows of the breed German Simmental, by ewes anbddahBlackheaded and Leine sheep in
similar proportions, or by both (co-grazing). Anisavere allocated to the paddocks on a live
weight basis. Paddocks, each 0.5 ha in size, waized rotationally with a grazing pressure
of 13.7 + 1.4, 14.3 + 1.6 and 8.6 + 0.6 LU'h@.U = livestock unit of 500 kg) at the three
grazing cycles (mean * sd over three years). Tlezigg season lasted from May to
September, interrupted by a six-weeks break fomahimating (between"2and 3 grazing
cycle), and varied between 11.1 + 3.1, 6.1 £ 2.8 4R.3 + 1.4 grazing days for the three
cycles (mean = sd over the three years) dependmgherbage availability. The six
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experimental treatments were replicated three timdsocks (A, B, C) grazed rotationally
(two sward types x three grazing treatments x thitdecks = 18 paddocks).
Fifty measurements of compressed sward height (@@®Hpaddock were made with a rising
plate meter (Castle, 1976; Correll et al., 2003jotee and after each grazing cycle to
determine the mean CSH. Simultaneously, four ramgatistributed biomass samples of
different CSH per paddock were cut close to thé swiface, dried at 60°C for 48 h and
weighed. Block-wise linear regressions betweenvagight and CSH for each grazing cycle
were used to calculate standing biomass for theentive treatments (coefficients of
determination were 0.64 + 0.18 and 0.55 = 0.16, iamed sd over the three grazing cycles
and years, before and after grazing, respectively).

The annual pasture productivity was determined dasethe pre- and post-grazing biomass
(DMpre and DMos; respectively) of the grazing cycles one and twad #he pre-grazing
biomass of grazing cycle three (1, 2 and 3 as suylisc as follows:
Annual pasture productivity = D}ye1 + DMpre2 + DMprea- DM posti- DMposta

Vegetation growth during grazing of the animals amgrowth after the grazing season were
not taken into account; therefore the actual anmaesture productivity was higher than
assessed in our study. In the first grazing cyal@d07, biomass samples for block A were
only taken after grazing; in this case, pre-grabimass of block A was calculated based on
CSH post-grazing of block A and CSH pre-grazingchlB.

For analysis of herbage quality (content of crudeegin, CP, acid detergent fiber, ADF, water
soluble carbohydrates, WSC, and further charatiesieeeded to calculate the metabolizable
energy of the herbage, ME), the biomass samplektosgetermine pre-grazing biomass were
ground to 1 mm and analyzed by near infrared speobpy (NIRS, VDLUFA
Qualitatssicherung, Kassel, Germany; Kesting et2809). The crude ash content (CA) was
determined by burning subsamples at 550°C for 12shm a muffle furnace. The ME of the
biomass samples was calculated as follows:

ME (MJ kg') = 7.81 + 0.07559 Gb — 0.00384 CA + 0.00565 CP04898 CL — 0.00831
ADF

with Gb: gas formation, and CL: crude lipid contéBfE, Ausschuss fir Bedarfsnormen der
Gesellschaft fiur Erndhrungsphysiologie. 2008). Taenual N vyield was calculated
analogously to the annual pasture productivity: kheontent, determined based on the CP
content, was multiplied with the amount of standimgmass at the respective point of time.
Then, the sum of the pre-grazing N yields of the¢hcycles was calculated and the post-

grazing N yields of cycle one and two were sub&dct{lo determine the post-grazing N
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content of the herbage for 2008 and 2009, the nagéerence of pre- and post-grazing N
content per grazing treatment and cycle in 2007 sudstracted from the respective pre-
grazing N contents in 2008 and 2009. In case o$imgsvalues of pre-grazing N content, the
mean of the other two years for that treatment wezsl.

The *N natural abundance method (Amarger et al., 1978 wsed to determine the N
derived from the atmosphere (Ndfa) by legumes. hegyield proportions were estimated
(Klapp and Stahlin, 1936) before each grazing ewen2008 and 2009 on 15 randomly
distributed points per paddock (each 0.07 m2 ie)sizegumes as well as grasses as non-N
fixing reference plants were sampled (six combisedsamples per paddock for each) if
legumes exceeded 2.7 % of yield. Related to thestiold value, missing values occurred. To
allow for statistical analysis of fixed N, mean aahtreatment Ndfa values were used in case
of missing values. Samples were dried for 48 HD&C6ground to 0.25 mm and analyzed with
an isotope ratio mass spectrometer Delta PlusjdganriVIAT (Bremen, Germany), connected
with a Conflo lll-Interface (Finnigan MAT, BremerGermany) to an elemental analyzer
NA1110 (CE-Instruments, Rodano, Milano, Italy) &termine thé°N signature &°N) of the
sample. N was used as reference gas, and was calibrateasagze reference substances N1
and N2 (IAEA, Vienna). Acetanilide was used asnmi standard. The Ndfa was calculated
as follows:

Ndfa [%] = 6" *Ngrass- 8 "Niegumd/(6"°Ngrass— B), (Shearer and Kohl, 1986).

B is the 5"°N of a legume grown on an N-free medium, thus kéegiall N from the
atmosphere. We used -1.6 % as a default valuetheemean B value determined for six
common legumes in our latitude (Klatt, 2008). A3Nyss mean grasé™N values per block
were used. In 2008, legumes and grasses were shimpiéerently of the species; in 2009,
Trifolium repensas legume anBactylis glomerataas reference plant were sampled to reduce
variability due to species-specific differencedNrixation or assimilationT. repenswas the
main legume on the plots, with contributionshdédicago lupulinaon one block and minor
occurrence ofTrifolium pratense The contribution of N fixed by legumes to totalvas
calculated as follows:

Legume yield [kg ha a'] = standing biomass [kg Ha'] * legume yield share [%6]/100,

N content legumes [kg Haa'] = Legume yield [kg ha a'] * N content [%]/100,

Nrea [kg ha® @] = N content legumes [kg Haa'] * Ndfa [%6]/100,

Contribution of N fixed by legumes to total N [%]Nseq [kg ha'a'] / (standing biomass [kg
ha' a'] * N content [%]/100) * 100.
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In paddocks wher#l. lupulinaalso occurred, total N fixed was calculated asstlma of the
fixed N that was determined separatelyNbrlupulinaandT. repens

All statistics were done with R (2.11.1, 2010). fést the assumptions for parametric tests,
common visual tests like the normal QQ plot (tdstarmality) and the residuals versus fitted
values plot (test of variance homogeneity) weredusgnear mixed model ANOVAs with
sward type and grazing animal as fixed factors lalndk as random factor were performed;
for analysis of year effects, repeated measureBIQVAs based on a linear mixed model
were performed. Multiple post hoc comparisons weased on linear models, with block as
first factor and the fixed factors followindg?-values were Bonferroni-adjusted. When the
assumptions for parametric tests were not met, pemametric Kruskal-Wallis tests were
performed to test for sward effects and grazingnaheffects within swards.

Outliers in regressions of CSH and biomass weratifiled via standardized residuals
(Tabachnick and Fidell, 2010); values equal toavgér than the critical threshold of + 3.0
(Beichelt et al., 2003) were excluded from analysis
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Results

Pre-grazing biomass did not differ among treatméefere the beginning of grazing in the
three experimental years (data not shown) and didliffer between sward types during the
grazing season (Tab. 1). The post-grazing biomass significantly smaller in the diverse
compared to the grass sward in 20B7=(0.002) and when the three experimental years were
considered B = 0.026), but was similar between swards in 2008 2009 (Tab. 1). The
herbage consumption by animals, determined aseaasyydifferences between post- and pre-
grazing biomass, was larger in the diverse thahergrass sward in 200 € 0.012), but did

not differ between swards in 2008 and 2009. It laeger in 2007 and 2008 compared to 2009

(data not shown).

Table 1: Pre- and post-grazing herbage dry matter (dmyassyand diverse swards grazed by either
cattle (C), sheep (S) or co-grazed by cattle are{CS). Shown are means of three grazing cycles
per year; statistics are based on repeated measnrefNOVAs over grazing cycles or years.

Significant differences among treatments within shtgpe are indicated by small letters.

Treatment Pre-grazing her bage mass Post-grazing her bage mass
(t dm ha?) (t dm ha?)
Sward type () Grazing (G) 2007 2008 2009 Mean 2007 2008 2009 mean
Grass C 3.43 3.81 2.63 3.29 2.16 2.39 2.06 2.20
CS 344 368 265 325 217 226 190 211
S 3.21 3.69 228 3.06 1.90 2332 1.65 1.96
Diverse C 3.00 336 228 2.88 1.63 2.32 1.60 1.85
CSs 3.18 345 255 3.06 1.56 2.25 1.84 1.88
S 3.74 367 261 3.34 1.93 2.51 1.94 2.13
ANOVA summary, significance of F-value
Sward type (St) ns ns ns ns 0.002 ns ns 0.026
Grazing (G) 0.046 ns ns ns ns ns ns ns
StxG 0.013 ns ns ns 0.040 ns 0.035 ns

In the diverse sward, the pre-grazing biomass becsignificantly larger during the grazing
season in 2007 in the sheep- compared to the catitbco-grazed paddock € 0.035), but
was unaffected by grazing treatment in the grasséw 2007 and in both swards in 2008
and 2009 (Tab. 1). Post-grazing biomass was sogmfly smaller in sheep- than in cattle-
grazed grass paddocks in 2088 0.028, Tab. 1), but was unaffected by graziegtment.
There was a significant interaction between sward grazing treatment on post-grazing
biomass in 2008R = 0.040) and 2009P(= 0.035). There were no consistent effects of
grazing treatment on herbage consumption.

The annual pasture productivity was not affecteds\grd type or by grazing treatment, but
was —like the animals’ herbage consumption- laiy@007 (6.1 + 0.6 t haa®) and 2008 (6.6
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+ 0.5 t ha a') compared to 2009 (3.8 + 0.3 tha', means + sd, respectively; P < 0.001,
Tab. 2).

In the grass sward, the proportion of legumes wzalg< 2.4 %) until the third grazing cycle
in 2008; thereafter, legume yields tended to irsmea cattle- and to less extent in sheep-
grazed paddocks (differences not significant, T&b.The legume yield differed notably
between sward types in 2008, especially duringiteetwo grazing cyclesR < 0.001, for the
third grazing cycld® = 0.067). Legume yield percentages increased #2068 to 2009 by on
average 3 % in the grass sward, but were stillelarng the diverse compared to the grass

sward, even in 2009 (10 vs. 4 %, for the diverskgmass swards, respectively).

Table 2: Annual pasture productivity, legume yield and rgeo derived by fixation from the
atmosphere (Ndfa) in grass and diverse sward tygpazged by either cattle (C), sheep (S) or co-graze
by cattle and sheep (CS), per year or for the tgraging cycles (C1, C2, C3) in 2008. Significant
differences among treatments within sward typeiagécated by small letters; ns: not significant,
statistics of Ndfa were not possible (ha) since toany values were missing due to legume
proportions being below the threshold of 2.7 %.

Sward type Grass Diverse ANOVA summary, Significance of F-
value
Grazing C Cs S C CSs S Sward type Grazing S x
treatment () treatment (G) G
annual pasture productivity (t dmha
2007 5,65 5.68 5.85 5.69 6.22 7.23 ns ns ns
2008 7.08 6.99 6.72 5.73 6.4 6.74 ns ns ns
2009 3.74 413 3.59 3.45 4.04 3.78 ns ns ns
legume yield (%)
2008, C1 0.33 0.01 240 24%5560° 1.43 <0.001 ns 0.022
2008, C2 1.61 0.07 0.16 15%903.47° 0.38 <0.001 0.002 0.023
2008, C3 6.30 0.30 155 11%14.27* 057 ns 0.007 ns
nitrogen derived from the atmosphere (%)
2008, C1 na na 4433 66.07 67.03 58.78 na na na
2008, C2 na na na 80.83 83.66 na na na na
2008, C3 9251 na 1895 67.40 84.72 na na na na

Within the diverse sward, legume yields in 2008 andthe first cycle in 2009 were
significantly larger in cattle- compared to sheepzgd paddocks, with co-grazed paddocks
being intermediateR = 0.032,P = 0.011 and® = 0.021 for the three grazing cycles in 2008
andP = 0.027 for the first grazing cycle in 2009, redpesly; data not shown for 2009); a
trend to this pattern persisted in the second aind grazing cycle in 2009. The Ndfa was
similar among grazing treatments in the diverserdwaut much lower in the sheep-than in
the cattle-grazed grass paddocks at the third ¢gc2908; however due to too many missing

values no statistics of treatment effects on Ndialdt be performed.
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The sward type had effects on several herbagetguaiaracteristics measured before the
respective grazing events but these were not denslig found over all grazing cycles and
years. In various cases, the CP content was largbe diverse compared to the grass sward,
whereas both the WSC and the ADF content were smétl the third grazing cycle in 2008,
for example, the CP content was by 30 % largehe diverse swardP(= 0.019) and the
WSC and ADF contents by 8 and 10 % smaller thatmengrass sward?(= 0.034 and® =
0.017, for WSC and ADF, respectively; Tab. 3). Mié was larger in the diverse compared
to the grass sward in 200% (= 0.027) if grazing cycle was considered as regmbat
measurement factor. Grazing treatment had no densigffect on the measured herbage

guality characteristics in the grass or diverserdwa

Table 3: Metabolizable energy, crude protein, acid detdrdder and water soluble carbohydrate
content of the herbage in cattle and sheep morbcargrazed (C, S and CS respectively) grass and
diverse paddocks in 2008. Shown are means of gma&gng cycles (C1, C2, C3) and the ANOVA
statistics (ns: not significant). Significant diémces among treatments within sward types are
indicated by small letters.

ANOVA summary, Significance

Grass Diverse of E-value
Sward Grazing
C CS S C CS S type treatment S xG
&) (©)]
metabolizable energy (MJ Ky
C1 10.5 10.4 104 10.5 10.6 10.5 ns ns ns
Cc2 9.4 9.2 9.0 9.8 9.4 9.4 ns ns ns
c3 8.9 9.8 9.8 9% 10 8¢9 ns ns 0.022
crude protein (g k9
C1 99.9 124.8 109.3 114.3 115.8 99.9 ns ns ns
Cc2 90.3 92.1 119.6 110.5 87.2 90.3 ns ns ns
C3 86.5 98.3 94.5 119.7 136.7 86.5 0.019 ns ns
acid detergent fiber (g Ky
C1 297.6 289.8 305.2 291.7 288.9 297.6 ns ns ns
C2 316.3 331.6 331.3 298.3 335.4 316.3 ns ns ns
C3 3458 2816 296.0° 279.8 256.8 3450  0.017 0.020 NS
water soluble carbohydrate (gRg
C1 188.6 148.7 156.9 159.7 170.1 188.6 ns ns ns
Cc2 121.1 119.5 109.5 127.1 136.0 121.1 ns ns ns
C3 84.1 137.7 132.2 95.0 116.3 84.1 0.034 0.022 ns
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Figure 1: Changes in the content (g Rgof crude protein and acid detergent fiber (CP ARG,
respectively) before and after grazing in herbaigeattle and sheep mono- and co-grazed (C, S and
CS, respectively) grass and diverse paddocks befodeafter grazing (third grazing cycle, 2007).
Differences among treatments within sward typesratieated by small letter$?(< 0.01for CP andP
<0.05 for ADF).

In 2007, herbage quality characteristics were alsalyzed after grazing. The ME of the
herbage did not differ between pre- and post-ggpainany grazing cycle or treatment (data
not shown). In the diverse sward, the ADF contdrihe herbage post-grazing had increased
to a similar extent in all treatments (Fig. 1).the grass sward, the ADF content notably
increased in the sheep paddocks during grazingpdiand cattle-grazed paddocks<0.016,
Fig. 1) it decreased or increased to a lesser exteithe diverse sward, the CP content was
smaller in co- and sheep-grazed paddocks afteingrahan before (by 16 and 21 g%kg
respectively), but increased in the cattle-grazegtient (by 9 g kK P = 0.009). No
difference was found among treatments with regaittié CP and ADF content of the herbage
before and after grazing.

The annual N yield in the biomass was similar betwsward types in 2008 and 2009.
Grazing treatment did not affect the annual N yigith exception of the grass sward in 2009,
when the annual N yield was significantly highethe cattle- compared to the sheep- and co-
grazed treatmentsP(= 0.015, Fig. 2), which was also found in tendenty2008. In the
diverse swards, the annual N vyield did not diffigngicantly among grazing treatments in
2008 or 2009. The contribution of fixed N to théatd\ yield in the biomass was significantly
larger in cattle- than in sheep-grazed paddockbendiverse sward in 2009 & 0.030; Fig.

2) and in tendency in 2008 € 0.058, data not shown).
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Figure 2: Annual nitrogen yield and the respective fixed Mpurtion (kg had &', summed over the
three grazing cycles) in cattle and sheep mono-cangrazed (C, S and CS respectively) grass and
diverse swards in 2009. Significant differencBs<(0.05) among treatments within sward type are
indicated by small letters within (fixed N) or algogolumns (nitrogen yield).
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Discussion

In this study, we investigated the effects of swdikebrsity in interaction with mono- and co-
grazing cattle and sheep on productivity and gualitherbage in a semi-natural permanent
grassland. In the following, we will discuss théeefs of sward and grazing treatments with

respect to productivity first and then focus onbiagre quality.

Herbage productivity
Generally, the annual pasture productivity, i.ee tbum of herbage consumption and
vegetation growth, lay within the range found farfartilized Lolio-Cynosuretummeadows
(Hejcman et al., 2010) and at the lower end of wiited lowland semi-natural grasslands of
different communities (Tallowin and Jefferson, 129®nnual pasture productivity showed a
high annual variation with notably smaller yieles2009 compared to 2007 and 2008 (Tab.
2). Precipitation rates were lower in 2008 and 2007 and 408 mm, vs. 689 mm in 2007),
leading to less grazing days in both years (55%hd ha' in 2008 and 2009 vs. 63 d him
2007). However, the more severe drought in Aug@§t92(37 mm) compared to 2008 (72
mm) apparently resulted in larger effects on heebgrgwth rates and productivity. Generally,
differences among individuals and species of grpainimals regarding forage intake rates
might also occur as a result of differences inghgsiological weight of animals, even though
attention was paid to assign animals of similag kiveight in equal numbers to the pastures.
Contrary to our hypothesis, biomass productiomendiverse sward was not larger than in the
grass sward. Productivity is thought to be conrtetiteplant species number, functional group
richness, positive species interactions, compleamgntesource use, and species identity
effects (Dodd et al., 2004; Hooper et al., 2005 ®uijven and Berendse, 2003). In our
study, plant species number was significantly laigethe diverse compared to the grass
sward in 2007 and 2008, but increased in the grnassd to similar species numbers in 2009.
Significant differences in functional group proporis between sward types persisted and
even increased, related to an increase in forbddnoe between 2007 and 2009 by 26 % in
the diverse sward. Therefore, either decreasirfgrdifices in productivity would be expected
if plant species numbers were a good explanationooeasing differences if functional group
proportions were a good explanation for the pragitgtof sward types from 2007 to 2009.
However, neither annual pasture productivity n@-grazing herbage mass or herbage intake
was related to plant species number or functioralig proportions. In the grass sward, plant
species numbers were relatively large (on averad? @nd 15 or 7, 10 and 10 species, based
on 9 or 1m? plots, from 2007 to 2009, respectivadgnpared to those in low-diversity
treatments in experimental studies. Therefore, tpesi species interactions and
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complementary resource use might have been sigilambortant in the grass and diverse
swards -irrespective of whether species were mdasamodicots. In both sward typdsylium
perenneand the high yielding speci&actylis glomeratgPontes et al., 2007) accounted for
the main yield proportions. Together, both spemeasle up 37 or 32 % in the diverse sward in
2008 and 2009, respectively, and 38 % in the gsassd in both years. The equally large
proportion of these plant species in both swardghmhave contributed to the similar
productivity of the two sward types.

Our results are in accordance with findings on agéebproduction (Tracy and Faulkner, 2006)
and intake (Soder et al., 2006) being unaffectethbynumber of plant species, even though
differences in plant species numbers in these erpatal grasslands (three, five and eight, or
two, three, six and nine plant species, respeghweere much larger than in our study. The
finding of NDF or dry matter digestibility (here: B) being related to herbage consumption
(Soder et al.,, 2006) was not confirmed by our tesulrhis was possibly due to similar
palatability of the herbage in both swards as altes larger WSC in the grass but larger CP
in the diverse sward. The stability of dry matteoysion under variable environmental
conditions that was sometimes found to be largéh wicreasing species richness (Deak et
al., 2009), was (determined by the coefficient afiation of the annual pasture productivity;
data not shown) unaffected by sward type in oudyst®ur results support the finding by
Kahmen et al. (2005) that for permanent grasslghaht diversity per se is not a strong
predictor of productivity.

The expectation of a similar productivity amongzijng treatments in the diverse sward was
confirmed (Tab. 2). Grazing treatment had in ma@ses a significant effect on the legume
abundance, with larger legume reduction in sheepnpared to cattle- and co-grazed
paddocks (Tab. 2), as also found by Nolan et @012 The contribution of fixation by
legumes to total N was consequently notably smatiesheep- compared to cattle- grazed
paddocks in 2008 = 0.059) and 2009 = 0.030).

In the grass sward, our expectation of higher pcodity in sheep- compared to cattle- and
co-grazed treatments due to generally minor relexanf fixed N in this sward and the more
homogeneous excreta distribution by sheep couldbrotonfirmed. Despite the negligible
effect of legumes, the productivity was similar algarazing treatments. This is in contrast
to findings of higher herbage accumulation in shgegzed paddocks compared to paddocks
co-grazed by cattle and sheep following cattle iggagMurphy et al., 1995). Our underlying
assumption of larger N availability for biomass guotion in the sheep- compared to the

cattle-grazed grass paddocks was not confirmedtr@ugnto our expectation, N yields in the
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biomass were signficantly larger in cattle-grazechpared to the other treatments. This might
be due to in tendency smaller changes in the CRerbwof the herbage during grazing in
cattle-grazed paddocks (Fig. 1). Also, a more ®ffituse of excreta N in the cattle-grazed
treatment, caused by a higher abundance of platiesp that use N more efficiently than
others, as found fdbactylis glomeratgAustin and Austin, 1980), is possible.

As expected, the amount of fixed N was significastinaller in sheep- compared to co- and
cattle-grazed diverse paddocks in 2009. Howevera assult of too many sheep-grazed
paddocks being below the sampling threshold foraNdeasurements, it was not possible to
assess in how far the grazing treatment affected\ttixation rate. The finding of smaller
amounts of fixed N in sheep paddocks may therefassuming no or negligible treatment
effects on Ndfa, be the mere effect of sheep ggalggumes more selectively than cattle
(Nolan et al., 2001). Similar productivity amongaging treatments within the grass sward
does not point to grazing animal specific effectsercreta distribution on productivity.
However, the nutrient availability in the cattleaged paddocks may have been sufficient for
plant growth in these first years of different grag Grazer effects on productivity may be

detectable after a longer time of different managyam

Herbage quality

The expectation of higher herbage quality in theeie compared to the grass sward could be
confirmed. In the diverse sward, an additional gy by legumes was connected to larger
CP and energy content, confirming findings in otberdies (Hofmann and Isselstein, 2005;
Pontes et al., 2007). Larger proportions of tativgng grasses and correspondingly larger
lignin contents were related to relatively large Alzalues and smaller herbage quality in the
grass sward. The WSC content, however, was mugerlan the grass than in the diverse
sward. Both the diverse and the grass-dominateddswsupplied the animals with CP
contents in the typical range for grassland with tavthree utilisations (Dohler, 2009) and lay
in the medium range for unfertilised semi-naturalvland grasslands of different plant
communities (Tallowin and Jefferson, 1999).

Contrary to our hypothesis, co-grazing did not kesuhigher herbage quality compared to
mono-grazing. However, we did find significant greg animal effects on herbage
composition pre- and post-grazing, confirming oypdthesis of grazing animal effects on
herbage quality: In the diverse sward, the CP ctrdecreased significantly in herbage of co-
and sheep- relative to cattle-grazed paddocks. iShis accordance with findings of a diet
larger in N in sheep than in cattle (Wilson, 19a@Yyibutable to larger herbage selectivity

(Grant et al., 1985; Grant et al., 1987) and steommgduction of legumes by sheep (Abaye et
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al., 1994; Wilson, 1976). In the grass sward, tligFAcontent increased significantly during
grazing in sheep- relative to cattle- and co-grgzadidocks. This coincides with our finding
of larger increases of the proportion B&ctylis glomeratain sheep- compared to co- and
cattle-grazed paddocks (to 32 vs. 17 and 15 %entisely) from 2008 to 2009. It was also
observed that the proportion @f. glomerataincreased with time within the respective
grazing season. This can be attributed to lessrfgdaly sheep on fibrous plant components
like reproductive grass stems (Abaye et al., 1924nt et al., 1987).

Conclusion

In contrast to results from experimental grasslamids did not find consistently larger
productivity in more diverse pastures. Smallestnpldiversity levels in experimental
grasslands are usually far below the nine or s¢we® or 1 m? plots) species of our low-
diversity grass sward. Furthermore, species idemtitd positive species interactions may
have been similarly important for biomass productin both sward types of our study.
Generally, the comparison of randomly assemblechtptommunities with permanent
grassland seems difficult and findings might not tensferable between these systems.
Permanent grassland makes up 40 % of the terlemtea (White et al., 2000), contributes to
the livelihoods of over 800 million people, manywvafich are smallholder farmers (Reynolds
et al., 2005), and is habitat to a broad varietplaht and animal species (WallisDeVries et
al., 2002). Therefore, it is of great importanceuttderstand the functions diversity might
have for the achievement of productivity and otlignronomic goals in these systems.

We found a higher herbage quality in diverse comgbaio grass-dominated swards and
significant post-grazing effects of mono-grazingtleaand sheep in both swards. No positive
co-grazing effects on the analysed herbage quelliiracteristics were detectable within the
time period of three years. However, such an effeetated to significant changes in the

vegetation composition as a result of differergiazing- seems likely in the long term.
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Chapter IlI:
Productivity and nutrient use in grassland of differing plant species
composition and fertilisation
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Abstract

In this study, effects of vegetation compositiond anitrogen (N) or phosphorus (P)
fertilisation on the productivity and nutrient usiea semi-natural grassland were investigated.
Two swards were compared, a natural moderatelyiepeich Lolio-Cynosuretun{‘diverse
sward’: comprising grasses, forbs and legumes)i@ngrass-dominated counterpart (‘grass
sward’), achieved by herbicide application. In tewccessive years, we measured N, P and
potassium (K) uptake and biomass production in sathrds without fertiliser addition (C:
Control) or with a single application of N or Ptimo levels each (N1: 50 kg N haN2: 500

kg ha', P1: 20 kg ha, P2: 100 kg hd). The N fixation by legumes and the abundance of
arbuscular mycorrhizal fungi (AMF) structures —§feeted by the experimental treatments-
were also examined.

The total nutrient use and productivity were simib@tween diverse and grass sward. The
productivity was increased by the N2 fertilisationboth swards. The accumulated biomass
production over all harvests, however, did notatifignificantly among treatments across
swards, except for the grass N2 that achieved fsignily higher biomass than the diverse
control. Legumes played a minor role for the N dyp the diverse sward due to their small
abundances, which is likely to be a combined efétédow management intensity, sufficient
N availability and low precipitation rates. Nutrtemptakes were similar between swards and
were strongly related to biomass production. TheoNcentration was significantly higher in
the N2 fertilisation treatments of both sward types

The abundance of AMF structures was unaffectedeoljlifation. In some cases, hints to
higher density of extraradical hyphae, suggestmgeiased AMF functioning, were found
under conditions of limited P availability, in tliéverse compared to the grass sward or with
increasing plant species richness. Our resultseliery were not consistent for sampling dates
or sward types, possibly due to the multitude @tdes determining the AMF community
composition and abundance.

In our study, effects of sward composition on rarttiuse or biomass production related to
plant species complementarities could not be deedVe suggest that in the low-diversity
treatment, relatively high plant species number8 2.1 species per 2.5 m?) that were
similar to those of the diverse sward, and genetalige nutrient availability due to former

grazing led to comparable results for grass andrde/swards.

Keywords:. nitrogen, phosphorus, arbuscular mycorrhizal fulegjumes, diversity
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Introduction

In the last decades, the interest in sustainal@eotiggricultural land increased. Sustainable
grassland management includes adapted use ofskendilto avoid nutrient losses and may be
enhanced by increased nutrient use of the vegeta&Riant species diversity is often seen as a
potential means for complementary resource use fetoand Vitousek, 1998; Reich et al.,
2004), related to facilitative species interactiansl niche differentiation (Reich et al., 2004;
Sanderson et al., 2004), resulting in enhancedsigirad productivity (Bullock et al., 2001;
Tilman et al., 1997). Site factors, vegetation cosifion and functional group identity may
affect the nutrient content (Pan et al., 2010) prabtluctivity of the vegetation. Therefore,
plant communities may differ in the nutrient conteri the aboveground biomass. For
example, the presence of N fixing legumes may dserecompetition for N and increase
productivity (Weigelt et al., 2009).

Arbuscular mycorrizal fungi (AMF) can also increagkant biomass production (van der
Heijden et al., 1998)AMF enhance the availability of plant nutrientspesially of those
immobile in the soll, like P, bgxtraradical hyphae attached to the roots thanextiee plant
exploitable soil volume (Jakobsen et al., 1992)tr&radical hyphae as well as intraradical
arbuscules and coils, believed to be linked to tglangus substance exchange (Smith and
Smith, 1997), are thought to be related to AMF fioming and may vary in occurrence
depending on the P limitation (Johnson et al., B)0Bhe amount of P transferred to plants is
related to the extraradical hyphal length (Jakohketeal., 2001), depends on the identity and
effectiveness of the fungal species (Klironomoslet2000; O'Connor et al., 2002; van der
Heijden et al., 1998) and differs among soils (bslem et al., 1992; Jakobsen et al., 2001).
Varying P content and biomass of plants growinghwdifferent AMF species point to
different selectivity and functionality depending the plant-fungus species combinations
(Helgason et al., 2002). Differences in AMF diversbetween two grassland species
monocultures also point to specific AMF communitssociated with plant species (Gollotte
et al., 2004). This indicates that the AMF commyaihd its functioning differ depending on
the composition and diversity of the associateditplommunity and that AMF structures
related to the functioning of the symbiosis are enabundant under nutrient limiting
conditions.

Grassland used as meadow, pasture or mown pasamerally receives nutrients with
fertiliser or animal excreta. Nitrogen (N) and pplosrus (P), nutrients that may strongly
restrict plant productivity, are the main fertilisend also occur in notable amounts in urine
(Bristow et al., 1992) and faeces (Floate, 1970k ihput of N or P may affect both legumes
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and AMF: The amount of N fixed by legumes, deteediby their yield proportion (Chen et

al., 2004) and N fixation rate (Carlsson, 2005y t® reduced by N fertilisation (Hagh-

Jensen and Schjoerring, 1994). However, high Ntiesaue to N fertilisation may increase

AMF colonisation (Johnson et al., 2003b) caused iynitation of plants. P application may

increase the amount of fixed N (Reed et al., 20@rY), can decrease AMF abundance

(Covacevich et al., 2006).

Most of the studies investigating relationshipswasn plant diversity, productivity and

nutrient use have been carried out on experimgrdaabembled plant communities of varying

plant species number, with the lowest diversityelswsually in the range of one to four
species, less than encountered on natural or dgraumesotrophic permanent grassland.

Fertilisation was usually less than under agrigaltaonditions. In this study, we analysed the

effects of grassland composition and fertilisation nutrient use and productivity in

agricultural grassland. We tested the following dtyeses:

1) The nutrient use and productivity of diversesgtand are larger than that of its grass-
dominated counterpart, related to positive effemitdegumes and AMF on N and P
availability. We expected that in the diverse sward

a. legumes notably increase the amount of biomass N
b. more AMF structures, involved in nutrient uptakel gmovision, are produced.
2) Productivity and nutrient utilisation are incsed by N or P fertilisation, especially in the
grass sward. We expected that
a. the productivity and nutrient uptake of low N- offd?tilised grass plots is similar to
that of unfertilised diverse control (C) plots;
b. P fertilisation reduces AMF structures involvechintrient uptake and provision;
c. N fertilisation decreases the N fixation of legunreshe diverse sward, but increases

AMF structures due to increased P limitation.
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Material and Methods

The experimental site is a moderately speciesgralsland assigned to the plant-sociological
community Lolio-Cynosuretum Abundant grass species wekelium perenng Dactylis
glomerataandPhleum pratensdrifolium repensas legume and several forb species. The site
is located in the Solling Uplands, Germany (51°46M lat, 9°42'11 E long); the mean
precipitation is 879 mm and the mean temperatu2eéC8per year (Deutscher Wetterdienst
1961-1990, the weather station is located 3 km afn@y the experimental site). The soil
type is a pelosol with a clayey silt texture. Ptimthe experiment, the site had been managed
as mown pasture for more than 16 years with varyrgportions of cattle and sheep and
regular application of light manure. The experinaémiots had been excluded from grazing
since spring 2007, one year before the start oe#periment; manure had not been applied
since 2006. The pH of the soil (2:5 soil to 0.01C8CL suspension) and the availability of P,
K (extraction of 1:20 soil to calcium acetate laetaontinuous flow analyzer [CFA]) and Mg
(1:10 soil to 0.0125 M CaglCFA) were variable among treatments and replc@itab. 1).

Table 1: pH and soil nutrient availability (in mg 100" goil, mean + standard deviation) in the grass

and diverse sward in July 2008.

pH P K Mg
Grasssward 6.4+0.1 59+1.3 17.7+43 37.46+2
Diverse sward 6.6 +0.1 3.7+0.8 10.9+1.2 433%

Two factors, the plant species composition and ragtitient availability, were manipulated in
this study. The initial vegetation, comprising ge&s forbs and legumes (‘diverse sward’:
10.6 + 0.2 plant species per 2.5 m?2 plot, meanafdsrd deviation, sd at the start of the
experiment), was treated with a herbicide agaimsttdedonous plants in 2006 (‘Starane’
and ‘Duplosan KV’: active components Triclopyr 2ttxyethylester and Fluroxypyr-1-
methylheptyl ester or Methylchlor phenoxypropioaitd) to create a grass-dominated sward
(‘grass sward’: 7.0 + 0.2 plant species per plotam* sd). The initial difference in plant
species number in 2007 decreased with time, dubeae-establishment of dicot species.
However, sward differences in the functional grqupportions persisted. Both sward types
were either fertilised with a single applicationwka (carbamide) nitrogen (N1/ N2: 50 or
500 kg N h&, respectively) or superphosphate (calcium dihydroghosphate; P1 or P2: 20
or 100 kg P h3a respectively) or were left untreated (C: contr&perimental plots were 2.5

m?2 in size and were arranged as split-plots withuerse and grass sward. The experimental
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treatments were replicated three times in block® ($ward types x five treatments x three
blocks = 30 plots).

The experiment started in June 2008, when the arpatal plots were mown and fertilised.
Three harvests of aboveground biomass took plac&eptember 2008, June 2009 and
September 2009, referred to as harvests one (Wa)(H2) and three (H3). Plots were mown
with a motor scythe to 5 cm sward height. The fregiight of the biomass was determined
and two representative subsamples were taken; on¢hé analysis with near infra-red
spectroscopy (NIRS) and another one for the detertimin of the yield shares of grasses,
legumes and forbs by sorting and drying sampld9atC. For NIRS, the sample was dried at
60°C for 48 hours, ground to 1 mm size and theeprdtein (CP) content of the herbage was
determined (Kesting et al., 2009). The N contenthef forage was calculated from the CP
content, based on the assumption of CP containdh§o1N. For analysis of the P and K
content, the samples were digested in nitrohydosehhcid for two hours (1 g sample, 9 ml
HCl and 4 ml HNQ), 2 M HCI was added up to a total volume of 50amdl P was measured
by an inductively coupled plasma emission specttemeThe apparent fertiliser use
efficiency (%) was determined for N and P (ANE &®RE, respectively) as the uptake of the
fertilised treatment minus the uptake of the cdntiivided by the amount of fertiliser used.
Roots and soil were sampled in July 2008 and 2609 depth of 15 cm, with a soil corer of
4.9 cm in diameter. For analysis of roots and AMFadots and soil, two cores per plot were
taken in 2008 and four cores per plot were take2DiPO and stored cool until returning to the
laboratory. These cores were analysed separatelly pmoled for statistical analysis.

Subsamples were obtained from the soil cores tdwdrroot and soil analyses (Fig. 1).

/" — AM root infection

drying (60°C): storage | = | Root extraction
/" | Storage (-23°C)

— root length

Soil core

— fresh weight

e T __—~ | — AM hyphal length (soil)
H

1 cm? cubes

Storage after drying (60°C):
— soil analysis

Figure 1: Approach of subsampling for root and soil analysé4 = arbuscular mycorrhiza.
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The extraction of roots from the soil was carried & described by Jung (2003). For analysis
of root infection with AMF structures, roots werised with black ink (Vierheilig et al.,
1998), stored in lactoglycerol (4:2:1 lactic aaiticerol: distilled water) and percent infection
with arbuscules, coils, vesicles and AMF as welhas-AMF hyphae was determined with
the gridline intersect method (McGonigle et al.90Pat 400x magnification (100 gridlines
per subsample; compound microscope). A represeatadbdt subsample was scanned and the
root length was measured using WinRhizo softwarergn 2007d, Instrument Regent Inc.,
Quebec, Canada). Both, the scanned and the remanlmssample were dried at 105°C and
weighed; total root length per sample was calcdld&igsed on the weight proportion of the
scanned subsample.

Extraradical hyphae were extracted from soil adogytb the membrane filter technique after
Rillig (1999) with few modifications: in the firstep, the soil was extracted in a mixture of
100 ml tap water and 12 ml sodiumhexametaphosiB&te I'); a 40 um sieve was used to
retain fungal hyphae. Hyphae were stained for 1@utes with a solution of 0.01 % Trypan
Blue in 2:1:1 lactic acid : glycerol : deionisedtera The soil and aliquot volume were varied
depending on the density of hyphae in the samfle®. filter papers per soil extract were
used to determine extraradical hyphal length. T®ehd, 100 stratified random fields of view
were examined at 200 x magnification with a commbuaricroscope and rated according to
the gridline intersect method; hyphal length waedrined according to Tennant (1975). The
differentiation in AMF and non-AMF hyphae withinats and in the soil was done according
to Rillig (1998).

To determine the nitrogen N derived from the atrhese (Ndfa) by the legumes, tf&N
natural abundance method (Amarger et al.,, 1979)usad. Legumes and grasses as non-N
fixing reference plants were sampled. Legumes andsgs were sampled indifferent of the
species in 2008. As there might be species-spetiffierences in N fixation or assimilation,
the legumeTrifolium repens which was generally abundant in the experimeplals and
Dactylis glomerataas reference plant were sampled in 20@8dicago lupulinavas sampled
as a second legume, Bsrepensvas substituted bil. lupulinain some plots. Samples were
dried at 60°C for 48 h, ground to 0.25 mm and a®dywith an isotope ratio mass
spectrometer Delta Plus, Finnigan MAT (Bremen, Gemy). The™N signature °N) of the
sample was determined using an elemental analysdrilN) (CE -Instruments, Rodano,
Milano, Italy), connected through a Conflo lll-Infgce (Finnigan MAT, Bremen, Germany)

to the mass spectrometer, Mas calibrated against the reference substanceanmd1N2
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(IAEA, Vienna) and served as reference gas. Agnialestandard, acetanilide was used. The
Ndfa was calculated as follows:

Ndfa [%] = 6" *Ngrass- 8 "Niegumd/(6"°Ngrass— B), (Shearer and Kohl, 1986).

B is the5'®N of a legume grown on an N-free medium, receivatidN from the atmosphere.
As B value, -1.6 %0, the mean B determined for sisnmon legumes in our latitude, was used
(Klatt, 2008). Mean grass™N values per block were used #3Nyass The contribution of N
fixed by legumes to total N was calculated as fedip

Legume yield [kg ha a'] = standing biomass [kg Ha'] * legume yield share [%6]/100,

N content legumes [kg Haa'] = Legume yield [kg ha a'] * N content [%]/100,

Nrea [kg ha® @] = N content legumes [kg Ha'] * Ndfa [%6]/100,

Contribution of N fixed by legumes to total N [%]Nsxeq [kg ha‘a']/(standing biomass [kg
ha' a'] * N content [%]) * 100.

At each biomass or soil/root harvest, plant specgaposition of the plots was determined
and their cover was estimated (Braun-Blanquet niBthSpecies’ yield shares in % were
calculated based on their cover as described igtlmider and Voss (1979).

Statistics were done with R (Development Core Te2dd0). Split plot analyses of variance
were performed with fertilisation nested in swandich again was nested in the random
factor block. ANOVAs based on single measuremetgsjas well as repeated measurement
ANOVAs, based on linear mixed effects models, wpegformed for the biomass, plant
species number, legume yield, Ndfa, uptake and emdrations of N, P, K, root length
infected with arbuscules and coils (AC root lengthyl extraradical hyphal length. To answer
hypothesis 2a of differences among treatments a@wsards, a factor combining sward and
fertilisation was created. Analyses of covarianedNCOVAs) were performed for the
biomass yields with the yield share of dominansgrapecies as covariable. Common visual
tests were applied to test the requirements fop#rrmance of parametric tests (normal QQ
plot: normal distribution of the residuals; resitbuaversus fitted values plot: variance
homogeneity). Kruskal-Wallis tests were performethe assumptions for parametric tests
were not metP values in post hoc multiple comparisons were ddgiaccording to Tukey.
Spearman correlations were performed to analyserdfaionship between plant species
number, N:P, N and P in the biomass and specifat fength (SRL), AC root length,
extraradical and non-AMF hyphal length.
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Results

Biomass yields were significantly larger in theggdhan in the diverse sward at H1 and H3
(P = 0.014 andP = 0.049, respectively). The sward type had no eftecthe cumulative
yields over all harvests (Fig. 2), but had an d¢ff@ben harvest date was considered as
repeated measurement factBr 0.018). When comparing treatments across swaekiyhe

N2 grass plots yielded more biomass than all diteatments at H1IR( = 0.004). At H3, all
grass plots and the diverse P2 treatment had disagrily larger yield than the diverse @ (

< 0.001). The cumulative biomass was significardhgér in the N2 grass than in the diverse
C plots P = 0.031); the yields of all other treatments wereenmediate and did not differ

from either of these treatments (Fig. 2).

mH1
HH2

EH3

Biomass (t ha™)

I [

N

Grass sward Diverse sward
(o N1 N2 P1 P2 Cc N1 N2 P1 P2

Figure 2: Biomass yields of the three harvests after fedtilon (H1: September 2008, H2: June 2009,
H3: September 2009; means + sd) for the diffeneatments (C: control, N1: 50 kg N'haN2: 500

kg N ha', P1: 20 kg P h§ P2: 100 kg P h8 within grass and diverse sward. Differences among
treatments B < 0.05) across sward types are indicated by daitizrs: within columns for single

harvests and above the respective columns fordtienaulated harvests.

The grass specid3actylis glomerataLolium perenneandPhleum pratenséad a large share
in the yield in both sward types at the first twanests; e.g. at H1, they made up 53 + 17 and
30 + 3 % of the yield in the grass and diverse dwaespectively (mean + sd). When
considered as covariable, the total yield shareh@de dominant grasses had a significant
effect on biomass production at H2 and H3. The dvediect on the biomass yield was then
more pronounced at HIP(= 0.003) and H3R < 0.001). In both sward types, fertiliser
treatment effects remained as described above wieegield share of the dominant grasses
was accounted for as covariable, but was smalldrardiverse sward at HP & 0.043).
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Figure 3: Phosphorus uptake of the three harvests aftalidation (H1: September 2008, H2: June
2009, H3: September 2009; means + sd) for therdiftetreatments (C: control, N1: 50 kg N*hal2:

500 kg N h&, P1: 20 kg P hg P2: 100 kg P h8 within grass and diverse sward. Differences among
treatmentsR® < 0.05) across sward types are indicated by ddpttars: for single harvests within and

for the accumulated harvests above the respeativenos.

In repeated measurement ANOVAs, there was a sogmfisward effect on the uptake of P
and K P < 0.001 for P and K, respectively), but not on thialN. Both P and K uptake were
larger in the grass than in the diverse sward @y@Bfor P and K, respectively; boih <
0.001; Fig. 3 and 4). The sward had no signifiedfect on the accumulated uptake of P, N or
K over all harvests. Across swards, P uptake wagest in the N2 grass treatment at H1, in
the C grass treatment at H3, and was smallesteiditrerse C (Fig. 3) at both harvests. The
accumulated P uptake was significantly larger endhass N2 than in the diverse C pld&sH
0.030). The P concentration of the vegetation wedfacted by fertilisation and sward type.
The K uptake was largest in the N2 grass treatrmeHtl @ = 0.003) and significantly larger
in N2 grass compared to the diverse C and P1 gPH30.013, Fig. 4). When accumulated
over three harvests, the K uptake of the N2 grasgrhent was significantly larger compared
to all treatments of the diverse sward, exceptherdiverse N2 treatmer® (= 0.014). The K

concentration of the vegetation did not differ amaewards or fertilisation treatments.
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Figure 4: Potassium uptake of the three harvests aftedisatton (H1: September 2008, H2: June
2009, H3: September 2009; means + sd) for therdiftetreatments (C: control, N1: 50 kg N*hal2:

500 kg N ha, P1: 20 kg P hg P2: 100 kg P h8 within grass and diverse sward. Differences among
treatmentsR® < 0.05) across sward types are indicated by ddpttars: for single harvests within and

for the accumulated harvests above the respedativenos.
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Figure 5: Nitrogen uptake of the three harvests after feafilon (H1: September 2008, H2: June
2009, H3: September 2009; means + sd) for therdiffetreatments (C: control, N1: 50 kg N*hal2:

500 kg N hd, P1: 20 kg P h§ P2: 100 kg P h8 within grass and diverse sward. Differences among
treatmentsR® < 0.05) across sward types are indicated by ddpttars: for single harvests within and

for the accumulated harvests above the respedativenas.

The N uptake across swards was significantly laigéne diverse N2 compared to the diverse
C treatment and in the grass N2 compared to adirdtkatments with exception of the diverse
N2 plots at HL P < 0.001). At H3, the N uptake was larger in the gi@s®N1 and N2 plots
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than in the diverse C treatmerm € 0.007). When accumulated over the harvests, in both
swards, the N uptake was larger in the N2 tharhénrespective C and P1 treatments, was
similar between the N2 plots of both swards, apastafrom that ,was larger in the grass N2
than the other grassP(= 0.007) or diverse treatment® (= 0.003, Fig. 5). The N
concentration was significantly larger in the N2gg and diverse treatments compared to the
other treatments at HP (< 0.001 for grass and diverse sward, respectivelia dot shown)
but not at the later harvests.

The ANE was larger in the N1 compared to the Nattment in the diverse sward at H3 (19.0
+4.5vs. 2.1+2.2% =0.007) and was -when compared across swardsfisantly larger

in the diverse N1 compared to both N grass treatsneR.0 + 12.2 and 0.2 £ 2.6, for N1 and
N2, respectivelyP = 0.009). Compared across swards, both diverseaiteats (3.0 £ 3.1
and 3.4 £ 0.9 %, for P1 and P2, respectively) hgdificantly larger APE than the grass P1
treatment (-11.5 + 8.9 % = 0.024) at H3. The accumulated ANE and APE overthinee
harvests did not differ among treatments withiraoross swards (36.4 + 49.6 and 16.2 £ 4.7
vs. 34.8 + 38.5 and 18.8 £ 9.0, for N1 and N2 iasgrvs. diverse sward, respectively; -7.4 +
14.8 and -0.6 £ 6.1 vs. 7.5 + 10.2 and 2.8 + 618Hd and P2 in grass vs. diverse sward,

respectively).

Table 2: Legume yield and N derived from air (Ndfa) for tieetilisation treatments (C: control, N1:

50 kg N hd, N2: 500 kg N ha, P1: 20 kg P h§ P2: 100 kg P hH in the diverse sward at the first
harvest (H1) and accumulated over the three haryektl-3); legume yield and Ndfa are not shown
for the grass sward due to the absence of legume®(ft for one plot). Fertilisation treatment (T)

effects are shown in the respective column (nssigtificant).

diverse sward
C N1 N2 P1 P2 T

Legume vyield, % H1 365+3.70 0.11+0.10 0.00+0.00 1.28+0.98 4.91%6.75 ns
Ndfa, kg ha™ H1 0.40+£0.12 0.02+0.03 0.00+0.00 0.31+0.31 1.16+1.36 0.044
>H1-3 3.20+244 1.07+090 0.27+0.29 1.40+147 140%0.26 ns

In the grass sward, legumes did not exceed a mie&h proportion of 1 % (when averaged
across treatments; data not shown). In the diveveard, the legume yield was generally
smallest in the N2 treatments (Tab. 2); at H3,ldgaime yield was significantly larger in C
compared to the other treatmeris= 0.009; data not shown). The amount of symbiotycall
fixed N was significantly larger in C and P2 consgghto the other treatments at H1 £

0.044; Tab. 2); in the following harvests, fixedAs unaffected by fertilisation. Fertilisation
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treatment had no effect on the cumulative amourtfixad N, but had a significant effect

when harvests were accounted for in a repeatedureasnt ANOVA P = 0.028).

Table 3: Plant species number, length of root infected waithuscules and coils (AC root length),
extaradical hyphal length and N:P ratio in the s (one month before sampling roots and AMF)
within treatments (C: control, N2: 500 kg N"haP2: 100 kg P K8 in grass and diverse sward in
2009. Differences among variants within sward tgpe indicated by small letters, effects of sward

(Sw) and its interaction with fertilisation treatmi§€Sw x T) are indicated in the respective columns

grass sward diverse sward

C N2 P2 C N2 P2 Sw SwxT

Species number
6.7+1.72 7.7+06° 123+18 10.0+1.0 11.0+ 1.0 9.0+1.0 ns  0.004

N:P ratio
47+1.3 53+0.8 50+1.7 54+26 9.8+8.9 2516 ns ns
AC root length, cm §
0.6+0.2 0.5+0.2 1.1+£0.6 0.8+0.7 1.5+£0.7 1405 ns ns

Extraradical hyphal length, cm'g
170.5+151.9 108.2+454 1351+29.7 152.85431449+56.7 1178+356 ns ns

The extraradical hyphal length in the soil was Bigantly larger in the diverse compared to
the grass sward one month after fertilisation iy 2008 (2.5 + 0.3 vs. 1.8 + 0.3 nt goil; P

= 0.033), fertilisation had no effect on extraratittgphal length. Plant species numbers were
not significantly different between swards at thabe, but the grass proportion was
significantly smaller and the legume proportionglarin the diverse compared to the grass
sward (92 vs. 99 % grad®,= 0.018 and 1.9 vs. 0 % legum&s< 0.001). No effects of sward
or fertilisation on AC root length or on N:P ratiothe biomass in 2008 were found (data not
shown).

One year after the fertilisation treatment, plagmces numbers were significantly larger in
the diverse compared to the grass swadtd=(0.022) and in the C compared to the N2
treatment in the diverse swarB € 0.032). Yield proportions of grass, forbs and legam
were still different between swards (96 vs. 75 %sgr 3 vs. 18 % forbs and 0 vs. 8 %
legumes in June in the grass and diverse swarpectsgely), but only differed significantly
with respect to the legume conteRt< 0.002). Sward type and fertilisation had no gigant
effect on AC root length, extraradical hyphal ldnd\tl:P ratio in the biomass (Tab. 3) or SRL
(data not shown). The correlation of variables maag AMF functioning (root length
infected with AMF structures, AC root length, extrdical hyphal length) and SRL with plant
species number, N:P ratio, N or P in the biomassast cases did not yield any consistent
relationships for the sward types and the two yéBab. 4). Percent infection with arbuscules
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and coils, with vesicles, hyphae or all AMF struetiwere not related to N:P in biomass or

species richness and were unaffected by swardatygdertilisation (data not shown).

Table 4: Spearman correlation coefficients for the reladtop of the variables root length infected

with mycorrhizal structures (Rkeced, root length infected with arbuscules and cdl€ (oot length),

extraradical hyphal length (extraradical hyphalgta) and SRL (specific root length) with plant

species number (species no.), N:P ratio, N or Reoor(g kg') in the biomass in the grass (G) or

diverse sward (D) in 2008 and 2009. Significantrelations P < 0.05) are in bold, other correlations

shown were marginally significar® € 0.07), empty cells indicate non-significant coat&ns.

Grass Diverse

2008 2009 2008 2009

SRL Species no
N:P
N
P

. 061

-0.53

-0.60

RLintected Species no.

N:P
N
P

0.88

-0.70
-0.54

AC root length Species no.

N:P
N
P

0.66

extraradical hyphal length Species no.

N:P
N
P

-0.61

0.52 0.68
0.73 0.85
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Discussion

In the following, we will first discuss the effead$ sward composition on biomass production
and nutrient uptake and then analyse N or P featibn effects on productivity and nutrient
use across the grass and diverse swards.

Our first hypothesis of larger nutrient uptake azwhsequently larger productivity in the
diverse compared to the grass sward has to beedjethe biomass production accumulated
over harvests was similar between swards; at H1H®\dthe grass sward was even more
productive than the diverse sward. Outstandingesniuch larger biomass (48 % on average)
of the grass compared to the diverse N2 treatnteHtLlaThese effects seem to be due to a
higher abundance of high yielding grass specigbengrass sward, some possibly reaching
their maximum yield at relatively high nutrient &8, as was shown e.g. fbx glomerata
(Austin and Austin, 1980).

Our findings contradict earlier studies in expenmmad grasslands of decreasing biomass with
lower functional group (Hector et al., 1999; Hooperd Vitousek, 1997) or plant species
number (Fridley, 2002). Unlike these studies, umi year before the experiment started, our
experimental site was used for grazing. Grazing ic@nease nutrient availability, due to
faster nutrient return to soils by animal faeced Bs$s nutrient immobilisation by microbes,
related to decreased investment of plants in r@dtsbbie, 1992). This may have led to
similar and equally adequate nutrient availabiiityboth swards. Furthermore, our grass
sward reached similarly high plant species numi§e® + 2.1 species per 2.5 m2 in June
2008, mean * sd) as high-diversity treatments mesexperimental studies (8 species vs. 1, 2,
and 4 in the low-diversity treatments: Tilman et 2D01; van Ruijven and Berendse, 2005),
even though our reference scale was larger (2.5 w# plots). Thus, the suggested threshold
of five plant species for finding diversity effeata productivity was exceeded (Roy, 2001);
complementary resource use may, therefore, have bedlarly important in both sward
types. Besides, under conditions of sufficient ieatr availability, the relevance of
complementary nutrient use would be minor.

Our hypothesis of higher nutrient utilization inaas of higher diversity was not confirmed,;
the accumulated uptake of N, P and K was similawéen swards. Even though repeated
measurement ANOVAs pointed to significant swarceets in case of P and K uptake <
0.001 for P and K, respectively), these were dubidmass differences between swards at
two harvests (no significant effect of sward type B or K uptake in ANCOVAs with
biomass as covariable). In other studies, the N@&atnation in the biomass (Pan et al., 2010)
and N uptake (Spehn et al., 2002) were found teelzed to vegetation composition, plant
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species richness and the presence of legumesr ktumy, the contribution of legumes to the
N supply in the diverse sward wasontrary to our hypothesis— negligible, as legunetdg
were small at all harvests (on average 2.0 + 22+7.6 and 0.7 £ 0.7 %, for H1, H2 and H3,
respectively). Therefore, the amount of fixed Nuanalated over harvests did not exceed 3
kg ha® in the diverse C treatment, corresponding to @gd.Ba’ per 1 % legume yield. This is
a relatively small fixation rate, as fixed N camck values of 0.68 to 1.05 kg haer 1 %
legume yield (Eriksen et al., 2004). There wereesglvreasons for these small amounts of
fixed N: The low management intensity of two cutx gear facilitated the dominance of
grasses, whereas the legume abundance decreastbériore, a sufficient N availability in
the diverse swards and low precipitation rates wooy from April to October in 2008 and
2009 (417 and 408 mm, respectively) likely conttdalito a decrease in N fixation and
legume abundance (Serraj et al., 1999). The uiiisafficiency of fertiliser N and P seemed
to be similar between sward types; although ANEABE were significantly larger in the
diverse N1 or the diverse P1 and P2 compared totther treatments at H3, no effects on
accumulated ANE and APE were found.

Complementary effects on nutrient use may incregtie time of vegetation establishment
(Hooper and Dukes, 2004) and were also found iratieence of legumes (van Ruijven and
Berendse, 2005). In our study, no productivity-jmeledent complementary effects, related to
larger resource use, as found by Hooper and Vito(l5898), could be observed, even though
the diverse swards had persisted for at least a&ye

Contrary to our expectation, the sward compositi@d no consistent effect on AMF
structures. However, there were hints to higher ABffundance with higher diversity.
Extraradical hyphae were longer in the diverse ameg to the grass sward in 2008, though
this was not found in 2009, when plant speciesetifices were more pronounced than in
2008. In the grass sward, the AC root lendgth=(0.054) and total root length infected with
AMF structures R = 0.002) were positively related to plant speciesnber in 2009.
Differences in plant species composition and abnoels can lead to changes in the AMF
community composition with effects on AMF abundandafferences in soil density,
occurring at grazed sites, which can reduce AMmahtion (Nadian et al., 1998) due to
reduced pore size and aeration, did not seem te hHected extraradical hyphal length in
soil, AC root length or total root length infectedour study (as determined by correlations of
these variables with soil density). Even though esassults point to higher AMF efficiency

with higher plant species richness, this was nlated to higher productivity in the diverse
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sward, supporting the finding of Klironomos et @O000) that in the presence of AMF plant
species may become redundant with respect to ptiwdyc

According to our second hypothesis, we found N1 Rfdgrass and diverse C plots to be
similar in biomass production and nutrient utilisatfor H1 and H2 and when accumulated
over harvests, respectively. However, other regiltsur study do not support our underlying
hypothesis. We expected complementary effects tnentiuptake and biomass production to
be of higher relevance in the more diverse swaul that low N or P fertilisation would
balance out the assumed disadvantage of the grasd.sHowever, productivity was similar
between swards or even larger in the grass compartbe diverse sward.

Nutrient uptakes approximately corresponded toltimenass production, except for the N
uptake, which was in both swards significantly &rgn the N2 compared to the other
treatments at H1. Contrary to findings by Soder &tdut (2003), this was due to the
dominating effect of higher N concentration, as ANCOVA accounting for the N
concentration as the covariable resulted in noifsagmt treatment effect at HIP(= 0.089;
data not shown). This is in accordance with shematapplication of 200 or 360 kg N ha
(Pan et al., 2010; Pontes et al., 2007), but wagaumd at a long-term application of 100 kg
N ha’ (Hejcman et al., 2010).

Unlike our hypothesis and findings in other studtbe N or P fertilisation treatments did not
affect the N:P ratio in the biomass or the allawatio AMF structures, even though the P
content in the soil was below the optimal avaii@ibf 6.1 to 10.8 mg 100 Y soil for
grasslands (Blume et al., 2010) in 47 % of thesp(ot July 2008). This missing effect might
be due to gaseous or leaching losses of N or éiradf P (e.g. in oxides), resulting in nutrient
availabilities similar to those before fertilizatio

However, we found hints confirming our underlyingpbthesis of increased allocation to
AMF structures with increasing N or under P limiticonditions. The extraradical hyphal
length was positively related to the N concentraiio the biomass in the gra€®3 £ 0.031)
and diverse swardP(= 0.006) in 2009 and to the N:P ratio in the biomasthe diverse
sward in 2008 R = 0.051) and 2009F = 0.050; Tab. 4). Increasing P concentration in the
plant biomass was related to decreased extrarduypdlal length in the grass sward in 2008
(P = 0.018). Interestingly, there were some negativ& ABlues in the grass sward at H1 (-
4.0 £ 21.4 in the grass vs. 6.1 £ 9.9 % in the digd®1) and H3 (-11.5 + 8.9 and -2.9 + 4.4 in
the grass and 3.0 £ 3.1 and 3.4 = 0.9 % in thersiev®1 and P2, respectively) compared to
smaller negative values in the diverse sward #116.8 and -1.7 = 5.6 in the diverse vs. 8.2 +
16.2 and 1.7 £ 1.4 % in the grass P1 and P2, regplg. Negative APE values indicate
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smaller P uptake in the P fertilised compared &dbntrol plots. This may have been related
to both, a stronger decrease in AMF functionin@raR fertilisation in the grass than in the
diverse sward and possibly a stronger P fixationhm former. The AC root length was -
contrary to our expectation- in both years unreldte the N:P ratio in the biomass. Even
though the fertilisation treatment per se did rfteaad AMF, these relationships between plant
nutrient contents and AMF seem to be in accordavitie earlier studies: Covacevich et al.
(2006) found AMF colonisation to be decreased lpesphosphate fertilisation. Johnson et al.
(2003a) detected increased AMF structures in Nlifgtl soils of sufficient P content, and
Blanke et al. (2005) found tissue N concentratiod H:P to be negatively related to the AMF
colonisation in plants on a P polluted field.

Our results for AMF functioning and relations wglant nutrient contents were not consistent
over harvests (Tab. 4). One reason may be seasfiegts of mycorrhizal colonisation
(Johnson et al., 2003b) that we may have missedalaanual sampling. Furthermore, plant
species differences in mycorrhization and smallesegatial variations in plant nutrient
availability may have affected our results. Ouwtessof differing extraradical hyphal length
in response to nutrient contents may mirror changebe AMF communities, since these
may change under varying nutrient conditions (Saetal., 2006).

Corresponding to our expectation and in accordaniteother studies (Boller and Nosberger,
1994; Hggh-Jensen and Schjoerring, 1997), thereansignificant effect of fertilisation on
the amount of fixed N at H1 with lowest valuesiiwe N2 treatment and highest values in the
C and P2 diverse plots. However, due to the gedgeralative low yield proportions of
legumes (2, 8 and 1 % at H1, H2 and H3, respeg)iaatd the fast degradation of urea-N
(Hagh-Jensen and Schjoerring, 1997), N fertilisatiad not lead to significant decreases in
total fixed N in our study. The mean proportionfiled N was —apart from the untreated
control- relatively large in the P2 compared to thieer treatments. However, this effect was
not as high as was to be expected from findingRégd et al. (2007): at a P application rate
of 1 g m’, the proportion of fixed N was more than doubletiereas in our study, fixed N
was enhanced by only 11.6 % at the ten-fold P egifpdin in the P2 treatment.

Conclusion

Contrary to our first hypothesis, the accumulateattient use and productivity were similar
between diverse and grass sward; at two harvéstgrass sward was even more productive
than the diverse sward. Legumes played a minorfosl¢he N supply in the diverse sward
and AMF showed some positive but inconsistent taticens with plant species diversity. In

line with our hypothesis, biomass production anttient uptake among N1 and P1 grass and
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the diverse C were similar when accumulated ovevdsss. As expected, legumes were
mostly absent from N fertilised treatments. AMF atbance was not affected by N or P
fertilisation, though it seemed to be enhanced dnyditions of limited P in some cases. To
conclude, we suggest that the high nutrient reftubroth swards related to the former grazing
history as well as the relatively high plant spsarember in the grass sward resulted in the
similar productivity and nutrient use in the grassl diverse sward and that complementary

species effects in the diverse sward were of mmgortance.
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General Discussion

| conducted this study to evaluate the potentialcofgrazing cattle and sheep for the
facilitation of grassland diversity and to determiif the diversity-functionality relationship
found in experimental grassland plots also holds semi-natural grassland. | investigated the
interaction between sward composition and grazimgmals on herbage quality and
productivity and the effect of sward type and raritiinput through animal excretion on
nutrient use affected by legumes and arbusculaomiyizal fungi (AMF).

| now want to discuss my findings concerning thkofeing questions: 1) Is co-grazing by
cattle and sheep a potential tool for the facibtatof grassland diversity? 2) Does grassland
diversity in agricultural pastures lead to benefis farmers in terms of productivity and
herbage quality? 3) Does sward composition andiemitinput affect nutrient use and the
functioning of legumes and AMF?

In my investigation, multivariate analyses of vegein data revealed signficant effects of
grazing cattle on the vegetation composition ingtass and diverse swards. Dicot abundance
was facilitated by cattle- and co-grazing in thasgrand by cattle- and sheep-grazing in the
diverse swards. This was on the one hand attribiatékde patchy grazing by cattle, opening
gaps for dicot establishment, and on the other h@ndvorse conditions for selective
behaviour by sheep in the grass swards. Sheepe@gdazing had no significant effect on
vegetation composition. With co-grazing, the depeient of vegetation composition was
intermediate between sheep- and cattle-grazed pksldo both grass and diverse swards.
Findings of different selectivity of cattle and spein both sward types, as also supposed by
Rook et al. (2004), even though not resulting rettier sward use or higher plant diversity so
far, point to potential vegetation changes by caegrg cattle and sheep in the longer term.
However, longer-term research is necessary to iworifiis.

Concerning the second question, the herbage prodyctas assessed at the paddock-level
(Chapter II) and in exclosure plots (Chapter INWas similar between diverse and grass
swards. This is contrary to findings of increasey lyield in recreated species-rich hay
meadows (Bullock et al., 2007) and studies showinglationship of plant species richness or
functional group richness with productivity (Tilma al., 2001; van Ruijven and Berendse,
2005). This suggests that complementary resoureevith higher plant species or functional
group diversity was of minor importance in our stuéwo underlying reasons for that were
identified: First, plant species number was likidyge enough for complementary species
interactions to occur even in our ‘low-diversityags swards, as the threshold of five plant
species for increasing productivity suggested by R2001) was exceeded, and second,
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nutrient availability was probably not limited dte the high previous nutrient return with
excreta even in the exclosures.

The herbage quality was affected by sward type gitader species. Herbage quality was in
tendency higher in the diverse compared to thesgsamrds, related to higher abundances of
high digestible forbs and legumes, as found in rotsteidies on agricultural grassland
(Hofmann and lIsselstein, 2005). Sheep, grazing msetectively than cattle, significantly
reduced the post-grazing herbage quality: In tverde swards, protein contents were more
reduced in sheep- compared to cattle-grazed padddak to the sheeps’ preference for
forage high in nitrogen (N) content (Wilson, 197@sulting in lower legume abundances in
sheep-grazed paddocks, as also found by Nolan. §R@0D1). In the grass swards, fibre
contents increased in sheep-grazed treatmentsedeia their preferential grazing on highly
digestible grass species, whereas vegetative anouf plant components were avoided, in
line with results by Abaye et al. (1994). In costracattle selected forage of high fibre
content, especially in the diverse swards. Theeetorgrazing or successive grazing of cattle
and sheep appears to be beneficial for the swaedamsl may result in higher animal
performance, as found by Fraser et al. (2007). <Gaad diverse sward provided animals with
similar forage mass, but the better quality herbaiggiverse swards may be more beneficial
for animal performance.

The nutrient use in diverse and grass swards wapa@ble and contrary to other findings
not related to plant diversity or the presenceegimes (Hooper and Vitousek, 1998; Spehn
et al., 2000). The contribution of legumes to N@ypvas small and only marginally affected
by fertilisation. This was due to small legume atamces, possibly caused by relatively high
N availability in the soil, low precipitation rat€Serraj et al., 1999) or the dominance of
grasses due to only two cuts per year in the edobss With respect to AMF, our results were
generally inconsistent for sward types and withetimpossibly due to seasonal changes in
AMF abundance (Johnson et al., 2003) or small-schEnges in biotic or abiotic factors
affecting AMF (Johnson et al., 1997) that were astessed. Generally, root infection with
arbuscules and coils, intraradical AMF structuretated to AMF functioning, was —in
accordance with other studies (Sanders and Fili@®2)- rare and varied little among
treatments. We found hints to larger AMF abundaincthe diverse compared to the grass
swards in 2008, possibly due to the often lessnsxte root system of dicots compared to
grasses, making them more dependent on AMF (S¥HS)). Extraradical hyphal length was
not affected by fertilisation treatment, but in@ed under conditions of limited P, i.e. with

increasing N content or N:P ratio in the plant bé@s This finding is in accordance with
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other studies (Johnson et al., 2005) and mightelteted to AMF community changes in
response to changed nutrient balances, as foundubypponen et al. (2005) after N
fertilisation. AMF notably contribute to plant nignt acquisition and may decrease nutrient
leaching losses (van der Heijden, 2010). | conclindé AMF functioning may change under
conditions of nutrient imbalances as occurring tigiofertilisation.

In this study, | found no confirmation for the pramdivity-functionality relationship in a semi-
natural grassland. However, under the conditionsthaf study, diverse swards proved
similarly productive as simpler grass-dominated rewaand produced herbage of a better
quality. This could have effects on animal perfonge especially on the more selective
sheep. Diverse swards provide the animals with rpossibilities of selective and potentially
complementary feeding decisions: sheep preferrdazkfand especially legumes, while cattle
generally were less selective and seemed to pgedsses. Therefore, complementary feeding
effects of cattle and sheep with corresponding ceffeon sward use and vegetation
development in the longer term seem likely. | ssgdgieat on the one hand co-grazing diverse
swards has potential for facilitating diversitytlom the other hand may satisfy the agronomic
goal of a better animal performance. Due to grapacies specific effects on vegetation
development, a targeted use of mono-grazing oéegheep or cattle may be employed in the

future to obtain a particular result of vegetaticeccession.
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Summary
Plant diversity in grassland ecosystems has rgcagained increasing interest, as plant
diversity has often been found to be related torawpd ecosystem functioning. So far,
studies of diversity effects have mainly been penfed in experimental grasslands with
randomly assembled species mixtures varying intps@ecies number. However, there is
little knowledge on diversity effects on ecosystdomctioning in semi-natural and
agriculturally used ecosystems. Grazing has beggested to be a useful management tool
for the conservation and recreation of diversegiaasis. The effect of co-grazing animals on
vegetation composition has received little attentipp to now. In this study, | investigated
initial effects of cattle and sheep grazing alonénoccombination (co-grazing) on vegetation
development, herbage quality and productivity afsgtand differing in initial plant diversity.
Furthermore, | studied effects of fertilisation hwvititrogen (N) and phosphorus (P) in amounts
simulating input by excretion of animal urine anthd
The experiment was established in a semi-naturakstpnd of the plant-sociological
community Lolio-CynosuretumThis moderately species-rich sward (diverse sward) its
grass-dominated counterpart (grass sward), achieyegplication of herbicides, is located in
the Solling Uplands (Germany). Both sward typesemetationally grazed from spring to
autumn by cattle and sheep grazing alone or togethe
Cattle-grazing significantly affected vegetationmgmsition in grass and diverse swards.
Sheep- and co-grazing had no effect on vegetatiomposition. The legume abundance was
positively related to cattle-grazing, but was resth sheep paddocks. Cattle and sheep seem
to have adapted their feeding behaviour to the dwamposition; sheep were more selective
than cattle in both sward types. Dicot abundance wereased by cattle- and co-grazing in
the diverse swards and by cattle- and sheep-grazititge grass swards. Co-grazing did not
result in a complementary sward use or in highantpdiversity.
Herbage productivity was similar between sward sy@exd was unaffected by grazing
treatment, plant species number and functional mgrpwoportions. The diverse swards
produced forage of better quality. Sheep- compé#wechttle-grazing significantly decreased
post-grazing herbage quality.
The accumulated nutrient uptake by the vegetati@r three harvests was similar between
sward types. Biomass production affected nutrigotake. Fertilisation treatment did not
affect nutrient uptake, except for an increased ddtent in the biomass in the high N
treatment. In the diverse swards, the contributiblegumes to the N supply of the vegetation
was generally small and only marginally affectedféntilisation. The fertilisation treatment
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had no effect on the abundance of AMF structurdserd were hints to higher AMF
functioning at higher plant species numbers andlitioms of limited P.

Our results indicate that vegetation developmenfrazed grasslands seems to be affected by
initial vegetation composition and grazing animagaes. Results of experimental grasslands

seem difficult to confer to semi-natural grasslamd®rms of productivity and nutrient use.
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Zusammenfassung
Pflanzendiversitat in Graslandokosystemen hat mldi&ten Jahren zunehmend an Interesse
gewonnen aufgrund der haufigen Beobachtung desnfusahangs von Pflanzendiversitat
mit Verbesserungen von Okosystemfunktionen. Biskerrden Untersuchungen von
Diversitatseffekten  hauptsachlich in  experimentelle Grasland mit  zufallig
zusammengestellten Artenmischungen variierendezn&ehl durchgefiihrt. Das Wissen um
Diversitatseffekte auf Okosystemfunktionen in nagiren, landwirtschaftlich genutzten
Okosystemen ist gering. Beweidung gilt als geeigndflanagementmethode zur
Wiederherstellung und zum Erhalt von diversem Grasl Bisher wurde dem Effekt von
Mischbeweidung auf die VegetationszusammensetzamygnBeachtung geschenkt. In dieser
Studie habe ich anfangliche Effekte von allein agiemmeinsam (Mischbeweidung) grasenden
Rindern und Schafen auf die Vegetationsentwickligterqualitdt und —produktivitat von
Grasland mit anfanglich unterschiedlicher Zusammatsg untersucht. Aul3erdem habe ich
die Effekte von Stickstoff (N) und Phosphor (PMengen, die den Beitrag von Tierurin und
—exkrementen simulierten, untersucht.
Das Experiment fand in einem naturnahen Graslangftinzensoziologischen Gemeinschatft
Lolio-Cynosuretunstatt. Diese moderat artenreiche Grasnarbe (éivéasiante) und dessen
durch Herbizideinsatz Gras-dominierte Variante @asiante), befinden sich im Solling
Mittelgebirge (Deutschland). Beide Grasnarben wainden Frihling bis Herbst von Rindern,
Schafen oder beiden gemeinsam in Rotation beweidet.
Rinderbeweidung hatte einen signifikanten Effekt di¢ Vegetationszusammensetzung in
der Gras- und diversen Variante. Schaf- und Miseleidung hatte keinen Effekt auf die
Vegetationszusammensetzung. Das Vorkommen von Legsen stand in positivem
Zusammenhang mit Rinderbeweidung, war aber in Penzéllen reduziert. Rinder und
Schafe schienen ihr Fressverhalten an die Zusanatzemg der Grasnarbe anzupassen;
Schafe fraBen in beiden Grasnarbenvarianten setekdils Rinder. Das Vorkommen von
Krautern wurde in der diversen Grasnarbe durch &mndnd Mischbeweidung und in der
Grasvariante von Schaf- und Rinderbeweidung geftirtischbeweidung hatte weder eine
komplementare Nutzung des Aufwuchses noch eineradbieersitat zur Folge.
Die Produktivitat des Futters zwischen den Grasrarbrianten war &hnlich und
unbeeinflusst von der Beweidung, der Pflanzenasienaind den Ertragsanteilen der
funktionellen Gruppen. Die diverse Grasnarbe pragte Futter einer hoheren Qualitat.
Schaf- im Vergleich zu Rinderbeweidung hatte eimgniBkante Verschlechterung der
Futterqualitat zur Folge.
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Die akkumulierte Nahrstoffaufnahme tber drei Ernt@m zwischen den Grasnarbenvarianten
vergleichbar. Die Biomasseproduktion beeinflussge Mahrstoffaufnahme. Dingung hatte
keinen Effekt auf die Nahrstoffaufnahmen, mit Ausma eines erhdhten N-Gehalts der
Biomasse bei hoher N-Dingung. Der Beitrag von Legosen zur N-Versorgung in der

diversen Grasnarbe war gering und nur marginallddre Diingungsbehandlung beeinflusst.
Dungung hatte keinen Effekt auf die Haufigkeit \Mgkorrhizastrukturen. Es gab Hinweise

auf hohere Aktivitat von Mykorrhiza mit zunehmenddtanzenartenzahl und zunehmender
Limitierung von P.

Unsere Ergebnisse deuten darauf hin, dass die ategetentwicklung von beweidetem

Grasland sowohl von der anfanglichen Grasnarbenmmesmsetzung als auch der
Weidetierspezies abhangt. Ergebnisse experimemt@laslands scheinen in Hinsicht auf

Produktivitat und Nahrstoffnutzung nicht auf einuraahes Grasland Ubertragbar zu sein.
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