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Summary

Phosphorus (P) is an essential element for lifeaanslich a key element for agriculture where
it is applied as fertilizer to obtain high yieldscaquality of crops. When appearing in surplus
P can have detrimal effects on the environment gutgophication of surface waters). At the
same time, the world reserves of rock phosphatéraited. Thus, an efficient P management

in agriculture is necessary for economic and ecoidgeasons.

Grassland is a major land use type in agricultline interpretation of plant nutrient
concentrations in grassland samples is complexaluariation in botanical composition,
changing concentrations during growth and inteoastibbetween nutrients. Although soil P
analysis is routinely used to estimate plant ab&l® in the soil, the actual P availability is
often ill defined by these tests. This is particylérue for grassland soils where organic
matter is accumulated in the topsoil and microadivity is high. To avoid yield losses and P
accumulation it is necessary to characterize #esttion between deficient, sufficient and

surplus P nutrition status as precisely as possible

The aim of the project was to evaluate a set ait@ad soil indicators to accurately identify
the P nutrition status of agricultural permaneiatsgtands. We studied three typical
permanent grassland types managed at differenésiairkensities with no (P0), sufficient

(P1) or surplus P (P2) inputs since 5 to 20 yelre.grasslands were located at Les Verierres
(V), Watt (W) and Baldegg (B). During the growingeson of 2008, plants were sampled at
vegetative stage and differentiated into botarfiealtions (grasses, legumes and forbs) at
each harvest and soils were sampled once (0 tadb18, 10 to 20 and 20 to 40 cm). In 2009
we conducted a study on the seasonal dynamicsawéiRability and its drivers in one of these

grasslands (W).

For the plant P indicators we measured plant Rygen (N) and potassium (K)
concentrations in the aboveground biomass of gsatsgumes and forbs. Subsequently we
evaluated P concentration, N:P and K:P ratiosPthatrition index (PNI) and the P index
derived from the diagnosis recommendation integraystem (DRIS P). Grasses were the
main botanical fraction (52-88%) in all swards. Tthentification of P nutrition status was
found to be more precise in grasses than in budtdwamples. The critical P concentration
in grasses below which yield was reduced was 2213ang ¢ while the maximum yield
response was found at 3.5 mg Hnicating a surplus P nutrition status. The PNiveéd the

clearest differentiation between deficient, suéfidi or surplus fertilizer inputs. To identify



nutrient co-limitation additional nutrient indicasoneed to be considered. In principle, N:P,
K:P and DRIS are all applicable, but we suggesétime the values used for interpretation of

these indicators for nutrient diagnosis in agrizat grasslands.

For the soil indicators, we aimed to establishghatds for soil P availability using yield and
plant P nutrition status response curves. We useg soil P indicators based on different
principles: an extraction methody(F an isotope exchange method{§ and an ion sink
method (RJ. In the 0 to 5 cm soil layer, the PO, P1 andredtiments were significantly
differentiated by the three soil P indicators. t@ 40 cm depth only P2 fertilized treatments
were significantly higher than P1 and PO for thre¢hsoil P indicators. For the plant
indicators yield response, P concentration andiRIgtasses, relationships teuPEimin and
Peswere stronger for combined sites than for spettations. For these relationships we
established exponential functions with a maximune. &gplied thresholds identified in the
previous study to determine the soil P availabiigsses deficient, sufficient and surplus for
plant growth. We identified low and high threshotd290 and 510 for R, of 5 and 14 for
Eimin, @and of 4.5 and 14 mg P kgoil for Res Among the three P indicatorgfhad the
strongest coefficients of determination with grBssoncentration and PNI, thus it reflected

sward P nutrition status better thag & Eimin.

In the next study we applied the same approadhetvio Swiss standard methods for soil P
extraction with CQ saturated water @3,) and ammonium-acetate EDTAA{R). For Roz a
combined use of the locations was not appropriaagropose thresholds we had to consider
the soil with high P buffer capacity in V separgtiebm the soils in W and B which had a
similar buffer capacity. ForRe the interpretation without additional soil infortiean seemed
reasonable for the investigated locations. For Bethz and Rag, the soil P availability in the

0 to 5 cm soil layer was underestimated by theRailassification scheme.

Finally, we studied the effect of different P fezérs on the turnover of P through the
microbial biomass and its consequences for P dikija \We selected three P input
treatments (no P (PO), mineral P (Pmin) and orgBr(ieorg) fertilization) in the permanent
grassland in W. During the growing season of 2808,samples were taken frequently.
Available P was measured as resin-extractablg.g &Rd microbial P (g§.) was determined
by hexanol fumigation with simultaneous extractignanion exchange resin membranes,
without application of correction factors. Consigtancreases of i in the three treatments
were observed after the summer and autumn hambsts plant growth rate was low.

Reduced R and increased.Rwere observed after dry periods. From the observed



fluctuations in R we calculated B turnover and fluxes. The turnover rate of P in the
microbial biomass tended to be higher in PO thammn and Porg. The fluxes of P through
the microbial biomass and the meag:.Btocks of P in the microbial biomass were two to
three times higher than plant P uptake. The pakotiR. to withhold available P during
times of high P demand of plants or under dry coons indicated a competition for available

P, particularly when P availability is low.

Both plant and soil P indicators are valuable tdoighe diagnosis of P nutrition status in
permanent grasslands. With the thresholds establishthis study, the investigated

indicators can be interpreted for permanent gradslander field conditions. For plant
indicators we recommend to use the PNI in the grasion assisted by other nutrient
indicators to exclude limitation of or co-limitatiwith other nutrients. The establishment of
soil P status classes was improved by the comhiseaf plant yield and P nutrition status
indicators. The most reliable soil P indicatorhiststudy was Bsin field moist soill.

However, the thresholds developed fgg, Eimin, Pcoz and Rae identify the three soil P status
classes as well. Whereas plant indicators diffeasad most precisely between a deficient and
sufficient status, soil analysis was more preaséifferentiate a sufficient from a surplus P
nutrition status. Thus, we propose a strategy fmvrabined use of both indicators for sward P
diagnosis. In view of the strong effects gfifand climatic conditions on P availability and P

cycling under field conditions, these interactishsuld be addressed by further research.

Zusammenfassung

Phosphor (P) ist ein lebenswichtiges Element uadalches von grundlegender Bedeutung
fur die Landwirtschaft, wo es als Dunger applizieid, um hohe Ertrage und Qualitaten der
Kulturen zu gewabhrleisten. Ein ibermassiges Vorkemron P kann sich aber negativ auf
die Umwelt auswirken (z.B. Eutrophierung von Gewd#ss Gleichzeitig sind die weltweiten
Reserven fur Rohphosphat begrenzt. Deshalb istférentes Management von P in der

Landwirtschaft sowohl aus wirtschaftlichen als aaal 6kologischen Grinden notwendig.

Grasland ist eine der wichtigsten NutzungsformetienLandwirtschaft. Die Interpretation
von Nahrstoffkonzentrationen in den Pflanzen desstandes ist aufgrund hoher Variation in
der botanischen Zusammensetzung, sich anderndezelitvationen wahrend des Wachstums
und der Interaktionen zwischen den Nahrstoffen kemplex. Die P-Analyse im Boden wird

heute routinemassig angewandt, definiert aber il Eenverfigbarkeit des P im Boden oft

\Y,



ungenau. Das trifft besonders fiir Graslandbddemwawger Oberboden hohe Gehalte an
organischer Substanz aufweist und die mikrobiekéwitat hoch ist. Um Ertragsverluste und
die Akkumulation von P im Boden zu vermeiden, shetwendig, die Ubergange zwischen

mangelhafter, ausreichender und Gbermassiger Fokensg genau zu charakterisieren.

Das Ziel dieser Arbeit war die Bewertung von Pflemzund Bodenindikatoren zur genauen
Identifikation des P-Versorgungszustandes im landahaftlich genutzten Grasland. Wir
untersuchten drei typische Graslandstandorte, wedelt 5 bis 20 Jahren mit jeweils
unterschiedlichen Nutzungsintensitaten (2, 3 uthnitte pro Jahr) und Diingeverfahren
(ohne P (P0), ausreichend (P1) und Ubermassig fe@)ytschaftet wurden. Die Standorte
waren Les Veriérres (V), Watt (W) und Baldegg (B).Jahr 2008 wurden die
Wiesenpflanzen und Béden beprobt. Die Pflanzenprebeden im vegetativen Stadium
genommen und nach botanischen Fraktionen getr&masér, Leguminosen und Krauter).
Die Boden wurden in den Tiefen 0 bis 5, 5 bis Mbiks 20 und 20 bis 40 cm beprobt. 2009
fuhrten wir eine Studie zur jahreszeitlichen Dynlaater P-Verfluigbarkeit und deren

Einflussfaktoren auf dem Standort in W durch.

Fur die Pflanzenstudie haben wir die P-, Stickst) und Kalium- (K) Konzentrationen in
den Pflanzenproben gemessen, um den P-Status dglaiétes anhand der folgenden
Indikatoren zu bestimmen: P-Konzentration, N:P- Mnd-Verhaltnisse, den P-
Ernahrungsindex (PNI) und den P-Index aus dem figegn Diagnose-und
Empfehlungssystem (DRIS P). Die Graser waren diegge botanische Fraktion
(durchschnittlich 52 bis 88%) in allen untersuch&andorten. Die Fraktion der Graser war
zudem praziser in der P-Status-Bestimmung als dsa@tproben. Wir fanden die kritische
P-Konzentration, unter der der Ertrag signifikaeduziert war, bei 2.1 bis 2.3 mg P.@er
maximale Ertrag war bei 3.5 mg P grreicht. Uber diesem Wert ist also eine (iberngasai
Versorgung angezeigt. Der PNI zeigte die deutlelstterscheidung zwischen P-Mangel,
ausreichender und Ubermassiger P-Versorgung. UenkarLimitierung mit anderen
Nahrstoffen festzustellen, ist es nétig, mehredékktoren einzubeziehen. Dafiir besonders
geeignet sind N:P, K:P und DRIS. Obwohl im Primnzgowendbar, empfehlen wir fur diese
Indikatoren eine Verbesserung der Interpretatiansdjage fur die Nahrstoffdiagnose im

Grasland.

In der Bodenindikatorstudie verfolgten wir das Zreit Hilfe von Ertrag und P-Status der

Pflanzen, Grenzwerte fur die P-Verfluigbarkeit im Boau klassifizieren. In einem ersten

Vi



Ansatz untersuchten wir drei Boden-P-Indikatoreelcive auf unterschiedlichen Prinzipien
basieren: eine chemische Extraktiog)Peine Isotopenaustausch-Methodeg{g und eine
lonensenke-Methode (B. In der obersten Bodenschicht (0 bis 5 cm) wumierDinge-
verfahren PO, P1 und P2 durch die drei Indikatsignifikant unterschieden. In 20 bis 40 cm
Tiefe waren die Werte der P2-Verfahren hoher as/derte von PO und P1, welche sich nicht
unterschieden. Die Beziehungen zwischen den dréeBiadikatoren und den
Pflanzenindikatoren Ertrag, P-Konzentration und Ridien am starksten, wenn die drei
Standorte kombiniert wurden. Fir diese Beziehuredahlierten wir exponentielle
Funktionen mit einem Maximum. Folgend benutztendigr Grenzwerte des P-Status der
Pflanzen aus der vorhergegangenen Studie, um Werfiagbarkeit im Boden in mangelhatt,
ausreichend und Ubermassig zu klassifizieren. Wéintifizierten jeweils den unteren und
oberen Grenzwert filrPbei 290 und 510 mg P Rgfiir Eymin bei 5 und 14 mg P Kgund fiir
P.sbei 4.5 und 14 mg P KgBoden. Unter den drei Bodenindikatoren hattede starkste
Beziehung mit den P-Status-Indikatoren der Pflanzen

Im n&achsten Schritt benutzten wir den gleichen An&a& die Standardmethoden der
Bodenanalyse in der Schweiz. Das sind die Extraktan P mit C@-gesattigtem Wasser
(Pcoz und Ammoniumazetat-EDTA (Re). Fur Ro, war die Beziehung zu den
Pflanzenindikatoren fur kombinierte Standorte nmissagekraftig. Um Grenzwerte zu
finden, unterteilten wir deshalb die Standorte nBoen-P-Pufferkapazitat, welche in V
hoher war als in W und B. Fupk war die Interpretation der Beziehungen tber aie d
Standorte ohne zusétzliche Bodenparameter aussdtigkim offiziellen
Klassifizierungsschema wurde die P-VerfligbarkeiBiaden fur beide Methoden zu gering

eingestuft.

In der letzten Studie untersuchten wir den Einflmschiedener P-Dinger auf den P-Umsatz
in der mikrobiellen Biomasse im Boden und die daraibundenen Konsequenzen fur die P-
Verfugbarkeit. Auf dem Standort in W (3 Schnitte gahr) wéhlten wir dafur die folgenden
drei P-Dingeverfahren aus: ohne P (P0), minera(Batin) und organisch (Porg). Wahrend
der Vegetationsperiode 2009 wurden die Boden utath®Bén regelmassig beprobt. Die P-
Verfugbarkeit wurde mit Anionenaustauschharzen g=ere (R9. Das mikrobielle P (R¢)
wurde mit der gleichen Methode und einer simultaderanolfumigation ohne
Korrekturfaktor bestimmt. Wir fanden tber alle dbgingeverfahren einen einheitlichen
Anstieg von Rc nach dem Sommer- und Herbstschnitt, als die Rélanachstumsrate

niedrig war. Reduziertes,R und gleichzeitig erhéhtescPwurde nach Trockenperioden

Vi



beobachtet. Aus den gemessenen Fluktuationen ygbétechneten wir R-Umsatz und
Pmic-FlUsse. Die P-Umsatzrate der mikrobiellen Biomagaein PO tendenziell héher als in
Pmin und Porg. Die R.-Flisse durch die mikrobielle Biomasse und dielergh R;c-
Vorrate im Boden waren zwei bis dreimal grossedad?-Aufnahme durch die Pflanzen
wahrend der Vegetationsperiode 2009. Das PotevamaR,, wahrend erhhtem Pflanzen-
P-Bedarf oder Trockenperioden verfliigbares P zutileidten, deutet auf eine Konkurrenz

zwischen Pflanzen und Mikroben um das verfligbanePbesonders wenn dieses gering ist.

Pflanzen- und Bodenindikatoren sind wertvolle Werge fur die Diagnose des P-Status im
Dauergrasland. Mit den hier identifizierten Grengee konnen Daten aus dem Feld nun
verlasslich fur die untersuchten P-Indikatorennotetiert werden. Als Pflanzen-P-Indikator
empfehlen wir den PNI in der Grasfraktion, untetuon weiteren Indikatoren, um eine
Limitierung durch andere Nahrstoffe auszuschliesBen Identifizierung der Boden-P-
Versorgungsklassen wurde durch die KombinationkEdrags- und Pflanzen-P-Indikatoren
verbessert. In unseren Studien erwies sjedlaP der verlasslichste Bodenindikator fir die P-
Verfugbarkeit. Nichtsdestotrotz konnen die hiemittfezierten Grenzwerte furdR, Exmin, Pco2
und Rae verwendet werden um die P-Verfluigbarkeit des Bodernsestimmen. Wahrend
Pflanzenindikatoren den Grenzwert zwischen Mangdlausreichender Versorgung besser
beschreiben, sind die Bodenindikatoren fir die tati@eidung von ausreichender und
Ubermassiger Versorgung zu bevorzugen. Deshalagehiwir eine Kombination beider
Indikatoren fur eine verlassliche P-Status-Diagrnios&rasland vor. Die starken Effekte von
Pmic und den klimatischen Bedingungen auf die P-Verdikgbit unter Feldbedingungen

sollten durch weitere Studien tiefergehend untdrswerden.
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1. General introduction

1.1. The phosphorus dilemma

Phosphorus (P) is an essential element for alidivirganisms. As such it is an
economical factor for agricultural production tointain yields and quality of crops.
Production of P fertilizers is mainly based on mgqof rock phosphate which is a finite
resource. Its worldwide production is estimate@dak in 20-100 years (Cordell et al.,
2009; Van Vuuren et al., 2010). Agriculture (ca¥8%nd the adjacent food industry (1-
2%) are the main consumers of P worldwide (Schrétlat., 2010). Thus, agriculture

plays a key role for a sustainable managementiféisource.

In addition, P strongly impacts the environment whppearing in surplus.
Eutrophication of surface waters has been linked itmputs to fresh water (Carpenter,
2008) and salt water (Diaz and Rosenberg, 2008]&weshwar et al., 2003). P losses
from agriculture have been identified as the magrce of P in surface waters
(Tiessen et al., 2011). In addition, the accumaratf P has been related to the decline
of biodiversity in marine (Todd et al., 2010) aedréstrial (Klaudisova et al., 2009;

Wassen et al., 2005) ecosystems.

During industrial times, human activities have @tethe natural P cycle on local and
global scales. Whereas P generally accumulategrioudtural soils in industrial
countries (Lavelle et al., 2005; Schroder et &1 it limits agricultural production in
regions with highly weathered soils (e.g. Sub-Sahafrica). In industrial countries
and on a global scale agriculture has been idedtds the main driver of the leakiness
of the contemporary P cycle (Tiessen et al., 20R1psses from agricultural soils are

higher from soils where P has accumulated (Pretdly,e2001).

As a consequence of declining P resources, thalwade P demand and
environmental impacts, an increased efficiency afdhagement in agriculture is
necessary (Schréder et al., 2010). Nutrient usei@fity in agriculture is often
considered as output per area divided by inpupea and is high in western
agriculture (Schroder et al., 2010). But such adersitions do not include P losses or
additional costs caused by environmental impacts éeration of eutrophicated lakes).
Measures to improve P use efficiency in agriculemeompass plant breeding,

recycling of P within the farm and from human wagte.g. sewage, slaughter wastes),



a better management of soil and fertilizer P aeduge of beneficial organisms to
enhance P accessibility and uptake. Hereaftert plaiptake is defined as the amount
of P exported from the field with the harvestedwabground biomass. Measures to
improve P management include 1) integrated uséaot pnd soil P indicators to
identify the P nutrition status of a system (Breeieal., 2003), 2) identification of
nutrient imbalances and determination of exactliieet value of organic fertilizers,
facilitating the combined use of mineral and orgdattilizers to reduce such
imbalances (Schroder, 2005), 3) field specific tdeation of plant P demand and
subsequently adapted fertilizer recommendationagpdication (Betteridge et al.,
2008) and 4) critical re-evaluation of soil P cks$or fertilizer recommendation
(Rémer, 2009). Thus, to identify and evaluate pémeasures to improve P
management in agriculture and a better understgradiprocesses and factors affecting

P availability is necessary.

1.2. Phosphorus cycling and availability

The available P pool is defined as the amount thialPcan be released to the soil
solution during a period of time that is relevamt plant growth (Holford, 1997).
Although P from the soil solution is taken up bgmk as inorganic P ijPa recent
study suggests that organic soil P can conside@bitribute indirectly to plant P
nutrition in the short term (Steffens et al., 20IH)e P availability in the soil is
affected by abiotic and biotic factors (Frossardlgt2000). The main abiotic factors
are 1. sorption and desorption and 2. precipitadioth dissolution of P (Figure 1.1).
Biotic processes affecting P availability are 1nemalization and immobilization of P
into microbial or other organic forms and 2. thegake and root exudation of plants.
For agricultural systems the balance between P inp€ertilization and P export from
the field is also important for P availability. Beularly the biotic factors are also
affected by climatic conditions such as precipitatand temperature (plants and
microbes) and irradiation (plant growth). Undetdieonditions the above described

factors and processes are strongly interrelatecbtiad variable in time and space.
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Figure 1. 1: Selected pools and processes affeBtiaggilability in the soil. In brackets an
indication of how variable a certain pool is durthg season. Modified from Frossard et al.
(2000).

1.3. Grassland — a challenge for P management

In addition to forage production, agricultural gslasds fulfill many other functions
such as soil protection, biodiversity conservatiod as areas for recreation (Gibson,
2009). Higher nutrient inputs and cutting frequedaying agricultural intensification
in the second half of the #@entury increased yields and quality of foragelif@stock
production (Kapfer, 2010). This intensification waggely at the expense of plant
diversity in agricultural grasslands (Dietl, 19%#)d was accompanied by P
accumulation in soils (Haas et al., 2001). The twfgslant diversity was mainly caused
by high cutting frequencies and nutrient inputsehhoosted high yielding and

vegetative reproducing species. The P accumulatasoften a result of surplus



manure and slurry disposal. In contrast, spec@sgrasslands are managed at low
intensity, with lower nutrient inputs and less fneqt harvesting. They produce lower
yields and quality of forage, but they are of hegglological value. Therefore, they are
nowadays supported by governmental subsidies iktiepean Union (Hopkins, 2000)

and in Switzerland (Cornaz et al., 2005).

In Europe, P is still accumulating in agricultusails, particularly under grassland in
areas supporting high livestock density (Schrodet.e2010). In a recent study Binder
et al. (2009) showed that Switzerland is a net itgvef P and that the highest flows
and stocks of P are related to agriculture and Imnvesstes. Eutrophication of water
bodies has also been linked particularly to accatrarn of P in grasslands and
increased P losses from grasslands (Haygarth, &08l5; Watson et al., 2007). In
Switzerland, P accumulation in agricultural soiés lbeen observed as well (Spiess,
1999). Other studies in Switzerland have observieg$es from grasslands (Braun et
al., 2001; Stamm et al., 1998) and linked eutrogion of lakes to agricultural P inputs
(Géachter et al., 1996, Stadelmann et al., 2002).

Grasslands cover about two thirds of the agricaltarea in Europe (Peeters, 2009) and
in Switzerland (BfS, 2007). Thus, an improved Riliger use in grasslands may have a
large impact on overall P use efficiency in agticrd. Compared to arable land,
grasslands have a high plant biodiversity and mi#grdtrongly in botanical
composition, management, soil and environmentadlitioms. Thus, the precise
estimation of P fertilizer need is difficult. Théoee, widely applicable and reliable

indicators for the P nutrition status of grasslaadsneeded.

To minimize P inputs while maintaining high yieldfsthe herbage an integrated
nutrient management is needed (Frossard et al9, 0naghan et al., 2007). The P
removed with the harvest needs to be replenishddrbljzation to maintain P fertility

in the soil. Under P deficient conditions it midi® necessary to fertilize P in surplus to
increase the P availability in the soil and to agbkihigher yields and herbage P
concentrations. When yields are at maximum, howdgsgilization in surplus to plant
demand results in P accumulation in the soil. Suelscumulation reflects an
inefficient fertilizer use and results in the detental environmental impacts described
above. Very high soil P contents can be decreag@ddans of P export from the soil by
above ground plant biomass removal without P relguppfertilization (P mining), but

this might need a long time (Koopmans et al., 2@®harer et al., 2007). Because of
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the complexity of grassland ecosystems it is diffito foresee how changes in nutrient
inputs will affect grassland productivity and natri concentrations in the biomass. To
avoid yield losses and P accumulation it is negggdsacharacterize the transition
between deficient, sufficient and surplus P nanitstatus as precisely as possible.

1.4. Identification of P nutrition status

The P nutrition status is defined as P deficienémvplant growth is significantly lower
than the expected yield for a given system anddlilecannot deliver sufficient
amounts of P to satisfy plant P demand (see Figulhe In such a situation P
fertilization will increase yields and soil P awaility. At a sufficient P nutrition status
plant yield fulfils the yield expectation and agus P fertilization would increase soil
P availability but not the plant yield. The surpRiswutrition status defines a situation
where expected yields can be reached despite lomrey P fertilization. P enrichment
of the soil is defined as a situation when P fedtion has no yield response but may
still result in increasing plant P contents. In tase of P accumulation no change of
plant P content can be observed when P is added.dBoiched and accumulated soil P
status reflect an inefficient P fertilizer use, hatumulated soils may also act as a P
source for the environment because maximum plamt&ke is reached.

1.5. The tools: general overview and principles

1.5.1. Plant analysis

Plant tissue analysis is a direct measure of platitent status. It integrates all sources
and forms of P which were available for the plamtjuding uptake from different soil
depths and changes over time. However, plant asatgsnot predict long term P
availability (Marschner, 1995). Plant analysis hasn suggested as a “standalone” tool
as well as to assist soil analysis for diagnosisubfient status and for fertilizer
recommendation (Breuer et al., 2006). Besidesuse to differentiate nutrient from

pest and pathogen problems.

From a methodological point of view, plant P corications are generally determined

after total digestion of plant tissue or by dryimeration followed by acid digestion.



Subsequently, P can be measured using colorimietniggnods such as malachite green
(Ohno and Zibilske, 1991) or inductively coupledgrha (ICP) spectrometry. In
permanent grasslands, plant analysis is mostly dartulk samples taken at early
vegetative growth or harvest (Flisch et al., 20@8ckay et al., 1995). Only for
scientific purposes specific species such as pakeryegrassl{olium perenne) or

white clover {rifolium repens), botanical fractions or specific parts of thenplare

analyzed.

Measured P concentrations are interpreted usitigadrP concentrations or ranges that
indicate sufficient P supply (see Table A.1). Comeloi nutrient indicators are used to
reflect the interaction of P with other elements aitrogen (N) and potassium (K).
Such indicators are the nutrient ratios (N:P and)kand the P nutrition index (PNI).
The PNI is calculated using a critical curve depeldfor optimal P concentrations in
relation to sward N concentration (Duru and ThéHeiche, 1997). It was established
for ryegrass dominated swards and later confirnedther grass species (Bélanger
and Richards, 1999). In France it is used to datexitihhe P nutrition status of
grasslands and to recommend amounts of P feridiz&fouany, personal
communication). A multi-element integration appto#the diagnosis and
recommendation integrated system (DRIS) develogdBdaufils (1973). The DRIS
method identifies plant nutrient imbalances usiranynnutrients whose ratios are
related to norm ratios. The norm ratios reflectdibons when none of the included
nutrients is limiting or in surplus and when higRklgis are obtained. The resulting
DRIS indices are ranked according to their relaiimportance (Walworth and Sumner,
1987). Bailey et al. (1997a; 1997b; 2000) appli®Ri®to perennial ryegraskdlium
perenne) and perennial ryegrass-rich grasslands. Todiayused in Northern Ireland for
decision support of sward nutrient diagnosis amtlifeer recommendation (Bailey,

personal communication).

The interpretation of plant analysis in grasslasdonstrained by high variation in
botanical composition, sward age (Daccord et 80,72 and interactions with other
nutrients such as N and K (Osaki et al., 2003).edxample, indicators integrating N are
affected by legume abundance since legumes hawgallgrhigher N concentrations
than grasses and other plants. Thus, the legumelaboe needs to be considered when
the PNI is used in mixed stands (Jouany et al.4R20the DRIS method has been

proposed to overcome the constraints by swardagerne extent (Bailey et al., 2000),
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but the interpretation for calcium and magnesiustilsunclear (Bailey et al., 1997a).
Due to the complexity of grassland P nutritionddifined critical values and optimal
ranges of concentrations and ratios, today plamtdPysis in grasslands is mostly used
to calibrate or assist soil P analysis for feréifizecommendation (Bergmann, 1993).

1.5.2 Soil analysis

For soil analysis a wide variety of chemical extiats are used (Neyroud and Lischer,
2003). They are used mostly on dried and sievddadiare comparatively rapid and
cheap. All methods are used to characterize Pabibity to plants and thus predict P
fertilizer response. Extracting agents can be wadikrted acids or complexing agents.
In principle, two classes of soil P extractions bardifferentiated (Marschner, 1995).
Weak extractions, e.g. with water or bicarbonaglect mainly easily available P,
whereas strong extractions, e.g. acids or ammookatate, extract more P than is

plant available in one season.

The P availability in soils is better characteribgtthe concept reviewed by Holford
(1997) which uses the three factors intensity, tjtiaand buffer capacity. The intensity
is the activity of Pin the soil solution and usually given in mg P. The quantity (mg

P kg) represents the reserves of P in the soil thabeareleased to the soil solution
with time. The buffer capacity of a soil descrilbles ability of the soil to keep the
intensity constant when the quantity changes, xangle due to plant P uptake or P
fertilization (Figure 1.1).

The degree of P saturation (DPS) and the isotofmhange kinetics (IEK) take these
factors better into account than simple extracti@thods (Frossard and Sinaj, 1997;
Schoumans, 2000). The DPS was initially developesstimate the risk of P losses
from soils (van der Zee et al., 1987) based onxahate extraction of P. The IEK is
used to describe the transfer of P from the salidphase to the soil solution and vice
versa. Both methods are used today to estimate thailability in soils (Bell et al.,
2005a; Morel et al., 2000; Tran et al., 1988).

Other approaches to estimate P availability inssmiimic plant P uptake as a P sink
(Myers et al., 2005). Anion exchange resins or coated filter papers are used as P

sinks. Sink approaches have been shown to beffesseal by soil properties and were



often better correlated to plant P uptake (Qiaal.et1992). Thus, they are suggested to

reflect plant P availability in the soil better thenany routine soil tests.

A drawback of chemical extraction is that often albtavailable P is extracted while
variable amounts of non-available P might be extch¢Demaria et al., 2005).
Although most of the P extractions are mutuallyelated they often extract different
forms of P and thus should not be correlated tsstaplant P availability for another
extraction. This should always be tested in plaotwh experiments. Soil analysis does
not provide information about actual P mobilityffdsion) in the soil under field
conditions and changes of available P during tloevgng season. By sampling a given
soil layer the actual rooting depth is neglecte@mwR availability is estimated. By
drying the soils as it is done for most soil anab/the actual availability in the soil is
changed, for example by release of P from the rhiatdiomass or changed reactivity
of binding sites for P in the soil (Scharer, 200@rner and Haygarth, 2001). In
grasslands, P availability is particularly diffictd predict by soil analysis (Herlihy et
al., 2006). Often the interpretation is constraibgdigh organic matter contents,
biological activity and accumulation of nutrientsthe topsoil. Differences in
management and environmental conditions also adfemtt and long-term P

availability, uptake and use by plants.

Soil analysis methods have often been standardigied fertilizer response
experiments on the main soil types for a givenaegr country. For the interpretation,
soil analysis results were mostly calibrated tddyresponse or plant P uptake.
Subsequently the soil P analysis was categorizedclasses according to probability
of crop response. The established soil P statssedacan therefore often only be used
for a certain range of soils and conditions. In ynBaropean countries a 5 step
classification system is used (e.g. A to E) foeiptetation (Flisch et al., 2009;
Kerschberger et al., 1997; MAFF, 2000). The intediate class (C) represents a
sufficient P nutrition status and A and E reflectedicient and accumulated P nutrition
status, respectively. However, today it is argued thresholds identifying these
classes are too high and thus P recommendation etieeeds actual plant demand
(R6mer, 2009; Schroder et al., 2010). Consequantrevaluation or adjustment of the
interpretation schemes is asked for.

In Switzerland the extractions with G@aturated water 3, and with ammonium

oxalate EDTA (Rag) are used as standard methods to determine th&ikom status
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of soils (FAL et al., 1996). Whereasd3 reflects the P in the soil solution, A8 is a
stronger extraction (Flisch et al., 2009). Bothraets are interpreted in relation to clay
contentand organic matter in the soil. WhereagRvas found to underestimate
rapidly exchangeable Pa& was found to extract non-available P forms from4bil
(Demaria et al., 2005). As described above an adpr#t of the interpretation scheme
for these methods is required (Frossard et al.42G@llet, 2001).

1.5.3 Plant versus soil analysis

Both plant and soil analysis have advantages asatldantages and provide different
information. Plant P analysis reflects only theuat® nutrition status as result of the
past time of growth. Soil analysis reflects thegmbial P availability in medium or long
term. Thus, neither plant nor soil analysis casudestituted and their complementary
use results in a better diagnosis of P nutritiatust, particularly for grasslands. In
Switzerland, average sward P uptake derived frorg term fertilizer experiments is
used to recommend amounts for P fertilizer appboafFlisch et al., 2009). But plant
analysis is not yet (frequently) used as a diagntsol to assess the nutritional P

nutrition status of crops in agri- or horticulture.

1.5.4. Environmental factors

As described above (Figurel.l), the P availabiitglso affected by environmental
factors. Such environmental factors can be weathérclimate conditions, soil parental
material, soil structure, slope or exposition ia thndscape and many more. For this

study we will focus on weather and climate factors.

Plant growth and P uptake are affected by temperasoil moisture and light intensity
(Marschner, 1995). Plant growth in temperate geasisd usually stops at temperatures
below 5 and above 40°C (Whitehead, 2000). Hight ligtensity increases plant growth
and thus P demand when soil moisture is favourdliie.diffusion of P in the soil and
plant uptake of P are reduced when soil moistutewsDunham and Nye, 1976) and

subsequently plant growth is diminished.

The biomass productivity curve of temperate grasidaeflects the interaction of
climatic factors (Gibson, 2009). Lowest producinig found in winter when



temperatures are low. Peaks of sward productiatppin spring and in late summer
when growth conditions are good. The highest prodticis generally found in spring
because light intensity is high and soil moistgrsufficient. During summer a growth
reduction due to high temperature and low soil miogsis often observed.

Processes such as mineralization and immobilisati¢hare also affected by soil
moisture and temperature. Due to the high bioldgictawvity and below ground

biomass in grasslands, such processes are oftgeatker importance than under arable
land (Brookes et al., 1984). The microbial R;{Pturnover, an important driver for P
cycling is also affected by environmental facta@@s€n et al., 2003; Oberson and Joner,
2005). Given the strong influence of environmefdators on plant P demand and P

availability, climate data can support the intetatien of plant and soil P indicators.

1.6. Aim and hypothesis

The aim of the project was to develop and evalaadet of soil and plant indicators to
accurately identify the P nutrition status of agligral permanent grasslands. We
wanted to assess the effect of different long tBrmputs on soil P availability, plant P
uptake and herbage production. Therefore, the atolis should reflect at least the three
P nutrition status classes deficient, sufficierd aarplus P nutrition. Additionally they
should be applicable for different grassland types.

We hypothesize that these indicators can be uséjlitoprove diagnosis of P nutrition
status and 2) better understand processes affeetanilability in grasslands. Both a
precise P nutrition status diagnosis and a bettelerstanding of P availability in
grasslands may help to improve P fertilizer usécieficy and limit P losses to the

environment.

1.7. Structure of the thesis

Chapter 2

The aim of this chapter was to evaluate the ahilityeveral plant P indicators (P
concentration, N:P and P:K ratio, PNl and DRISdPagsess the sward P nutrition
status in permanent grasslands. To assess th¢ @fteatanical composition on the P
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nutrition status identification we analyzed theethbotanical fractions grasses, legumes
and forbs separately in three different grasslgpdg (see 1.8). To identify deficient,
sufficient and surplus P nutrition of the swardsevaluated the plant P indicators
according to relative yield responses as causediffeyences in long term fertilizer
application. Finally we wanted to propose criticalues and norms to improve the

interpretation of plant P analysis in permanensgjands.

Chapter 3

In chapter three we aimed at establishing threshioldP availability for three soil P
indicators: P extracted with ammonium oxalatg)(FP exchangeable in one minute
(E1min) @and resin extractable £B. The three methods were chosen as examples for a
chemical extraction, an isotope approach and aragtkod to estimate available P in
the soil. To identify soil P classes we establisegonential functions with a
maximum for the relationship between the three Bandicators and plant yield, P
concentration and PNI in grasses (chapter 2). assdly the soil P indicators into
deficient, sufficient and surplus P we used thegholds for plant P indicators derived

in chapter two.

Chapter 4

In this chapter we applied the same procedure elsapter three to the Swiss routine
soil P extractions with C&saturated water g3, and ammonium-acetate EDTA
(Paag)- The obtained thresholds were compared with thesid Swiss soil P

classification (Flisch et al., 2009).

Chapter 5

In chapter five we investigated the dynamics ohpkavailable and microbial P 4R) in

a grassland managed at low intensity during ongase@n 2009). Our main objective
was to measure R, Pmic-fluxes and turnover as affected by P fertilizataomd to reveal
interactions with plant available P under field diblons. Additionally we wanted to
deduce effects of weather and plant growth on Bpttand R,.. Therefore, we selected
three types of P fertilization: no P (P0), mind?glPmin) and organic P (Porg) and
sampled soils and plants on a regular basis. Wieatimglitions and soil moisture were

monitored.
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1.8. Study sites and experimental setup

1.8.1 Selection criteria

Given the research question we searched for pembhgr&sslands with different
management intensity and long term P input. Managemntensities practiced in
Switzerland range from extensively used grasslantisone harvest per season to very
intensively managed grasslands with six harvestyeer (Flisch et al., 2009). We
focused on fertilized agricultural grasslands. Arpguisite for our study was that the
long term “P input treatments” resulted in condisof deficient, sufficient and surplus
P availability for plant growth. Agricultural grdasds are fertilized to avoid yield
losses and Gallet et al. (2003a) found no yieldidedn 6 out of 7 field experiments
even nine years after omission of P fertilizatibhus, long term fertilizer experiments
including P treatments were the first choice for study. However, we did not find a
long term fertilizer experiment for intensively naged grasslands. For intensively
managed grasslands we selected on-farm grasslatiddifferent soil P status (see

table 4.1 for Swiss soil P classification).

1.8.2. Selected study sites

We selected three locations with different cuttiregiuency, fertilizer input and
environmental conditions: 1) north of Les Verrie(e}in the Jura mountains, 2) Watt
(W) near Zirich and 3) in the eastern area of thkelBaldegg (B) watershed (Figure
1.2). The locations V and W are long-term fertitizals with different rates of N, P
and K applications since 1992 and 1996, respegtit@ication B is an agricultural
region which has been dominated by intensive lo&sproduction and grassland
management for forage production with high appiocatates of animal manure during
the last decades. The fertilization rates for Hred locations are shown in detail in
table 2.3.

The two fertilizer trials in V and W were managedtbe research institutions
Agroscope Changins-Wadenswil and Agroscope RecHkeifimikon, respectively.
The on-farm swards were managed by farmers, witiiiagi fertilization and cutting
regime for the last 5 to 20 years. In 2008, therdwan V, W and B were cut 2, 3 and 5
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times, respectively. The management intensity ohepiassland (Table 1.1.) is defined

by altitude and number of harvests per year (Fletcdd., 2009).

Table 1.1: Geographical location and selected namagt indicators for the investigated grasslands

Location  Geographical  Altitude Management Number of Managed by (since)
location (m.a.s.l) intensity® harvests
Les 46°56’18"N, o ) Agroscope Changins-
1150 semi intensive 2 )
Verrieres 6°27'38"E Wadenswil (1992)
47°26'44"N, ] ) Agroscope Reckenholz-
Watt 500 low intensity 3 )
8°29'32"E Téanikon (1996)
47°11'55"N, ) )
Baldegg 560-780 intensive 5-6 Farmers (5-20 years)
8°31'01"E

We selected four treatments with increasing minerrtilization in V. In W, five
mineral fertilizer treatments and an organicallfifiged treatment from another
experiment located on the same site were seleci&lwe chose two grasslands which
were fertilized as recommended and two which wees-tertilized with P. The
particular types and rates of fertilizers useddach site and treatment are described in
detail in chapter 2. For the labeling of the treatits, the following nomenclature is
used throughout the whole document: N, P and Kdsfianthe three nutrients followed
by 0, 0.5, 1 and 2 for no, less, close to equalmaark fertilizer applied than
recommended by Flisch et al. (2009). The suffixamg org/min stands for the use of
slurry and combined mineral fertilizer and slurpplcation. In chapter 5 the labeling
was simplified (see section 5.2) because only tRréextilizer treatments in W were

investigated in depth.
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Figure 1.2: Location of experimental fields in Sweitland and experimental setup of the plots

The experimental setup included at least four glmteach treatment to reflect
variation in the field. In the fertilizer trials &d W, the allocation of the plots was
given by the original randomized block design @& &xperiments (Figure 1.2). On-
farm in B, four to five plots of the same size ashe fertilizer trials were arranged as
spatial replicates within each investigated grass{&igure 1.2). The distance between

these plots was at least 5 meters.

The two locations W and B are mesic (moderatelysinmabitat) grasslands
characterized by a warm climate, a vegetation gdanger than two thirds of the year
and a reasonably balanced hydrology (Table 1.2).prRcipitation is generally high
and relatively evenly distributed during the seaSdre grasslands in W and B reflect a
plant productivity curve during the season whictycal for productive temperate
grasslands (Gibson, 2009). The difference in mamagé and annual yield between W
and B is mainly a result of the number of harvesid nutrient inputs.

In V a very moist mountainous climate prevails. Bverage temperature and
vegetation period is lower and the annual predipitais higher than at the other two
locations (Table 1.2). Given that the growth peiigdnly about half a year long, a
system with two harvests per year reflects alreadgmi-intensive management. In V
the yield and number of harvests is much moreiogstr by climatic factors than in W
and B.
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Table 1.2: Ten year-averages (1999 -2009) of teatpes, precipitation and vegetation days of the
studied locations. Environmental data were recotmethe closest meteorological station, Swiss Meteo
Service IdaWeb (La Brevine, Zirich-Affoltern anddeune for Les Verriéres, Watt and Baldegg,
respectively).

Location Temperature Precipitation Vegetation day$
(°C) (mm yr?) (days yr')
Les Verrieres 5.8 1400 184
Watt 9.8 1077 257
Baldegg 10 1200 256

% number of days with daily mean temperature abo@ 5°

The botanical composition of the grasslands wasrded in May 2007 in W and in
April and June 2008 in B and V, respectively (Tabl®). A species inventory was
made for each plot and the species abundance wasts] using soil cover rates
(Dietl, 1995). A detailed description can be foumdnnex. The three grassland
habitats are typical anthropogenically formed deas$s with characteristic vegetation
developed under the respective site propertiepaté conditions and management

intensity.

Les Verrieres is a subalpine grassland with fresmaist hydrology and slightly acid
soil reaction. According to Klotzli et al. (201@he vegetation can be described as a
Festuco-agrostietum association (a species-rich grassland with 30é0ering

species). The generally low agronomic value ofetegard is based on a short
vegetation period which leads to low dry mass peotida (2 cuts a year) and on the late
first cut which produces forage of low quality (Igfotein and energy but high fiber

content).

Watt is a naturally well drained mesic grasslaniitiaa (dry periods possible in
summer) with slightly acid soil reaction. The vegin is a typicaArrhenaterion
elatioris association (30-40 species). In 2006 a grasslamgf mixture was sown in
for a biodiversity experiment conducted by O. Hugodpersonal communication) but
did not show significant germination in the yeabofanical investigation (2007). The
agronomic value can be substantial with relativegh dry matter yields and forage
quality.
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The location in Baldegg is characterized by a welimate and the grasslands are
mesic habitats with high nutrient inputs and 4 6 per year. The mean species
number in the investigated grasslands is 18-25.vElgetation can be characterized as
high yieldingTrifolio-Lolion association. These grasslands are of high agranzsue
because of their high biomass production and gépdrigh forage quality produced by

early cutting. The harvested material is used rgdon silage.

Table 1.3: Average number of species and main g@asies in the investigated grasslands

Location Number of species Main grasses
total grasses legumes  forbs
Les Verrieres 24-36  6-8 4-6 14-23 Festuca rubra, Agrostis capillarisand
Anthoxanthum odoratum
Watt 21-36  7-10 4-7 10-15 Holcuslanatus, Arrhenaterumelatius,

Anthoxanthum odoratum, Festuca rubra,

andTrisetum flavescens

Baldegg 9-20 3-7 1-2 5-11  Lolium perenne, Lolium multiflorum, Poa
pratensis, Alopecurus pratensis and

Dactylis glomerata
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Chapter 2: Plant phosphorus indicators evaluated irdifferently

managed permanent grasslands

2.1. Abstract

A critical evaluation of phosphorus (P) fertilize’commendation is necessary for an efficient
P management. Plant P analysis gives a P indioaBward P nutrition status. But the
interpretation of nutrient concentrations in grassl samples is complex due to variation in
botanical composition, changing concentrationsrdugrowth and interactions between
nutrients. We studied three typical permanent ¢gadstypes in Switzerland that were under
different management intensity mostly receiving lswfficient or high rates of P fertilizer

for 5 to 25 years. We measured plant P, nitroggraid potassium (K) concentration in the
above ground biomass of grasses, legumes and Widgvaluated the following P

indicators: P concentration, N:P and K:P ratios,Phnutrition index (PNI) and the P index
derived from the diagnosis recommendation integragstem (DRIS P). We observed yield
reduction by more than 10% of yield obtained wétltifization according to recommendation
in treatments where one or more nutrients weretethftom fertilization. Fertilizer P input
higher than recommended did not significantly iaseeyield. Grasses were with 52-88% of
mean above ground dry matter yield the main boghiaction in all swards. Under P

limiting conditions, forbs and legumes had sigrifidy higher P concentrations than grasses.
The coefficient of variation of P and K concentas within treatments was higher in
legumes and forbs than in grasses and the propatilegumes affected the P indicators
integrating N. Therefore, P indicators were appt@the grass fraction instead of the bulk
sward samples. All P indicators differentiated kestw P fertilized and non-P fertilized
treatments. The PNI showed the clearest differeotidbetween deficient, sufficient or
surplus fertilizer inputs. The critical P concetitya in above ground grass biomass sampled
at vegetative stage below which yield was reducas 21 to 2.3 mgy Concentrations

higher than 3 mg P gndicated luxurious consumption. For the precise esrrect
interpretation of plant P nutrition status in permmat grasslands, we propose a combined use

of P indicators in the grass fraction.
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2.2. Introduction

Efficient phosphorus (P) management is a prereguisr a sustainable agriculture. Among
other measures to improve P use efficiency in afjiti;e R6mer (2009) and Schroder et al.
(2010) suggested a critical evaluation of actutdrilizer recommendations using current
knowledge. Plant P indicators could be used tdcate soil P analysis or as standalone
indicators to determine P fertilizer recommendafiBreuer et al., 2003).

Grasslands cover the majority of the agriculturaban Europe (Peeters, 2009) and in
Switzerland (BfS, 2007). P accumulation due to s inputs (Watson et al., 2007) and
increased P losses were observed mainly undemsineemanaged grasslands (Haygarth et
al., 2006). Thus, grasslands play a key role fgrowement of P use efficiency in

agriculture. The agricultural intensification ireteecond half of the #@entury resulted in
increased yields and quality of forage for live&tpeoduction, but at the expense of plant
diversity in the sward and increased soil P accatian. Decreasing soil P contents by
means of P export by plant biomass (without resuppP) has been suggested as a measure

to decrease P losses (Scharer et al., 2007).

In Switzerland, P fertilizer recommendation forggiand is based on average annual P
removal adjusted to the soil available P nutristetus (Flisch et al., 2009). In grasslands
nutrient availability and uptake are difficult togglict by soil analysis (Herlihy et al., 2006).
Differences in management and environmental canditaffect short and long-term nutrient
availability, uptake and use. The interpretationdastrained by high organic matter contents,
biological activity, soil diversity and accumulatiof nutrients in the topsoil. In contrast,

plant tissue analysis accounts for all plant abéglautrient sources and is applicable for
many mineral nutrients in the same analysis. A Bk is that plant analysis often comes
too late to correct an indicated nutrient deficiencthe investigated standing biomass. For
permanent grassland, this is of minor importanaabse diagnosed nutrient deficiencies can

be corrected for the next (re-)growth.

Measured P concentrations are interpreted usihgrestitical P concentrations below which
dry matter production is limited by P or concentmatranges that indicate sufficient P supply.
In case of multi element analysis, nutrient ra{lds® and K:P) and other combined nutrient
indicators were developed to include the interactbP with other elements. Such indicators
are the P nutrition index (PNI, Duru and ThéliereHé, 1997) and the diagnosis and
recommendation integrated system (DRIS, Walworth@mmner, 1987). The PNI is
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calculated using a critical curve developed foiropt P concentrations in relation to sward N
concentration. The DRIS method identifies plantieat imbalances using many nutrients
whose ratios are related to a norm ratio, norm mgathat none of the included nutrients
was limiting or in surplus. The resulting DRIS ioés are ranked according to their relative
importance. Bailey et al. (1997a; 1997b) applied®® perennial ryegraskdglium

perenne) and perennial ryegrass-rich grasslands.

Plant analysis in grasslands is either done on sauthples (Flisch et al., 2009) or on specific
species such as perennial ryegrass or white cl@vdolium repens) as in Hagh-Jensen and
Schjoerring (2010). Thus, critical values and oplinanges of concentrations and ratios are
still under discussion because they might differsfpecies, grassland type and management.
In grasslands, the botanical composition and thiisemt concentrations may vary, making
bulk sward analysis difficult to evaluate (Whiteded000). Plant species as well as botanical
fractions can differ in nutrient uptake and usécedficy. Legumes in mixed stands with
grasses access P and K better under N deficieaoyuider high N supply as shown by
Jouany et al. (2005) for P and by @gaard and Ha(X0) for K. Both works resulted in the
conclusion that the application of the nutrient@atiors PNI and K:N, respectively, was not
appropriate on bulk sward samples. Little is kn@kout the effect of forbs on the nutrient
concentration in bulk samples, but the high varadtipotanical families found in the forb

fraction (Osaki et al., 2003) suggests a high viamna

The aim of our study was to evaluate and compamet Bt indicators for the identification of
the sward P nutrition status in permanent grasslahgerefore, plant P indicators ranging
from simple P concentrations to P in relation tarid K and an indicator integrating several
nutrients were investigated over a range of differeanagement intensities and
environmental conditions in Switzerland. We anatlytee three botanical fractions grasses,
legumes and forbs separately to assess the effbotanical composition on the evaluation
of sward P nutrition status and the different pRnhdicators. To our knowledge such a
comparison of different plant P indicators in peneat grassland has not yet been done. To
identify deficient, sufficient and surplus P nubtt of the swards we evaluated the plant P
indicators according to long term fertilizer applion and relative yield response. Finally, we
aimed at proposing critical values and norms torowe interpretation of plant P analysis in

permanent grasslands.
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2.3. Material and Methods

2.3.1. Experimental sites

Three locations with different cutting frequenogrtilizer input and environmental conditions
were selected for this study: 1) north of Les \&@s (V) in the Jura mountains

(46°56’18"N, 6°27'38"E, 1140 m above sea level) Vatt (W) near Zirich (47°26’44"N,
8°29'32"E, 500 m above sea level) and 3) in theexasarea of the Lake Baldegg (B)
watershed (near 47°11'55”N, 8°31'01"E, 560-780 noabsea level). The locations V and

W are long-term fertilizer trials with differenttess of N, P and K applications since 1992 and
1996, respectively. Location B is an agricultuesdion dominated by livestock production
and intensive grassland management for forage ptioduwith high rates of animal manure

applications.

2.3.2. Environmental conditions and botanical compsition

Climatic data were obtained from a nearby metegio#d station available by services of
MeteoSwiss the Federal Office of Meteorology andn@tology (IDAWEB, 2009). Mean
annual temperature, precipitation and number oétatgn days of the sites are shown in
Table 2.1.

The botanical composition was recorded in May 2008/ and in April and June 2009 in B
and V, respectively. A species inventory was made&ch plot and species abundance was
estimated using classes of yield proportion antcswmier according to Dietl (1995). The
three grassland habitats are typical anthropogkynicamed grasslands with characteristic
vegetation developed (Table 2.1) under the respestie properties, climate conditions and

management.
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Table 2.1: Selected environmental and botanicgbgnttes of the studied locations. Environmentahdeas recorded by the closest meteorological stafiwiss Meteo
Service IdaWeb (La Brévine, Zirich-Affoltern anddeune for Les Verriéres, Watt and Baldegg, respelgfi.

Location Temp- Precip- Vegetation Altitude Number of species Main grasses
erature® itation® day<®
[°C] [mm yr'] [days yF] [m.a.s.]] total grasses legumes forbs
Les Verrieres 5.8 1400 184 1150 24-36 6-8 4-6 14-23Festuca rubra, Agrostis capillaris and
Anthoxanthum odoratum
Watt 9.8 1077 257 500 21-36 7-10 4-7 10-15Holcus lanatus, Arrhenaterum elatius,

Anthoxanthum odoratum, Festuca rubra,

andTrisetum flavescens

Baldegg 10 1200 256 560-780 9-20 3-7 1-2 5-11 Lolium perenne, Lolium multiflorum, Poa
pratensis, Alopecurus pratensis and

Dactylis glomerata

%Ten year average (1999 -2009),

number of days with daily mean temperature abo@ 5°
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The location V is a subalpine mesic grassland.sidiles a slightly acid Cambisol (FAO,
1998) which has low base saturation (<50%). Thktsgiure in the top 20 cm is a silty loam
(Table 2.2). According to Klo6tzli et al. (2010) ethregetation can be described &sestuco-
agrostietum association (species rich grassland with 30-50oapgrm species). The
generally low agronomic value of this sward is lobse a short vegetation period resulting in
low dry mass production (2 harvests per year) arddte first harvest which produces a low
guality forage (low protein and energy but higtefilcontent). Watt is a well-drained mesic
grassland habitat established on a medium deep®or)Cambisol (FAO, 1998) with
medium base saturation (50-80%). The vegetatian A rhenaterion-elatioris association
with 30-40 angiosperm species. The agronomic veduebe substantial with relatively high
dry matter yields and forage quality. For purpasisiodiversity conservation, the first
harvest cannot take place beford 16 June, leading to minor forage quality of this\rest.
The grasslands at B are mesic with high nutrieptii®!and 4 to 6 harvests per year used for
silage or hay. The soils are Eutric Cambisols (FAE98) with a high base saturation (60-
95%). The texture ranges from loamy sand to sty (Table2.2). We characterized the
vegetation as a high yieldingifolio-lolion association (Kl6tzli et al., 2010) with 18-25
angiosperm species. These grasslands are of highagic value because of their high

biomass production with high forage quality prodlibg harvests at early growth stage.
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Table 2.2: Selected soil properties of the expentalegrasslands at the investigated locations matrhents.
The clay, silt and sand contents of the soils wietermined in the 0 to 10 cm soil layer. The phhltoarbon
(Ctot), nitrogen (Ntot) phosphorus (Ptot) angyRvere determined in the 0 to 5 cm soil layer.

Location Treatment cldy silt* sand  pH° Ctof Ntot Pcos Ptof
% g kg mg kg
Les N1POKO 6.0 39.3 4.0 0.20 565
Verrieres  N1p0.5K0.5 59 391 41 025 688
V) 30 55 15
N1P1K1 5.8 36.3 3.9 0.39 732
N1P2K2 55 35.7 3.8 0.55 841
Watt (W) NOPOKO 6.1 285 3.0 0.37 580
N1POK1 55 29.2 3.0 0.34 555
N1P1KO 6.0 28.8 3.1 1.26 679
22 34 44
N1P1K1 5.8 306 3.1 0.84 658
NOP1K1 57 296 3.1 0.86 730
N1P1KZ2org 6.8 38.8 4.2 0.96 713
Baldegg (B) N1P1KZ2org 26 31 43 6.8 40.1 41 4.6b74
N1P1K2org/min 21 51 28 6.5 324 34 1.77 1609
N2P2K1lorg | 16 31 53 6.9 405 4.2 16.72103
N2P2K1lorg Il 26 51 23 7.5 508 4.9 10.72605

#according to Swiss reference methods in (Agrosebd., 1996)
® In H,0, ratio soil:HO = 1:2.5
“ measured by CNS analyzer (Thermo Finnigan, Milehy)

dextraction with 0.5 M KSO, after incineration
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2.3.3. Management and fertilizer treatments

The two fertilizer trials in V and W were managedrbsearch institutions Agroscope
Changins-Wadenswil and Agroscope Reckenholz-Tanitespectively. Farmers managed
the on farm trials in B. The fertilizer trials in&d W were established in 1992 and 1996,
respectively. The on farm swards were fertilized harvested similar since 20 years and in
case of N1P1K2org/min since five years. The sward§ W and B were cut 2, 3 and 5
times, respectively in 2008 (Table 2.3). For eaehtment, four plots of approximately 2 m x
5 m were used. In the fertilizer experiments V #Wdhe allocation of the plots was given by
the original set up of the experiments. On farrB,riour plots of the same size were
arranged as spatial replicates within the invetggrassland, with at least 5 meters distance
between plots. In one case in B (N1P1K2org/min§ @bt was installed because of local
inhomogeneity of botanical composition observedrdubotanical investigation. For the
labeling of all treatments the following nomenclatwas used: N, P and K stand for the
three nutrients followed by 0, 0.5, 1 and 2 for less, close to equal and more fertilizer
applied than recommended by Flisch et al. (2000¢. Juffix org and org/min stands for the
use of slurry and combined mineral fertilizer ahdry application. The particular rates of
fertilization for each site are shown in Table 2.3.

In V four treatments with increasing mineral P &dpplications and similar N supply were
chosen from a randomized split block experimenttilizers were applied as ammonium
nitrate after the first cut, as super-phosphatepartdssium salt in spring or in autumn after
the last cut. In W, five mineral fertilizer treatnis from a randomized block experiment
(Huguenin-Elie et al., 2006), and an organicallyilized treatment from another block
experiment located on the same site were chosetilizégs were applied as ammonium
nitrate (split in three applications: in springteafthe first and after the second cut), super-
phosphate and potassium (applied in spring) forenainN, P and K fertilization, respectively.
In the organically fertilized treatment dairy shuwas applied in spring and after the first cut.
In B two grasslands were fertilized as recommeratetitwo were over-fertilized with P
(Table 2.3). Dairy or pig slurry produced on theprective farm was usually broadcast
applied at the onset of the vegetation in sprirgjater each harvest. In the year of study
(2008), there was no spring application of slumyi In N1P1K2org/min no slurry was

applied after the second harvest, but 27 kg Nvias supplied in form of ammonium nitrate.
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Table 2. 3: Management, fertilizer treatments awbmmended fertilization (Flisch et. al, 2009)tad £xperimental grasslands at the investigateditosales Verrieres

(V), Watt (W) and Baldegg (B) in 2008. The treattsesre labeled using the following nomenclature¥Wor B for the location and N, P and K for thesgaimineral

nutrients followed by 0, 0.5, 1 and 2 for no, lesgial or more fertilizer than recommended.

Management(altitude)and location Treatment Fertilizer Cuts Yield Fertilization
indication
N P K
cuts yit  tha'yrt kg ha'yr
Medium intensity (100(-1500 m above sea lev
Recommendation 2 5.0 25 15 79
Les Verrieres V-N1POKO mineral 2 25 0 0
V-N1P0.5K0.5 mineral 2 25 9 29
V-N1P1K1 mineral 2 25 17 58
V-N1P2K2 mineral 2 25 26 116
Low intensity (< 700 m above sea level)
Recommendation 3 6.5 40 17 79
Watt W-NOPOKO mineral 3 0 0 0
W-N1POK1 mineral 3 45 0 83
W-N1P1KO mineral 3 45 17 0
W-N1P1K1 mineral 3 45 17 83
W-NOP1K1 mineral 3 0 17 83
W-N1P1K2org  dairy slurfy 3 55 17 102
Intensive (>~700 m above sea level)
Recommendation 5 11.5 130- 39 228
Baldegg B-N1P1K2org dairy slufty 5 192 31 548
Intensive (<600 m above sea level)
Recommendation 5-6 13.5 150- 48 280
Baldegg B- dairy sluriyi+ 5 144+27 24 411
B-N2P2Klorg |  pig slurry 5 210 116 256
B-N2P2K1lorg Il  pig slurry 5 210 116 256

& Estimated according to Flisch et. al (2009) assgmil dilution of slurry by water.
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2.3.4. Basic soil characteristics

The soil texture (Table 2.2) of the two fertilizenls was measured prior to their
establishment in 1992. For the on farm soils it deermined prior to this experiment using
dried soil sampled taken in 2008. Soil texture aaalyzed using the sedimentation method
according to Swiss reference methods for soil amaffFAL et al., 1996). Additionally, we
sampled the soil at a depth of 5 cm after the fegtilar harvest. We took twelve soil cores
with an inner diameter of 2.5 cm distributed ovacle plot and mixed them into one
composite sample per plot. The soil was sievedmatRand plant residues were removed.
Subsequently, we dried the soil samples for thege @t 50°C. Soil P availability was
determined using a Swiss reference method whidlaestP with CQsaturated water @3y,
Table 2.2) according to FAL (1996). In the extriBatvas measured by malachite green
colorimetry (Ohno and Zibilske, 1991). The treattsemere classified by P availability
classes as suggested in Flisch et al. (2009). Poteds extracted from dried samples after
incineration (550°C for 8 hours) with 0.5 &0, at room temperature. P was measured by
colorimetry as described above. Total N and caf@)rwere analysed on dried and

pulverized soil samples using a CNS analyzer (Thdfmnigan, Milan, Italy).

2.3.5. Plant sampling and analysis

We sampled plant biomass at an early growth stdgmwlants have a high nutrient demand.
The growth stage was determined by stem elong&tiemergence of the inflorescence
described as stage 2 to 3 in Jeangros et al. (deaagal., 2001) of Orchard gra&sa(tylis
glomerata) which waspresent at all locations. Sampling generally tolaic@ 1 to 4 days prior
to regular harvests. Except the first sampling iarld W which was a few weeks before the
first regular harvest to get plant material atdpgropriate growth stage. For the sampling a
randomly selected area of 50 cm x 50 cm with attlé@ cm distance to the plot border was
cut using electric scissors 4 cm above the groDifterent sampling areas within the plots
were used for the individual cuts throughout thessa. Immediately after cutting the plant
material was separated into the three botanicelifnas: grasses, legumes and forbs. We
weighed the plant material after drying at 60°Ctfoee days. After drying samples were
milled (particle size ~1 mm) using a cutting miRgtsch Gmbh, Germany). Subsequently, we
pulverized a subsample using a ball mill (Retschb@8mGermany). For P and K analysis, we
incinerated milled samples at 550°C for 8 hours soidbilized the ashes in 15 M nitric acid

at room temperature. We measured the nutrient odrat®ns on dry matter basis for the

26



three botanical fractions grasses, legumes ang.faiie P and K concentration was measured
with an ICP-MS (Agilent, USA). The N concentratimas measured by dry combustion with
a CNS analyzer (Thermo Finnigan, Milan, Italy).

2.3.6. Calculations

We calculated relative yields as the percentagheofield indication for the respective
management intensity (Table 2.3) as suggestedsoht al. (2009). Bulk nutrient

concentrations were calculated as weighted means:

NC,,« = (NC x DM +NC x DM

grasses grasses legumes

+ NCforbs x DM forbs)/ DM total [1]

legumes

where NC and DM are the nutrient concentrationsthadiry matter, respectively. The P
concentrations were multiplied with yield for eddrvest and fraction separately and
summed as total P uptake. P uptake was subtractedtfie P fertilizer input to obtain the

annual P balance.

We interpreted the concentrations of the grassifnady using the following critical values,
all in mg g* DM: 2 (Whitehead, 2000) and 2.6 (Bailey et al., 2&0for P; 20 for N and 20 for
K (Bailey et al., 1997a) obtained mostly for per@hrnyegrass. Nutrient ratios N:P, N:K and
K:P were calculated using the measured concenmtiafar fractions and the calculated bulk
concentrations, respectively. For interpretatiantfi@ grass fraction we used the norm ratios
established for perennial rye grass in a well baddrfertilizer pot experiment: N:P= 9, N:K=
1.2 and K:P= 8.5 (Bailey et al., 1997a).

For the PNI we first verified the critical curveaasfor calculation. Therefore, N and P
concentrations of the grass samples from all treatsnwith sufficient K input were
correlated (see Figure A.1) resulting in the fumetiP = 0.7xN + 2.0 $£0.61, *** n=130).
Neither the slope nor the intercept of the curveevgggnificantly different from the function
proposed by Duru and Thélier-Huché (1997). Consetiyyeve calculated the PNI for each

fraction using the formula of Duru and Thélier-Haql1997):
PNI =100x Pm /(0065% Nm+ 1.5) [2]

where Pm and Nm are the measured P and N condensrétt mg ¢ in the fractions. Despite
that the critical curve has not been establishetefjumes and forbs we used the same
equation (2) to calculate the bulk sward PNI (RNl For PNk we used the weighted mean

Nmyuk and Prgyk concentration as calculated in equation 1. TheiRNbn-leguminous
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plants (PNlonieg Was calculated with equation 2 using the weigim@an Nmonegand

PmhoniegcOncentrations of grasses and forbs (equation 3).

NC = (NC, s X DM +NC,,,s XDM (,..)/ DM

nonleg grasses grasses+ forbs [3]

The PNI indicates a theoretical turning point betweeficient and luxurious nutrient supply
at 100. A practically applicable range for suffidi@utrient supply was proposed as 80 to 120
(Duru and Thélier-Huché, 1997). Below 80 the plamuffer P deficiency and above 120

luxurious consumption is indicated.

We calculated the DRIS P index for the grass foachly the following equation using norm

ratios of nutrients established in perennial rysgifaom Bailey et al. (1997a):
DRISA=[f(A/B)+ f(A/C)- f(D/A) +..+ f(AIM)]/ z [4]

where f (A/B) = AlB —1%) when A/B>alb

alb

or f(A/B) =1—£@ whenA/B<alb

alb CV

A to M represents the nutrients used in the catmna (P, N, K, Ca and Mg in this study).
Capital letters are the measured nutrient conceéoieand small letters reflect the norm ratio
for the respective nutrients. The denominator zgli®) is the number of functions used to
calculate DRIS P. The selected norm ratios were P:Ra, P:Mg, N:P, N:K, N:Ca, N:Mg,
K:Ca, K:Mg and Mg:Ca and the respective values@wdvere obtained from Bailey et al.
(1997a). In theory, negative DRIS P reflects litita and positive values surplus supply.

2.3.7. Statistical analysis

Statistical analyses were performed with R ver&@l (R-Development-Core-Team, 2008).
We analyzed differences of nutrient concentratioetsveen botanical fractions and harvests
for individual treatments using a two factorial ANA followed by comparison of mean
values using the Student-Newman-Keuls test (SNKihrae way ANOVA including

treatment as a factor was only applicable for V tr@dW experiment with the mineral
fertilizer treatments. Because experiments of tineet locations had different designs,
fertilizer treatments were compared between siids avF-test on pooled data for all harvests.
If the F-test was significant at p<0.001 a testiéast significant difference (LSD) with an
alpha of 0.05 was conducted using the library atpiev. 1.09 (Mendiburu de, 2009). We
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always applied the Holm adjustment for p-valuesnhoittiple comparisons. Prior to analysis,
we transformed percentage data of relative yiadbeir arc sin. Correlation coefficienys (
and their level of significance were calculatediiy Pearson product-moment correlation.
Significance levels are: ns. = not significant, p<0.05, ** = p<0.01 and *** p<0.001. Trend
lines were fitted to graphs in SigmaPlot for Windowversion 11.0 (Systat Software, 2008)
using non-linear regression. We used a polynortiraar, exponential rise to maximum and

Gaussian peak procedure to fit the linear, expaaleantd the peak trend lines, respectively.

2.4. Results

2.4.1. Dry matter yield

Mean total dry matter yields ranged from 4.3 taBltzha® yr* (Figure 2.1). The yields of
N1P1K1 treatments were close to the indicated gidld general, differences were more
pronounced between management intensities anddadatn between treatments within
each location. A greater number of harvests anétatign days per year (Table 2.1), led to
higher total yields in this study. Yields of sindgjlarvests declined during the season,
regardless of management (data not shown). Meativeelyields to the indicated yields
ranged from 59% in W-NOPOKO to 109% in B-N1P1K2arg (LSD = 23.3). We observed
significant effects of fertilizer treatments withime locations V and W. Treatments fertilized
as or higher than recommended were close to theaitadl yields. A significant yield
reduction was found in treatments, in which onenore nutrients had been omitted, with a
reduction in relative yield in V-N1POKO, W-N1P1KG&aW-N1POK1 by 16, 22 and 19%,
respectively. We observed the most severe redubiabout 40% in W-NOPOKO that
received no fertilizer at all. In B, we observeddifferences due to the fertilization. The
lower total yield observed in B-N1P1K2org (Figuré)2compared to the other three swards
in B resulted from the higher altitude of this pautar grassland (Table 2.1).
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Figure 2.1: Mean annual P balance and dry matédd §or the botanical fractions grasses, legumesfais in
2008 as affected by management (location) andifertitreatment. Error bars indicate standard denaGrey
horizontal lines show the indicated yield for eatiinagement. Different letters indicate significdifferences
of the P balance and total annual yield within@at@mn (LSD test at alpha = 0.05, with Holm adjdgte
values).

2.4.2. Soil P availability and P balances

In general, the &, extracted from soils increased in the order V<W<¥Bble 2.2). Within
each location, &, increased with increasing P fertilizer applicati®he corresponding P
nutrition status classes foed: ranged from low to accumulated. In V, all treattsdmad a

low soil P status except V1P2K2 which was adequdedupplied. In W, the P fertilized
treatments were classified as adequate whereds tire@ments the P availability was low. In
B the P nutrition status of B-N1P1K2org/min wasssléied as high and the other three as P
enriched. The estimated annual P balance in 20Q8r@2.1) ranged from a deficit of -14 in
B-N1P1K2org/min to a surplus of +85 kg'har! in B-N2P2K1org I. Except B-
N1P1K2org/min, all P1 treatments were not signiftbadifferent from zero. In contrast, P
treatments without or surplus P fertilization weignificantly lower or higher than zero,

respectively.
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2.4.3. Botanical composition

The botanical fractions grasses, legumes and fgdos composed of different species
number and composition (Table 2.1). The fractimratf aboveground biomass on a dry
weight basis is shown in Figure 2.1. Grasses ptedeghe main fraction in all grasslands and
fertilizer treatments. The highest grass propogimere observed in B-N2P2K1org I+11 (78
and 88%) and W-N1P1K2org (72%). The proportionraisges fluctuated over the season,
with the grass fraction dropping below 50% in tem af 46 harvests but only in two cases
below 40% (data not shown). Losses in the grassidrawere compensated by gains in
legumes or forbs or both, depending on the fedilizeatment. The maximum proportions of
legumes were found in the fertilizer treatments YPK1, V-N1P2K2 and W-NOP1K1 with
balanced or high P and K application. In B-N1P1K@arin, a generally higher fertilizer N
application fostered forbs up to 56% while the lmguraction remained constant between 1
to 5 % at all harvests. Low legume proportions oemiin B-N2P2K1org II, W-N1POK1 and
W-N1P1KO. The lowest proportions of forbs were fdum W-NOP1K1, W-N1P1K2org and
in B-N2P2K1org I+Il.

2.4.4. Nutrient concentrations in botanical fractiams

Fertilization with P, N or K increased the concations of the particular nutrient in the
aboveground plant biomass of all botanical fradiffable 2.4). In general, N concentrations
were less variable over time and fraction thane¢hafs? and K concentrations which differed
significantly between fractions (p<0.0001). Diffetdertilizer effects on P concentration in
the botanical fractions were indicated by a sigaifit interaction (p<0.0001) between
treatment and botanical fraction. When P supply evagted (W-NOPOKO, W-N1POK1 and
V-N1POKO0), forbs and legumes showed significantihler P concentrations than grasses
(non-significant trend for forbs in V-N1POKO). Urrdsufficient P supply, P concentrations
tended to be lower in legumes than in grasses@mhg.fForbs in the treatments B-
N1P1K2org and B-N1P1K2org/min had significantlylég P concentrations than grasses
and legumes. As expected, the N concentratioregmnhes were always higher than in
grasses and forbs. The N concentrations of grasseforbs were usually similar. The K
concentrations were generally highest in the girassion (except in V-N1POKO, B-
N1P1K2org and B-N2P2K1lorg I) and lowest in legumes.

The coefficient of variation of P and K concentpatwithin each treatment was lower in

grasses than in legumes and forbs (Table 2.4)cd&#icient of variation of P concentration
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for the total dataset was similar in grasses anasfand lowest in legumes, with coefficients
of variance of 30, 35 and 21, respectively.

The above described differences in P, N and K autnagon in the botanical fraction were
reflected in N:P and K:P ratios (data not showie N:P were significantly higher in
legumes than in grasses and forbs, with rangeseahm:P from 11 to 17, 4 to 11 and 5 to
10, respectively. Although not always significaotifs were mostly located between grasses
and legumes. For K:P the differences were lessqumoced but K:P tended to be lower in
legumes than in grasses and forbs where the ratsointermediate. The observed ranges of
mean K:P in the treatments were 4 t012, 4 to 102at0d3 for grasses, legumes and forbs,
respectively.

The significant change in PNI caused by legumesfarins$ is shown in Figure 2.2. The
presence of legumes changed the RNof a value equivalent to about half of the legume
proportion on yield. For example, a legume fracttdd0% of the sward dry matter lowered
the PNI by 20. The difference between PNI in the-leguminous fraction and PNI in grasses
reflected a higher variation of Plegcompared to PNhssecaused by the presence of forbs.
The changes of Phhegranged from -8 to 35 (ideally close to zero). Amtdtial we observed

a significant trend of the forb fraction to incred@Noneg FOr DRIS P (data not shown) the
variation within fractions of a treatment was higtiean for PNI. DRIS P in legumes tended

to be higher than in grasses. Forbs were agaimietiate.
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Figure 2.2: Left: Effect of legume proportion o tBNI in bulk biomass (Pik) shown as difference between
PNlyux and PNI in non-leguminous plants (RNkg9. Right: Effect of forb proportion on the PNI iom-
leguminous samples, shown as the difference betRékn,;and PNI in grasses (PiNkse). The Pearson
correlation coefficienty) in legumes and in forbs is shown for all samiBegificance level *** indicates
p<0.001.
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Table 2.4 Mean annual N, P and K concentrationgj{y and coefficients of variation (CV) in the
aboveground biomass of the botanical fractionssg®a§G), legumes (L) and forbs (F). The total nunolfe
replicates (n) consists of four spatial replicatethe field (except N1P1K1org/min: five replicatesmd two,
three and five cuts in 2008 in Les Verrieres, Vaatl Baldegg, respectively. Absence of legumesiasfo

reduced the number of replicates in some caseferbiit letters indicate significant differencesvietn the
botanical fractions within a treatment according@t8NK test at p<0.01.

Location Treatment Botanical Nitrogen Phosphorus Potassium
n mean p<0.01 CV n mean p<0.01 CV mean p<0.01 CV
Les N1POKO G 8 19.4 b 8 8 1.7 b 20 12.0 a 14
Verriéres L 8 36.2 a 8 8 24 53 7.9 b 52
F 8 19.2 b 12 8 18 52 9.9 ab 56
N1P0.5K0.5 G 8 19.9 b 13 8 2.6 a 9 15.7 a 10
L 8 35.1 1 8 2.7 51 9.4 b 51
F 8 19.3 b 14 2.8 52 14.7 a 52
N1P1K1 G 8 20.7 b 13 8 3.3 a 12 19.0 a 16
L 8 37.0 1 8 3.1 52 11.9 53
F 8 19.6 b 13 3.2 51 16.1 53
N1P2K2 G 8 19.6 b 12 8 35 a 14 22.8 ab 7
L 8 35.9 1 8 3.2 52 20.7 b 54
F 8 19.3 b 15 8 3.4 52 24.7 a 54
Watt NOPOKO G 12 17.7 b 17 12 1.7 c 20 12.9 a 17
L 12 29.5 18 12 2.3 51 8.8 b 50
F 12 17.9 b 2 12 2.0 45 10.5 b 44
N1POK1 G 12 20.1 b 16 12 1.7 b 23 21.3 a 16
L 10 37.3 8 11 1.9 44 12.7 52
F 12 195 b 4 12 21 46 18.2 a 47
N1P1KO G 12 20.7 b 7 12 3.1 a 19 13.0 a 22
L 5 33.3 a 14 12 35 47 7.5 b 57
F 12 20.8 13 12 34 44 11.9 a 50
N1P1K1 G 12 19.6 b 13 12 3.2 a 26 21.2 a 24
L 12 31.3 12 29 46 11.8 c 64
F 12 20.4 12 3.2 45 16.0 b 50
NOP1K1 G 12 20.0 b 5 12 34 a 23 20.9 a 22
L 12 28.7 21 12 2.8 46 12.2 c 59
F 12 19.9 b 2 12 33 44 16.6 b 49
N1P1K2org G 12 21.2 b 3 12 2.4 a 26 25.0 a 20
L 12 325 18 12 25 47 15.6 51
F 12 21.0 b 9 12 25 45 20.4 45
Baldegg N1P1K2org G 20 251 b 29 20 4.1 b 14 30.9 a 12
L 19 42.1 12 19 3.9 18 24.8 12
F 20 25.2 b 26 20 5.0 24 35.0 a 15
N1P1K2org/min G 25 281 G 17 25 3.9 b 15 29.9 ab 9
L 18 37.9 17 19 3.7 21 25.4 7
F 25 30.5 19 25 4.4 11 315 a 10
N2P2K1org | G 20 29.0 b 31 20 4.5 a 17 29.8 ab 28
L 16 39.2 20 16 34 12 28.4 17
F 13 32.4 23 13 4.8 5 37.3 a 21
N2P2K1org Il G 20 287 b 18 20 4.3 a 12 29.2 a 17
L 13 345 19 13 3.1 13 20.6 41
F 15 30.1 b 14 15 4.9 16 28.8 a 26
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2.4.5. Nutrient indicators in grasses

Phosphorus concentrations in grasses were sigmifycaffected by locations and treatments
(Table 2.4). Generally, B had higher P concentratithan V and W. Concentrations of the
treatments V-N1POKO, W-NOPOKO and W-N1POK1 werehethe critical value of 2 mgy
W-N1P1K2org was the only treatment fertilized asoramended to fall below 2.6 mg'gin
contrast, the oversupply with P in V-N1P2K2 and BAR2K1org I+1l did not result in
significantly higher concentrations than in thetmeents fertilized with P as recommended.
The mean annual N concentrations in grasses weex@éy higher in B than in V and W
(Table 2.4), but we observed no treatment diffeesnaithin a location. Only W-NOPOKO and
V-N1P2K2 had mean N concentrations below the aiiti@lue of 20 mg ¢4 Similar to P and
N, K concentrations were lower in V and W than iiTable 2.4). In V and W, K
concentrations were significantly higher in K fez&d than in unfertilized treatments where
K concentrations were lower than 20 mty Goncentrations of K in the K-overfertilized
treatments (V-N1P2K2, B-N1P1K2org and B-N1P1K2org)mvere not significantly higher
than in the treatments where K was applied as resamded (V- and W-N1P1K1 and B-
N2P2K1lorg I+ll).

The N:P ratios in grasses ranged from 6 to 12 (€igu3). Mean ratios were higher than 9 in
all non-P-fertilized treatments. They were lowealhtreatments where P was applied except
W-N1P1K2org where it was about 9. The K:P ratiogged from 4 to 12, with minimum and
maximum in W-N1P1K0 and W-N1POK1, respectively, vehK or P were omitted. We
found no significant difference of K:P ratios beemdreatments with both P and K fertilized
as recommended, and treatments with surplus fatiitin of P or K or both. The norms for
N:P ratio (9) and K:P ratio (8.8) used for the aédtion of the DRIS indices were higher than

the mean ratios of all grass samples (7.5 and&@spgectively) observed in our study.
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The mean PNI in grasses ranged from 62 in V-N1P@KIB7 in B-N2P2K1lorg |
(Figure 2.4). The PNI of non-P-fertilized treatmentere less than 80 and were
significantly lower than for treatments with P apgtion. Fertilization at the
recommended rate resulted in a mean PNI betwean®Q20, with the exception of
B-N1P1K2org which had a PNI of 132. The mean PNues above 120 in V-N1P2K2
and B-N2P2K1lorg I+l reflected surplus supply, the values were not significantly
different from those in the treatments with P fezdition as recommended.

Mean DRIS P ranged from 9 in W-N1POK1 to 31 in BH2K1org | (Figure 2.4),
being significantly lower in non-P-fertilized trea¢nts and W-N1P1K2org than in the
P fertilized treatments. Treatments fertilized aboscommendation were not different

from treatments that were P fertilized as recommdnd

2.4.6. Plant indicators in relation to relative yiéd

The nutrient ratios reflected a peak shaped relalip to relative yield as suggested in
Walworth and Sumner (1987). A N:P ratio higher tBamas related to yield reduction
as reflected by the treatments V-N1POKO, W-NOPOHK® W/-N1POK1 (Figure 2.3),
indicating P limitation. For K:P ratios we founceid limiting treatments over the
whole range from 4 to 12. However, above 10 andwd& only the treatments without
P and K fertilization were located, indicating Ridalimitation, respectively. The
treatments with reduced yield which lay betweem& &0 were neither P nor K
fertilized, indicating a co-limitation.

The relationship of P concentrations, PNI and DRI grasses to relative yield
showed a “Mitscherlich” (Mitscherlich, 1928) -typéfunction (Figure 2.4) with strong
increases at low indicators and no change of weafield at high P indicators. We
found no significant yield increase above 2.1 mgi*Pfor a PNI equal to or higher than
80 and for positive DRIS P values. The P concentmaPNI and the DRIS-P tended to
be lower in V-N1P0.5K0.5 and W-N1P1K2org than ihagher P1-fertilized treatments
but did not fall below the critical values mentidnebove.

The correlation coefficient between relative yialtd N:P ratio, PNI or DRIS P were
higher p >0.80) than between relative yield and P concéotrgp=0.64).
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proposed by Duru and Thélier-Huché (1997) and Bateal. (1997a), respectively. Vertical grey lines
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respectively. Error bars indicate standard deviafioeatment differences are shown as least sigmifi
differences according to a LSD test with Holm atjdsp values (alpha = 0.05). For the relationsbip t
relative yield the Pearson correlation coefficigntis shown. Trend lines were fitted as exponemisa
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Significance levels are: ns. = not significant, p<0.05, ** = p<0.01 and *** = p<0.001.
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2.5. Discussion

2.5.1. Yield and soil phosphorus availability reflet long term P fertilization

The dry matter yields in treatments fertilized adoog to or higher than recommended
(Figure 2.1) agreed with the indicated yield of thepective management and altitude
in Switzerland (Flisch et al., 2009). Likewise atdle yields to the indicated yield were
higher than 90% and the treatments within the rarige10% of the indicated yield
were not significantly different. Relative yieldewme less than 90% in treatments where
P, K or both nutrients were omitted and illustridie yield reduction due to insufficient

P and K supply.

The Rz reflected the long term fertilization regime ahd eibove described yield
response. The even P balance in treatments fedibzcording to recommendation
(P1) indicated a sufficient P nutrition status 608. Thus, we consider the P1
treatments as sufficiently P supplied for planthéss production, whereas PO and P2

treatments represent a P deficient and surplugsstadspectively.

2.5.2. Phosphorus fertilization in relation to N an K affects botanical
composition

The botanical composition of each grassland usdcisrstudy was typical for
agricultural permanent grasslands of the respeatime@agement intensity and local
climate conditions (Dietl, 1995; Klotzli et al., P0). Grasses were the main fraction on
all locations. Grass fractions were highest inttrests with high N fertilization, either
in relation to P and K or with high NPK fertilizati (most pronounced in B-N2P2K1
I+11). This agrees with Ledgard et al. (1996) wieparted that increased N supply
mostly fostered grasses and Hggh-Jensen and Suhgpét010) who reported an
increase in grasses and decrease in legumes wéed IR were applied additional to
high N. Inversely, the P and K fertilization withdy decreased the grass and increased
the legume fraction. This was also observed by T{EB64) in a grassland of similar
management and botanical composition as W. Thenabs# P and/or K fertilization
reduced the legume fraction. This effect was moomgunced for W-N1P1KO
confirming the finding of Bailey and Laidlaw (199&jat white clover was more

curtailed by moderate deficiency of K than of Pr fewbs, our findings were not
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consistent between treatments and locations. titerabout fertilizer effects on forbs

is scarce and largely concerns single species @itd, 2000).

2.5.3. Botanical composition affects interpretatiorof sward P nutrition

status

Changes in mineral nutrient concentrations durirmywh are well documented for
European agricultural grassland (Daccord et aD120honi, 1964; Whitehead, 2000).
By sampling at a young vegetative stage of grasgdamited differences in nutrient
concentration induced by growth stage. Howeveuyregs and forbs may have been at
different growth stages at the different harveblss may be one reason why the
variation of P concentration in the legumes antddractions was higher than in the
grass fraction.

Nevertheless, the differences of P, N and K comae&oh between harvests (data not
shown) were analogous in the three botanical fvasti Therefore, they could largely be
ascribed to the timing of fertilizer applicationdaseasonal differences of nutrient
availability. We observed substantial differencé® 0N and K concentrations between
botanical fractions, as previously reported by @/gitehead (2000). That we found
higher P concentrations in legumes than in grassdsr P limiting conditions agrees
with Gallet et al. (2003b). They observed that eitiiover grown alone had higher P
concentration than perennial ryegrass grown aloriled zero P fertilizer treatment of a
pot experiment carried out with three differenisdn contrast, Mackay et al. (1995)
found no difference in P concentration between neggsiand bulk pasture samples over
a wide range of plant P concentrations. Howevearlgeall of their samples had
concentrations higher than 2 mg Pwhich means that the availability of P was not
limited. Additionally, Mackay et al. (1995) did nfatrther separate their bulk samples
into grasses and forbs. A better acquisition oh@ & by legumes in mixed stands with
grasses under N deficiency than under high N suwpl/shown by Jouany et al.
(2005) for P and by @gaard and Hansen. (2010) faWK confirmed this observation
for P without severe N deficiency.

Jouany et al. (2005) found that diagnosis of Pitirtrstatus with the PNI in bulk
sward samples underestimated the P nutrition steltes a high proportion of white

clover was present in the sward. That is causdtidyhigher N concentrations in
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legumes. They proposed to base the diagnosis amotiiéeguminous fraction to avoid
surplus P fertilizer recommendation. As anothespmiity they suggested to correct
the PNI for the proportion of legumes in the sw@muany et al., 2005). We observed a
similar negative relationship between the totalileg proportion (mixed species) and
the PNI in our swards (Figure 2.2). It shows thabaection of the bulk sward PNI by
adding half of the total legume proportion (RMNdcted= PNbuik + 0.5 x %legumes) is
appropriate. Similarly, N:P ratios in bulk samplesglerestimated the P nutrition status
in presence of legumes (data not shown). Additignale observed a highly variable
and generally positive effect of forbs on PNI whiee non-leguminous fraction was
used (Figure 2.2). Although relatively small, tbféect was significant and could lead
to an overestimation of P nutrition status wherhipgoportions of forbs are present.
Such an overestimation could be critical when thuffition status is close to

deficiency or or is deficient.

Since grasses are the most important yield comparehreflect the P availability
reliably in grasslands, we recommend the analydiseograss fraction sampled at a
defined and young vegetative stage.

2.5.4. Interpretation of the P indicators in the gass fraction

Critical P concentrations

The P concentration of 2.1 m{ @n grasses above which we found no significanitdyie
increase falls into the range between 2 and 6 mq froposed by Whitehead (2000) as
sufficient for perennial ryegrass. However, it &dw the average range of 2.4 to 4.1
mg g* of the Swiss fertilizer recommendation and is Ipthan the critical
concentration of 2.6 mg'gsuggested by Bailey et al. (1997b). However, &mge of +
10% of indicated yield that we considered as sattsty might not be appropriate to all
grassland management purposes. If 10% yield dezsezsnot be accepted a critical
value of 2.4 or 3 mg P gcorresponding to 95 and 100% of relative yieldpestively,
could be used. Further, the interpretation of eatrconcentrations in relation to forage
quality can be different. For example, roughagauthbave a minimum P
concentration of 3 mgto cover dairy animals requirement (Arrigo, 1998)our

study, we restricted the interpretation of P tdutsction as an element potentially
limiting grassland biomass production. HoweverpReentrations of 3 mggwere
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reached by recommended P fertilization and the mami of the response curve was
observed at a P concentration of 3.5 rifgRhosphorus concentrations higher than 3
mg g* (Figure 2.4) did not cause a yield increase. Sughrious consumption
indicates inefficient use of fertilizer P. If P digption exceeds plant P uptake, P

accumulates in the soil and P losses increase fWatsal., 2007).

Nutrient ratios

We found optimal ranges from 6 to 8 for N:P andrfré to 9 for K:P. The N:P ratios of
non-P-fertilized treatments were above 10 (FiguB. X his agrees with the critical
N:P ratio of 10 above which a P limitation can béicated in terrestrial plants
(Gusewell, 2004), but is lower than the criticaloaf 14.5 reported by Venterink et al.
(2003) for wet- and grasslands managed at low sitteriThe large variance of critical
N:P ratios in literature might be partly explaingdthe variation between species
(Fujita et al., 2010; Koerselman and Meuleman, 1298l growth stages. In
agricultural grassland, plants were usually samptesidefined stage (Dampney, 1992;
Whitehead, 2000) keeping such variation low. Gremyohet al. (2008) related different
N:P in wild and cropped plants to differences ia tissue composition. They
hypothesized that lower N:P in crops than in wpéaes is related to a lower
proportion of storage tissue compared to growtateel tissue. Such a difference could

explain the higher N:P found by Venterink et aD@3).

The norm N:P ratio of 9 (Bailey et al., 1997a) cbalso be interpreted as a critical
value here. It divided all P fertilized from thefertilized treatments which were above
and below 90% relative yield, respectively. No giedlevant N deficiency could be
detected above N:P of 5.5. That is supported byntlieated peak shaped trend line in
Figure 2.3 with a relatively flat top between 5rigldl0. We speculate that including
treatments with severe N deficiency would changestbpe of the curve and thus result
in precise critical ratios. But the general forntloé curve would still be valid.
However, co-limitation of P and N might be presenthe unfertilized treatment W-
NOPOKO. That P-limitation was indicated insteadNelimitation in W-NOPOKO might
be due to N inputs others than by fertilizer asgasted by Fujita et al. (2010). They
reported a shift to P-limitation caused by N depaosifor eight different grassland
species. The fixation of Noy legumes which grew on all investigated plotsildo
probably foster such an effect. Still, the meanoNaentration in W-NOPOKO was the
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lowest measured in this study, but the growth ktigin by N was probably less severe
than by P.

The K:P ratios indicated no P-limitation in W-NORDEnd V-N1POKO because the co-
limitation by K resulted in ratios similar to sudient and over fertilized treatments.
Nevertheless, P and K concentrations were belovg 2/hand 13 mg § indicating P
and K deficiency, respectively. The exclusivelyikited treatment W-N1P1KO0 had a
K:P of 4 (Figure 2.3) suggesting that in agricudtugrassland the critical K:P ratio may
be higher than the 3.4 suggested by Venterink @0£13). Between 5 and 10,
treatments were not or co-limited by P and K. Thu®, above 5 and below 10 cannot
be used to identify a P deficiency. The peak shudjplee fitted curve (Figure 2.3)
reflects the yield decreases exclusively causel by K deficiency. The norm ratio of
8.8 (Bailey et al., 1997a) was higher than the m&&nh(7.3) and the maximum of K:P
(8.1) of the fitted trend line (Figure 2.3) in atudy. The norm ratio of 8.8 separated
the non-P-fertilized treatment W-N1POK1 from thstyevhich allows its interpretation
as a critical ratio here as well. However, thesdifigs indicate that the interpretation

of nutrient ratios requires two critical ratios fach nutrient framing a norm.

Phosphorus nutrition index

The critical curve for the PNI from Duru and Théllduché (1997) proved applicable
to the grass samples in our study. The fitted egpbal trend line confirmed the
applicability of the interpretation range of 80120 suggested by Duru and Thélier-
Huché (1997). The PNI of 80 corresponded to retayields of 90 considered
satisfactory in our study whereas PNI of 120 andemeflected relative yields of 102
in the horizontal part of the trend line. PNI cifisgl according to P inputs (Figure 2.4)
correctly expressed the expected P nutrition setaspt for B-N1P1K2org where a
luxurious P nutrition status was indicated. Pogsise underestimated the P input by
slurry in the B-N1P1K2org treatment because sorge wiere also raised on that farm.
Pig slurry contains more P than dairy slurry (FHigt al., 2009) and both slurry types
were mixed in the storage tank. This assumpticupported by the highd3.in the

soil. Additionally, the higher yield and N appligat in B-N1P1K2org/min diluted the
P concentration resulting in comparatively lower BRNN1P1K2org/min than in B-
N1P1K2org.
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DRIS indices

Despite the similar shapes of the fitted curves ®RIdifferentiated less clearly than
PNI between treatments with luxurious and recomredrfel fertilization. The
integration of N, K, Ca and Mg in addition to P tbe calculation of the DRIS P might
result in higher variation for each treatment. Bep@ncies within the norm ratios as
found in N:P and K:P might also create additioreiation. The lower precision of
DRIS P than PNI was also reflected by the highegezof P concentrations related to a
DRIS P of zero (1.5 to 2.6 mg'gthan to a PNI of 80 (2 to 2.3 mg)g The trend of
reduced yield in V-N1P0.5K0.5 and W-N1P1K2org was|mked exclusively to P
limitation because PNI and DRIS-P were above 80pmsitive, respectively. The yield
limitation in V-N1P0.5K0.5 can largely be relatedk deficiency because the K
concentration was below 18 mg gnd DRIS K indicated K deficiency. The DRIS P in
W-N1P1K2org was close to zero indicating an optinfaimutrition. However, W-
N1P1K2org had higher DRIS N and K than P indiceg (dnnex: Table A.3),
suggesting that in spite of positive DRIS P, P Wis@smost limiting nutrient here.
Further, in W-N1P1K2org all P indicators showedwwst P nutrition among the P
fertilized treatments. This further illustrated tt@mplexity of interpretation of the P

indicators under nutrient co-limitation.

2.6. Conclusion

The botanical composition of the swards was infagehby the relation of P (and K) to
N input, with higher N input increasing the graszcfion. Input of P fertilizer increased
the P concentration in all three fractions but lega and forbs maintained higher P
concentration under P limiting conditions. Grassese the main proportion of total
yield and showed a higher precision for P nutritstetus indication when used solitary.
We therefore recommend to analyse the grass fratgievaluate the P nutrition status
of permanent grasslands. To improve the accuratdyi®kvaluation, grasses should be
sampled at a defined vegetative growth stage. Adiditators, except K:P when K was
deficient, allowed to distinguish between P defitiand P fertilized treatments. Above
P concentrations of 2.1 to 2.3 mg, ghe grasslands produced at least 90% of the
indicated yields and yields were not significartdifferent. Above 3 mg Pjno yield
increase was observed. Thus, this range couldtbgpneted as sufficient for plant
growth and optimal for efficient P fertilizer use permanent grasslands. For nutrient

ratios, we propose the use of optimal ranges idsséane critical ratio to reflect the
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sufficient P nutrition status of the sward. We e ranges from 6 to 9 for K:P and 6
to 8 for N:P. However, the three P indicators indigg N or more nutrients (N:P, PNI
and DRIS P) correlated better to relative yield.gxm these P indicators, the PNI
resulted in the best treatment differentiationwalftg to distinguish between deficient,
sufficient and surplus P fertilization. The K:P ypshowed distinct P or K limitation
while it failed in case of co-limitation. Only DRI& a combined use of several nutrient
indicators reflected the co-limitation (here with &orrectly. To identify co-limitation
correctly we recommend the use of a set of nutrraitators.
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Chapter 3: Derivation of thresholds for three methals estimating

plant available phosphorus in the soill

3.1. Abstract

Clear definitions of deficient, sufficient and slurp phosphorus (P) availability are a
prerequisite to precisely characterize plant Pitnatrstatus. In agricultural permanent
grasslands such thresholds are not yet well eskaddli In this study we aimed to establish
thresholds for soil P availability using yield apldnt P nutrition status response curves. To
estimate soil P availability we used three sothéidators based on different principles: an
extraction method (), an isotopic exchange kinetici(f) and an ion sink method £(85.
These three soil P indicators were investigatqueimanent grasslands managed at different
harvest intensities with no (P0), sufficient (PL)}arplus P (P2) inputs since 5 to 20 years. In
the 0 to 5 cm soil layer, the PO, P1 and P2 treattsn@ere significantly differentiated by the
three soil P indicators. In 20 to 40 cm depth auyplus P fertilized treatments were
significantly higher for the three soil P indicago€orrelations of §&, Eimin and Reswith yield
and P uptake were specific for each location. Tthesyield response was determined as the
percentage of the expected yield. Sward P nutrigtatus was determined with P concentration
and the P nutrition index (PNI) in grasses. Fos¢hglant indicators, correlations tg,FE;min
and R.swere stronger using all sites combined than fecgg locations. For these
relationships we established exponential functisits a maximum. In a previous study we
identified three thresholds (low, middle and hidkjining plant P nutrition status for relative
yield (90, 95 and 100%), grass P concentratioris @0 and 3.5 mg Py and the PNI (80,
100 and 120). These thresholds were applied hatefioe the soil P availability classes
deficient, sufficient and surplus for plant growthsing a 95% confidence range resulted in
low, middle and high thresholds of 290, 375 and fat®,,, of 5, 7.5 and 14 for &,», and of
4.5, 7.3 and 14 mg P Kgoil for Res Among the three P indicatorgfhad the strongest
coefficients of determination with grass P concaiin and PNI, thus it reflected sward P

nutrition status better than,Pr Eimin.
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3.2. Introduction

In agricultural soils of Europe, phosphorus (P5tis accumulating, particularly under
grassland in areas supporting high life stock dgriSichroder et al., 2010). Environmental
impacts such as decline of biodiversity (Wasseal.e2005) and eutrophication of surface
waters have been linked to increased P lossesRroich grassland (Haygarth, 2005; Watson
et al., 2007). Since grasslands cover a large ptiopoof the agricultural area in Europe, an
improved P fertilizer use in grasslands may halage impact on overall P use efficiency in
agriculture. However, grasslands have a high gadiversity and may differ strongly in
botanical composition, management, soil and enwiemtal conditions. Different sward
management and climate are likely to affect shadtlang-term P availability and uptake and
use of P by plants. Thus, widely applicable andbé indicators for the P nutrition status of

grasslands are needed.

The prediction of P availability and uptake by meahsoil analysis is particularly difficult in
grasslands (Herlihy et al., 2006). A wide rangenethods is used today to identify soil P
status and to investigate processes affecting fabildy in grasslands. For fertilizer
recommendations, the soil P status is mostly deteairby chemical extractions as routine
tests. In principle these can be divided into weskacts (e.g. kD) estimating P in the soil
solution (intensity factor) and stronger extraetg(NaHCQ) partly including the soil P
reserves (quantity factor). Such routine soil tbstge been calibrated to soil P availability
mostly based on relationships to yield responde optake for different soils and crops. But
such relationships are variable (Morel et al., 20@hemical soil tests often extract variable P
fractions which are not well defined for their raheplant P nutrition (Demaria et al., 2005) or
neglect plant availability after mineralization@fyanic P forms in the solil (Steffens et al.,
2010).

Two research approaches frequently used to stuadyafability and losses to the environment
are the isotopic exchange kinetics (IEK) and thgrele of P saturation (DPS) which is based
on an oxalate extraction of P. The IEK is a wethbBshed tool to estimate the ability of the
soil to replenish P in the soil solution in the gremd long term. It reflects transfer from soil to
solution better than many chemical extractions beeat considers both intensity and quantity
factors (Morel et al., 2000). A typical parametar P availability obtained by the IEK is P
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exchangeable in 1 minutes(,). A preliminary threshold for P exchangeable ie omnute
(E1min) below which yield of field crops declines was iolat 5 mg kg (Gallet et al., 2003a).
Morel et al. (1992) reported similar values of &l 6 mg P kg for 95 and 98.5% of relative
yield of a wheat crop. These values have not yetlwenfirmed for grassland and give no
indication for surplus P nutrition of plants. HoveeyGallet et al. (2003) found maximum P
concentration and uptake in grasslandatff 18 mg kg". That value could be used to

indicate surplus P nutrition.

The oxalate extraction of P {Pwas developed to estimate the risk of P lossdedhing

from soils (van der Zee et al., 1987). For thappse it was related to iron and aluminum
oxides which reflect the P buffer capacity of thé §Schoumans, 2000) to calculate the degree
of P saturation (DPS). In addition, it has beerdusesstimate P availability (Fransson, 2001).
However, P availability was calibrated in relattonstandard soil P analysis and not to plant P
nutrition status. In a pot experiment, Koopmanal e{2004) observed P deficiencyliolium
perenne when B, was below 640 mg P Kgsoil. In a field study, Bell et al. (2005b) found
herbage P nutrition status to be better correletdaPS than to . However, they identified

no plant P deficiency over a wide range gf P

The extraction of P with anion resin membrangs)(R a sink method which simulates the P
uptake by roots in the soil. It has been reportelet better correlated to plant P uptake than
many chemical soil extractions and to be less tdteby soil properties such as pH (Mallarino
and Atia, 2005; Qian et al., 1992). Usuallysi® determined on air-dried soil samples.
However, if it is determined in connection with eél@hination of microbial P (Kouno et al.,
1995) then moist soils are analyzed. Althoughas been used to describe the P nutrition
status of grassland (Chen et al., 2000) and althékgis a standard method in Brazil
(Cantarella et al., 1998), an interpretation schesflecting deficient, sufficient and surplus P

nutrition of grasslands has not yet been estaldishe

Although chemical soil extractions are used asimewtoil tests they do not always reflect the

P availability reliably. The methods introduced ab@otentially improve estimation of P
availability, but the literature relating these haats to plant P nutrition status in the field is
scarce. The comparability of many studies is canstid because different methods and plant P

indicators are used to identify thresholds. Soradiss were conducted as pot experiments
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(Koopmans et al., 2004; Tran et al., 1988) and tahses cannot reliably be transferred to

field situation. In other studies the investigased P status in the soils under grassland did not
cover the full range from deficient to surplus Rt al., 2005b; Gallet et al., 2003a).
Whereas most studies established thresholds tafldeficient P nutrition the luxurious
consumption or oversupply was usually not defifflexlascertain, generalize and extend the
reliability of these methods more studies on défersoils with wide ranges of P supply are

needed.

Our objective was to accurately characterize thatAtion status of permanent grasslands.
Therefore, we used three different approaches (datextraction, isotopic exchange kinetics
and a ion sink approach) to estimate P availakilityre soil as related to plant yield and P
nutrition status. To this end, we sampled plantssmls from permanent grasslands which
were managed at different intensities and recediéerent P inputs over 5-20 years. We
established relationships of the three soil P mics By, E;min and Rsswith total sward yield
response, P concentration and the phosphorusiontifidex (PNI) in grasses. To identify
deficient, sufficient and surplus plant P nutritstatus we used the thresholds derived in
chapter one. These thresholds were applied todih® sndicators using the established
functions to propose soil P status classes. A casgabetween the three soil P indicators
should eventually reveal differences of the appneado estimate plant available P in the soil.

3.3. Material and methods

3.3.1. Study sites

We selected three grassland types at three ditfgemgraphic locations reflecting different
management (cutting frequency and fertilizer ingu)l environmental conditions. The
locations were north of Les Verriéres (V) in theaJmountains (46°56’18"N, 6°27'38"E, 1140
m above sea level), 2) Watt (W) near Zrich (47428N, 8°29'32"E, 500 m above sea level)
and 3) in the eastern area of the Lake BaldegavgBérshed (near 47°11'55”N, 8°31'01"E,
560-780 m above sea level). Environmental condstimmd botanical composition have been
described in detail in chapter one. The locatiorend W are long-term fertilizer trials with

different rates of N, P and K applications sinc®82.8nd 1996, respectively. They are managed
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by the research institutions Agroscope Changins-agdil and Agroscope Reckenholz-
Tanikon, respectively. Location B is an agricultuesggion dominated by intensive livestock
production and grassland management for forageuptmoh with high application rates of
animal manure for several decades. In B we seldotgdgrasslands with two different soil P
status that were managed by farmers in the samesiweg 20 years and in case of
N1P1K2org/min since five years. The swards in Vald B were cut 2, 3 and 5 times,

respectively, in 2008 when the grasslands were &inp

The soils in V and W were Cambisols with a siltgriotexture and a sandy loam texture,
respectively (FAO, 1998). Both soils were well deped to a depth of 40 cm (no stones or
coarse material). The soils in B can be class#digdutric Cambisols with textures ranging
from loamy sand to silty loam (FAO, 1998). Thesksseere also free of coarse material
except N2P2K1org | where we found stones in thelager below 30 cm. The pH, total soil
nitrogen, carbon and P are shown in Table 2.2.aMeeage cation exchange capacity (+
standard deviation) was 28+3, 20+3 and 24+7 gkt for V, W and B, respectively.

3.3.2. Experimental set up and fertilizer treatmerg

For each treatment, four plots of approximately & Bhm were used. In the fertilizer
experiments V and W, the allocation of the plots \geven by the original set up of the
experiments (Figure 1.2). On farm in B, four plofshe same size were arranged as spatial
replicates within the investigated grassland, witheast 5 meters distance between plots. In
one case in B (N1P1K2org/min) & plot was installed because of local inhomogengity
botanical composition observed during botanicaéstigation. The treatments were referenced
with the following nomenclature: N, P and K standthe three nutrients followed by 0, 0.5, 1
and 2 for no, less, close to equal and more fegtilapplied than average plant P uptake.
Average plant P uptake for the different managernrgansities was taken from the Swiss
fertilization guidelines by Flisch et al. (2009hd suffix org and org/min stands for the use of
slurry and combined mineral fertilizer and slurpplcation. The particular rates of

fertilization for each site are shown in chaptee.on
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In V, four treatments with increasing mineral P &dpplications and similar N supply were
chosen from a randomized split block experimenttilzers were applied as ammonium
nitrate (split in two applications after the winterMarch and after the first cut in June),
superphosphate and potassium (applied in autumny, ifive mineral fertilizer treatments

from a randomized block experiment (Huguenin-Etiale 2006) and an organically fertilized
treatment from another block experiment locatethensame site were chosen (see Figure 1.2).
Fertilizers were applied as ammonium nitrate splthree applications: in spring, after the first
and after the second cut), superphosphate andspatagapplied in spring) for mineral N, P
and K fertilization, respectively. In the organigdertilized treatment dairy slurry was applied
after the first cut in spring. In B, two grasslandsre fertilized as recommended and two were
over-fertilized with P. Dairy or pig slurry produten the respective farm was broadcasted at
the onset of the vegetation in spring and afteh éemevest. In the year of study (2008), there
was no spring application of slurry in B. In N1P1€@/min no slurry was applied after the

second harvest, but 27 kg N‘haas supplied in form of ammonium nitrate.

3.3.3. Plant sampling and P indicators

Plant biomass of each regrowth was sampled atr@hgrawth stage (defined as beginning of
heading oDactylis glomerata). Sampling took place 1 to 4 days prior to regulavests.
Therefore, we selected a random area of 50 cmob@ith at least 50 cm distance to the plot
border and cut the vegetation 4 cm above the grasimd) electric scissors. Different sampling
areas within the plots were used for the individudb throughout the season. Immediately
after cutting the plant material was separatedtimahree botanical fractions: grasses,
legumes and forbs. We weighed the plant materiat dfying at 60°C for three days. All
fractions and harvests were summed as total driemgeld (Table 1). Relative yields were
calculated using the yield expected for the respechanagement intensity under Swiss
conditions reported in Flisch et al. (2009). Aftieying, the samples were milled (particle size
~1 mm) using a cutting mill (Retsch Gmbh, Germa®gbsequently, we pulverized a
subsample using a ball mill (Retsch GmbH, Germarg).P and K analysis, we incinerated
milled samples at 550°C for 8 hours and solubilitexlashes in nitric acid (65%) at room
temperature. The P and K concentration was measutean ICP-MS (Agilent, USA). The N
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concentration was measured by dry combustion WiEiN& analyzer (Thermo Finnigan,

Milan, Italy).

We measured the nutrient concentrations on a dtiemaasis for the three botanical fractions
grasses, legumes and forbs. Total P uptake waslagdd as the sum of P uptake in each
fraction at each harvest. The amount of P remoxad the plots with harvested material was
subtracted from the P fertilizer input to estimie annual P balance. In case of organic
fertilization the P input was estimated accordimgrlisch et al. (2009). In chapter two we
showed that the sward P nutrition status was begficted when plant indicators were applied
on the grass fraction rather than on bulk swardpsasn Thus, we use P concentration and the
P nutrition index (PNI) in the grass fraction aarglP indicators in this study. The PNI was

calculated according to Duru and Thélier-Huché 7399
PNI =100%x Pm /(0065% Nm+ 1.5) [1]

with Pm and Nm as the measured P and N concemtsationg @ in grasses.

3.3.4. Soil sampling
Soils were sampled 1-2 days after the first regoigavest in May, June and July 2008 in B, W

and V, respectively. We took twelve soil cores vathinner diameter of 2.5 cm and 40 cm
depth distributed over each plot. Subsequentlyceoes were partitioned into different soll
layers and the 12 subsamples were mixed into ompasite sample per plot and soil layer.
For this study we considered the soil layers 0 &am& 20 to 40 cm. The soil was sieved at 2
mm and plant residues were removed. The frestsaniples were stored at 4°C in the dark for
up to two days before extraction with anion exclearggins. Subsequently, soil samples were

dried at 40°C for three days and stored at roonpezature for later analysis.

3.3.5. Determination of soil P indicators

Ammonium-oxalate extraction
The extraction of P with ammonium oxalatg,jRvas carried out according to Loeppert and
Inskeep (1996). Two g of air dry soil were extrdotgth 80 ml ammonium oxalate solution

(ratio 1:40 soil:solution) for 4 hours on an enceend shaker in the dark. The ammonium
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oxalate solution consisted of 0.1 M oxalic acid &rilti75 M ammonium oxalate. Subsequently,
the soil suspension was left standing for 10 misiated the supernatant was filtered through a
0.2um cellulose acetate membrane filter (Sartoriusg filtrate was diluted 1:10 and the P
concentration measured by ICP-MS (Agilent, USA)adidition to P, iron (Rg) and aluminum

(Alox) concentrations were measured.

Isotopic exchange kinetics

Isotopic exchange kinetics were carried out acogyth the method described by Frossard and
Sinaj (1997). Ten g of dry soil were shaken ovedhedh 99 ml deionized water in 250 ml
bottles (Nalgene) for 16 h to bring the soil sauatsystem at steady equilibrium before the
addition of the”®P solution. The bottles were transferred to a mégstrrer and continuously
agitated for 30 minutes. Afterwards, 1 ml markdugon containing 0.1 to 0.3 MBq carrier
free>*P in the form of phosphoric acid (Hartmann Analytikas added. The soil-water
suspension was sampled after 1, 10, 30 and 60 esirauid filtered immediately through a 0.2
um cellulose acetate membrane filter (Sartoriuske @hof the resulting soil solution was
mixed with 5 ml scintillation cocktail (Packard bita Gold) and°P was measured by
scintillation counting (Beta counter, Packard A250rrenville, USA). From the isotopic
exchange kinetics we derived the slope m of thealimegression between log(r(t)/R) and
log(t). Rather than using the measured fractiotot@ introduced radioactivity remaining in
solution after 1 min of isotopic exchange#R), it was calculated with the regression
parameters. The concentration of inorganic P irsthlesolution (Cp) was measured by
malachite green colorimetry (Ohno and Zibilske, )99 he quantity of P that is isotopically
exchangeable within 1 min {f&) was calculated (equation 2) as the inverse o$pleeific
activity C*PP'P) in the soil solution under the assumption thatspecific activity in the soil

solution is identical to the specific activity obispically exchanged P in the whole system,
Epin =10% Cp /(rynin / R) [2]

with Eqmin and 10*Cp are given in mg P kgoil. To account for analytical variation between
dates when IEK were conducted, a control soil (diifeed and dried soil from W) was
included. The isotopic exchange parameters of oh¢ral soil were (mean * standard
deviation): Cp= 0.80 # 0.11 mg Kgrimi/R = 0.35 +0.03, m = 0.42 + 0.03 ang 2.30 +
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0.29 mg kg Because of the low variation between measurendsges we considered the

obtained data eligible for comparison.

Resin extraction

Resin-extractable P (B was determined after Kouno et al. (1995) by etiva with anion
exchange resin membranes that were saturated W@y HFor extraction 3 g field moist soil
were shaken with 30 ml of double-distilled wated &vo resin strips of 3 x 2 cm (BDH
Laboratory Supplies #55164 2S) for 16 h at 150 gona horizontal shaker. After rinsing the
membranes with double-distilled water, P was eligdhaking for 2 h in 0.1 M NaCl/HCI
solution. The P concentrations in the eluates weasured colorimetrically as described

above. For each soil sample the extraction was dodeplicates and averaged.

3.3.6. Identification of soil P classes

We wanted to classify the sward P nutrition statts the three levels deficient, sufficient and
surplus P nutrition (Figure 3.1), respectivelytheory, there is an optimal point of P nutrition
(“middle”) below which the plant is P deficient aadove which P is supplied in surplus
(Marschner, 1995). For practical reasons ofterngeanclosing the optimum value is used to
define the sufficient P range. In this study we adrthe threshold dividing sufficient from
deficient as “low” and that dividing sufficient fnosurplus P nutrition status as “high”. The
sufficient range is separated into two parts bydaiie”. The range between low and middle
(latent deficiency = no visible symptoms) may refla small non-significant risk of reduction
of yield and P concentrations. Between “middle” dmgh” no penalties on yield and
reasonably high P concentrations are to be expeatsale the high threshold, yields are not
significantly higher but P concentrations mighll sticrease slightly to the maximum of plant
P uptake. These increases in plant P concentrateonften connected with large increases in
soil P and movement to lower soil horizons. Sudéti@ships are in accordance with the
exponential growth response functions developellitscherlich (1928) or the linear plateau
model (Waugh, 1973). Both concepts identify a siresponse of a plant parameter (e.g. yield
or P indicator) to inputs or availability of a niett (here P) in the soil. After the maximum, no
yield or plant P response is observed, as refldayatie horizontal part of the function. Such a
function (with a plateau or maximum) is necessarngéntify a surplus P nutrition status.

Sufficient or optimum supply is often determinedtbg economic optimum which is generally

53



below the maximum. To differentiate deficiency froptimum, critical values are defined
above which no deficiency symptoms are observedyseid variance is not significant (e.g.
90% of relative yield).

No yield increase and ineffective fertilizer application,
very high P concentrations P acculation and downward
High movement in the soil (long term)

Yield expectation fulfilled with
reasonably high P concentrations
Middle >

Small risk of yield decline and
P concentrations (not significant)

Sward P status

Low

Significantly reduced yield
and P concentration

Plant indicator
(relative yield, P concentration and PNI)

deficient

Figure 3.1: Interpretation of plant indicators dheir interplay (modified from Kerschberger et(@997)). The
space between the thresholds “middle” and “hight lsa seen as sufficient, whereas between “middid” a
“low” the situation is not yet critical but smatidses in yield or plant P content cannot be exduBelow “low”
and above “high” significant imbalances betweempR demand and soil P availability exist, thusilfeation in
surplus to plant demand or ceased/reduced fettdizarespectively, is necessary.

The plant P nutrition status was determined bydyiedlative yield and P uptake, grass P
concentration and PNI. In a previous study (ChapxePNI was found to be better correlated
to relative yield than P concentration alone. Nthadess, grass P concentrations can be used
when no additional N data is available. Yield, tiekayield and P uptake reflect the average
output of the total sward. For the relationshipA®sn plant and soil indicators we established
exponential functions. To derive the thresholdgfiersoil P indicators we applied plant
thresholds derived in the previous study (Chap)é¢o 2he fitted curve and for the related +
95% confidence intervals. For relative yield wedi®e three levels 90%, 100% and the
maximum of the response curve. For plant P conagoirs and the PNI we used the thresholds
of 2.1, 3.0 and 3.5 mg Kgand 80, 100 and 120 which were shown to be retat&0, 100%

and maximum of relative yield (chapter 2). To swsilie the thresholds for each soil P
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indicator we selected the highest of the threetgdarameters for defining the threshold values
of “low”, “middle” and “high”, respectively (Tabl8.3).

3.3.7. Statistical analysis

Statistical analyses were performed with R ver@@l (R-Development-Core-Team, 2008).
Because experiments of the three locations hadrdiit designs, fertilizer treatments were
compared between sites only with a F-test. If tHedt was significant at p<0.01, a test for
least significant difference (LSD) with an alpha0dd5 was conducted using the library
agricolae v. 1.09 (Mendiburu de, 2009). The Holnusitnent for p-values was always applied
to control for false positives in multiple companis. Prior to analysis, we transformed
percentage data of relative yields to their arc Gorrelation coefficients] and their level of
significance were calculated by the Pearson prechachent correlation. Significance levels
are denoted as ns. = not significant, * = p<0.05; $<0.01 and *** p<0.001. Trend lines of
the relationships of soil to plant indicators watied to graphs in SigmaPlot for Windows

version 11.0 (Systat, 2008) using linear and noadr regression.

3.4. Results:

3.4.1. Investigation of P nutrition status (treatmat effects)

Plant P indicators

The selected plant yield and P parameters signifigaeflected the long term P fertilization
(Table 3.1). Yields increased with the cutting gy (location). For each location, relative
yields greater than 90% were reached when P amtkiZation was close to or higher than P
and K uptake, respectively. The treatment diffeesneere also reflected by grass P
concentrations and PNI which were significantly éown treatments omitting P fertilization
than in treatments fertilized according to or higthean P uptake. For P uptake the differences
between the three locations were even more promaltian for grass P concentration and
PNI.
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Table 3.1: Selected plant parameters and annualdhde as affected by location and fertilizer trestt.
Treatment differences are shown as least signifiddierences (LSD) with Holm adjusted p valueplea =
0.05) for the three locations separately and fdoahtions together.

Location Treatment Total Relative Grass P Total P PNIlin  Annual P
yield yield® concentration  uptake grasses balancé
tha’ % mg g~ kg ha’ kg yr

Les Verrieres N1POKO 3.7 74.0 1.7 6.4 62.2 -6.0

(2 cuts) N1P0.5K0.5 4.7 93.8 2.6 12.4 94.6 -3.4

N1P1K1 5.2 104.4 3.3 17.3 115.9 1.2
N1P2K2 5.4 99.1 3.5 18.8 126.3 8.0

LSD 1.3 18.5 0.6 4.6 23.8 4.8

Watt NOPOKO 3.8 58.6 1.7 6.4 63.7 -8.6

(3 cuts) N1POK1 5.1 78.4 1.7 8.9 62.2 -95

N1P1KO 5.3 81.0 3.1 16.3 110.4 -1.0
N1P1K1 6.9 106.7 3.2 224 114.3 -2.4
NOP1K1 6.6 102.3 34 22.3 119.0 -3.2
N1P1K2org 6.4 99.1 2.4 15.4 86.3 2.1

LSD 1.3 19.7 0.5 6.2 22.9 6.2

Baldegg N1P1K2org 11.2 97.3 4.1 46.1 132.1 -4.6

(5 cuts) N1P1K2org/min 14.7 109.2 3.9 57.9 119.1 -14.3

N2P2K1lorg | 13.8 102.4 4.5 62.4 135.4 84.8

N2P2K1org Il 13.8 101.9 4.3 59.4 129.0 83.0
LSD 1.9 14.8 0.4 12.1 10.9 12.1
LSD total 1.8 20.6 0.6 9.7 21.6 9.7

& calculated as the percentage of the yield indicafdr the respective location from Flisch et 20F9), see also

table 2.3

® calculated as input output balance on the fietdesavith organic fertilizer input estimated acdaggito Flisch

et al. (2009)
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Soil analysis

Similar to the plant analysis the long term P kedtion treatments were significantly
differentiated by the three soil P indicators (EaBl2). The total range was 141 to 908, 1.5 to
73 and 0.5 to 69 mg P Rgiry soil in the 0 to 5 cm layer fob# Exmin and Res respectively.

For Ry, values were highest in B and lowest in W, whefea&; i, V and W were in a similar
range but lower than B. Although.Fhad similar values for unfertilized treatment/iand

W, the norm fertilized treatment (N1P1K1) had twasemuch Rsin V as in W. Notably, for
N1P1K1lorg in W we extracted as lowds for the two unfertilized treatments NOPOKO and
N1POK1. For each of the three soil P indicators,Highest values were extracted in the
treatments N2P2K1lorg | and Il in B. The overfezti treatment N1P2K2 in V was higher
than the two treatments fertilized below recommé&ndaN1POKO and N1P0.5K0.5) but
similar to N1P1K1, except for,R

In 20-40 cm soil depth, treatment differences wgneerally much smaller than in 0-5 cm and
mostly not significant in V and W. Fog,An B, N2P2K1org | and 1l were still significantly
higher than N1P1K2org. No significant treatmenfed#nces were observed foi,k in any of
the sites. For Bsthe surplus fertilized treatments were still siigintly higher than the other

treatments.
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Table 3.2: Mean P extracted with ammonium oxalgtg,(P exchanged in one minute, () and resin
extractable P (B) as affected by location and fertilizer treatmierthe soil layers 0-5 cm and 20-40 cm.
Treatment differences are shown as least signifiddierences according to a LSD test with Holmuestigd p
values (alpha = 0.05) for the three locations sspir and for all locations together.

Location

Les Verrieres

(2 cuts)

LSD

Watt

(3 cuts)

LSD

Baldegg

(5 cuts)

LSD

LSD total

treatment

N1POKO
N1P0.5K0.5
N1P1K1

N1P2K2

NOPOKO
N1POK1
N1P1KO
N1P1K1
NOP1K1

N1P1K2org

N1P1KZ2org
N1P1K2org/min
N2P2K1org |

N2P2K1org Il

0-5cm 20-40 cm
Pox E1min Pres Pox E1min Pres
mg kg* mg kg

242 4.3 1.3 113 4.3 0.4
271 4.5 7.0 107 5.0 0.6
304 4.9 15.3 115 3.5 0.5
384 6.5 334 127 3.3 1.2
111 1.7 7.5 24 4.1 0.6
168 2.7 1.1 175 0.8 1.0
195 2.1 1.0 174 1.3 0.8
223 9.7 9.6 188 1.0 15
227 4.9 7.4 197 1.4 1.0
219 53 7.0 192 1.2 1.3
192 7.6 1.1 226 1.3 0.9
89 3.6 4.9 64 0.7 0.8
403 17.1 11.3 171 1.6 2.2
471 125 11.8 242 1.9 3.4
743 47.5 58.6 336 6.1 19.4
840 57.0 545 429 7.0 15.8
91 25.2 9.3 125 13.6 10.4
112 17.2 8.6 74 3.2 6.8
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3.4.2. Relationship of soil to plant indicators

Yield and P uptake

We observed positive site-specific relationshipsvieen the soil P indicators and plant yield
and P uptake (Figure 3.2). The coefficient of datren (p) was always higher for P uptake
than for yield. Among the soil P indicatopsfor P, was the highest and fof.Fthe lowest.
Because of the different yield levels at each locatve fitted linear trend lines individually for
each location. These relationships were alwaysfgignt in V, with the strongest relation
observed for Rsand the weakest for .. In W, significant relationships were found betwee
yield and Rsand between P uptake ang,kand Rs (Figure 3.2). For B no significant
increase of yield and P uptake with increasing Boilas observed. However, a global linear fit
(using the locations together) resulted?0fr0.64, 0.50 and 0.46 for yield and 0.72, 0.5 an
0.46 for P uptake withg2 Eimin and Res respectively. In contrast to the individual
relationships, Rswas weaker than.,Pand Emi, for the global relationships to yield and P

uptake. In Ry there was a clearer differentiation between therftization treatments.
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Figure 3.2: Relationships of yield (aboveground mhatter) and P uptake with the three soil P indicabxalate
extractable P, P exchangeable in 1 min and regiaetable P. Different symbols and colours indightethree
different harvest intensities and the three clas§&sfertilization, respectively. For the relatihips the Pearson
correlation coefficientd) is shown. Linear trend lines were fitted (y=yO}&x each location (management)
separately. Significance levels are: not significar p<0.05, ** = p<0.01 and *** = p<0.001, trershes
without indicated 7 are not significant.

Relative yield, P concentration and PNI in grasses

Relative yield, P concentrations and PNI were padit related to B, E;min and Res (Figure

3.3). In contrast to the relationships with yieldld uptake, these relationships were stronger
when the three locations V, W and B were used mhination. The relationships between
plant indicators and soil P extractions were weBaibed as a rise to maximum function.
Grass P concentration and PNI were better corcetaténe soil indicators than the relative

yield. The amount of & was better correlated to the plant indicators tBa#, and RBx.

Below Ry of 300 and Eni, of 10 mg P kg, plant P concentrations and PNI varied much more
than above these values (Figure 3.3). Below thekees we observed a variation by 2.3 rifg g

and 85, for P concentrations and PNI, respectivibypve the variation was reduced to 1.8 for
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P concentration and 40 for PNI. In contrast, theati@n in plant P concentration and PNI was

not higher than 1.4 mg P k@nd 50 over the whole range gff®bserved in the soil.

3.4.3. Ildentification of thresholds

The three plant indicators resulted in slightlyfeiént thresholds for the three P nutrition status
levels (Table 3.3). At the low threshold, relatiteld was related to higher values for each of
the soil P indicators than grass P concentratiohRiIl. At the middle threshold the three plant
indicators were related to similar ranges of soi\Pthe high threshold grass P concentration
and PNI resulted in higher values of soil P indicathan relative yield. The maximum of the
fitted curve reflected values of relative yieldags P concentration and PNI that were
marginally higher than the high plant thresholdcémtrast, the corresponding soil P indicators
continued to increase substantially beyond the bahP threshold (Table 3.3). Given the
relative changes of P nutrition status among teatphdicators a combination for the
identification of soil P status seems practicaingslways the highest plant indicator for each

threshold level ensures that the other two reaein tequired level as well.
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Table 3.3: Mean and + 95% confidence rangeR,ofE;i» and R as related to four levels of relative yield, P cemiration and PNI. The relationship is
reflected by the function y = yO+a*(¥%), with y = plant indicator and x = soil P extraor the maximum of the function no 95% confiderarge is

shown. The value at which the maximum is reachath@svn in brackets. For the synthesis of the thoigstierived by the three plant parameters the Isighe
observed value was selected.

Plant indicator Pox E1min Pre<
mg kg"
Total rang 141-90¢ 1.4€-73.2 0.5%-69.:
Ccv 58 131 120
Level mean + 95% mean + 95% mean + 95%
Relative yield
Low 90% 230 +190 -290 4 +3.2-5.4 3 +2.0-45
Middle 95% 280 +225 -375 5.7 +4.0 -7.5 4 +2.5-6.0
High 100% 380 +275 —aor* 8.75 +5.5 -aor 6 +3.2 —aor
maximum 540 (103%) 18 (102%) 9 (102%)
P concentration
Low 2.1 165 +aor -190 2.5 +aor -3.3 1.8 +1.0-2.4
Middle 3 270 +250 -310 6.5 +5.3-7.5 6 +5.0-7.3
High 35 360 +320 -420 9.8 +8.0-12.0 10.2 +8.6 -12.6
maximum aor 30 (4.3) 24 (4.1)
PNI
Low 80 175 +aor -195 3.1 +1.8 -3.5 2.4 +1.6 -2.6
Middle 100 250 +220 -290 5.1 +4.2 -6.3 5 +3.9-5.9
High 120 380 +310 -510 9.8 +7.6 -aor 10.2 +8.6 -14
maximum 700 (131) 23 (128) 23 (128)
Thresholds
Low 230 +190 -290 4 +3.2-5.4 3 +2.0-45
Middle 280 +250 -375 6.5 +5.3-7.5 6 +5.0 -7.3
high 380 +320 -510 9.8 +8.0-12.0 10.2 +8.6 -14

*aor = out of range
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3.5. Discussion

3.5.1. Relationship between soil and plant P inditars reflects long term P

fertilization

The treatment effects on the investigated plantsmildP indicators illustrate
successfully deficient, sufficient and surplus Rditons. These treatment effects are

confirmed by strong coefficients of correlation fdant to soil relationships.

The shapes of the relationships of the three smtRators suggested no major
differences besides magnitude of soil P. To idgmsitfil P status classes fofxPEimin
and Reswe used a curve fitting approach instead of boonlilees (Schnug and Heym,
1996) or Cate-Nelson quadrants (Cate and Nelsofi,)19sing Boundary lines or
Cate-Nelson quadrants would generally identifyvadoor a higher threshold,
respectively (Breuer et al., 2003). The boundarg hpproach identifies the first value
when a defined level is reached (e.g. 100% relafielkel) as the threshold. In contrast,
Cate-Nelson quadrants identify the threshold aséparation line between a low-
yielding and a high-yielding sample population gsihe highest value of the low-
yielding population as the fix point. The curveifig approach can be interpreted as
intermediate and the 95% confidence range can éx tostake the variation into
account (Table 3.3).

3.5.2. Thresholds derived for soil P indicators

Using the highest among the three plant indicagéossred that a given threshold value
was valid for each of the three plant indicatoralfé 3.3). Using only one of the plant
indicators to derive the threshold would negleetdifferences between the plant
indicators and lead to under or overestimated kimlelsvalues. Thus, a combination of

yield and P nutrition status indicators should bedlif possible.

The high threshold, representing 100% relativedyialgrass P concentration of 3.5 mg
P kg* and a PNI of 120 proved to be applicable as thesttold indicating surplus P
nutrition. In other studies often the maximum yieddponse was used for that purpose
(e.g. Mallarino and Atia, 2005). In our study tHam indicators in treatments above
the high threshold were never statistically diffarsfom treatments above the

maximum of the response curve. For relative yighasdifference between “high”
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(100%) and maximum (102-103.5%) was related totamiial differences in the
assigned thresholds of the soil P indicators (T8¢ For grass P concentration and
PNI theses differences (high to maximum) inducegdahanges in the corresponding
soil P indicator (Table 3.3). Using the point ofximum response would include a
considerable range of ineffective soil P. Thus,uke of the high threshold of plant P
indicators to define surplus P nutrition may imprdkie identification of the surplus P

nutrition status in the soil.

Thresholds for oxalate extracted phosphorus

According to the plant indicators we classifiegl Below 230 (low) and above 380 mg
kg™ (high) soil as deficient and surplus P suppliespectively. Keller and van der Zee
(2004) reported a range ofRinder intensive managed grassland in Switzerl426®

to 1226 mg P K§. They related & to P extracted with ammonium-acetate EDTA
(Paae) Which is a standard soil P analysis in SwitzetlaWe used thresholds derived
for Paag in our study (chapter 4) to extrapolatg ffom the data reported in Keller and
van der Zee (2004). The middle and high thresheiel® reached approximately at 300
and 400 mg P K§ respectively. Although they did not propose thoéds their data

supports the thresholds we derived in our study.

Koopmans et al. (2004) reported a rangegibRtween 470-925 mg Kgn a P mining
study over 978 days using non calcareous sandyisabntrast to our findings, they
observed P deficiency ioolium perenne when soil By fell below 640 and 680 mg P
kg™ soil for pots filled with 5 and 10 cm soil, resgieely. This value is much higher
than what we observed in the field. It exceeds ékier®5% range of 510 mg Pkg
which practically excludes P deficiency in our esipeent. The restricted root growth in
the pot experiment might be an explanation whyréhatively high Bx was not
sufficient for the plants. Although we observed trost biomass in the top 10 cm in

the field, at least 40 cm of the soil were accessembots (personal observation).

A higher range of i (310-1240) was reported by Bell et al. (2005b)asaltic and
non-basaltic soils under grassland. However, tbepd a stronger relationship
between herbage P nutrition status (identified R$3P) and the degree of P saturation
(DPS) instead of & That is in contrast to our findings where the DI always
weaker correlated to plant P nutrition status tRgr{data not shown). That was also
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true when a DRIS P index was calculated (datamoive). Nevertheless, Bell et al.
(2005) did not report negative DRIS P in their studdicating that aboveRof 310

no severe P limitation was observed. Since it wake range we defined as the middle
threshold that supports our finding as well.

The phosphorus exchanged in one minute

We found severely decreased yields (below 90%) vihgp was below 4 mg P Ky
with the corresponding 95% range of 3.2 to 5.4 nkg/P That is in the range of the
finding of Gallet et al. (2003a) who observed auet crop production below &, of

5 mg P kg This observation was based only on one trial iieey found a yield
response. Thus, they proposed it as a prelimifagshold. However, it is in the same
range as the values reported by Morel et al. (18@&2)heat.

For grassland Gallet et al. (2003) reported inénggglant herbage P concentrations
until Exmin of 18 mg kg, but without a yield response. Such a value cacobsidered

as the maximum of the response curve. It is mughdrithan the high threshold of 10
mg kg* which we propose. The maximum points observediinstudy were equal or
higher than 18 (Table 3.3). However, the responseecof & n,in with grass P
concentrations (Figure 3.3) had a higher maximuamn ttelative yield and PNI (Table
3.3). Using only grass P concentration to idergifyplus P nutrition status resulted in a
higher threshold. Further, we found no treatmefiedinces between relative yield and
PNI above Emin 0f 6.5 which is in agreement with the.f of 6.0 mg P kg suggested
for wheat by Morel et al. (1992). Thus, we assuha the range above the high
threshold of 10 mg P Kglargely reflects surplus P nutrition. This is iind with

findings by Tran et al. (1988). In a pot experimégy found Enmi» above 10 mg P kb
only to reflect relative yields close to maximunn @lium multiflorum, but plant P

uptake still increased in two of three investigaseds above Ei, of 10 mg P kg.

Resin extractable P

He et al. (1997) suggested that a combined interpoe of the resin-extractable and
microbial P pool might give a better indicationtloé potential plant P availability in
the field. But we know of no study which determirfedutrition status classes for
permanent grasslands based pudxtracted from field moist soils.
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However, some studies have used the resin-extractialry soil to determine P
availability (Qian et al., 1992). For example, Cletral. (2000) found an averages®f
5.2 mg P kg under permanent grassland, which refers to acserffi P availability in
our classification (Table 3.3). Mallarino and A(005) and Cantarella et al. (1998)
reported similar ranges ofdfas in our study for corn and perennial crops glaasl),
respectively. Mallarino and Atia (2005) found a nmaxm yield response of corn atP
of 13 and 19 mg P kgusing the Cate-Nelson or linear plateau procedespectively.
For our function, the maximum relative yield waadieed at a,& of 13 mg P kg as
well. In Cantarella et al. (1998), a medium P niatni status class is defined as between
10 and 21 mg P kb(recalculated for the average soil density ofgLci® observed in
our study). This range appears to be higher thaat wk found. However, our results
were obtained from field moist samples and thusicahe compared directly tQ.P
extracted from dried soil. The extraction of drgadl (soil moisture < 1%) of the
treatment NOPOKO in W revealed a tenfold incredde(moist: 1.1+ 0.3, dry
10.1+0.5 mg P KQ). This release of P probably originated largetyfrthe microbial
biomass (Bunemann, personal communication and eh&ptSuch an increase gt
by soil drying may explain the higher thresholdglasses found by Cantarella et al.
(1998).

3.5.3. Soil P indicators have different effectiverss to reflect P nutrition

status

Although the shapes of the response curves werasijtie three soil P indicators
showed different accuracy in identifying plant Rriiion status. Below the thresholds
for Poy, Eimin @and Rssof 290, 5 and 4 mg P Kgrespectively, we found P fertilized and
unfertilized treatments. However, these treatmest® clearly differentiated by yield
and plant P parameters (Figure 3.2 and 3.3). Talses below 290, 5 and 4 mg Pkg
for Pox, Ezmin @and Res respectively, cannot be reliably interpretedlaarty P deficient
and vice versa. This was most pronounced §@rFhere we observed P fertilized
treatments with high yield and plant P indicatorerdhe same range of/alues as
unfertilized treatments with reduced yield and Fitian status. For ki, we found
such an uncertainty only in the 95% range of thetloreshold. Below that range we

found only N1POK1 where P fertilization was omit&dce 16 years. Thus, it was the
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only treatment in our study which was severelynfitéd and not co-limited by K or N.
Such a co-limitation might have decreased theRBaiVer time more than a solitary P
limitation because of higher sward P uptake. Intiastto P, and Emin, Wwe found Rs
below 2 mg P kg only in N1P1K2org. For N1P1K2org a risk for reddggeld and a
lower P nutrition status was indicated by the pladicators. This suggests a better
reflection of the sward P nutrition status hysRvhich was measured on moist soils,
because the plant P status was reflected withulessrtainty. Nevertheless, a practical
interpretation is that P deficiency was excludedalbP indicators when the value at

the lower 95% confidence level was used.

Additionally we found the P status of the fertilizeeatments differently reflected by
the soil P indicators. For example, N1P0.5K0.5 Ha& 1K1 had nearly similariin
(Table 3.2) but were significantly differentiated grass P concentration and PNI
(Table 3.1). N1P0.5K0.5 tended to have reduced yidlereas N1P1K1 in 2008 had
yields above indication. This observation illusthon the one hand that different pools
of P were extracted by,§ Eimin and Res On the other hand, plant P indicators were
superior when §& and Emi» were below 290 and 5 mg P kgespectively. N1P1K1org
was the only P fertilized treatment withdbelow 4 mg P Kg. The corresponding

yield, P concentration and PNI were higher thathenP unfertilized treatments but did
not reach the level of the mineral P fertilizedatreents in W. In another study
(Chapter 5) we found strong variation e§sRRnd Ryc in W. In N1P1K2org, Ric was
always significantly higher than in N1P1K1 and NKROn W. In addition, the

observed decrease offvhen R, was increased after harvests was most pronounced
in N1P1K2org. In this treatment we observed anayeR.s over the whole season of
4.6 mg P kg in 2009. Since the soil samples were taken afierdsts in the present
study this observation can explain the lons @und despite of higher relative yield and
P status. That underlines the importance of thepagtime when Rsis analyzed on

field moist samples.

3.6. Conclusion

Due to the wide range of P input treatments odeng period and different
management intensities we observed plant P respdrtsa severely deficient to

clearly surplus P supplied. To identify threshdluissoil P indicators in terms of plant
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P availability we suggest using a set of plantgatbrs. These indicators should reflect
yield and P status response by the best availableator (e.g. PNI in the grass fraction
for grasslands). To identify P surplus availabilitg suggest using the high thresholds
for the plant indicators, instead of the maximunthaf response curve. We found
thresholds dividing deficient, sufficient and surpP availability classes of 290 and
510 mg P kg for Py, 5.4 and 12.0 mg P Kgor Esmin and 4.5 and 14 mg P kdor

Pres Among the soil P indicators£had the strongest relationship to the plant
indicators and provided a better reflection of Bhiertilizer treatments in our study. At
low range the P status was better indicated bylduat P indicators grass P
concentration and PNI, and by the soil P indicB®gythan by B, and Emi,. However,

at higher soil P levels the three soil indicatdisveed a better differentiation of the
fertilizer treatments than the plant P indicators.
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Chapter 4: Thresholds for the Swiss routine soil pbsphorus

tests in agricultural grassland

4.1. Introduction

The Swiss reference methods for routine teststtmate phosphorus (P) availability in
the soil are the chemical extractions with &aturated water (Dirks and Scheffer,
1930) and ammonium-acetate EDTA (FAL et al., 1986dified from Cottenie et al.,
1982). Hereafter, P extracted with these methotldowinamed asdd, and Rag,
respectively. The extraction with G@aturated water works at low ionic strength close
to soil pH but is sensitive to changes of experitaleconditions during extraction (e.qg.
temperature). Ammonium-acetate EDTA is an acidoimisination with a complexing
agent. It is less affected by experimental condfiduring extraction. However, the
determination of available P withh 2 was reported to be stronger affected by soil
properties such as pH and carbonate content thg(Htiinzi, 2011). Demaria et al.
(2005) found Ro2 to underestimate rapidly exchangeable P, and # additionally
extract significant amounts of P which may not bailable to plants. Extraction of
unavailable P with Re increased with increasing pH. This underlines Bagt is a
mixture of P forms from the soil which are not wadifined for their P availability to
plants. For fertilizer recommendatiorsd? and Rae are interpreted by taking into
account the clay and organic matter content othike For specific soil types parent

material is considered (Flisch et al., 2009).

The accumulation of P in agricultural soils anctetl P losses to the environment are
of growing concern. Both P accumulation in soild &sses to the environment reflect
an inefficient P management. An underestimatioR akailability by soil P testing was
given as one reason for P accumulation observeestern European countries
(Schroder et al., 2010). Thus, a re-evaluatiorodfisterpretation schemes considering
yield and potential environmental impacts was rédgesuggested by Romer (2009) and
Schréder et al. (2010). Neyroud and Lischer (2G28pected an underestimation of
soil P availability by the classification otf» and Rae with the Swiss interpretation
scheme. A similar conclusion was drawn by Frossaal. (2004) who synthesized data
from many long term fertilizer trials in SwitzerldnGallet et al. (2001) reported
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thresholds below which P availability might limitet yield of P demanding crops (e.g.,
potato) as 0.5 and 35 mg P kipr Pco, and Rag, respectively. Since they found no
yield limitation in their investigated grasslantiey could not propose thresholds for
yield limitation in grasslands.

The objective of this study is to evaluate thetreteships of yield, grass P
concentration and P nutrition index (PNI) teoPand Rae. Following the approach
developed in chapter three we establish thresholdsfine a deficient, sufficient and
surplus soil P status for permanent grasslandsragteultural use in Switzerland.

The investigated grasslands differed in cuttingnisity and applied fertilizer treatments

with no P, sufficient P and surplus P.

4.2. Material and Method

Soils were sampled from the three locations Lesi¥es (V), Watt (W) and Baldegg
(B) and processed as described in chapter 3.3hEmoil analyses we used the 0-5 cm
soil layer. This contrasts with the recommendatibf to 10 by the Flisch et al. (2009).
The extraction of P52 and Rae was done according to the guidelines given for the
reference methods (FAL et al., 1996) except thatRltoncentration in the extracts was
measured using malachite green colorimetry (OhmbZalpilske, 1991). Subsequently,
we classified the soils according to Swiss soitdus classes (Flisch et al., 2009) using
the average clay contents for each of the threstitmas (Table 2.2). The soil P status
classes in Flisch et al. (2009) range from A tevih A being deficient and E surplus
for plant P supply. Class C refers to sufficiers\Rilability in the soil and results in a
recommended P fertilization similar to sward P kptdHowever, the analysis was not
done in a certified lab for soil routine analysigys data should be interpreted with
care. Nevertheless the values measured in V anceld iw agreement with results
observed from Agroscope Changins-Wadenswil (ACW) Agroscope Reckenholz-
Tanikon (ART) which managed these fertilizer trjakspectively (Huguenin-Elie and
Jeangros, personal communication). In the on faaegiands in B the values were
close to the values from a certified lab (LaborBi@den und Umweltanalytik, Thun)

which were measured 2 to 4 years before.

Plant indicators used were relative yield, graseicentration and the grass PNI

(measurement and calculation explained in chapta/2 established exponential
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functions with a maximum for the relationships bed¢w the plant indicators andd3
and Rae. Subsequently, we applied the three plant threshiol, middle and high to
establish thresholds for the three soil P statassels deficient, sufficient and surplus.
The plant indicators and the procedure were desdrib detail in chapter three (see
figure 3.1).

We define the P nutrition status as P deficientrwpl@nt growth is significantly lower
than the expected yield for a given cutting regifedefine a yield expectation we
used the yield indication given in Flisch et aD@9) for a range of cutting regimes and
altitudes. At a sufficient P nutrition status plgreld fulfils the indicated yield and an
surplus P fertilization would increase soil P aaility but not the plant yield. The
surplus P nutrition status defines a situation whefertilizer input has no yield

response.

4.3. Results

4.3.1. Treatment differences

For the plant parameters total sward yield, reéatieeld, grass P concentration, sward P
uptake and the PNI the differences between locat@m treatments were shown in
chapters two and three. Similar to the plant Pcaidirs (chapter 2) and the other
investigated soil indicators (chapter 33oPand Rae reflected the long term P
fertilization. Reoz and Rae ranged from 0.17 to 22.1 and 3.6 to 322 mg P, kg
respectively, in the 0 to 5 cm soil layer. The tesfor the soil layers 5 to 10, 10 to 20
and 20 to 40 can be found in Table A.9 (Annex).

For R0z the values were highest in B while the values iand W were in a similar
range. Significant differences between treatmemiewnainly found in V and B (Table
4.1). In V the treatments fertilized according tchagher than average sward P uptake
had significantly higher &, than at lower or no P fertilization. In B, the ofegtilized
treatments had higheel, than the two treatments fertilized according to
recommendation. In W, only in N1P1K@d3 was significantly higher than the P
unfertilized treatments (NOPOKO and N1POK1), altjo® fertilized treatments tended
to be higher than P unfertilized treatments (T&blg. The Rae values were also
highest in B, but lowest in W (Table 4.1). Additaly the treatment differences in W
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were more distinct than withcB». In B the overfertilized treatments were signifitg

higher than the other two.

4.3.2. Soll P classes

The soil P status classes largely reflected trartrent differences found foeg» and
Paag. But both methods resulted in different P nutritgiatus classes except for the
treatment fertilized in surplus to average swanpiake (Table 4.1). In V,ARe

resulted in a soil P status classes from A to @) WiLlP1K1 and N1P2K2 classified as
C. The range of £2in V was from class B to C, with only N1P2K2 clifigsl as C. In
W the two methods showed contrasting results: vdseRo, put the P unfertilized
treatments in class B and the P fertilized treatsignclass C, all soils in W were
classified as A for Re. In B the two treatments N1P1K1org and N1P1K2onghvere
always ranked two classes higher yyfthan by Rae. The overfertilized treatments in

B were found in the highest class E for both sakBactions (Table 4.1).
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Table 4.1: Mean &, and Rae as affected by location and fertilizer treatmenthie soil layer 0-5 cm.
Treatment differences are shown as least signifiddfierences according to a LSD test with Holm
adjusted p values (alpha = 0.05) for the threetiosa separately and for all locations together.
Correction factor for fertilizer recommendation ahd P nutrition status class were determined
according to Flisch et al. (2009). The P nutritidatus classes range from A to E, with A being poor
and E enriched in P. Class C refers to sufficieav&lability in the soil and recommendation of P
fertilization equivalent to sward P uptake.

Location

Les Verriéeres

Watt

Baldegg

Treatment Pcoz Paae
P P
nutrition nutrition
correction status correction status
mg kg* factor class mg kg*  factor class

N1POKO 0.20 1.3 B 6.2 15 A
N1P0.5K0.5 0.25 1.3 B ---8
N1P1K1 0.39 1.2 B 28.6 1.0 C
N1P2K2 0.55 1.1 C 43.2 1.0 C
LSD 0.17 23.4

NOPOKO 0.37 1.3 B 4.4 15 A
N1POK1 0.34 1.3 B 4.9 15 A
N1P1KO 1.26 1 C 19.4 15 A
N1P1K1 0.84 1.1 C 12.0 15 A
NOP1K1 0.86 1.1 C 11.8 15 A
N1P1K2org 0.96 1 C 7.1 15 A
LSD 0.71 6.9

N1P1K2org 4.60 E 55.3 1.0 C
N1P1K2org/min 1.77 0.8 D 31.3 1.2 B
N2P2Klorg a 16.70 0 E 238.6 0.0 E
N2P2K1lorg b 10.70 0 E 239.3 0.0 E
LSD 10.03 88.4

LSD total 6.77 61.5

@ not detected

4.3.3. Relationship of Rp, and Pase to the plant indicators

We observed positive relationships to all planigatbrs shown in chapter three (Table

3.1), except for yield and P uptake in B. Sincédyand P uptake were not used to

derive thresholds for the soil P indicators in deaghree they are not shown here. The

relationships of Boz and Rae with relative yield, P concentration and PNI wesel|

described by exponential functions with a maximditte@ curve). For Rae, the

relationships and the coefficient of determinafionthe fitted curve were stronger

when the locations were combined (Figure 4.1) foamdividual locations. In

contrast, for Ro2 the relationships were stronger when V was ingagéid individually
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and W and B were combined (Figure 4.2). The twaigsoV and W+B refer to soil
clay contents of about 30% and 16 to 26%, respagtiTable 2.2).
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Figure 4.1: Relationship of relative yield, P comtcation and PNI in grasses with 2. Different
symbols and colours indicate the three locatiomktha three classes of P fertilization, respectiviebr
the relationships the Pearson correlation coefficje) is shown. Trend lines were fitted as exponential
rise to maximum (y=yO+ax(1E™)). Significance levels are: * = p<0.05, ** = p<@.@nd *** =
p<0.001.
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fertilization, respectively. Trend lines were filtas exponential rise to maximum (3 parameter,
y=y0O+ax(1-&)) for V and W+B. Significance levels are: * = p8, ** = p<0.01 and *** =

p<0.001.
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4.3.4. |dentification of soil P thresholds

Because we observed stronger coefficients of déteation for the two groups V and

W+B for Pco, we derived the soil P threshold for the two grosggsarately. For R

the combined dataset was used. Nevertheless, stmithapter three the three plant

indicators partly resulted in different thresholdée observed higher values fozd?

and Rage at the low threshold related to relative yieldrthh@ grass P concentration and

PNI. The derived thresholds are shown in Table 4.2.

Table 4.2: Mean and 95% confidence interval @f;Rnd R e as related to four levels of relative yield,
P concentration and PNI. The relationship is rééddy the function y = yo+a*(1<€%), y = plant
indicators and x = soil P extract. For the maximafrthe function no 95% confidence range is shown.
The value at which maximum is reached is showrrackets. For the synthesis of the threshold derived

by the three plant parameters the highest obsefaiee was selected excluding aor.

Plant indicator Pcoz (V) Pcoz2 (W+B) Paae
mg kg
0, 0, 0,
Level Mean con?iSdéonce Mean cor?fisd/(:nce Mean cogisdﬁnce
interval interval interval

Relative yield
90% 0.26 0.21-0.32 0.6 0.5-0.75 8.3 5.8 —aor
95% 0.30 0.25-0.44 0.75 0.62 -0.96 11.8 7.6 —aor
100% 0.40 0.3 -aor 1.0 0.8 -aor aor 10.6 -aor
maximum 0.7 (105%) 1.5 (102%) 20.3 (96.5%)

P concentration
2.1 0.20 aor -0.24 0.45 0.4-05 6.3 54-7.3
3 0.32 0.27 -0.47 0.8 0.7 -0.95 12.2 10.2-14.0
35 0.56 0.38 -aor 1.2 1.0-1.4 18.6 15.6 -23.0
maximum  >0.67 (>3.6) 3.1(4.2) 40 (3.9)

PNI
80 0.22 aor -0.26 0.45 0.38-0.52 6.5 5.7-75
100 0.30 0.25-0.36 0.7 0.58 -0.83 10.4 9.1-12.2
120 0.45 0.34 —aor 1.4 1.1 —aor 22.0 17.2 -aor
maximum  >0.6 (>127) 2.8 (126) 33 (123)

Thresholds
Low 0.26 0.21-0.32 0.6 0.5-0.75 8 5.8-75
Middle 0.32 0.27 -0.47 0.8 0.7 -0.96 12 10.2 -14
High 0.56 0.38 -aor 1.4 1.1-14 22 17.2-23.0

aor = out of range
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4 .4. Discussion

4.4.1. Soll P status classes

Although Ro2 and Rae generally reflected the differences between Rlifest
treatments, the two methods sometimes resultedlifieaent classification of the soil P
status (Table 4.1). This observation is in linehwiports by Sttinzi (2006) and Flisch et
al. (2009). The results shown in this chapter ardle 0 to 5 cm solil layer, but the
routine soil tests are conducted on soil sampléseo0 to 10 cm soil layer. We
observed always lower values in the 5 to 10 cmlagér than in the 0 to 5 cm layer
(Table A.9). This indicates a dilution og&» and Rag when the 0 to 10 cm layer is
considered. Thus, we consider the discussion odiaite of the soil layer 0 to 5 cm

principally applicable to the 0 to 10 cm soil layer

In V, yield and plant P nutrition status were lotwiesN1POKO allthough it had a

similar soil P class ford&; as N1P1K1. Additionally, yield and PNI were not
significantly higher in N1P2K2 than in N1P1K1, lhbe related soil P status classes for
Pcoz were identified as B and C, respectively, accaydanFlisch et al. (2009). This
indicates a potential underestimation of the satd®us for both treatments, because
N1P1K1 was fertilized according to average P upfdlable 2.3) and N1P2K2
overfertilized. The low P nutrition status classe¥ determined by £, could partly

be explained by the high clay content as statddisth et al. (2009). However, the clay
content is considered for the derivation of thé Batlasses. Additionally, the plant
indicators show that P was sufficiently availaldete plants. The high P buffer
capacity of the soil in V could explain this obsaien. The high buffer capacity for P

in V was reflected by the isotope exchange paramei® and n, which ranged from
0.19 to 0.33 and 0.42 to 0.52, respectively (T@b®. Oxalate extracted iron (5 of
about 6500 mg Fe Kgand aluminum (A)) of about 1500 mg Al K§in relation to
oxalate extracted P {f between 242 to 384 mg P kglso indicates a high P buffer
capacity (Table A.8). Both methods have been sugdds improve evaluation of soil

P availability compared to selected soil routirgeespecially on soils with high P
sorption capacity (Bell et al., 2005b; Morel et 2000).

That all treatments in W were classified as pod? iftlass A) by e strongly
contrasts with the obtained yields and the plantifiition status identified by PNI for
the P fertilized treatments. Thus, in W the sost&tus classification is not appropriate.
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Paag Was reported to be affected by pH (Demaria e2@D5) and calcium and
carbonate content (Stlinzi, 2006). That an incregskhreduces Re (Demaria et al.,
2005) might explain the lowernk: found in N1P1K2org in W compared to the mineral
P1 treatments in W, because the pH was signifigdmgher in W-N1P1K2org (Table
2.2). However, the mean pH in W (5.9) was simita¥t(5.8). Additionally, P
exchangeable in one minute, k) of the mineral P fertilized treatments in V and W
(Table 3.2) were in a similar range, indicatingufisient P availability in the soil. This

also indicates thatdre underestimated the P availability in W.

Nevertheless, KRe in the P unfertilized and P fertilized treatmentse significantly
different in W. Thus, a modification of the integpation scheme could improve the

interpretation of Rae for soil P status classes.

4.4.2. Thresholds derived for Rp,; and Paag

The procedure to derive the three thresholds lowdla and high (Table 4.2) was
described in chapter three (section 3.3.6.). Thexapplicability of the exponential
function and the combined use of relative yieldsgrP concentration and PNI were
discussed in detail. ForcB, we defined the soil P thresholds separately fand W+B
because the soil in V had a much higher P sormgiagacity as revealed by isotope
exchange parameters (Table A.7) and highg+Ad.« values (Table A.8). This seems
justified because the fitted exponential functishewed higher coefficients of
determination for the two soil groups (V:= 0.53 and W+B:%= 0.69) than for the

overall function (f = 0.25).

The thresholds low and high, which frame the raofggufficient P availability (Figure
3.1) were close to the threshold of 0.5 mg P teported for crops by Gallet et al.
(2001). For V, the threshold of 0.5 mg P*kgas similar to the high threshold,
indicating that no decreases in yield may be exgueabove that value. For W and B
this value is close to the low threshold. The aggtion of a high threshold of 1.4 mg P
kg would be appropriate for W+B.

For Paae the combination of all treatments from the thiezations seems justified for
the derivation of soil P thresholds. For “low” afidgh” we found 8 and 22 mg P Kg
respectively. This is much lower than the 35 mgyP leported by Gallet et al. (2001)

for crops. But their value was between the two &slaf 40 and 33 mg P Rdound as
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the maximum of the curves for grass P concentrai@hPNI in our study. The small
changes in grass P concentration and PNI from toighaximum (Table 4.2) were
related to relatively high changes ip.P without yield response. Thus, we consider the
application of the high threshold as appropriatelémtify surplus P nutrition status.
This is in contrast to the interpretation for doistatus classes proposed by Flisch et al.
(2009). The Rae values of 22 and 35 mg P kérom our study and from Gallet et al.
(2001) would result in soil P classes of A and Brfwst soil types. This suggests that
the interpretation scheme is too high.

In conclusion, we found close relationships betwglant indicators anddd, and Rae
analyzed in the 0-5 cm soil layer. Fatd?we propose two separate thresholds for the
soil in V and the soils in W+B, respectively. Tlosvland high thresholds are 0.26 and
0.56 mg P kg for V and 0.6 and 1.4 mg P kdor the soils W+B. For Re the
interpretation without additional soil informatievas reasonable for the investigated
locations. We propose 8 and 22 as low and higlstimid, respectively. For both¢&
and Rae the soil P availability in the 0 to 5 cm soil layeas underestimated by the
soil P classification scheme. Plant P indicatois perameters estimating the P buffer
capacity of soils improved the estimation of P khlity and can be used to adjust or

assist the soil routine tests.
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Chapter 5: Seasonal dynamics of microbial phosphoriin a

permanent grassland

5.1. Abstract

The effect of different P fertilizers on the turmowf phosphorus (P) through the
microbial biomass and its consequences for P dibiain soils are not well
understood. This is particularly true for grasslands where organic matter is
accumulated in the topsoil, microbial activity igtnand plant cover changes during
the season. The amounts of available inorganicd™maarobial P can fluctuate over the
season, but the drivers controlling these variatire not well known. We studied
three P input treatments: no P (P0), mineral P i(Pamd organic P (Porg) fertilization,
with 17 kg P h# yr* applied as superphosphate and slurry, respectivepermanent
grassland with three harvests per season. Throtgihegrowing season of 2009
(241days), soils (0-5 cm) were sampled every 2-8ks@nd plant biomass at each
harvest. Available P was measured as resin-exbigcR(R.y. Microbial P (R.c) was
determined by hexanol fumigation with simultaneexgaction by anion exchange
resin membranes, without application of correctextors. From the observed
fluctuation in R, we calculated R turnover and fluxes. The lowest yield and plant P
uptake were observed in PO and the highest in Fbuiring the season,franged

from 0.9-3.5, 5.3-11.2 and 1.9-6.7 mg*kspil* and Ry from 20-44, 43-59 and 61-93
mg kg* soil* in PO, Pmin and Porg, respectively. Consisteneimses of R. in the
three treatments were observed after the summeawndn harvests when plant
growth rate was low. Reduceg,Pand increased.Rwere observed after dry periods.
The turnover rate of P in the microbial biomasslezhto be higher in PO than in Pmin
and Porg. The fluxes of P through the microbiahimgs and the mean stocks of P in
the microbial biomass were two to three times highan P uptake in harvested
aboveground biomass during the season 2009 (245).deye fluctuations in R and

Pmic are discussed in relation to climate, sward mamage and plant growth.
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5.2. Introduction

Efficient P management in grassland requires dxamivledge of P availability and
dynamics to avoid yield decreases by insufficieferlization and P accumulation in
the soil by surplus P fertilization. Available Reracts with the soil microbial biomass
through microbial P (Rc) immobilization, organic P mineralization and Reese
(Oberson and Joner, 2005), and with plants thrqlght P uptake. Contents and
turnover of Rjc are generally high in grassland soils (Blackwelle 2010). Both
available P and J. are affected by sward management such as fertitipait and
cutting regime. When similar amounts of P are aapliong term inputs of mineral
fertilizers often lead to a better P availabilityh inputs of organic fertilizers (Oberson
and Frossard, 2005). At the same time, organidifexd systems have highepPand
biological activity (Oberson et al., 1996; Oehbkét 2001b) and thus,R may buffer P
availability to plants (Macklon et al., 1997). Hovee, plants and microbes both draw
from the available P pool in the soil and competitior P uptake may occur (Reynolds
et al., 2003). On P deficient soils P cycling ceniricreased (Magid et al., 1996).
However, it is not well understood if plants prdfitm the increased P turnover in the
microbes or if competition for P prevails. Both thaol size of Ric and the rate of P
turnover determine the rate of P cycling and theslakility of P to plants.

The main factors affecting microbial growth andslis pool size are substrate and
nutrient input, temperature and soil moisture (Ddl@98). The main belowground
carbon inputs in grassland soils are root turnawver exudation, while aboveground
inputs include litter fall and organic fertilizatioBesides carbon, other nutrients might
influence microbial biomass as well. Particulady P in grasslands, a shortage in P
availability induced by plant growth could affectanobial growth directly or indirectly
by reduced carbon flows from the roots (Van Veeal 1989). Temperature and soil
moisture are determined by the geographical lonaiad thus the prevailing climatic
conditions. However, relationships ofifto temperature and soil moisture have mostly
been studied in incubation experiments (Grisi £t18198; Joergensen et al., 1990; Jupp
and Newman, 1987). Freezing-thawing and drying-témgehave been identified as
major factors affecting available P angP(Blackwell et al., 2010). Little is known
about these relationships under field conditiors laow they affect P availability and

plant P uptake.
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Regardless of the general P nutrition status afghaads the above described factors
cause fluctuation during the season (Tate et @81 In temperate grasslands
increases of R in winter have been observed in most studies (Ghah, 2003;
Perrott et al., 1990; Tate et al., 1991). Perro#t.e(1990) concluded that the main P
release from the microbial biomass during the yeaurred in spring. Such seasonal
fluctuations of R;c have been used to estimate P fluxes and releasek&s et al.,
1984; Oberson et al., 1996) and P turnover by tloeamial biomass (McGill et al.,
1986; v. Lutzow and Ottow, 1994). The greater ilation of R, in grasslands
compared to arable land results also in greatarridver, and P fluxes often exceed
plant P demand (Blackwell et al., 2010). To imprtwe information about plant
availability of P, the simultaneous measuremeravaiilable and microbial P pools was
proposed by He et al. (1997). However, the intésaadf Py with available P and the

controlling factors and processes are not well tstded.

In this study we investigated effects of P ferttibn on the seasonal dynamic @fsP
and R,ic under field conditions. We hypothesized that th@ssnal dynamics ofR, its
turnover and the fluxes through,Pare affected by the type of P fertilization. We
further assumed that,R interacts with Rs and that this interaction is stronger under
organic fertilization. In addition, we wanted tsass effects of plant growth and
climatic conditions on the seasonal dynamicsgfédnd R,.. We hypothesized that the
plant growth rate, sward cutting and changes intheaconditions are reflected by
changes in Rsand Ryi.. For this study we investigated a species-riclsgjeand
harvested three times per year. Three types oftiRzation (no P (P0), mineral P
(Pmin) and organic P (Porg)) were selected fromrtlikzer trial established in 1992.
Soils and plants were sampled regularly and sailve@ather conditions monitored
during the season in 2009. We analyzed availaldenginrobial P on field moist soil

samples and measured plant dry matter productidriPauptake.
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5.3. Material and Methods

5.3.1. Experimental site, management and treatments

The fertilizer experiment is located near Watt (Wjhe canton of Zirich (47°26'44"N,
8°29'32"E, at 500 m above sea level) and managéuebFederal Research Station
Agroscope Reckenholz-Tanikon (ART) since 1992. Agerannual temperature and
precipitation between 1999 and 2009 were 9.8°C1&Y¥ mm. The mesic grassland is
well established on a medium deep (50-70 cm) Carshhigh medium base saturation
(50-80% of the cation exchange capacity are bagiors). The average soil texture in
the top 10 cm of the soil measured at the beginafribe experiment was 220, 340 and
440 g kg soil of clay, silt and sand, respectively (Phikipal., 2004). The vegetation is
anArrhenaterion elatioris association with 30-40 angiosperm species. larsdsted
three times per year. For conservation purposeBrtdnarvest takes place after June
15. The late cut of the herbage leads to lowerg@iguality of that particular harvest
caused by the advanced growth stages of the plar2909, harvests took place on day
167, 216 and 267.

Block Experiment 1 Experiment 2
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I O O i Rk g R A B RO
10 1 12
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I i s O O i
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Figure 5.1: Experimental set up of the investigdeztilizer treatments PO, Pmin and Porg in theglon
term fertilizer trials in Watt in the mesic grasdlamanaged at low intensity since 1992.

In total three fertilizer treatments were chosemoTmineral fertilized treatments were
from the same experiment, fertilized either witlaihd K (PO) or with N, P and K
(Pmin). In addition, an organically fertilized ttegent (Porg) was selected from a
neighbouring experiment located on the same sitpi(€ 5.1). Both experiments had a
randomized block design with a plot size of 2 mm5For mineral N, P and K
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fertilization, fertilizers were applied as ammoniuitrate (split into three applications:
in spring, after the first and after the second,@uper-phosphate and potash (applied
in spring). The additional treatment was organjctltilized with annual application

of 24 n? ha' dairy slurry, split into a spring application hetbeginning of pasture
growth and another application after the first lestFigure 5.2). For spreading the
slurry was diluted one to one with tap water. Amsusf applied mineral nutrients and

the estimated nutrient application of the orgaeitilization are shown in Table 5.1.

01.04.09 01.06.09 01.08.09 01.10.09
DA — v |
1 11 A A (] A 1
1 P 1 | 1 1 1 1 1
| ] | N | [ | | |
T -1 T T T
100 150 200 250 300

Days of the year
v Fertilization (M = mineral, O = slurry) A Harvest I Plant sampling

B Dry periods measured and modeled I soil sampling

Figure 5.2: Overview of experimental managementsamdpling dates in 2009

Table 5.1: Amounts of fertilizer N, P and K appli&ehually since 1993 in the three treatments PO,
Pmin and Porg in a mesic grassland managed anl@nsdity.

Treatment Fertilizer N P K
kg ha'yr

PO mineral 45 0 83

Pmin mineral 45 17 83

Porg dairy slurry 55 17 107

# Estimated assuming 1:1 dilution of dairy slurrglavater according to Flisch et al. (2009).

5.3.2. Soil sampling

Soils were sampled 13 times throughout the seasom Karch to November 2009
(Figure 5.2). The sampled period covered a tot@4df days. Sampling dates were
chosen to reflect the effect of fertilization, hests and environmental conditions such
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as dry spells and precipitation events. At eachpsiaign 3 randomly distributed soill
cores of 2 cm diameter and 5 cm length were tai@n each plot, excluding the outer
0.5 m of the plot. The three cores were pooled ame composite sample, which was
stored at 4°C in the dark. Within two days samplege sieved through a 2 mm mesh,
cleaned from visible plant material and gravimetvater content was measuregsP
and R, were measured on these samples not later thamléysrafter sampling.
Remaining soil was air dried and used for detertronaof general soil properties as
shown in Table 5.2. Soil organic C and total N wagmificantly higher in Porg than in
PO and Pmin. Total P and pH were ascending frong B0oP0 and total organic P was

lower in PO than in Porg and Pmin.

Table 5.2: Means and standard deviations of selesti# properties of the three fertilizer treatngeR0,
Pmin and Porg in the top 5 cm of the soil undereaimgrassland managed at low intensity. Different
letters indicate significant differences (LSD tasalpha = 0.05, with Holm adjusted p-values).

Treatment Total C Total N Total P Total organic P pH®

gkg' gkg' mg kg’ mg kg (in H,0)
PO 24.7+05b 3.0+0.1b 664 +3.1c 366:26.0 b 52 0.1c
Pmin 249+1.2b 3.1+0.2b 784 #12.7b 43%*21.0a 54 #0.1b
Porg 29.8+1.0a 3.8+0.1a 834 +64a 48@5.2 a 6.8 #0.1a

#measured by CN analyser

b extraction with 0.5 M ESO, after incineration
¢ according Saunders and Williams (1955)

4 Soil:H,0 ratio = 1:2.5

5.3.3. Plant sampling and analysis

Plant sampling took place one to two days priagaoh harvest in the field (Figure 5.2).
In Pmin plants were sampled on five additional saRtants were cut at four cm above
the ground using electric scissors on a randonigcsasd area of 50 cm x 50 cm with at
least 50 cm distance to the plot border. In ordé¢no affect the seasonal productivity
pattern of the sward we avoided double samplinthersame spot. Therefore, the
number of plant samplings was restricted becausigeatmall plot size. The plant
samples were dried at 60°C for at least three Hafjare weighing for dry matter
determination. Dry matter was used to calculateadked yield and the growth rate of

the Pmin swards. The daily growth rate was caledlais the difference of dry matter
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between two following plant samples (t2-t1) dividgdthe number of days between the

sampling dates.

Subsamples of the plant material were milled, gphif550°C for 8h) and extracted in
concentrated HN® The P concentration was measured colorimetricaillly the
malachite green method (Ohno and Zibilske, 1991).

5.3.4. Microbial and available phosphorus

Resin-extractable P (& and microbial P (R.) were determined after Kouno et al.
(1995) by extraction with anion exchange resin memés with simultaneous hexanol
fumigation for R,c. For extraction 3 g field moist soil were shakathv@0 ml of
double-distilled water and two resin strips of 3 &m (BDH Laboratory Supplies
#55164 2S, Poole, England) for 16 h at 150 rpm bar&ontal shaker. After rinsing
the membranes with double-distilled water, P waseel by shaking for 2 hin 0.1 M
NaCl/HCI solution. The P concentrations in the tdgdrom unfumigated (8 and
fumigated (Rm) subsamples were measured colorimetrically asritestabove. For
each soil sample the extraction was done in dugkcand averaged. To calculatg:P
mean Rswas subtracted from mean, & The P sorption of the soil was tested on a
similar set of soil samples taken prior to thisexment by addition of 20 ug P to each
sample. The mean recovery + standard deviatioheoPtaddition was 93 + 43 %.
Because of the high recovery and its high variatwerdid not correct for P sorption.
We did not use a conversion factog)(to calculate Ric because we did not determine
it for our soils. The kcan be highly variable for different soils and rolwal
communities (McLaughlin et al., 1986; Oberson amcled, 2005). During the seasonal
measurements a control soil (unfertilized and dsieitlfrom the same site) was always
included. Mean Rsand R, + standard deviation of the control soil were 1.5 and
7.9 + 0.9 mg kg, respectively. Because of the low variation betwemasurements we

used no correction to account for analytical vasrabetween extraction dates.

5.3.5. Calculation of P fluxes and microbial P turover

The Ryic turnover rate (equation 1) was estimated accortdingn Litzow and Ottow
(1994). They applied the concept of McGill et 4986) to estimate microbial carbon
turnover. The principle of the calculation is tkta@ sum of Ric losses Y Pmic losses =
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the sum of Ric decreases between two subsequent measuremeritg) tther season is

turned over by the mean seasonal microbial biomass:

P..losses
P, .turnover rate = =——— [1]
meanP,;.

TheY Pnic losses and mean,Rare given in mg Kgdry soil and the R, turnover rate
is calculated for the period of 241 days of thipemment. Dividing the 241 days of the
investigated season by thgiFturnover rate results in the meanRRurnover time in
days. The P flux was then derived as shown in eguti

meanP,.LoLD
P .turnover rate

Pflux =

[2]

wherep is the bulk density of the soil of 1.05 g €érand D is the sampling depth of 5
cm. The resulting Pflux is given in kg®ha* during a period of 241days.

5.3.6. Climatic data

On site a meteorological station was installed (DAR}G2, Skye Instruments Itd,
Powys, UK) that measured soil temperatung)(@t 5 cm below the soil surface (Figure
5.3) and air temperature £) at 200 cm above it. A data logger (HOBO Microtisia,
Onset Computer Corporation, Bourne, US) was implgatketo measure soil moisture
(sensor: S-SMC-M005) at 5 cm depth. Due to techmpiczblems, soil moisture,p§

and T, were not recorded from July 19 to August 6 andragfier August 13, 2009.
The additional environmental data such as precipitatanopy temperature at 5 cm
above the ground ¢J) as shown in Figure 5.3 and global radiatior {{GW m?) were
obtained from the closest meteorological statidirigh Affoltern, 47°26'N, 8°31'E,
443 m above sea level, direct distance to the fie2dckm) available from MeteoSwiss,
the Federal Office of Meteorology and ClimatolopAWEB, 2009). Since I and
precipitation measured in the field and at thectdfimeteorological station were
similar we used the complete data set from the Mstation for T, precipitation and
radiation. For periods without field data the sodisture was modelled using a simple

water balance approach (equation 3) on a daily.base
0= Precipitation + ETPkc + R+ AW [3]

The ETR. is the evapotranspiration corrected for plant dlo\R is the water loss from
the soil, e.g. by percolation or runoff, ahn& is the change in soil water content. The
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ETP was calculated according to equation 4 derivaa ffurc (1961) and corrected for

plant size using a crop coefficientik the next step (equation 5).

T
ETP = 00270(G, +24) 0—2—, [4]
T, +15

ETPkc = kcCETP [5]

The coefficient kranged from 1.0 in the young or freshly cut sward.5 in the
mature sward as adapted from the DVWK bulletin @)9%0 estimate R we used the
difference between precipitation and the changedfmoisture measured in the field
in the first half of 2009. The water input from ppatation was lost from the 0 to 5 cm
soil layer when precipitation exceeded 5 mm. Thus, tRe difference between actual
precipitation (when > 5mm) and 5. Below 5 R is z&Hhen precipitation was below
0.4 mm soil moisture was not affected. Thus, ontyexipitation between 0.4 to a
maximum of 5 mm was considered for the calculatibsoil moisture. ThaW of the
soil was estimated applying the linear relationsifipoil moisture decrease and
calculated ETR during periods without precipitation. Five periafdive to nine days
with soil moistures between 100 and 250 6Hg" soil were identified. On average,
264 g kg" (r*=0.99) of ETR. was resupplied from the soil (data not shown), mirea
that one quarter of the evaporated water came fihend to 5 cm soil layer. Thus, the
change in water content\\V) was calculated as 0.264*E/LPTo minimize errors, the
model was readjusted at each sampling date to #asuned gravimetric water content.

Both measured and modelled soil moistures are showgure 5.4.

5.3.7. Statistical analysis

Statistical analyses were performed with R ver&@l (R Development Core Team,
2008) using the library agricolae v. 1.09 (Mendibde, 2009) .Because the treatments
were located in two different experimental desidegijlizer treatments were compared
only with a F-test. If the F-test was significahp&0.01, a test for least significant
difference (LSD) with an alpha of 0.05 was conddciehe Holm adjustment for p-
values was always applied to control for false {poss in multiple comparisons. Prior
to analysis percentage data of soil moisture wearestormed to their arc sin.

Correlation coefficientsp) and their level of significance were calculatgctioe
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Pearson product-moment correlation. Significangelgare given as ns. = not
significant, * = p<0.05, ** = p<0.01 and *** p<0.00

5.4. Results

5.4.1. Climate conditions

A typical temperature curve for temperate climatéh a cold winter and a warm
summer was observed (Figure 5.3). We recordecabdbP46 vegetation days {

5°C) in 2009, with a continuous period between 8&ynd 287. Maximumjwas
recorded in July and August, with monthly mean terafures of 19 and 20°C,
respectively. Soil temperatureygJ generally followed the trend of,d lagging behind
slightly (Figure 5.3). High dy of above 20°C was observed between day 179-188 and
218-243. Maximal §gwas reached on day 183 and 231 with 24.4 and @4.8°

respectively.

Precipitation (Figure 5.3) was reasonably wellristted throughout the season with a
monthly average of 85 mm (x 46). April was excepailby dry with 15 mm (day 71-
116). The soil moisture measured with the senstrarfield was in accordance with
the soil moisture measured gravimetrically in thie &nd mainly reflected the
distribution of precipitation (Figure 5.4). Soil isture below 200 g kwas measured
only on day 116, 156 and 246. Soil moisture wasweél00 g kg for at least three
consecutive days during eight periods as shownguargé 5.2. These periods are

hereafter referred to as dry periods.
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Figure 5.3: Daily precipitation (bars), canopy temrgiure (5 cm above soil, grey line) and soill
temperature (top 5 cm of the soil, black line) dgrthe season 2009. Precipitation and aboveground
temperature were measured by a meteorologicabstatiZirich-Affoltern and soil temperature at the
investigated field site.
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Figure 5.4: Soil moisture during the season 2009 e@asured in the field (black dots), modeled (grey
dots) in Porg and gravimetrically measured in #tefbr PO, Pmin and Porg (symbols). Error bars
indicate standard deviation. The solid grey lindidates a soil moisture of 300 gkg

5.4.2. Plant growth

Plant growth rates measured in Pmin were highdstdasm day 120-132 and 218-243
and lowest at the beginning and end of the sedagarg 5.5). Total harvested plant
dry matter was significantly different between treants, with the highest yield
achieved in Pmin and the lowest in PO (Figure 5¢/@ld differences were most

pronounced at the first harvest. Total plant P up{(&kgure 5.6) reflected similar
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treatment differences as the biomass. In contoadtyt matter of the individual
harvests, P uptake differed significantly betweaeatments at each of the three
harvests. In Pmin the P uptake was always higlar ith PO whereas it was
intermediate in Porg.
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Figure 5.5: Aboveground plant dry matter (fhand growth rate (kg Had™®) during the season in the
Pmin treatment in the mesic grassland managedvantensity in Watt 2009. Error bars indicate
standard deviation.
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Figure 5.6: Total aboveground plant dry matterat, ieft) and P uptake (kg Haright) as affected by
harvest and P fertilization. Different letters icalie significant differences in total P uptake st

treatments (capitals) and harvests (lower caseyrdicr to a LSD test (alpha = 0.05, with Holm
adjusted p values).
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5.4.3 Resin extractable and microbial phosphorus

Mean Reswas highest in Pmin, and the same was also olibatwaost of the
individual sampling dates (Figure 5.7). Over tharerseason, & fluctuated from 0.3
to 3.5, 5.4 to 12.7 and 1.9 to 6.5 mg P gr PO, Pmin and Porg, respectively. The
seasonal pattern of&fluctuation (Figure 5.7) was similar for all tresnts. However,
the amplitude of Rswas larger in Porg than in PO and Pmin. MaximB.fwere
observed at day 110, 155, 187 and 243 and coineuteddry periods shortly before or
at this sampling date. In all three treatmengg,vWias exceptionally high at day 187,
coinciding with low plant growth rates, highglind g and a slurry application in
Porg shortly before. The negative relationship @fdhd soil moisture was most

pronounced in Pmin (Figure 5.8).

In contrast to Rs highest Bic was found in Porg whereag,Pin PO was again lowest
(Figure 5.7). Over the entire seasop;: Huctuated from 19.5 to 44.1, 42.7 to 58.8 and
53.3 to 93.5 mg k§for PO, Pmin and Porg, respectively. Although liations in
microbial P were observed in each of the thredrreats, their patterns and amplitudes
differed significantly between treatments. A simuakous increasing trend of;Pfor

the three treatments was only observed after daysathd 267, each time following a
harvest at a time of low plant growth. Minima gfPRvere observed on day 110-118
and 155 in Porg and on day 187 in PO. A positilatimnship of R,ic with soil moisture

was observed (Figure 5.8).

The sum of R losses showed the same treatment differences as g (Table 5.3)
with the highest in Porg and lowest in PO. Thg Bsses in Pmin and Porg were
similar to the Ric pool size whereas in PO losses were higher thanThe Ryc
turnover rate ranging from 1 to 1.4 was similam@sn treatments. The,Rflux was
lowest in PO with 24.1 and highest in Porg with138&y P h& seasot. For Ry stocks
the picture was similar with lowest values in P0.5lkg P ha) and highest in Porg

(36.6 kg P hd). Both were higher than the actual plant P uptalbe three treatments.
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Figure 5.7: Fluctuation of resin-extractable andratbial P in the three fertilizer treatments POjiPm

and Porg in a mesic grassland managed at low ibyehging the growing season in 2009. Error bars
indicate standard deviation of four replicatesf@#nt letters indicate significant differencesviesn
sampling points analysed separately for each trewattiih. SD test at alpha = 0.05, with Holm adjusted p
values). Grey and grey striped bars indicate meadsand modelled days with gravimetric water content
in the field below 30 g 100 Gfor at least three days in a row. Arrows at thitdso x-axis indicate
fertilizer application (bold, M=mineral, O=organiaipd harvest (slim).
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Table 5.3: Mean resin-extractable and microbiabBl pnd calculated P fluxes and turnover in theRop
cm of the soil in Watt as affected by P fertilipati Mean values are followed by + standard dewviatio
Least significant differences (LSD) calculated dwha = 0.05, with Holm adjusted p-values.

Parameters PO Pmin Porg LSD
Mean Res (mg kg') 1.6 0.6 8.9 2.3 47 +15 2.0
Mean Ryc (Mg kg') 335 155 48.0 #11.1 70.2 +4.7 10.2
Y of Py losses (mg kg 459 £11.2 53.1 #11.1 725 £15.6 26.5
P.ic turnover rate (seas'éh 1.4 0.4 1.1 0.3 1.0 £0.2 0.6
Pnic turnover time (day’5) 183 +47 222 +59 242 £54 110
Puic flux (kg ha' season) 24.1 5.9 279 538 38.148.2 13.9
Mean R, stock (kg hd) 17.5 2.0 249 #4.9 36.6+0.9 6.4
Total plant P uptake (kg Hayr™) 6.2 *1.1 16.6 *1.4 11.7+1.5 2.7
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Figure 5.8: Relationship of resin-extractable ancrabial P to soil moisture in the three P fergliz
treatments PO, Pmin and Porg in a mesic grasslamaged at low intensity during the season 2009.
Red symbols were excluded from statistical anah@&ignificance levels are given as ns. = not
significant, * = p<0.05, ** = p<0.01 and *** p<0.00
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5.5. Discussion

5.5.1. Yield and mean Rs and Pyc
The yield reached in Pmin and Porg was only 5 %wbéhe expected yield (6.5 t hg

reported for grasslands managed at low intensitgdifret al., 2009) . In contrast, the
omission of P fertilization in PO led to a sever@d reduction (Figure 5.6).
Nevertheless, the lower yield and P uptake anddmigbil total P found in Porg after 18
years of slurry application (Table 5.1) indicatet tRaavailability was not similar
although the estimated amount of P applied withrglwas similar to the mineral P

fertilization.

The observed Porg was close to and Pmin tendedhighber than a & of 5.2 mg kg
observed under an extensively used grassland by €ted. (2000). But & was much
lower in PO. Considering ranges qffrom 1.0 to 58.8 found under grasslands of
different management intensities and fertilizeminipn Switzerland (chapter 3), the
values observed here were in the lower third offéimge. According to the
classification presented in chapter three, meanrdicated a P deficient status for PO
and a sufficient status for Pmin and Porg. HoweRarin had values above the
optimum of 6 mg P Kgwhereas Porg lay below, indicating a risk for gidecline (e.g.

when weather conditions are unfavorable duringea@e).

Although we used no correction factop)(khe Ry stocks were within the range of 18
to 100 kg hd reported by Brookes et al. (1984) for the upperam of the soil with
application of a kof 0.45. Mean Ric concentrations in our study generally fell in the
range of 20 to 88 mg Kgreported by Sarathchandra et al. (1984) for aganig
grasslands, who used theds Brookes et al. (1984). The higheg#.Foncentration
found in Porg compared better to ranges found laylByg et al. (1994) under
unfertilized (78 mg kg) and fertilized (98 mg K3 pastures. They also applied the k
from Brookes et al. (1984).

5.5.2. Long term fertilizer effects on Rs and Pyc

Similar to other studies, we found significant piesi effects of P fertilization on,&
and Ryic pools (Oberson et al., 1996; v. Lutzow and Ottd994). Organic fertilization

was reported to result in lower P availability tmmeral fertilizers when applied in the
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same amount (Oberson and Frossard, 2005). In sbnB# increases under organic
fertilization (Oberson and Joner, 2005; Oberscoal.etl996; Oehl et al., 2001b).
Carbon is known to be the main source of energyti®microbial biomass (Dalal,
1998). The lower Bsin Porg than in Pmin cannot only be attributeth higher Bjc
because other factors such as cation exchangeityamt and the relation of inorganic
and organic P were also significantly differentietn Pmin and Porg (Table 5.2). The
high variation of Rsand R,c observed during the season and between the tretme
reflects the big range of&and R, that can be found under grassland.

5.5.3. Fluctuations of resin extractable P

Differences of meanR between the treatments resulted from the long &input and
output of the treatments as reflected by mean Btalthe soil (Table 5.2) and plant P
uptake (Figure 5.6). Although absolute minima, maxiand amplitude of fluctuations
in Pesdiffered between treatments, the synchronousuatains suggest that similar

processes affected.p

Elevated Rswas always found during or after periods of relatiryness, indicating an
effect of soil moisture. However, increaseggk Palues were not always accompanied by
a reduction of R, implying that the P release was not only frogx.Rn a drying and
rewetting experiment under controlled conditionsgsoil from the same

experimental site, Bunemann et al. (personal conieation) observed significant
increases of & only after drying to soil moisture below 150 gkgince soil moisture

in the field was never below 150 gkgve assume that drying and rewetting effects
with P release from the microbial biomass werethetmain driver of the increase in
Pes Other factors causing fluctuation ipdeould be plant P uptake, temperature,
microbial grazing and physico-chemical processen@et al., 2001).

Low soil moisture reduces the diffusional transmdP within the soil and thus
potential P uptake by plants (Dunham and Nye, 191§)p and Newman (1987)
observed cessation of P uptakeLlmjium perenne below a soil moisture of 200 g kg
soil (water potential of -0.6 to -0.8 MPa). Suctvlmoistures were observed when the
highest peaks in.Rwere found at day 116, 156 and 246 (Figure 5.@)th@ other
hand, the three minima ofsPobserved simultaneously in all treatments weradiou

during periods when soil moisture was above 30§ kuggesting unhindered P
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uptake by the plants. Thus, we assume that reducgdaRe by plants was reflected in
elevated Rsvalues while Ric was not always reduced. The aboveground plant
productivity of Pmin as shown in Figure 5.5 refieattypical productivity curve for
temperate grassland with two peaks and a growtictesh in summer (Gibson, 2009).
The peak growth rates lay in periods when soil mogsallowed unhindered uptake by
the plants. That a severe reduction i \Was observed at both peaks of plant growth
rate implies that plant P uptake plays a major fale¢he fluctuation of Rsduring the

season.

However, we observed a minimum gt day 167 during the summer when the plant
growth rate was reduced and soil moisture highs hggests that another factor in

addition to plant growth and P uptake affectedRhgpool.

5.5.4. Fluctuations in microbial P

Apart from occasional decreases g@f:fh PO and Porg and an increase in all treatments
in autumn, Ric was relatively constant. The ranges gffuctuation in PO and Pmin
were close to findings by Chen et al. (2003), wheesved R to fluctuate between 25
and 52 mg kg under an extensively managed grasslapg.ad Ric-fluctuation was
higher in Porg and compared better to findingsaféit et al. (1990) in a highly
productive pasture. Both studies foung.Ro peak in winter (July in the southern
hemisphere) and to decline during summer. In awdysho measurements were done in
winter but we found high values in early spring &atd autumn.

The main differences between treatments in seaflosalation of B, were observed
during the first half of 2009 (until approximatelgy 220). The reductions of,Rwere
always observed during or shortly after periods el moisture was below 300 g kg
! Based on the laboratory drying-rewetting experitaenentioned above, a significant
decline in Ryc occurs only after reduction of soil moisture bel®®0 g kg*

(Bunemann, personal communication). Thyg, Rductions were caused by other
processes such as the interaction with plants (®dgret al., 2003) or temperature
(Grisi et al., 1998). The different,R-fluctuation in the treatments could be explained
by effects of fertilization. In Porg we observedtsevere R reductions in the first
half of the season which were accompanied by spihd to below 200 g kg and

subsequent increases when soil moisture increaselde same time no decreases were
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found in PO and Pmin. We assume that the compeiitianicrobes and plants for
available P was increased in Porg which had gdgexdligher level of R than the
other treatments. A partial dieback of microbiarbass could be a consequence of a
plant induced shortage in P and result in the efeskereduction of R.

Another severe reduction in,@was observed in PO at day 185 at the end of a dry
period which was accompanied by a significant iasesof Rsand the maximum mean
daily Tpg of 24.4°C. The daily maximum at day 185 exceed€€30Uhus, we assume
temperature and drought stress for the microb@hbiss. A lower aboveground
biomass could create less shading and coolingdmgpiration and thus result in higher
soil temperatures. This is supported by the fadtttitedecrease of2 and the increase
in Peswere not found in the other two treatments. Stheel,g was measured outside
the plots for the whole site we cannot confirm tisother explanation would be that
the microbial biomass was more susceptible to drosigess because of P deficiency
(Harris, 1981).

The increases of R after the first and third harvest can probablyitteed to
belowground carbon input by plants. Fine root tueras assumed to be a main source
of organic material released into the soil by @antgrasslands (Olff et al., 1994) and
root death was shown to be increased after cuf@mgson, 2009). A boost of microbial
biomass caused by release of carbon by root diefyaeikhanced exudation after
cutting of temperate semi-natural grassland wagsrte@ by Guitan and Bardgett
(2000). We observed increasegnly when plant growth rate was low at day 163
and 288, reflecting a negative relationshipi@-0.25*plant growth rate +13%

0.37*, n = 12). The fact that R was not significantly increased after the second
harvest when plant growth rate was high furthesstilates a possible competition

between plants and microbes.

The similar Rjc fluctuation patterns in the three treatments engbcond half of the
season can be explained by the generally decrgdeseidgrowth rate after day 250 and
the lowering temperatures and thus less competitioR.s A distinct relationship
between Rsand R,c was not observed. However, the coefficients ofatan in the
treatments were always lower in the sum @f&hd R, than in the two P pools
separately (data not shown), pointing to a countena. This counteraction might have
been masked by the high variation in the field en&dinteractions of both P pools with

plant growth and environment. This supports theestant by He et al. (1997) that a
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combined use of both pools may improve informagbout plant availability of P.
Nevertheless, the seasonal changes\indRhowed that release and immobilization of P

in the microbial biomass take place.

5.5.5. P fluxes and turnover

We calculated the P turnover by microorganism$iagdtal measured loss of,P
divided by the average quantity of;Pas proposed by McGill et al. (1986) for
microbial biomass. If important decreases or flatthns were missed or not measured
to their full extent the turnover could be unddamated. Due to the structure of our
sampling, we assume a reasonable cover of the stegis of seasonal fluctuation and

thus reliable estimates of microbial P losses anabiver.

Chen et al. (2003) reporteg,Plosses of 14 kg Rayr', whereas we found 3 to 5 times
higher R,ic losses (Table 5.3) although we used no kp factasdigh R losses
resulted in turnover times of less than a yeacolmtrast, Chen et al. (2003) and
Brookes et al. (1984) reported turnover times ofertbhan a year. However, the
variation in turnover time between soils is gré&appkes et al., 1984) and the
estimation strongly depends on the measurgdréleases. As discussed above, these
releases may vary between seasons and changingelaonditions as well as with the
management of the grassland. The low P releaseéhasddwer turnover observed by
Chen et al. (2003) may have resulted from the lavwenber of soil samplings and from
the arrangement of soil samplings in a monthlygrattather than based on weather
conditions or management practices. The tendency faster turnover under P

limiting conditions in PO than in Pmin and Porgnisagreement with the observation by
Oehl et al. (2001b) and further confirms the hypsth by Magid et al.(1996) that,P
cycling is faster in P deficient soils. Underlyingechanisms can be a higher
susceptibility to environmental stresses such agght and heat and thus a shorter
lifespan (Harris, 1981) and an increased P upt#laemcy of microbes under P

deficient conditions (Vershinina and Znamenskay®23.

The higher Ric in Porg than in Pmin is in agreement with manyorep(Oberson et al.,
1996; Oehl et al., 2001a). But the highgr.Pound under organic fertilization did not
result in a higher turnover rate than in the mih&dilized Pmin. The higher R

fluxes in Porg resulted from the highekifpool which was turned over in the same
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time. The Rjc fluxes in our study are in agreement with Broo&eal. (1984). They
reported a range of P fluxes through the micrabiainass of 7 to 40 kg P ther™. The
Pmic flux in the organically fertilized Porg was simil@ P fluxes of 35-36 kg P Hsr™
found in pasture soils (Sparling et al., 1994).

Although the seasonalR fluxes were always larger than seasonal plantt&kepve
found significant effects of fertilization on plaRtuptake. In PO and Porg, however,
plant P uptake was lower than in Pmin in spiteheflarger Bic pool and R;c fluxes.
This indicates that the higher P flux was not bem&ifor not accessible to the plants
and that a competitive situation betweegn. Bnd plants for available P might have
developed (for Porg only in spring). This underlities importance to consider soll

microbes and their activity when P availabilityeistimated.

5.6. Conclusion

The P fertilizer regime had a strong impact @3 Pnic, their interaction and their
fluctuation during the season. A highetRurnover rate under P deficiency was
observed but not significant, which could be expddi by the high variation of,R in
the field. The higher R pools in the mineral or organically fertilizeddtments
resulted in higher P fluxes. Regardless of thermeat, turnover and fluxes of,R

were higher than plant P uptake but not accessgdbnys. A competition for available
P between plants and microbial biomass seems ittdimated. The potential of,R to
withhold available P during times of high P demahglants or dry conditions was

shown and may thus affect the plant yield as olesknv Porg.

Resin-extractable P was mainly determined by dPanptake and thus indirectly
affected by soil moisture and temperature. Fa@tiecting microbial P were more
difficult to determine, but an interaction of plagrowth (carbon input and competition

for P9, soil moisture and temperature is probable.

Practical consequences could be that organiciatibn should be exchanged by
mineral fertilization (for a while) to reduce themapetition effect (no carbon) and
increase P availability. For the measurement dfiiet and turnover it seems
appropriate to follow the important steps of mamaget and weather changes during

the season. In that way major changes.gf & a result of the changing environment
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for the microbes in the soil can be observed. Waedme the importance of the

microbial P pool for P cycling.
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6. General discussion

6.1. Overview

In section 6.2. of this general discussion | wellurn to the dataset presented in chapter
two. In addition to the plant P indicators assessedlation to N and K, many other
nutrients were analysed in this study but couldb®presented and discussed in
chapter two. Here | will present data for Ca, Mdp8ly first harvest 2009), Fe, Zn and
Cu (Table A.2) and discuss them briefly with resgedtritical values from the

literature and calculated DRIS indices (Table A.3).

The next section (6.3.) compares the five soil Fcatdrs from chapter three and five,
evaluating if soil P accumulation can be avoidedalid assessment of surplus P
nutrition status in permanent grasslands. Furthei] integrate the thresholds for
determination of soil P status established in arabiree and five in a five-step model

as used in the Swiss fertilizer recommendatiors¢hliet al., 2009).

In section 6.4. of the general discussion | willla$s the effects of weather conditions
on the P availability and practical consequenaeshbpter five we found that the
interaction of Rsand Ry potentially affects P availability and thus plgnbwth and P
nutrition status. This will be further investigatedh data from chapter three and four

which was not yet presented.

In section 6.5. a synthesis for plant and soilgathbrs will be presented and a scheme
for the combined synergistic use proposed. Itdscated where additional information

such as weather condition could support the inétgpion of plant and soil P indicators.

At the end of the general discussion | will pressorhe questions for future research on

nutrient management in grasslands and the conadsisibmy thesis.

6.2. Plant mineral nutrient status

6.2.1. Relationships to other nutrients

Many tools for diagnosing P nutrition status (alnat tof other nutrients) with plant
tissue analysis have been developed (reviewedaokBL993). In chapter two, we

derived the interpretation schemes for P conceatrand confirmed the applicability
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of the PNI and its interpretation in grasses. Thhusy are ready to be used as a
standalone indicator for sward P diagnosis or tibicae and assist soil P analysis in
grasslands. For the nutrient ratios and DRIS waetified the need to refine the critical
and norm ratios used for interpretation and catmnarespectively. Further, we

showed that P indicators that integrate other entsi were more strongly related to
yield than using just P concentration. Howeveigdantify nutrient co-limitation, a set

of nutrient indicators or “ideally” the DRIS indisavere necessary. To address this, we
also analysed other nutrients such as Ca, MgrS [farvest 2008), Fe, Zn and Cu
(Table A.2). These nutrients can be included to ifletite nutrition status for other

elements and to reveal nutrient co-limitationshaf investigated grasslands.

6.2.2 Additional information obtained by DRIS and rutrient concentrations

Our data set was not fully appropriate to deriveribrms for all the nutrient ratios used
for the DRIS calculation. Thus, we used the publtisherms for perennial ryegrass,
cultivar Talbot (Bailey et al., 1997b) to calcul®&RIS indices (Table A.3). A short

description of the results can be found in the araieer Table A.3.

For N we found no indication of severe deficien&lthough N concentrations were
low in the first harvest of some N1 fertilized theents, this was not reflected in sward
yield and DRIS N. This can most likely be explaifgda dilution effect due to the high
growth rate in spring (Bélanger and Gastal, 20B@wever, we identified it as a
potential co-limitation with P and K in W-NOPOKOdas K-deficiency induced N
limitation (Minotti et al., 1968) in W-N1P1KO.

The stronger K limitation of plant growth in theadtment V-N1P0.5K0.5 hypothesized
in chapter two was confirmed by the higher DRISi&ntDRIS K in all treatments in V
(Table A.3). The positive DRIS P index for VN1PO0.5Xhdicates that P was not
limiting and thus the observed yield reduction wasnly caused by the K limitation.
Consequently, K limitation should be relieved bstifieation. For Ca and Mg we found
no evidence for a yield limiting effect in our syualthough some indicators were low.
The observations for Fe led to similar conclusidéits.these minerals the indicators do
not seem well defined for the diagnosis of nutrgatus in grasslands and could be a

target of further research.
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Although low, the observed concentrations for Zo,abd B were still within the
reported sufficient ranges from Whitehead (2000y. ¥Mn concentrations, we found
low values in the intensively used grasslands iwil) an exceptionally low value in
N2P2K1lorg Il. This could be caused by environmeadalditions (bad drainage and a

shadowed exposition).

For S we found a potential co-limitation with otlmrtrients in the two treatments in
W-NOPOKO and W-N1P1K2org but could not confirmechuse we only analysed S in
the first cut.

6.2.3. DRIS norms and nutrient ratios need a broadedata range for

evaluation

Although the DRIS norms reported for perennial rasg (Bailey et al., 1997b) proved
applicable in the grass fraction of mixed specrsgjands the absolute values might
not have been always precise. We observed a differbetween the mean ratios in our
study and the norms derived for ryegrass in a ppéement. An example are the lower
mean ratios for N:P and K:P in our experiment @hf8 7.3) and the norm ratios (9.0
and 8.8) in chapter 2 (Figure 2.3). The differemzBdates that the DRIS norms (Figure
2.4) potentially can, and should, be refined fai@dtural grasslands under field
conditions. This is in agreement with Bailey et(2B97a) who also observed a need to
adjust DRIS indices when applied to field sampldserefore, a greater database
including more differentiated nutrient inputs alél observations is needed.

In Figure A.2 the data for N:P ratios in grassesiflour study were combined with N:P
ratios from grasses of a similar growth stage ftoen"DOK?” trial in 2007 (Oberson,
personal communication). Using this dataset idexstih norm ratio at seven with a
standard deviation of 2.2, confirming our sugges(chapter 2) that the norms
proposed by Bailey et al. (1997a) might be too higtaddition, the interpretation

range for sufficient N and P nutrition is refin@dx to 9 in grasses. This indicates that a
yield limitation due to deficient N or P is probalibr N:P ratios below 5 or above 9,
respectively, for agricultural grassland.

With this example | want to show that by combindagasets, which include nutrient
concentrations of the grass fraction (vegetatiwvin stage) and sward yields, the

DRIS norms and nutrient ratio interpretation candfsed with relatively little effort
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and cost. Subsequently this powerful tool for haiautrient diagnosis would be

applicable for agricultural permanent grasslands.

6.3. Estimating P availability with soil analysis

6.3.1. Comparison of the methods

In chapters three and five we investigated the $oi P indicators £, Eimin, Pres Pco2
and Rae as related to plant yield and P nutrition stallree coefficients of correlation
can be found in the annex (Table A.5). The relatiggsshetween the five soil P
indicators and the plant indicators were well dibsdt by exponential functions with a
maximum. We established thresholds for soil P stalasses defining deficient,
sufficient and surplus P availability. For all figeil P indicators it became apparent
that at the lower range the soil P indicators viess reliable than the plant P indicators
(e.g. PNl in grasses) in identifying sward P nignitstatus. Reasons were 1. a low
resolution of the soil indicators in the low paftloe response curve and 2. the high
range of relative yield and P nutrition status cadiors related to low soil P values.
These constraints were relatively small fai Bnd Rae. For Ro2 the relationship was
improved for the investigated soils when clay cahte soil buffer capacities were
considered. It can be assumed that the use ofatoréapotentially improves the
determination of P nutrition status fogxRnd Enin, but that was not aim of the study. It
also needs to be considered that measuring adaliiactors always increases the costs
for the soil test. Seeing thatfand Rae showed the strongest relationships to relative
yield, they should be the methods of choice if amg measurement is taken.
However, determination of.2on field moist soils disqualifies it as a routiest. The
use of Rson dried soil is widely practiced but thresholdsthe soil P status classes
need to be evaluated; s is not applicable as a routine soil test for heahd
environmental reasons, but it is often used toysRidycling and other processes
affecting P availability (Frossard et al., 2000)eTrtere established thresholds ferk
(Table 3.3) may be used when permanent grasslaadsuatied.
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6.3.2. Only soil analysis identifies phosphorus ascmulation

Fertilization of P on P accumulated soils is ineént because no yield response is
expected and P losses from the field may incréssmumulation of P in the soill
surface layers cannot be linked to losses by legobi drainage per se (Sinagj et al.,
2002). But it increases P losses by surface ruiéDowell and Sharpley, 2001) and
may lead to P accumulation and decreased P bwHfexoity in the subsoil
(Chrysostome et al., 2007; Ulén and Jakobsson,)280though we did not investigate
P losses directly, we found that P accumulation stilsapparent in the subsoil (20 -40
cm) of the surplus fertilized treatments. In the surplus-fertilized treatments in B
(N2P1K1lorg I+Il), the soil P indicators in the saldayer showed values which were
still sufficient for plant growth (Table 3.2) accarg to our proposed thresholds. In a
companion project it was shown that P in the serfan off from N2P2K1org was
higher than in the runoff from N1P1K2org after damisimulated slurry applications
and rain events (Hahn, personal communication). ,lasbserved a highly
inefficient fertilizer application and the indicati of increased risk for P losses in
N2P2K1org I+Il. To reduce P accumulation and P Issseessation, or strong
reduction, of P fertilization has been proposed$Bard et al., 2005; Schérer et al.,
2007; van der Zee et al., 1992).

In chapters three and four we stated that an iteticsurplus plant P can occur even
when soil P availability is only sufficient (e.g1R1K0 and N1P1K1). Such
observations may be explained by the fact thaahgiant available P sources and soil
depths are accessed by soil analysis. Alternativieé/weather and growth conditions
could have been favourable for P uptake and P ialization in the soil. However,
cessation of P fertilization when soil P is su#iai could lead to unwanted reduction of
plant P nutrition status. In contrast, when Pusytaccumulated in the surface soil P
fertilization should be reduced, or even ceasedh@udrastic measure may be
necessary because significant reductions of scélrihot be achieved in the short term
(Scharer et al., 2007). In six out of seven lomgtéertilizer experiments, no yield
response was observed even after nine years dieldimg P fertilization (Gallet et al.,
2003a). Thus, we recommend that a P surplus idegtidin by plant analysis should be
supported by soil P indicators. In this way a reswndation of P fertilizer cessation

can be justified as necessary and a wrongly redBdedtilization avoided.
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6.3.3 Interpretation schemes for soil P indicators

In principle, a classification of soil P availabylinto deficient, sufficient and surplus
categories should be adequate for fertilizer recenaation. However, today in many
European countries a five step classification islséisch et al., 2009; Kerschberger et
al., 1997; MAFF, 2000). This classification is wigéhown and accepted by farmers
and used by extension services for fertilizer rexmmdation. Thus, for a refined
interpretation, the thresholds established in tuohysshould be adapted to such a
classification (Table 6.1). For such a classifioatice additionally use the thresholds
middle and maximum which reflect an optimum growatid P nutrition status and the

absolute maximum of the response curves, respéc{see chapter 3 and 5).

Table 6.3: The three plant P nutrition status @assfficient, deficient and surplus as adaptealftee
class model for soil P classification for fertilizZecommendation. Borders between classes areedefin
by thresholds derived in this study.

Soil P class A B C D E

Plant P nutrition deficient sufficient sufficient surplus surplus
Threshold to low middle high maximum
higher soil P

class

P fertilization Strongly Slightly According to Reduction Stopped

recommendation  increased higher than plant P uptake
plant P uptake

In Switzerland a five step interpretation is useddassification of Bo, and Rae .
However, recent studies have emphasized that ttherlying thresholds result in lower
soil P classes than suggested by the actual plaatrRion status (Frossard et al., 2004;
Neyroud and Lischer, 2003). This is in line with alaservations in agricultural
permanent grasslands (chapter 4). The threshold%arand Rae observed in our
study may be helpful to refine the soil P interptiein schemes and thus improve P
fertilizer use. Because time and investigated fe#idations were limited in our study,
these observations need to be confirmed for a leraathge of conditions. This should

include other soils, management intensities andr@mwiental conditions.
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6.4. Fluctuations of available phosphorus

6.4.1. Interaction of many factors

In chapter five we observed strong variation oWRilability during the season and
differences of that variation between mineral, aigand unfertilized treatments. We
identified the major factors controlling the avaiaP pool to be plant growth, the
microbial P pool (Ric) in the soil and environmental conditions (mostyl moisture).
Although this is not new, our observations may tadthe understanding of P
availability and cycling in grasslands under fislthiations. In addition, our
observations may have practical consequences. 8aniphe is very important when
analysis of field moist soil is planned or P fluxexl turnover are investigated. For
fertilizer recommendation an early soil samplindpbe fertilizer application is
generally suitable. But if the diagnosis of constiafor plant P uptake (competition
with microbes for P or dry weather) during the pdrof highest plant P demand is
aimed, late spring is a good sampling period. Hexesamples should not be taken
after harvests or long dry spells. For examplepbserved increasedc.Fafter dry
periods and reducedcPafter harvests. Sampling at such moments coukte&@n over-
or underestimation of the average P availabilitsirtuthe season. When,Rfluxes

and turnover are investigated the sampling shoeldriented along major changes of
the environment for the microbes. Such changesarsed in grasslands by
management (e.qg. fertilizer application, swardingjtand weather conditions (e.g. dry
periods or heavy rains). Such constraints areithegsrtant for analysis using dry soil
because the sources for variation (eqge)Rare drastically reduced or removed (see

discussion chapter 5).

Seeing the strong influence of soil moisture orvélability, climate data can support
the interpretation of P availability in the fielddasubsequent management
considerations. The observed P releases after gasfaglative drought might not be
plant available because of too low soil moistureHdransport in the soil and plant P
uptake (Dunham and Nye, 1976; Jupp and Newman,)198¢h a shortage can only
be relieved by irrigation. But irrigation of graastls might not be an economic or
practically applicable measure. Where irrigationas feasible or cannot be realized,
yield reductions must be accepted. With increasioglences of summer drought as
predicted in climate change scenarios (Schar ,e2@04) it might become necessary to
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adjust fertilizer recommendation and managemerttioes in regions with a high risk.
Models (or maps) using climate data in combinatiath the water holding capacity of
soils have been used to evaluate potential playativity for larger areas (Piedallu et
al., 2011). Similar approaches including spatiavRilability may result in useful tools
for precision farming and site specific fertilize’commendation (Betteridge et al.,

2008) or when potential land use is evaluated.

6.4.2. Microbial phosphorus — an underestimated fdor?

In addition to environmental factors and plant gitpwve found microbial P in the soill
to be a major factor affecting P availability. Moties in the soil have been found to
buffer or replenish and immobilize available Phe soil solution (Oberson and Joner,
2005). They are important mediators for P cyclingéf3on and Frossard, 2005) and
may be beneficial for plant P availability and &an the case of mycorrhiza (Smith
and Read, 1997). In an incubation study we labedt8ld taken from the three P
fertilizer treatments described in chapter fiveh#iP (Keller, 2010). We observed
enhanced®P recovery in R, in the P deficient soil (~40%) when compared titsso
with sufficient P nutrition status (30%) which wedegtilized with mineral or organic P
fertilizer, respectively. The turnover rate gfifin the field (Table 5.3) was also higher
in the P deficient soil than in the two P fertilizgoils during the season in 2009.
Although the Rjc stock in the 0-5 cm soil layer was always higlhantthe annual
sward P uptake (Table 5.3), there was no indicaifanbeneficial effect on plant
growth as often suggested in the literature (regaw Oberson and Joner, 2005).
Further, we found indications that a high microlitgbool in the soil may act as a
competitor for available P when plant growth ratéow and conditions for P transport
and plant P uptake in the soil are suboptimal. Hd.€1997) suggested that the
integration of R for P availability studies might improve the estiion and reliability
of P availability for plants in soils. In chaptérd we found no significant relationship
between plant P nutrition status ang®r the combination of | and R.s However,

in that study we had only three treatments and oohsidered P concentrations in
grasses. Using the data from the plant and saitiRators survey (chapter 2 and 3),
where we also measuregd;& showed no distinct relationship betweeg Bnd plant P

nutrition status whenyg. was used alone. For the sum @fBnd R, we observed
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specific relationships for each location (datastaiwn). But the ratio & Pnmic (Figure
6.1) revealed a strong exponential relationshiplant P nutrition status as described
by PNI over all treatments and locations. Whegwas lower than 10% ofR the

plant P nutrition status was significantly reduc€lis suggests that microbes may act
as a competitor for P under low soil P conditiortsis observation underlines the

importance of R for the interpretation of plant P availability pjermanent grasslands.
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Figure 6.1: The P nutrition index in grasses (Paglyelated to the ratio of.to microbial P (RsPhic)-
Trend lines with + 95% confidence range are shawn §7).

6.5. Plant, soil and environmental indicators in pemanent grasslands

6.5.1. A synthesis improves the phosphorus statusssessment

In the previous chapters we defined thresholdglmmt and soil P indicators (Tables
3.3 and 4.2). Each method can be used separatdPyrfatrition status diagnosis and
for fertilizer recommendation in permanent grasgtaidowever, neither plant nor soil
analysis is perfect to assess the P nutrition st&ometimes they result in
contradictory results. Such observations reflegtkihown advantages and
disadvantages of both methods (Marschner, 1998nmbination of both soil and
plant P indicators improve the assessment of thetftion status. However, to
understand the underlying processes and reasomgdliék observed P nutrition status
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it is necessary to integrate other factors suatodsnitation by other nutrients (Figure
2.3), environmental conditions and microbial Pfigure 6.2 | suggest a procedure how

to use the advantages of each method in an ineghdegnosis scheme.

1. Mineral nutrient analysis
Overview of nutrition status for many nutrients
Assess nutrient contents and monitoring

Phosphorus
P deficient P sufficient P surplus
P concentration < 2.1 mg g P concentration 2.1-3.5 mg g P concentration >3.5 mg g
PNI < 80 PNI 80-120 PNI >120
Fertilization: increased according to average reduced or ceased

plant P uptake

& Clarification recommended @

2. Soil phosphorus analysis
Classification according to plant P availability
Additional soil factors, e.g. pH, soil type

P deficient P sufficient P surplus

Paag < 8 Paag 8 -22 Paag > 22

Pres <4 Pres 4-10 Pres > 10
Fertilization: increased according to average reduced or ceased

plant P uptake

When plant P indicated deficiency @
and soil P is sufficient

3. Environmental indicators
Information about hydrology (drought periods?)
Consideration of other factors e.g. microbial P

Other management options to be considered

Figure 6.2: Integrated diagnosis scheme for swandtftion.
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The following steps for P nutrition status diagnasiply that the investigator does not

know anything about the grassland under investigati

1. As the first step for nutrient diagnosis of gtaads a plant nutrient analysis should
be conducted for as many nutrients as possiblen#&nsive nutrient survey is
relatively cheap and easy for plant analysis usitg) element analysis (ICP and CNS).
The samples should be taken in an early growth sthtfee grassland and only grasses
should be collected. A diagonal walk over the swaainpling a hand full of grasses
every 10 steps should be sufficient and represeatédimple and fast). The analysis
result should be interpreted for each nutrientgigie best available indicator and in
relation to the other nutrients to reveal poterd@limitation. Assuming that a
sufficient P nutrition status was identified (PNJ-820) the fertilizer recommendation
would be according to average P uptake by the tgated sward. For deficient or
surplus indicated swards an increased or redudedikzation would be

recommended.

2. This decision should be justified by an additiswl analysis to explore the reasons
for P deficiency or identify the severity of P anauation. The soil analysis should
include basic parameters affecting P availabistych as solil type, structure and pH,
and a routine soil P test with reliable interprietatscheme. When a deficient soil P
status is indicated the increased P fertilizat®ojustified. When a sufficient P nutrition
status is found, the P availability must be comsé@ by other factors such as pH, soil
structure, co-limitation with other nutrients (stBpor bad environmental conditions for
P uptake (step 3). In that case, the limiting fastmuld be eliminated before
considering P fertilization. When a surplus P niatni status is found fertilization
should be reduced or ceased. When soil P is stdvbthe maximum of the response
curve (class D, Table 6.1, see also Table 3.3.) aceztifertilization might be
appropriate. But when exceeding the maximum (d&ggke P fertilization should be

ceased to drastically reduce the risk of P losedsw@nimize inefficient fertilizer use.

3. In case of deficient plant P (step 1) and sigffitsoil P status (step 2), additional
clarification is needed. A reduced P availabilibedo bad environmental conditions
can be checked with meteorological data for theopdsefore plant sampling. Such
data are available for many regions in Switzerlapaneans of MeteoSwiss (IDAWEB,
2009). When the period before sampling was veryfehtylization should be according

to P uptake, assuming that this was a unique eVémén the drought period is repeated

115



every year the management should be reconsiderien\ifigation is not an option
(most likely for grassland) the fertilizer recomndation should be reduced to the
actual P uptake. Otherwise P fertilization is iredint and there is a risk for P

accumulation.

Of course not all the steps need to be always eghpiach step and tool can be used
independently but the reliability might be lowerh@éh soil analysis is directed by law
as in the Swiss direct payment scheme (BLW, 19898ht analysis can be used to
assist nutrient diagnosis and for quality contifdhe produced forage. Thus,
information about nutrients which are not covergabil analysis (S, micronutrients)

can be derived and imbalances in the plant nutréincoided.

6.5.2. Open questions and need for further research

1. The base for calculation and interpretation of DRhE for many nutrient
relationships should be refined to allow a genesal for nutrient diagnosis in

permanent grasslands.

2. Standard methods for plant analysis and their prit®uld be evaluated
according to practical applicability. Such informoat may give evidence for the

applicability and help to convince practitioners.

3. Soil analysis is well established but interpretaschemes should be refined
with respect to fertilizer use efficiency and risk P losses

4. Weather-induced P deficiency in permanent grasslan8witzerland is not yet
a topic for nutrient management but might becomgoirtant in the future with
increasing incidences of drought events. Poteetfatts on yield and
management options such as irrigation or the uskeaafght tolerant species and
cultivars should be evaluated

5. The role of microbes for P availability is not ye¢lunderstood. Especially the
microbial release and immobilization of P and élevance for plant growth and
the transition between symbiosis, mutualism andpeiition with changing

environmental conditions should be addressed hiiduresearch.
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6.6. Conclusion

* For the use of plant mineral analysis, we recomnasradysis of the grass
fraction. The phosphorus nutrition index was foumth¢ a very good and
reliable indicator for plant P nutrition statusgrasslands. Although less
reliable for the identification of surplus P nutit, the P concentrations in

grasses are applicable as well.

» The multi-element approaches using nutrient ratrd3RIS proved to be useful
tools when a holistic investigation of plant nunit status is needed. However,
we found that the basis for calculation and intetgiron is not yet satisfyingly
established for permanent grasslands. However, suefinement can be
achieved by integrating additional data and womlgrove nutrient status

diagnosis with plant analysis.

» Both plant and soil P indicators are valuable tooldetermine the P nutrition
status of permanent grasslands and can be uséttibzer recommendation.
With the thresholds established in this study,itivestigated indicators can be
interpreted for permanent grasslands under fietdltimns. A combination of
plant and soil indicators increases the reliabdityhe information (and the

resulting decisions).

* For the soil P indicators resin extractable P sektine best to identify P
availability in the soil. In connection with thisaysis, microbial P can be
estimated and a combination of both may improvaritexpretation for plant

availability.

* Paae and Ro2were shown to be applicable soil P indicatorsaulditional
parameters affecting P availability in the soil hé@ be considered for a reliable
interpretation, particularly fordd,. The comparison of the established
thresholds with the actual interpretation schenggests that the actual ranges
for interpretation in the Swiss fertilizer recomrdation can potentially be

reduced.

* When processes such as P turnover and P cyclirgjuadied under field

conditions, plant, soil and environmental indicatshould be integrated.
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Annex

Description of botanical composition

Les Verriéres is a subalpine grassland with fresiaist hydrology and slightly acid soll
reaction. According to Klotzli et al. (2010) thegetation can be described aBestuco-
agrostietum association (species-rich grassland with 30-5@dling species). The main species
we found wereAgrostis capitalaris, Anthoxantum odoratum, Festuca rubra agg., Luzula
campestris agg., Achillea millefolium, Plantago lanceolata, Hypericum ssp. andLeucanthemum
vulgare agg.. A transition to aArrhenatherion, Polygono-Trisetion association (increased
nutrient input and cutting) is indicated Wyactylis glomerata, Trisetum flavescens agg., Poa
trivialis, Lathyrus pratens's, Lotus corniculatus, Trifolium pratense, Vicia cracca, Alchemilla
vulgaris, Centaurea jacea, Polygonum bistorta, Ranunculus acris, Rumex acetosa, Taraxacum
officinale andVeronica ssp. (only species present in all investigated treats)e The generally
low agronomic value of this sward is due to therstiegetation period resulting in low dry mass
production (2 cuts per year) and the late firstwehich produces forage of low quality (low

protein and energy but high fiber content).

Watt is a naturally well drained mesic grasslanbiitaa (dry periods possible in summer) and
slightly acid soil reaction. The vegetation is amh#&naterion elatioris association (30-40 species)
reflecting the influence of fertilizer input. Chataristic species (found in all treatments):
Arrhenaterum e atius, Anthoxanthum odoratum, Cynosurus cristatus, Festuca pratensis/'rubra
agg., Holcus lanatus, Trisetum flavescens, Lotus corniculatus, Trifolium pratense, Vicia cracca,
Campanula patula, Crepis biennis, Galium album, Plantago lanceolata, Ranunculus acris,

Rumex acetosa. Species frequently found (most plots/treatmei@eitaurea jacea, Knautia
arvensis, Leontodon hispidus, Leucanthemum vulgare, Salvia pratensis andTragopogon
pratensis. Species indicating an increased nutritional stddactylis glomerata; Lolium perenne,
Trifolium repens, Vicia sepium andTaraxacum officinale (present in all treatments). In 2006 a
grassland flower mixture was sown in (for experitaéreasons) but did not show significant
germination in the year of investigation 2007. Bigeonomic value of the sward can be
substantial with relatively high dry matter yielaisd forage quality. Only the late first cut is of
minor forage quality.
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The location in Baldegg is characterized by a welimate and good hydrology with high
nutrient inputs and 4 to 6 cuts per year (withygkmhg cultivation background). Mean species
number in the investigated grasslands is 18-25aeylwere used only for silage. Vegetation can
be characterized as high yieldifgfolio-Lolion association. Characteristic specieslaoieum
perenne (always the main grasd)olium multiflorum, Dactylis glomerata, Poa pratensis/annua,
Trifolium repens, Rumex obtusifolius, andTaraxacum officinale (present on all swards). Also
observed werélopecurus pratensis, Festuca pratensis/rubra agg., Cardamine pratensis agg.,
Capsella bursa-pastoris, Cerastium caespitosum, Ranunculus ssp. andVeronica ssp.. These
grasslands are of high agronomic value becaudeeofhiigh biomass production and generally

high forage quality produced by early cutting (géda
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Additional information on plant analysis

o N1POK1 Watt y=0.07x+2.0,

e Al other non-K-deficient treatments  °=0.61***
n=130

10 20 30 40 50 60
N g kg™ ']

Figure A. 1: Relationship of N and P concentrationall non-K-deficient treatments (n=130) in tHzose ground
biomass of the grass fraction sampled at growthesBa4 (spike appearance to pushingpactylis glomerata. The
solid black line represents the linear regressimnfor all not K deficient samples excluding N1POR he dotted
line represents the critical curve (P=0.065N+1.5rd P in g kg) published by Duru et al. (1997). The grey field
marks the range of PNI between 80 and 120 propiskd satisfactorily P supplied. The coefficientofrelation

was calculated using the Spearman correlation £<0.001).
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Table A.1: Ranges of sufficient nutrient concembrag in permanent grasslands and selected grasgtenies from five literature sources.

Source  plant N P K S Ca Mg Fe Zn Cu Mn B Na
mg g* mg kg*
Bergmann (1993): sufficient mineral nutrient concentratipoa. 5cm aboveground beginning of flowering
Average grasses 26-40 3.5-6 20-30 6-12 2-6 -7@0 5-12  35-100 6-12
Dactylis glomerata 28-4 3-5 25-35 6-12 1.5-3 20-50 6-15  40-100 6-12
Lolium perenne 30-42 3.5-5 25-35 6-12 25 20-50 6-12  40-100 26-1
Festuca pratensis 26-38 3-5 21-35 6-12 1.5-5 20-50 6-12 35-100 26-1
Trifolium pratense 25-40 3-6 18-30 10-20 2.5-6 25-70 7-15  35-100 -6@5
Trifoliumrepens 28-40 3-5 17-25 10-20 2.5-6 30-80 6-15  35-100 25-60
Breuer et al. (2003): sufficient mineral nutrient concentratipheginning of flowering
Average forage grasses 24-40 2.5-6.0 20-40 1.0-6.0 5-15 28-140
Whitehead (2000): typical concentration ranges at leafy stafggrowth
Lolium perenne 20-35 2-6 15-35 2-5 4-8 1-3 100-200 15-60 3-15  30-300 2-8 500-4000
Trifolium pratense 34 2.7 20.7 2.1 18.4 2.1 85 24 7.4 44 27 400
Trifolium repens 35-52 2-6 15-35 2-5 10-20 154 100-300 20-40 5-12  30-200 10-40 500-4000
Barker and Pilbeam (2007):optimum or sufficient range
Forage grass 20-32 25-35 2-3.2 10-5C
Legumes 38-45 17-30 2-3.2
Lolium perenne 2.8-4.4  25-35 1.6-3.2 4.5
Dactylis glomerata 2.3-2.8 25-35 1.5-3
Trifoliumrepens 2.5-3 17-25 2-6 12
Trifolium pratense 2-8 18-30 2-6 93 16.1 20-60
Flisch et al.(2009): Ranges of nutrient element concentrationsilk samples
Intensive grasslat 22-27 34 20-33 812 23
Low intensity grassland  13-22 2.8-35 12.5-25 -128 1.6-2.6
Grasses pure stand 4-6 1.5-3.1

Legumes pure stand
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Table A.2: Mean mineral nutrient concentrationthia grasses, legumes and forbs in the first redgr@@08

sampled at vegetative growth stage.

Location

Grasses

Les
Verriéres

Watt

Baldegg

Legumes

Les
Verriéres

Watt

Baldegg

Forbs

Les
Verriéres

Watt

Baldegg

Treatment

N1POKO
N1P0.5K0.5
N1P1K1
N1P2K2
NOPOKO
N1POK1
N1P1KO
N1P1K1
NOP1K1
N1P1K2org
N1P1K2org
N1P1K2org/min
N2P2K1org |
N2P2K1org Il

N1POKO
N1P0.5K0.5
N1P1K1
N1P2K2
NOPOKO
N1POK1
N1P1KO
N1P1K1
NOP1K1
N1P1K2org
N1P1K2org
N1P1K2org/min
N2P2K1org |
N2P2K1org Il

N1POKO
N1P0.5K0.5
N1P1K1
N1P2K2
NOPOKO
N1POK1
N1P1KO
N1P1K1
NOP1K1
N1P1K2org
N1P1K2org
N1P1K2org/min
N2P2K1org |
N2P2K1org Il

Mineral nutrients

N P K S Ca Mg Fe Zn  Cu Mn B Na
mgg* mg kg™

18.4 18 13.4 3.0 3.8 17 52 35 4 303 4 470
18.1 2.5 17.3 2.7 3.3 15 56 27 4 352 3 141
18.8 3.3 219 2.6 3.4 14 59 33 5 388 4 95
17.9 3.3 229 2.6 2.8 13 700 30 5 412 3 135
14.9 1.6 13.0 1.7 3.9 15 33 36 3 262 6 214
18.9 1.7 23.5 2.0 2.4 13 27 26 7 317 5 140
16.8 3.1 15.1 2.9 3.7 2.0 25 26 3 228 6 343
19.0 3.8 26.7 2.5 3.2 17 26 28 4 301 6 196
17.0 3.6 24.0 2.3 3.0 15 24 27 4 305 4 279
21.1 2.6 26.0 18 3.6 15 33 30 5 101 6 274
18.2 3.9 27.6 3.9 4.2 14 24 18 5 35 5 181
24.8 4.9 33.2 2.3 35 1.7 35 21 7 58 4 1016
26.0 5.3 345 3.9 5.0 1.7 34 41 7 56 8 1055
25.7 4.8 30.8 21 5.1 1.6 31 31 6 21 5 543
38.2 3.0 8.3 2.3 11.4 3.2 80 47 10 68 26 58
35.2 3.0 10.7 1.9 13.9 3.3 109 38 9 87 25 59
36.6 3.6 14.7 1.9 11.7 2.9 87 35 8 66 21 73
36.0 3.8 25.2 1.9 12.1 2.9 96 40 8 99 17 57
33.9 3.2 12.2 2.8 13.3 2.7 68 44 11 91 27 226
324 2.0 18.6 2.5 10.0 2.7 60 41 13 94 22 250
40.5 4.5 11.8 3.1 11.2 3.3 85 49 10 88 32 733
36.3 3.5 20.7 2.2 13.6 3.6 70 33 8 86 21 361
32.0 3.4 20.3 2.1 14.0 3.7 69 28 8 104 21 274
35.9 3.1 22.1 1.9 13.9 3.4 73 42 11 48 25 357
44.6 51 25.5 3.0 16.7 2.3 86 21 8 31 29 802
39.1 5.0 24.8 2.2 13.0 2.5 119 31 10 37 26 3843
36.7 3.9 34.3 9.7 16.9 2.4 93 31 9 47 31 446
30.5 3.8 345 8.6 16.8 2.3 81 31 8 23 28 674
17.6 2.0 10.5 2.9 9.8 3.4 109 38 7 96 22 101
17.4 2.7 154 3.4 9.6 3.1 97 37 7 106 20 138
17.8 3.3 17.7 3.2 7.9 2.8 96 40 8 115 18 135
17.2 3.3 23.9 3.1 6.9 2.2 117 35 6 145 18 114
17.7 2.4 12.1 2.6 12.9 3.0 69 58 7 109 26 1145
20.4 2.5 23.4 2.7 11.1 3.0 66 38 8 180 23 446
19.8 3.9 16.8 3.5 12.6 3.7 62 45 8 109 25 602
22.3 3.7 222 2.2 14.4 3.4 76 44 9 86 24 744
20.5 3.7 22.7 2.4 11.7 3.0 5 40 8 105 22 456
21.7 3.0 23.9 1.9 13.0 2.8 75 45 9 44 24 752
22.1 4.4 31.6 2.0 8.2 2.1 38 20 7 23 28 747
24.1 4.2 29.3 17 11.9 2.6 67 30 8 45 30 1246
28.3 51 30.9 54 9.0 2.6 46 31 7 25 30 356
25.1 6.1 20.4 4.7 115 2.5 60 29 7 19 33 968
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Table A.3: Annual mean DRIS indices calculatedgi@sses using the norms and coefficients of vagifirmen
Bailey et al. (1997a).

Location Treatment DRIS - indices
N K P Ca Mg
Les N1POKO 6 -7 -4 -8 8
Verrieres  N1P0.5K0.5 9 0 11 -19 -1
N1P1K1 9 4 19 -23 -7
N1P2K2 14 12 26 -33 -14
Watt NOPOKO 6 -1 -2 -9 5
N1POK1 21 15 0 -33 0
N1P1KO 2 -9 16 -23 10
N1P1K1 10 7 18 -32 0
NOP1K1 10 8 22 -34 -2
N1P1K2org 16 14 5 -25 -5
Baldegg N1P1K1lorg 18 15 25 -33 -22
N1P1KZlorg/min 23 14 24 -44 -16
N2P2K2org a 19 12 26 -33 -19
N2P2K2org b 18 10 21 -28 -19

Additional results from DRIS and nutrient analysis

DRIS N indices were positive for all treatmentsegtcW-N1P1KO (Table A.3). Its negative
DRIS N might result from K deficiency which was ogfed to reduce N uptake by plants
(Cushnahan et al., 1995; Minotti et al., 1968). &ee W-NOPOKO was not fertilized at all
but had N concentrations (Table A.2) below 20 nfgupich is interpreted as N limited
(Bailey et al., 1997a; Bélanger and Gastal, 200d)showed a severe yield reduction, N
limitation should be considered as well as co-ktnan with other nutrients. However, the
positive DRIS N index and negative DRIS P, K andézal to the conclusion that in this
treatment N was not the limiting nutrient despiite kack of N fertilization. For many other
treatments we also found N concentrations belomgN g*, but these were not reflected
by DRIS N and had no effect on yield in the complettilized treatments (e.g. N1P1K1),
thus they could only be considered as a latentfididacy or a part of co-limitation with
other nutrients (see below).

The DRIS K (Table A.3) index in V was always loweaitithe P index, indicating that K
limitation was stronger than P limitation as it wagothesized in chapter two. The positive
DRIS P index for V-N1P0.5K0.5 indicates that P was severely limited and thus the

observed yield reduction is mainly caused by tHaritation. Consequently the K limitation
should be relieved by fertilization.
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The DRIS Ca indices were negative in all treatmantsthe Ca concentrations (Table A2) in
Les Verriéres and Watt were below the sufficiemgeof 4 to 8 mg§from Whitehead
(2000). Ca concentrations lower than 3.8 and 3.4jigere also reported for perennial
ryegrass and tall fescue from a non-Ca-limitingezxpent by Sinclair et al. (2006).
Loneragan and Snowball (1969) found no limitatiégrass production above 0.7 mg Ch g
Since the lowest Ca concentration in our invesiigavas 2.4 mg§in W-N1POK1, all
treatments were well above this threshold and @ausan be considered as not limiting. That
indicates that the published sufficient nutriemtges (Table A.1) do not necessarily reflect

critical values for plant growth.

The DRIS Mg index showed both negative and positataes. However, with the lowest
observed Mg concentration of 1.3 m§ e concentrations were within the sufficient mng
of 1 to 3 reported by Whitehead (2000). Conceraratiof Ca and Mg may decline either
because of competition with K or because of sulnogitgrowth conditions, e.g. drought.
Thus, a negative sum of DRIS Ca and DRIS Mg magcethe degree of limitation by non-
nutritional constraints such as growth conditiongegetation period if K deficiency is
excluded. Bailey et al. (1997a; 1997b) suggestatdRIS Ca+Mg can be used as an internal
standard other than yield when all other indicespasitive. A negative DRIS Ca+Mg was
observed in all treatments fertilized as recommdrateabove and confirms that growth was
not limited by P, N, K, Ca and Mg nutrition. Howeythe relationship of Ca and Mg to the
other nutrients in the DRIS calculation is notyulinderstood. Thus, DRIS Ca and DRIS Mg

should be interpreted carefully.

For the following elements | will only present ttesults. For Sulphur (S) only NOPOKO and
N1P1K2org in W were found below 2 mg 3which was identified as a critical value
(Barker and Pilbeam, 2007; Whitehead, 2000). Theesaive found for Fe (24 to 70 mgRg
were always below the sufficient ranges in literat{Table A.1). Although in the lower part,
the observed concentrations for Zn, Cu and B wetbe reported sufficient ranges from
Whitehead (2000), respectively. For Mn we found l@lues in the intensively used
grasslands in B, with an exceptionally low valudi2P2K1org Il. This grassland showed a
moist hydrology meaning a slow drying after rairgyipds (personal observation). Reasons
for that can be found in the landscape exposittiadowed most of the day) and relatively

high clay content in the soil.
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Figure A.2: Exemplary derivation of sufficient range and DRIS norm of N:P in grasses using a border
line procedure (BOLIDES).The data from this study plack circles, chapter 2) were combined with data
from another long term fertilizer experiment (DOK) in 2007 (red circles) from A. Oberson (personal
communication). The horizontal line at 100% dividesa high and low yielding sample population. This
level is set arbitrarily and divides a low range ofatios (high yield) from a high range of ratios (bw yield)

as needed for norm derivation.

Additional information on soil analysis
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Table A.4: Selected mean soil P indicators inves#id in this thesis as affected by location antlifr treatment. The least significant differer{t&D) was calculated
using an alpha of 0.05 for the three locations ply and for all locations together. The soihBicators are P extracted with gG€aturated water @3,), deionised water

(Pu20), anion exchange resin membranes)Rammonium-acetate EDTA (), ammonium-oxalate (5, sulphuric acid before (Pand after incineration (. The
isotopic exchange AfP within one minute (E.») and 30 days (5day9 is shown. Additionally we measured microbialPand organic P (R) and the degree of P

saturation (DPS).

Location treatment ®7 Pa20 Pes  Eimn’ Paae’ Eszodaye  Pox’ Pot  Pmc  Pog DPS
mg kg* g 100 ¢
Les Verrieres N1POKO 0.20 0.80 1.3 4.3 6.2 105 242117 565 56 448 3.72
N1P0.5K0.5 025 096 7.0 4.5 28.7 156 271 191 68%5 498 4.24
N1P1K1 039 120 153 49 28.6 185 304 254 733 51478 5.11
N1P2K2 055 213 334 65 431 220 384 350 842 39491 7.33
LSD 017 0.78 75 1.7 234 66 111 122 10 56 2
Watt NOPOKO 037 090 1.1 2.7 4.4 59 168 107 5814 3 474 8.81
N1POK1 034 076 1.0 2.1 4.9 52 195 68 692 33 624 9.53
N1P1KO 1.26 422 9.6 9.7 19.4 73 223 164 679 41 165 1391
N1P1K1 084 230 7.4 4.9 120 63 227 163 659 40 96 4  13.69
NOP1K1 086 247 7.0 5.3 11.8 76 219 155 731 37 765 12.65
N1P1K2org 096 3.03 1.1 7.6 7.1 75 192 179 713 52534 12.25
LSD 071 158 4.9 3.6 6.9 41 89 165 323 12 348 5
Baldegg N1P1K2org 460 1201 113 171 553 136 3 40538 1574 74 1036  43.56
N1P1K2org/min 1.77 6.70 118 125 31.3 169 471 2 601610 54 1008  26.45
N2P2K1org | 16.70 38.20 58.6 475 2385 212 743 1001 2104 51 1004  73.14
N2P2K1org I 10.70 41.75 545 57.0 239.3 276 8401439 2506 57 1067  85.12
LSD 10.03 6.34 9.3 252 884 69 91 307 308 9 204 28
LSD total a=0.05 6.77 4.44 86 172 615 68 112 244 350 12 284 14

2b¢methods were described in previous chapferschapter four? = chapter threé,=chapter five,
d EsodaysWas calculated according to fardeau et al. (1988) r/R calculated for 30 days month (43200 minutes)Rnd

¢ extraction with 0.5 M BS0O, before (P and after incineration at 550°C for 8 hourgPPorg = PorP,,

"DPS = (R/a(Al ox+Feyy))*100 (Schoumans, 2000). The factowas calculated as 1AR from Table A.7.
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Table A.5: Correlation coefficientp) of selected soil P with plant yield and plannBicators calculated by the Spearman's rank cdioela_evels of significance for
absolute valuegi > 0.42 p= 0.001p>0.37 p= 0.01p>0.27 p=0.05. Soil P indicators are described taitle Table A.4. Plant indicators are yield, tela yield, P
concentration, P uptake, the P nutrition index (Pitle N:P ratio and the P index derived from ttagydosis recommendation integrated system (DRIS R).derivation or
calculation of the plant indicators is describedd@tail in chapter two.

P indicator Yield Relative yield P-concentration P uptake PNI N:P DRIS P
(t ha'yr?) (%) (mg g") (kg ha'yr?)

Pco: 0.87 0.5 0.79 0.85 0.7 -0.41 0.59
Pu2o 0.85 0.54 0.84 0.87 0.75 -0.44 0.65
Pres 0.57 0.52 0.86 0.77 0.83 -0.67 0.76
Pric 0.39 0.34 0.4 0.37 0.29 0.05 0.14
Paae 0.63 0.53 0.86 0.77 0.83 -0.57 0.74
Pox 0.61 0.47 0.82 0.74 0.74 -0.42 0.65
Prin 0.7 0.57 0.82 0.79 0.74 -0.42 0.63
Porg 0.76 0.37 0.71 0.73 0.6 -0.28 0.51
Prot 0.74 0.53 0.84 0.81 0.77 -0.43 0.66
Eimin 0.75 0.49 0.77 0.78 0.69 -0.39 0.6
Esodays 0.41 0.45 0.65 0.55 0.62 0.4 0.53
DPS 0.82 0.39 0.68 0.76 0.56 -0.28 0.48
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Table A.6: Coefficients of correlatiop)(between selected soil P indicators calculatethbyPearson product-moment correlation. Levelgiificance:p > 0.42 p= 0.001.
Soil P indicators are described in detail in Tahlé.

Pindicator Ro: Pr2o Pree Paae Pox Prot Eimin  Esoday DPS
(mg kg') (g 100 §)
Pco: 1
Cr 0.86 1
Pres 0.79 0.88 1
Paae 0.91 0.96 0.91 1
Pox 0.80 0.92 0.91 0.91 1
P 0.82 0.94 0.87 0.93 0.96 1
Prot 0.79 0.90 0.79 0.87 0.95 0.96 1
E1min 0.78 0.97 0.83 0.9 0.89 0.91 0.87 1
Ezodays 0.54 0.65 0.78 0.71 0.81 0.79 0.71 0.68 1
0.80 0.94 0.71 0.87 0.86 0.89 0.91 0.90 049 1

DPS
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Table A.7: Selected parameters derived ffdexchange kinetics. See the description of théaaoein
chapter three (3.3.5.) sfaaysWas calculated according to Fardeau et al. (188#)y ¥R calculated for
30 days (43200 minutes) and(Pable A.4).

Location Treatment n r/R E1min Esodays
(mg kg
Les Verrieres  N1POKO 0.52 0.19 4 105
N1P0.5K0.5 0.49 0.21 4 156
N1P1K1 0.47 0.25 5 185
N1P2K2 0.42 0.33 6 220
Watt NOPOKO 0.39 0.38 3 59
N1POK1 0.45 0.36 2 52
N1P1KO 0.25 0.45 10 73
N1P1K1 0.32 0.47 5 63
NOP1K1 0.32 0.46 5 76
N1P1K2org 0.27 0.40 8 75
Baldegg N1P1K2org 0.21 0.66 17 136
N1P1K2org/min  0.28 0.55 13 169
N2P2K1lorg a 0.16 0.80 48 212
N2P2K1lorg b 0.16 0.70 57 276

Table A.8: Mean aluminum (4l), phosphorus (R) and iron (Fg) extracted with ammonium oxalate
and the calculated degree of P saturation (DPS$ ®HR,/0.5(Al+Fe,))*100 (Schoumans, 2000).
For DPQg; 0.5 was replaced by the value foriRrcalculated from Table A.7.

Location Treatment Al oy Pox Fe, DPS DP Sy
(mg kg (9 100 ¢
Les Verriéres N1POKO 1443 242 6591 6 4
N1P0.5K0.5 1522 271 6581 7 4
N1P1K1 1437 304 6494 8 5
N1P2K2 1489 384 6416 10 7
Watt NOPOKO 835 168 2301 11 9
N1POK1 889 195 2396 12 10
N1P1KO 811 223 2084 15 14
N1P1K1 870 227 2229 15 14
NOP1K1 891 219 2386 13 13
N1P1K2org 775 192 1909 15 12
Baldegg N1P1K2org 890 403 1945 28 44
N1P1K2org/min 1084 471 3197 22 26
N2P2Klorg a 985 743 2353 46 73
N2P2Klorg b 901 840 1747 64 85
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Table A. 9: Mean and standard deviation (sd) oktPaeted with CQ@ saturated water @3, and

ammonium-acetate EDTA fR:) as affected by location, treatment and soil sargpepth.

Location Treatment 8 (mg kg")
0-5 5-10 10-20 20-40
mean sd mean sd mean sd mean sd
Les Verierres N1POKO 0.20 0.04 0.21 0.12 0.16 0.23.01 0.01
N1P0.5K0.5 0.25 0.02 0.19 0.15 0.04 0.01 0.01 0.01
N1P1K1 0.39 0.07 0.17 0.02 0.05 0.02 0.03 0.01
N1P2K2 0.55 0.13 0.22 0.06 0.07 0.02 0.02 0.02
Watt NOPOKO 0.37 0.07 0.17 0.04 0.11 0.01 0.01 0.00
N1POK1 0.34 0.03 0.18 0.05 0.10 0.03 0.04 0.06
N1P1KO 1.26 0.38 0.36 0.17 0.16 0.05 0.01 0.01
N1P1K1 0.84 0.42 0.29 0.10 0.16 0.02 0.01 0.00
NOP1K1 0.86 0.30 0.29 0.14 0.15 0.04 0.00 0.01
N1P1K2org 0.96 0.34 0.46 0.09 0.19 0.04 0.02 0.02
Baldegg N1P1K2org 4.6 1.03 2.2 0.24 1.0 0.18 0.6 040.
N1P1K2org/min 1.8 0.48 0.7 0.16 0.4 0.17 0.0 0.02
N2P2K1lorg a 16.7 5.13 10.3 3.00 5.4 1.44 1.1 0.30
N2P2Klorg b 10.7 8.21 9.8 7.89 8.1 6.87 10.9 7.94
Pase (Mg kg')
Les Verierres N1POKO 6.16 1.20 3.51 0.54 1.82 0.23.10 0.31
N1P0.5K0.5 28.74 18.37 4.87 1.37 2.54 0.72 1.45 390.
N1P1K1 28.63 8.75 8.74 2.65 3.51 1.29 1.49 0.98
N1P2K2 43.15 4.83 13.65 2.26 4.30 1.22 1.91 0.62
Watt NOPOKO 4.37 0.86 3.37 0.90 2.42 0.83 1.01 0.41
N1POK1 4.88 0.93 2.67 0.47 1.75 0.58 0.89 0.29
N1P1KO 19.44 5.06 4,99 0.93 3.52 1.74 1.44 0.61
N1P1K1 11.98 457 4.63 0.88 3.16 1.16 1.25 0.30
NOP1K1 11.79 1.28 4.81 1.09 3.70 1.89 1.20 0.44
N1P1K2org 7.14 0.25 4.83 1.11 3.52 0.72 1.67 0.26
Baldegg N1P1K2org 55.3 4.96 36.5 5.61 20.0 251 8.83.79
N1P1K2org/min 31.3 6.60 18.9 3.04 14.1 3.88 54 372.
N2P2Klorg a 238.5 73.41 1954 62.80 137.0 33.40.7 49 17.43
N2P2Klorg b 239.3 43.82 189.1 29.80 1248 20.49 .346 11.38
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