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Roéle des phosphatases sécrétées par les champignect®mycorhiziens associés au pin
maritime (Pinus pinaste) dans la mobilisation du phosphore des podzols décosysteme
landais.

Résumeé

Le Pin maritime Rinus pinasterest largement planté dans le massif des Landeésadigest de

la France). Le phosphore (P) limite la croissarmescces sols et I'apport de fertilisants P est
commun pour l'alimentation des arbes en P. L’hypséhcentrale de ce travail est que
I'activité phosphatase (Pase) sécrétée par lesplaons ectomycorhiziens (ECM) associés
a P. pinasterpourrait hydrolyser le P organique (Po) de fratidabiles et augmenter la
disponibilité de P. Les relations entre les diffées fractions de P du sol, la croissance des
arbres et leur nutrition minérale et I'activité Bates ECM ont été étudiées au champ ou en
conditions controlées. Les propriétés des arbreduesol décrivent significativement les
variations des fractions de P et de l'activité Pasechamp. Les variations saisonniéeres des
pools de Po suggérent que P est mobilisé au prpgernimmobilisé en automne. Cependant,
la croissance dP. pinasterest significativement augmentée par la fertilmatP. L’activité
Pase dépend de multiples facteurs incluant I'age adores, I'humidité du sol et la
disponibilité de P. Des expériences en rhizotrankboratoire ont montré que l'activité Pase
des ectomycorhizes est forte dans les sols noilidést et faible dans les sols fertilisés.
Cependant, cette forte activité Pase n’est passante pour augmenter la biodisponibilité de
P dans les sols non fertilisés. Une croissancdiédgié deP. pinastera été obtenue dans des
échantillons de sol ayant recu une fertilisatiomptete NPK et irrigués au champ. Nous
suggérons que la forte activité Pase mesurée @msnsonditions a pu améliorer la nutrition P
des jeunes plantes.

Mots-clés Phosphphore organique, Activité phosphatase, Ghgnons ectomycorhiziens,
Disponibilité en P du sol, Rhizosphére, FertilisatiP






Role of phosphatase secreted by ectomycorrhizal fghassociated with maritime pine

(Pinus pinastej for the mobilization of phosphorus from podzols 6Landes ecosystem.

Abstract

Pinus pinastels a tree species planted at large scale in gbllandes located in southwest of
France. Mineral nutrients, particularly phospho(B% are major growth limiting factors in
these soils. Application of P fertilizers is a coonmpractice to increase P availability. The
central hypothesis of this work is that acid ph@dpbke secreted by ectomycorrhizal (ECM)
fungi associated witP. pinastercould hydrolyse labile organic P (Po) fractionsniorease P
availability. Studies aiming at determining theat&linships occurring among different P
fractions in soils, tree growth, mineral nutritiocand phosphatase activity of ECM
morphotypes were carried out in the field or inteolted conditions. Results showed that
plant as well as soil properties, significantly aédsed the variations of both P fractions and
acid phosphatase activity. Seasonal variation ofr&aions suggested mobilization of P in
spring and immobilization in autumn. However, P waghly deficient throughout the
ecosystem and growth &f. pinasterwas significantly increased by P fertilization field.
Acid phosphatase activity was linked to multipletéas including trees age, soil water
contents and P availability. Rhizobox experimemtdaboratory showed high phosphatase
activity in control soils and it was drasticallyaleased in fertilized plots. However, this high
phosphatase activity was not enough to increaseaiahility in control soils. A steady
growth response d?. pinasterwas observed only in soil samples from the fieithwrigated
NPK treatment. It was suggested due to high phdapbaactivity resulting to ameliorate P
nutrition of young seedlings.

Key words Organic phosphorus, Phosphatase activity, Ectamydzal fungi, Soil P
availability, Rhizosphere, P Fertilisation
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Introduction

Introduction générale

La forét des «Landes des Gascogne », située danslleuest de la France, représente
la plus grande surface forestiére plantée en Eurbpemassif est en effet planté par une
monoculture de pin maritimd’{nus pinasterAit in Soland), sur environ 1 million d’hectare
(Inventaire Forestier National, www.ifn.fr). Lesntpératures et les précipitations moyennes
annuelles de la région varient entre 10-15 °C 6tI7Z0 mm respectivement. Les sols de ce
massif sont issus d’'une déposition éolienne deesgioissier, au cours du Pléistocéne. Ils sont
caractérisés par leur acidité, leur faible fedildt leur richesse en matiere organique. Ces
caractéristiques les situent dans la catégorieod@mls Entique a Albique » (Food and
Agriculture Organisation (FAO)/International Unioaf Soil Science 2006). Selon la
profondeur de la nappe phréatique, un horizon spedicimenté peut se former a une
profondeur variant de 40 a 100 cm (Trichet et 809).

La tres vaste majorité des surfaces boisées santdels, et leur production a doublé au
cours des quatre dernieres décennies grace auguaside gestion forestiére. Seule 6,5% de
la superficie forestiere totale de la France estupée par le pin maritim&lalgré cette faible
superficie, elle assure plus de 20% de la prodadtiancaise de bois de résineux (Bert and
Danjon 2006). La fabrication de papier, de meuld¢sd’emballages, ainsi que toute
lindustrie de transformation de bois qui sont alits dans la région, assurent plus de 34000
emplois (INSEE Aquitaine n°® 160 Novembre 2006).

Dans le cas d’'une production intensive il est nemies de développer une bonne
stratégie de gestion pour maintenir une fertilpéroale de ces sols sableux, tout en ayant une
production élevée et durable (Trichet et al. 198@)ns cette optique de production, des essais
ont été menés en appliquant une fertilisation &zet@hosphatée (Bonneau 1995). Toutefois,
P reste I'élément nutritif majeur le plus limitambur les foréts (Attiwill and Adams 1993;
Aerts and Chapin 2000; Comerford et al. 2002). Alktinent, plus de 60% de la superficie
forestiere est traitée avec P minérale. Ce traitemst appliqué en une seule fois ou deux fois
durant toute la durée de vie du peuplement. Cemnbieffet de I'apport d’une fertilisation
annuelle sur la productivité des arbres est étadiparcelles expérimentales (Trichet et al.
2009).

La faible fertilité des sols en P peut avoir difiéres causes qui sont la faible teneur en
P total, I'association du P avec les argiles, laiéna organique et les ions métalliques Al ou
Fe sous forme d’oxydes insolubles, tres peu dispesipour les plantes. Environ 70-90% de

P apporté par fertilisation peut se trouver indisple, contribuant a une absence d’effet de la
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fertilisation P apportée a la production des cekufHolford 1997). Enfin, une grande
proportion de P (Jusque a 80% du P total) peutrmaver immobilisé sous forme de
molécules organiques diverses (Condron and Tie288b; Achat 2009). L’'application
d’engrais minéraux est une pratique habituelle desmsystemes agricoles mais il existe trés
peu de travaux sur I'application de fertilisantsnéraux dans les systémes forestiers. La
productivité dePicea abieq(L.) H. Karst) et dePinussylvestris(L.) en Suéde (Axelson and
Axelson 1986)Pinus taedaL.) aux USA (Albaugh et al. 1998pinus radiata(D. Don) en
Australie (Waterworth et al. 2007) et & pinaster(Trichet et al. 2008) en France, a été
augmentée en optimisant la disponibilité des élésentritifs. Trichet et al. (2009) ont
récemment suggéeré que la fertilisation dans les deks Landes permet d’augmenter le
volume cumulé de bois de 20 a 40% au cours d’'ule @& production ou de réduire de 4 a 5
ans le temps du cycle de production.

Bien que le role des fertilisants phosphatés damnsélioration de la productivité des
sols pauvres en cet élément soit prouve, leursatibn suscite toujours des interrogations et
ce pour plusieurs raisons: le colt élevé des iatits, source naturelle limitée et non
renouvelable, leurs dangers potentiels sur la egbar le processus d'eutrophisation. Pour
toutes ces raisons, I'étre humain doit bien gédesdilisation phosphatée.

En réponse a la déficience en P, les plantes medtermeuvre différentes stratégies
pour répondre a leurs exigences en P. Une premsigagie consiste a modifier le systeme
racinaire en augmentant la surface d’échange. Ugmeantation du nombre de racines fines a
été observée dans les sols pauvres en P par rappodols riches en cet élément, chez les
coniféres comméinus taeda(Albaugh et al. 1998, Maier and Kress 2000)Petpinaster
(Achat et al. 2008). Une autre stratégie consistiév@elopper un systéeme d’acquisition plus
efficace du P en sécrétant des acides organiquegsephosphatases dont le role est de
mobiliser le P complexé du sol. Ces phénoménesammtis par les microorganismes de la
rhizosphére et la symbiose avec des champignonsrmyriens (Casariret al 2004). La
symbiose mycorhizienne est considérée comme léégteala plus répandue pour accroitre
'acquisition de P par les plantes (Smith et aD@Q0 Les plantes ligneuses, gymnospermes et
certaines angiospermes, qui croissent dans lesn®dioréales et tempérées forment des
associations symbiotiques avec les champignonsngctirhiziens (Marmeisse et al. 2004).
Ces derniers peuvent augmenter la surface d’aligorgés plantes mycorhizées, comparée a
celle des plantes non mycorhizées, par le développedes hyphes dans le sol (Rousseau et
al. 1994). Dans une plantation de Pin non ferglisiigée de 13 ans, Bakker et al. (2009) a

signalé que la longueur des hyphes des ECM esti&Ssfipérieure a celle des racines fines.
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lls représentent 96% de la longueur totale destsires absorbantes (racines fines + hyphe).
En plus de 'augmentation de I'exploration du $e$, ECM liberent des phosphatases dans les
milieux de culture (Tibbett et al. 1998, Quiquampand Mousain 2005) ce qui pourrait avoir
un réle crucial dans la mobilisation du Pi a paités pools de P organique des sols.

A ce jour, une étude approfondie a été effectués paractériser la composition des
pools de P dans I'écosysteme landais (Achat, 20D&pendant, les relations entre les pools
de P dans cet écosystéme et les activités des Ipitasps sécrétées par les ectomycorhizes
associées &. pinastern’ont jamais été étudiées. Dans ce travail, noum& conduit une
étude dans différentes parcelles de Pin maritinoés@s pour les modes de fertilisation en P
variés et I'age des plantations. Nous avons taalba‘d déterminé la taille des différents pools
de P par les méthodes chimiques habituelles. Nemssaaussi comparé la taille du pool de P
facilement disponible obtenu par extraction chimigavec les résultats obtenus par des
approches plus sensibles et plus avanceées tels queetique des échanges isotopiques du P
inorganique soluble dans le cadre d’'une collabonaséivec I'INRA de Bordeaux. Nous avons
également déterminé l'activité de la phosphatagde abes ectomycorhizes associées aux
racines deP. pinaster au champ et en chambre de culture. Nos résudtatgpermis (i)
d’evaluer la contribution réelle des fractions aed@ns les sols forestiers (ii) de déterminer la
variabilité des phosphatases acides des ECMs atiorelavec le statut P du sol (iii) de
déterminer les fractions de P utilisées par lesitpka mycorhizées et leur relation avec

I'activité phosphatase.
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General introduction

The forest in Landes of Gascogne are situated uthseest of France, and represent
the largest planted forest in Europe. It is compasemonoculture of maritime pind’ihus
pinasterAit in Soland), covering a surface area of ca llioni hectare (Inventaire Forestier
National; www.ifn.fr). The average annual temperatand rainfall of the region range
between 10-15 °C and 750-1250 mm respectivelysSoi developed from a coarse sandy
Aeolian parent material deposited in the Pleistecamd are characterized as acidic, unfertile
and rich in organic matter. These can be class#i®dEntic to Albic spodosols (Food and
Agriculture Organization (FAO)/International Uniah Soil Science 2006). Depending on the
depth of water table, the lenses of a cementedispadizon can occur between the depth of
40 and 100 cm in the soil (Trichet et al. 1999).

The whole range of forest is almost planted antthénlast four decades, its production
has doubled due to forest management practiceBodgh only 6.5 % of total forest area in
France is occupied B. pinaster it produces over 20 % of total softwood in Frafi8ert and
Danjon 2006). Large number of paper, furniture,kpay, construction, transport and other
wood processing industries are established inrdgsn, producing over 34000 employments
(INSEE Aquitaine n° 160 November 2006).

This intensive woodland production in sandy soNgh low mineral nutrition needs
integrated management strategies, to maintain aptawil fertility (Trichet et al. 1999) for
high and durable forest production. In order taagobhigh production various fertilizers trials
have been conducted including both nitrogen andspinarus applications (Bonneau 1995).
However P remained major limiting nutrient in fdres well as crop lands (Attiwill and
Adams, 1993; Aerts and Chapin 2000; Comerford eR@02). P fertilizers are applied in
about 60 % of forested area of the region. Thertreat of P is commonly applied once or
twice during the rotation period of stand. Howevtre effect of annual fertilization on
productivity of trees is also studied in an expemtal plot (Trichet et al. 2009).

Low P concentration in soils could be due to it® lmtal P contents in soil, high
fixation capacity with clay, organic matter and atebns (Al, Fe) forming insoluble oxides.
Once the P fertilizers are applied, ca 70-90 % dieflizers is adsorbed and becomes
unavailable without giving any immediate contriloatito crop production (Holford 1997).
Moreover, a major proportion of P is immobilized tiee form of organic molecules. The
studies have demonstrated that upto 80 % of totaluRd be found in organic forms (Condron

and Tiessen 2005; Achat 2009). Application of mahéertilizers in cropping systems has
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been a common practice but in forest system thebeunof studies is limited. The
productivity of Picea abieq(L.) H. Karst) andPinussylvestris(L.) in Sweeden (Axelson and
Axelson 1986)Pinus taedalL.) in USA (Albaugh et al. 1998Rinus radiata(D. Don) in
Australia (Waterworth et al. 2007) arfl pinaster(Trichet et al. 2008) in France, was
increased by optimizing nutrient availability. Thet et al. (2009) recently suggested that P
application in the soils of Landes could increaBet@ % cumulative volume at rotation age
or reduce 4-5 years rotation agdofpinasterstands.

Although P applications are proven important managyg practices to increase forest
productivity in soils with P limitation, their use interrogated due to high rising cost of
phosphate fertilizers, limited and non-renewabletura resources, and its potential
environmental hazard by degrading the surface whteugh the process of eutrophication.
For all these reasons, one should develop bettegies of P fertilization and optimum Pi
availability in soils.

Plants develop various strategies to fulfil thereBuirements, such as modification of
root structure by increasing the exchange surf@nencrease in fine roots has been reported
in low fertility soil as compared to high fertilitgoils in coniferous species such Risus
taeda(Albaugh et al. 1998, Maier and Kress 2000) Bnginaster(Achat et al. 2008). Plants
also develop efficient P acquisition strategieshat level of their root system, by secreting
phosphatase enzymes and organic acids which cooldlize unavailable P in soils. These
processes are enhanced by rhizosphere micro-ongar@ad mycorrhizal symbiosis (Casarin
et al. 2004). Mycorrhizal association between plantd fungi is considered as the most
prevalent strategy to increase phosphate acquisiioplants (Smith et al. 2000). Woody
plants, the gymnosperms and several angiospermmargyon boreal and temperate regions,
have a symbiotic association with mycorrhizal futtgat form ectomycorrhizal (ECM) roots
(Marmeisse et al. 2004). The ECM fungal species aagment the absorbing surface of
mycorrhizal plants compared to non mycorrhizal tdague to extended hyphal development
in soil (Rousseau et al. 1994). In 13-year Bldpinasterunfertilized plots, Bakker et al.
(2009) reported that ECM hyphal length was 25 tirhagher than that of fine roots. It
represented ca 96% of total length of absorbingctire (fine root + hyphae). In addition to
increased soil exploration, ECM fungi have exhibite release of phosphatase in culture
medium (Tibbett et al. 1998, Quiquampoix and Moas2005) that could play a crucial role
to mobilize Pi from organic P pools in soils.

To date, a single comprehensive study has beerorpedl to characterise the

composition of P pools in this ecosystem “Landdisthat 2009). However, relationships
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between P pools in this ecosystem and phosphatdsatyasecreted by ectomycorrhizal
(ECM) fungi symbiotically associated with pinasterhave never been studied. In this work,
we aimed at conducting such a comprehensive stndg, range ofPinus pinasterplots
differing mainly by the management of P fertilizatipractices and age of plantations. First,
we determined the size of different P pools, bytireuchemical extraction methods in these
soils. The results of plant available P (Olsen IBtamed were compared with those obtained
in these soils using more sensitive and advanceoapp of isotopic exchange kinetics (Pi-
isotopic dilution) in the frame of project collalation with INRA Bordeaux. We also focused
on the determination of acid phosphatase activityea@omycorrhizae associated with
pinastertrees in the field as well as with the young siegglin growth chamber. Our results
would help 1) to evaluate the actual contributibmm@anic P in total P present in forest soils
2) to determine the variability phosphatase agtivit ectomycorrhizae in relation to soil P
status 3) to determine the pools of P, from whicdomycorrhizal plants take up P and what is

their relation to phosphatase activity.
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Chapter 1

CHAPTER 1

Literature review

1. Biological importance of phosphorus

Phosphorus (P) is an element fundamental to lifepldys important role in the
structure and functions of all living organismsislan integral part of cell components such as
phospholipids, and nucleic acids. It is also ineolvn storing and transferring biochemical
useful energy through the phosphate anhydride baridw examples of important biological
compounds with P are shown Fgure 1.1, with their structural formula (Plante 2007).
Agronomically, it is second major nutrient aftetragen and a sufficient amount of P is

necessary for plants in order to complete itsdifele.

2. General cycle of phosphorus

Chemically P is a highly active non metal elemevttich is present on earth as two
major forms i.e. inorganic P (Pi) and organic P)(P@cording to Walbridge (1991), P cycle
in the soil is divided into two subsystems (figdr@). These are geochemical subsystem (Pi
forms) and biological subsystem (Po forms). Botbojpemical and biological subsystems are
further characterised respectively into Pi and Bolg The concentrations of Pi in soil
solution depend on the soils properties, biogeoat@mprocesses (mineralization/
immobilization, adsorption/desorption, precipitatidissolution and ion exchange), soil
parent material and environmental factors (biotid abiotic).

The major input of P in soil is rock derived, whistrictly restricts its input rate and
makes it exhaustable (Walker and Syers 1976). kappem highly weathered soils where P
is no longer supplied from its parent material dndt deposition is the major input source in
these cases (Vitousek 2004). At the same timemibiality of P in soils is restricted and few
losses of P through leaching can occur, where @ssolved organic matter may lead to its
depletion with the passage of time. Other potemtisdes of P from soils could be harvesting
of vegetation and soil erosions. Phosphorus doeshmaw large microbially mediated fluxes
as it is not used as a primary energy source farahial oxidation. Nevertheless, soill
organisms are ultimately implicated in the cyclio§ soil P. They contribute in the
solubilisation of inorganic, mineralization of orga and immobilization of available soil P.
Collectively, both biological and geochemical cgchre strongly interlinked and significantly

affect the rate of various biological or geochernpracesses.
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Figure 1.1 Organic phosphorus compounds. (a) Inositol. Vegisix phosphorus substitutions on a ring (C-P
linkages), it becomes inositol hexaphosphate. Fewbstitutions yield 1-, 2-, 3-, 4-, or 5-phosptgitiinositol
phosphates. (b) Phosphoglycerides (C-O-P linkagd®\wn linked to serine, inositol or choline. (d¢)oBphate

sugars. (d) Nucleic acid components (adapted frizmt® 2007)
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Figure 1.2: Schematic representation of phosphorus cycle stimgiof a biological subcycle in the upper right
and a geochemical subcycle in the lower left (Wt 1991).

3. Nature and forms of phosphorus in soil

Phosphorus in soil is present in the form of inargand organic phosphates and their
derivatives. The primary mineral form of P is apgtwith the basic formula G#POy)sX2,
where Ca can be substituted with Na, Mg and i&anion and it could be FCI', OH and
COs* (Paul and Clark 1989, Frossard et al. 1995). Tilerse combinations of cations and
anions result in over 170 forms of inorganic P (el 1997, Plante 2007). Fluorapatite
(Cag(POy)eF>) is the most common apatite mineral found at tiréhe

Organic compounds of P are largely derived frommiptasidues, microbial cells, and
metabolic products. The components of soil organatter are often similar to the source
materials (Bonneau 1995). Approximately 1% of thegaaic phosphorus is in the
phospholipids fraction; 5 to 10% is in nucleic acat degradation products, and up to 60% is
in an inositol polyphosphate fraction (Turner et2fl05a, Quiquampoix and Mousain 2005).
A significant portion of the soil organic fractiaa unidentified. Total P in soils has been
estimated ranging from 200-1500 mg P'Klylengel and Kirkby, 1987) or 100-3000 mg P kg
! (Frossard et al. 1995).
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3.1. Inorganic form of phosphorus

The only form of P taken up by plants is orthoplagp (HPG?, H,POy) (Ullrich-
Eberius et al. 1984, Furihata et al. 1992), whilenPsoil solution rarely exceeds 10 uM
(Bieleski, 1973; Marschner, 1995; Schachtman et #)98; Hinsinger 2001). The
orthophosphate ions are mostly associated withnsiierals like clays, oxides of Fe and Al,
and carbonates forming mineral phosphates. Depgndpon the availability of mineral
phosphates as plant nutrient, it is classified thtee pools. The dissolved phosphates in soil
solution, the phosphates adsorbed at the surfaceiraral easily mobilized (labile pool) in
soil solution during plant growth and the phospbadteat are strongly adsorbed (non labile
pool) on the mineral surfaces (Mengel and Kirkb§72)0

The presence of orthophosphate (HP@,POy) ions and their relative concentration
in solution is controlled by soil pH (Lindsay 1973arber 1984, Mengel and Kirkby 1987).
Table 1.1gives the three reactions of dissociation of phosp acid and the values of acid
dissociation constant (pKa) indicate that HP@nd HPO, ions are the dominant forms
between pH 4-7, pH values occurring in most of gb#és. pKa is the negative logarithm of
acid dissociation constant (Ka). The Ka and pKamfacid are calculated by the following
equation:

-log [Ka] = -log [H] = log [A]/[AH] —= pKa = pH - log [A]/[AH]

Where, A in the equation represents the anion &sdcin an acid. Both mono- and
di-orthophosphates are present in equilibrium attnaé pH. The pH value of soil above or
below neutral indicates the abundance of kP& H,PQ, ions species respectively in soils

solution.

Table 1.1: Dissociation constants of orthophosphoric acidsatgtion reactions (Lindsay
1979).

Dissociation Equilibrium reaction pKa
1 HsPOy = H™ + HoPOy 2.15
2 H.PO; = H' + HPQ” 7.20
3 HPQ” - H" + PQ* 12.35

Orthophosphate ions are capable of making assoeiatith other chemicals in the
soil to form complex ions called ligands. They hatreng ability to make complexes with Ca
and Mg in alkaline soils and Fe and Al in acididssdn alkaline soils Pi is converted into

insoluble calcium phosphates, but in acid soilssitconverted into Fe and Al insoluble

12
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phosphates. Hence, in both cases, the concensatibsoil solution Pi remain very low.

Nevertheless, the speciation of Pi depends uporptesence of other competitor ligands
particularly organic anions (Hinsinger 2001). Mdteen one half of the inorganic P is
associated with soil solid phase and at solid-tiguiterface numerous physicochemical
processes (adsorption/desorption, precipitatiosddistion) play crucial role in the regulation
of Pi concentrations in soil solution (Frossardle2000, Hinsinger 2001, Morel 2002).

On the other hand, fertilizers are applied to iasee the availability of P in soil
solution. Well known chemical forms of phosphorestifizers are ammonium or calcium
phosphates. Here again most of the P applied akzfs (ca 80 %) is rendered unavailable
for plant uptake due to its fixation with catiomsl @nd Fe) and minerals at exchange sites
(Fontes and Weed 1996). This fixation of appliedvith cations is also converted into
precipitated mineral phosphates. However, the ibwaand availability of P after addition of
fertilizers depend on the type of fertilizer add@dono-calcium phosphates, di-calcium
phosphates and tri-calcium phosphates etc), hunitiimperature and time of application
(Barber 1984).

3.1.1. Factors affecting P availability in soil

3.1.1.1. Adsorption and desorption of P ions

The adsorption corresponds to the passage of patespons from soil solution to
solid phase through electrostatic or ligand exchasggsociations. The amount of P adsorbed
at the constituents of soil surface like oxides hpdroxides of Fe and Al is variable. These
oxides and hydroxides have different surface pidsriwhich are subjected to soil pH and are
capable of holding phosphoric ions by electrostatiion or the formation of ligands with
other chemical identities producing variable chargéhe phosphate ions are negatively
charged, so they are adsorbed at the positive etiaites including clay minerals and oxides
of Fe and Al in case of acid soil (Barrow, 1987nsinger 2001). The P ions are adsorbed,
either directly at the broken edges of clay mire@ indirectly through polyvalent cations
like Fe and Al. Since the adsorption is surfacenphgenon, it often takes place at the
interface of solid and aqueous phases.

Soil pH plays an important role in the adsorption @esorption of phosphates. The
charge on the surface of Fe and Al oxides vary whith pH (Strauss et al. 1997). The high
point of zero charge for metal oxides (generallgeen pH 7 and 10) makes them positively

charged in most of the soil pH ranges. In acid guil 4), the metal oxides possess strong
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positive charges which result into strong adsorptd negatively charged (mono-valent or
divalent) orthophosphates (Strauss et al. 1997sikger 2001). Thus adsorption of P ions to
the surface of Fe and Al oxides at low pH couldilie a stronger retention of P, ultimately

reducing the Pi availability and it mobility. In miwast, desorption of Pi occurs by reducing
the concentrations of P ions in soil solution ancréasing the concentrations of competitor
anions. In both the cases, adsorption-desorptianlilzgqum shifts towards the desorption

(Hinsinger 2001).

3.1.1.2. Precipitation and dissolution of P ions

Phosphate ions are able to combine with numeroemesits to form mineral
phosphates. Principally, the precipitation takex@lwith Fe, Al and Ca (Lindsay et al. 1989).
In calcareous soils with neutral or alkaline pHe tavailability of P is reduced by the
formation of insoluble calcium phosphate (Sampleaket1980). The precipitation of ion
phosphates is increased either with increasing pHC@ concentration. But, if soils are
strongly acidic (pH less then 4.5), the abundaridéecand Al induces formation of insoluble
or sparingly soluble Fe and Al phosphates. TherfeeAd phosphates are initially amorphous
and bear large surface area per gram of soil. W @hous forms are converted to crystalline
forms with the passage of time. The increasingtahysty reduce surface area, which is
associated to decrease Fe and Al phosphates nsin8iatilarly, very high pH (pH > 8) on
one side increases precipitation but on the othadht could limit adsorption of phosphates
(Mengel and Kirkby 1987) by decreasing surface #ineaugh increasing crystalinity at very

high pH in alkaline soisl.

3.1.1.3. Organic matter and sorption of P

In addition to phosphorus mineralization and imnfinhiion, it appears that organic
matter has indirect, but sometimes inconsistergcedfon soil phosphorus reactions. Lopez-
Hernandez and Burnham (1974) reported a positiveeladion between humification (the
process of formation of humus i.e. partially dechgeganic matter) and phosphorus-sorption
capacity. In contrast, Wild (1950) concluded tlet phosphorus-sorption capacity of organic
matter is negligible. It is often observed thatamig matter hinders phosphorus sorption,
thereby enhancing availability. Humic acids andeotbrganic acids often reduce phosphorus
adsorption through the formation of complexes (atesl) with Fe, Al, Ca, and other cations
that react with phosphorus (Bradely and Sieling3l99agaraja et al. 1970; Holford and
Mattingly 1975).
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3.1.1.4. Characterization of P pools in general@gvmic terms

Phosphorus availability has been often characenzegeneral terms (a) as solution
phosphorus, often known as the intensity factoragreadily available or labile phosphorus,
often known as the quantity factor, and (c) as ladwle phosphorus (Sanchez 2007). The
labile fraction might include easily mineralize-aldrganic phosphorus, low-energy sorbed
phosphorus, and soluble mineral phosphorus. Thdaimlie fraction might include resistant
organic phosphorus, high-energy sorbed phosphand, relatively insoluble phosphate
minerals. As plants take up phosphorus from theatwl, it is replenished from the labile
fraction, which in turn is more slowly replenishéy the non-labile fraction. The saill
buffering capacity, indicator of the capacity factgoverns the distribution of phosphorus
among these pools (Sanchez 2007). In other studgggrd et al. 2000) the intensity, quality
and capacity factors of Pi availability have beeafirded with reference to Pi estimated by
method of*?P-isotopic dilution. The intensity factor is proeitl by concentration Pi in soil
solution, the quantity factor is provided by thecamt of isotopically exchangeable Pi and
capacity factor is provided by the rate of disapaeee of radioactive Pi from soil solution.

3.2. Organic forms of phosphorus

The compounds with hydrocarbon bonds are namedgaic compounds, and the
presence of P in these compounds linked either @itin H signifies organic phosphorus. The
list of organic P compounds is still undefined hesmaa significant number of organic P
compounds are uncharacterised (Turner et al. 200%b@ner et al. 2005b). Organic
compounds of P are largely derived from plant nessi microbial cells, and metabolic
products. The most common forms of organic P ith wagh their structure and origin are
summarised ifrigure 1.3 The phospholipids present in soil as cholineltdeam hydrolysis
of lecithin, similarly nucleic acids that enter thsoil are degraded rapidly by soil
microorganisms (Anderson 1967, Ko and Hora 1970 Gonstituent parts of nucleic acids
are identifiable in hydrolysates of soil extracthiese include cytosine, adenine, guanine,
uracil, hypoxanthine, and xanthine. The last twe @@composition products of guanine and
adenine. The more stable, and therefore more abhtnd@nstituents of the organic
phosphorus fraction are the inositol phosphatessitol polyphosphates are usually
associated with high-molecular-weight moleculesasted from the soil, suggesting that they
are important component of humus (Omotoso and \MIdD, Steward and Tate 1971). While,
the sizes of the organic P pools in soil generaligur in the order inositol phosphate >

polymer organic phosphate > nucleic acid P > pholgpld P (Turner et al. 2005a,
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Quiguampoix and Mousain 2005), the concentratiohshese pools within the soil biota
occur in the reverse order. Moreover, the proportd these compounds may be higher in
forest soils (Attiwill and Adams 1993, Turner et 2005a). Organic compounds containing P,
particularly inositol phosphates, are sparinglyilalde because they are adsorbed by clay
minerals and form complexes or precipitates witides of Fe and Al in acid soil or Ca and
Mg in alkaline soils. Celi et al (1999, 2003) refeor the adsorption ofnycinositol
hexakisphosphate (phytate) on pure iron oxidespdmytlosilicates. However, the adsorption
of organic phosphorus may take few hours to daysrr(®v and Shaw 1975) to attain
equilibrium. Desorption of inorganic and organicmpphorus was found to increase with pH
(Celi et al. 2003, Martin et al. 2004), with thergentage of phosphorus saturation (He et al.
1994, Martin et al., 2002) and in the presenceooffmeting ligands such as citrate, oxalate or
carbonate (Martin et al. 2004).

Functional class Example compound Structure Comments

OH

|

HO—P—0
(0]
Phosphate monoester D-Glucose ﬂ OH Common sugar phosphate. Other sugar phosphates
6-phosphate i OH include glucose 1-phosphate and fructose
OH 6-phosphate

Phosphate monoester myo-Inositol
hexakisphosphate

(phytic acid)

OPO,H,

Dominant organic phosphorus compound in plant
seeds and most soils, where it is strongly
stabilised. Regarded as relatively recalcitrant in
the environment

R~C—0—CH,
7
Phosphate diester L-a-Phosphatidyl R—C—0—CH o CH, Phospholipid commonly found in plants and
choline (lecithin) | | microorganisms. One of the two common
HZC—O—|||=—O—CH2—CH2—E‘j —CHs phospholipids in soil
o} CH,
NH,
N | N\>
e

Adenosine
5'-triphosphate

Organic polyphosphate

Phosphonate 2-Aminoethyl

phosphonic acid

H,N— CH,— CH,— P— OH

OH

Involved in biochemical energy transfer. Uridine,
cytidine, guanosine and thymine triphosphates are
also common in biological systems

Most common naturally occurring phosphonate,
found in a variety of organisms and cold, acidic
soils

Figure 1.3: Common soil organic phosphorus compounds (addpsedTurner et al. 2005a).
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The extent and the rate of adsorption of organiesphorus in soils, sediments, and
onto their minerals depend on the structure ofattganic phosphorus compound, notably in
terms of the number of phosphorus groups and miglecsize. Among the different
compounds, inositol phosphates are sorbed to clagrals to a greater extent than nucleic
acids, phospholipids and simple sugar phosphate&¢kther and Anderson 1989, Leytem et
al. 2002). In this way, the highly sorbed organmmpounds are more stable and their
enzymatic hydrolysis is limited (Celi and Barber2&05, Turner et al. 2005a).

Phosphorus undergoes mineralization and immobhitizailhe net phosphorus release
depends on the phosphorus concentration of theduesi undergoing decay and the
phosphorus requirements of the active microbialutedpn (Alexander 1977). Studies have
shown that organic phosphorus is much more mobilesails than inorganic sources
(Hannapel et al. 1964) and some losses from sotfli#solved organic form have been

observed in highly weathered soils (Vitousek 2004).

3.2.1. Microorganisms and transformation of P

Normally, soils contain a wide range of microorgans capable of releasing inorganic
orthophosphate from organic phosphates of plant rar@obial origin (Alexander 1977,
Cosgrove 1977). Conditions that favour the acteitiof these organisms, such as warm
temperatures and near-neutral pH values also fawingralization of organic phosphorus in
soils (Alexander 1977; Anderson 1975). The enzymeslved in the cleavage of phosphate
from organic substrates are collectively called gp@atases. Microorganisms produce a
variety of phosphatases that mineralize organicsphate (Feder 1973). The phosphatase
group of enzymes includes phytase enzymes thatyzatéhe release of phosphate from
phytate and the nuclease enzymes that hydrolysgpplate from nucleic acids. About 70-80
% of enzymes could be released by microbial popmrat It includes bacteria such as
Bacillus spp, Serratia spp Proteus spp Arthrobacter spp andStreptomyces sppand fungi
asAspergillus spp Penicillium spp, Rhizopus spp andCunninghamella spgPlante 2007).
Phosphorus released to the soil solution from theeralization of organic matter might be
taken up by the microbial population, by growingmik, transferred to the soil inorganic pool,

sorbed to mineral surfaces or less likely lostdaching and runofiHigure 1.2).

3.2.2. Microbial solubilisation of P
It is fact that phosphorus is highly immobile iretboil, and fertilizers amendments for

sustainable plant growth are rendered less effectiie to sorption (adsorption/precipitation)

17



Chapter 1

of P and high cost of phosphate fertilizers. Tiaddlly, P fertilizers are produced by
chemical processing of ores of mineral phosphataciwis costly and environment non
friendly approach. However, few studies have suggethat the microbial solubilisation of
rock phosphate could be a useful alternative (Vidmte2000). About 40 million tons of rock
phosphate deposits in India could be used as aesofiP. The mixing of rock phosphate with
plant residues in compost or in some cases theolig&solubilising bacteria to increase
biologically P availability. The development of agitural inoculants has been difficult and
knowledge of the genetics of phosphate solubibsais still sparse (Rodriguez et al. 2006).
Phosphate-solubilising microorganisms are suspeotednvert the insoluble rock phosphates
into soluble forms through the processes of aciiifon, chelation, and exchange reactions,
but the detailed mechanisms are still unresolveatb@hic acid and HC{) derived from
respiratory CQ are of prime importance in the weathering of saiherals, but there is poor
correlation between CQevels and dissolution of apatite. lllmer and &der (1995) showed
that Aspergillus nigemproduced citrate, oxalate, and gluconate. They esstgd that organic
acid production may be an important mechanism éukslising Al-phosphates, but it was
not the only effective mechanism. They found th#teo organisms, such d@enicillium
aurantiongriseumand Pseudomonasp. were effective at solubilising Al- or Ca-phoaf#s
without producing organic acids. The release otqrs, associated with respiration or NH
assimilation is also suggested as a responsibldanexn in this scenario. Organic acids
produced in rhizosphere by plant roots and assatiaticroorganisms may act as chelating
agents. These organic chelates form complexes @GdéthFe, or Al, thereby releasing the
phosphates to solution. Presently it is impossibleselect any given mechanism from the
alternatives, and some researchers have questwhether sufficient acidity or chelating

agents can be generated by microbes, to apprea#bbt P solubility.

3.2.3. Microbial immobilization of P

Soil microorganisms can cause fixation or immohtiian of P in the soil either by
promoting the formation of inorganic precipitatesby assimilation into constituent cellular
or intracellular polyphosphate granules. In saitgniobilization through cells by the fixation
of Al, Fe and Ca has been observed. Phosphoritk shosphate) precipitation is favoured
indirectly by microorganisms, by making availableactive phosphate or calcium, or by
creating environmental conditions that help phosphprecipitation. The intensity of
immobilization of P is affected by the C: P ratibtlee decomposing organic materials and P

availability in solution. If insufficient P is aVable in the substrate for assimilation of the
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substrate C, inorganic P from the soil solutionl Wwd used and net immobilization occurs. In
general, C:P < 200 may result in net mineralizatorP < 300 results in net immobilization,
and C:P ratios between 200 and 300 result in Iit#e change in soluble P concentrations
(Plante 2007).

4. Estimation or characterization of soil phosphorg

4.1. Inorganic phosphorus

Crop response and total P contents of soils aengfiborly correlated, because P
availability could be very low (Hinsinger 2001) evé total P contents are very high and vice
versa. This leads to the development of P extnactiethods representative of soil type or the
pool of P available for plant uptake. These methardsbased on the type of reaction taking
place to remove P from solid phase. Four basictimecby which P is removed from solid
phase are: 1) dissolving action of acid, 2) anieplacement to enhance desorption, 3)
complaxing the cation binding P, and 4) hydrolysfizations binding P. Brief description of

soil P extraction methods have been summarisétbie 1.2.

4.2. Organic phosphorus

Despite the importance of soil organic phosphoitasghemical nature and dynamics remain
poorly understood. The various organic compoundsdih extracts can be separated by
different techniques. These include mass spectpyscamuclear magnetic resonance
spectroscopy (NMR) (Cade-Menun and Preston 1996, jpressure liquid chromatography
(HPLC) and enzymatic hydrolysis like phosphatase @imytase. The last one is useful tool to
separate extractable organic phosphorus into fumakiclasses based on susceptibility to
enzymatic cleavage (Pant et al. 1996, Turner e2@03, Hayes et al. 2000). However, like
inorganic phosphorus, the extraction of organis Bamplex and is separated into five broad
categories depending on the objective of studyr{@uet al. 2005a).

4.2.1. Quantitative protocol to extract total orga® from soils.

There are several methods that can be used tot@ss$yrganic phosphorus (Po) from the
soil. These methods are important because theme @irect method which determines the
total organic phosphorus in soiin“situ”. It also means that it is impossible to estimate

accurately the efficiency of quantitative extrantio
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Table 1.2 Common chemical extractants used in variousPsodsts

Name of Soil Extractant Form of P extracted Reference
P test
AB-DPTA 1M NH4HCO; + 0.005 M Ca, Fe and Al-bound P Soltanpour
DPTA, pH5 and Schwab
1977
Bray | 0.025 M HCI + 0.03 M  Acid soluble P form especially Bray and
NH4F Fe and Al-phosphates Kurtz 1945
Bray Il 0.1 MHCI+0.03M Acid soluble P form especially Bray and
NH4F Fe and Al-phosphates Kurtz 1945
Mehlich 1 0.05 M HCI + 0.0125 M Acid soluble P Fe and Al- Mehlich
H.SO, phosphates and P on colloidal 1953
surface
Mehlich 3 0.015 M NHF + 0.2 M  Acid soluble P Fe and Al- Mehlich
CH3;COOH + 0.025 M phosphates and extraction of 1984
NH4NO; + 0.013 M micronutrients in the same
HNOs extract
Morgan 0.54 M HOAc +7 M P from weak complexes with Morgan 1941
NaOAc, pH 4 polyvalent metal ions
Truog 0.001 M HSO, + Sulphate ion dissolve Fe and Truog 1930
(NH4),SO,, pH 3 Al-phosphates and P on
colloidal surface
Olsen 0.5 M NaHCQ, pH 8.5 Remove Ca bound P and P Olsen et al.
bound with Fe-oxides surface 1954
Citric acid 1 % citric acid P from weak complexes of Dyer 1894
polyvalent metal ions
EDTA 0.02 M Na-EDTA Remove chelated P Ahmed and
Islam 1972
AER Anion exchange resin  Anion (CI*, HCO; %) Sharpley
(AER) exchangeable P 2000
[P Fe-oxides impregnated Displace Pi located at solid  Chardon
paper (lIP) phase 2000
Sequential Resin, 0.5 M NaHC®) Successive remval of different Tiessen et al.
extraction 0.1 M NaOH, 1 M HCI, pools of P in the same soil 1984
18 M H,SO, + HyO5 samle
Water Water Soil solution P Forsee 1942
CaCl, 0.01 M Cadl Bio-available P Houba et al.
1990

The alkaline solvent like NaOH is supposed to hee iost effective reagent for the
extraction of organic phosphorus (Anderson 1967mil&rly calcination (550°C) and
extraction of phosphorus with dilute sulphuric abiefore and after calcinations is used to
estimate total organic P (Saunders and Williams5l9However, Po is overestimated with
ignition methods by increasing the solubility obrganic phosphates (Williams et al. 1970)
following ignition. Similarly, acid extraction of am-ignited samples rarely extracts all
inorganic P, which can result into overestimatidbomanic phosphorus.
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4.2.2. Sequential extraction for separating Po idigcrete pools based on relative solubility
Sequential extraction protocols are developed tainlsupplementary information on
the nature of soil phosphorus. A single sampleadf is subjected to increasingly stronger
solvents. In this way P is separated into fractibased on chemical solubility (Bowman and
Cole 1978, Hedley et al. 1982). The Po estimatedanous soil extracts used in sequential
procedure can be characterised into pools of P agtionomic relevance (Labile, moderately
labile and non labile etc) (Hedley et al. 1982)eThdividual Po pools are also added to get
total Po concentrations in soil. However, the infation obtained by sequential extraction
should be treated carefully when describing thdgpobphosphorus (Hedley et al. 1982). The
chemical nature of the organic phosphorus withia tperationally defined factions is
understood poorly, and specific groups of compouwardsprobably present in more than one
fraction. Fractions (inorganic or organic) that &fe-available in one soil may not be bio-

available in the other soil (Frossard et al. 2000).

4.2.3. Single-step method for the extraction otiBed afterward for suitable speciation
The extractant, which causes minimum chemical atrdctsiral alteration and

maximum recovery, is believed ideal extractantriie sense, most of the protocols make use
of strong acid or base for the extraction of Parfreoil, which unavoidably change the
chemical nature of at least some Po compounds €éFwinal. 2005a). The choice of the post
speciation procedure may change the choice ofxttraatant. The speciation of Po by NMR
is commonly conducted at high pH for optimum spctesolution, so alkaline extraction
(NaOH) is very often used to extract Po from s@swman and Tate 1980). In this way the
choice of extractant could influence the recovdri?@ as well as the composition of extracted

compounds (Cade-Menun and Preston 1996).

4.2.4. Compound specific extractions of soil orgdi

Various methods are practiced to estimate spdedicompounds in soil. These make
use of specific reagent which extracts particulass of compounds (Anderson et al. 1980)
like phospholipids (Kowalenko and McKercher 19&)gar phosphates (Mueller-Harvey and
Wild 1987), inositol phosphates (McKercher and Aisde 1968), adenosine tri-phosphates
(Brookes et al. 1987), nucleic acids and nuclestigfnderson 1967). These procedures are
mostly laborious and are often limited by incomelektraction or post extraction difficulties
(Turner et al. 2002).
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4.2.5. Extraction of organic P pools with biologlica environmental relevance

P estimated with bicarbonate solution and withapat dilution is used to estimate
potentially plant available phosphorus. Similarlyater soluble organic P estimated the
mobility of P in environment (Turner and Haygartb02). Although, a very little knowledge
is available about the compounds dissolved in watlkey can be characterised by
phosphatase hydrolysis (Shand and Smith 1997, Tetra. 2002). The knowledge is lacking
about the bioavailability of bicarbonate extractaBb, however the hydrolysis of bicarbonate
extractable Po by phosphatase has shown both (augeer et al. 2003) and small (Hayes et
al. 2000) proportions of hydrolysable compoundsieifthand Myers (1992) reported an
increase in microbial biomass by the addition dfilea substrate carbon. This increase in
microbial biomass was related to increase bicartgoaxetractable Po. Hayes et al (2000) used
50 mM citric acid at pH 2.3 to estimate plant aalié Po in Australian soils, with speciation
of extracted compound by phosphatase hydrolysikrdge proportion of Po was hydrolysed
by phosphomonoesterase and phytase. However, osipall amount of Po extracted by
water and bicarbonate was hydrolysed by these ezsyithe secretion of organic anions like
oxalate citrate and malate etc, may chelate thalmkke Al and solubilise associated organic

phosphorus in soil (Hocking 2001).

5. Phosphatase activity

Phosphatase activity plays a vital role to incraagsemobility and bioavailability of P
in soils. Their role is more important in rhizosphdahan in bulk soils (Williamson and
Alexander 1975). Organic phosphorus in the soilhiglrolysed by the secretion of
phosphatases into the soil (Abdalla 1994, Turned Hiaygarth 2005). The secretion of
phosphatase depends upon the availability of playsghand the demand of P either by plant
or microorganisms (Abdalla 1994, Chen et al. 20@8alUnder deficient P condition the
phosphatase activity is higher compared to P sefficconditions, both in culture medium
(Bousquet et al. 1986) as well as in soils (Kroehlled Linkins. 1988, Antibus et al. 1992,
Chen et al. 2002). These enzymes are commonly &edj¢o inhibition, biodegradation and
stabilization processes in soil. As soil contaiteycheavy metals and organic carbon, the
fixation and humification of these enzymes makediificult to predict their fate and
regulation in soils (Sinsabaugh 1994, Dick et &l0® Kelleher et al. 2004, George et al.
2005). Chen et al. (2000) reported higher phospmm@sirase and phosphodiesterase
activities in grassland ecosystem than in foressgstem. They related these low activities

with low organic, microbial biomass and soil pHamest soils as compared to grassland soils.
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The ability of phosphatase activity to hydrolysgaic P is reported different under
different conditions. Hence the relation betweengphatase activity and the mineralization
of organic P is not well established (Condron ares3en 2005). However, a paired site study
conducted by Chen et al. (2002) in glasshouse dthotwat alkaline phosphatase and
phosphodiesterase activity was correlated with etepi of NaOH extractable organic P in
rhizosphere oPinus radiatacompared with ryegrass. Liu et al. (2004, 2005p albserved
that the depletion of NaOH extractable organic B vedated to acid phosphatase activities in
the rhizosphere ofPinus radiata seedlings. Furthermore, the phosphatase activity o
mycorrhizal roots is reported higher than the dgtivof roots without mycorrhizal
associations (Perez-Moreno and Read 2000). Thesmrrhizal associations result into
hyphal extension which may extend from few mm to, @nd the phosphatase activity is
positively correlated with the hypal length (Hausgland Marschner 1989)

The increased phosphatase activity in the rhizaspled radiata pine has been
associated with the high microbial and root aagggit{Chen et al. 2002, Liu et al. 2004; 2005,
Chen et al. 2006). However, the relation could beiable from one ecosystem to other
ecosystem. The variations of activities (microlaad root) were less consistent in field
experiments (Chen et al. 2000, 2003a). The redanegme activity in bulk soil could be due
to dilution effect i.e. low root activities in bulkoil compared to rhizosphere soils. In a
glasshouse experiment, Chen et al. (2003b) repdnitdroot surface phosphatase activities
were up to 13 times higher Rinus radiatathan in ryegrass. Together with the nature of low
mobility of P in soil (Bar-Yosef 1996) and low midrial and root activity in bulk soil, it is
supposed that root phosphatase (rhizosphere athi¢rthan soil phosphatase enzyme (bulk
soil) might play a more important role in the muleration of soil organic P and
consequently P uptake by plants (Badalucco andrkaiik2001).

6. Low molecular weight organic acids

Most of the soil organic P is not in soil solutiand ultimately it is unavailable for
plant as well as for enzymatic hydrolysis. The lawlecular organic acids secreted by
microorganisms and plant roots could solubiliseaarg P and increase the availability of Po
for enzymatic hydrolysis. Indeed, it has been sstggkthat it is not enzymatic activity that
determines the mineralization of organic P but tisisthe solubility of organic P that
determines its mineralization in soils (Adams aradeP1992). The low molecular organic
acids such as oxalic, malic and citric acids argelly secreted into rhizosphere (Jones 1998,

Strom et al. 2005). These organic acids have béewrs to play a significant role in
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increasing the availability of sparingly solubleoiganic P compounds. The increased
availability of inorganic P is due to decrease Hh (iahoonia and Nielsen 1992, Zou et al.
1995) and chelation of metal cations (Fox and Céon@rl1990, Grierson 1992, Jones and
Darrah 1994). The chelation of metal cations (Fe& Al releases P in the soil solution (Fox
and Comerford 1990). However, the role of orgagidsito solubilise organic P has not been
studied frequently (Bar-Yosef 1996, Jones 1998¢0r8tet al. 2002). Fox and Comerford
(1990) have shown oxalic acid might enhance thebsidly of organic P in soil, which
ultimately increase accessibility of organic P émzyme hydrolysis (Adams and Pate 1992).
Recently, Tang et al (2006) reported that malatk @ralate could enhance the solubility of
phytate salts for enzyme hydrolysis. Similarly, Eset al (2000) proposed that organic acids
play an important role to increase the accessithitorganic P.

In most of the forest studies, organic acid conegioins in the soil solution are not
assayed directly because of measurement diffisulti®wever, organic acids represent 10 %
of water soluble organic carbon, hence the quaatibn of water soluble organic carbon
concentrations has been used (Scott and Condrat) 2O@stimate that of organic acids. It is
also reported that the latter is mostly deriveduigh root exudates (Huang and Schoenau
1998). In short term rhizosphere study Chen e2@02) found that water soluble organic
carbon was higher in the rhizosphereéPaius radiatacompared to ryegrass. In another study,
Chen et al (2004) reported a negative relation éebwwater soluble organic carbon and
NaOH extractable organic P. It suggests that ticeedse in NaOH extractable Po may be due
to secretion of organic acids which is positivetyrelated with water soluble organic carbon.
The forest ecosystem may hold higher organic aehse compared to grassland. This could
be due the release of organic acids by the furagiahe known to produce principally citrate
and oxalate (Dutton and Evans 1996, Gadd 1999)t bfathe data reporting this capacity of
anion secretion are dealing with saprophytic anthggenic fungi. However, fungal species
associated with tree roots via the formation obewtcorrhizae are also reported to possess
these abilities. Oxalate crystals are observeteriyphal sheath of ectomycorrhizadPafus
radiata (Malajczuk and Cromack 1982). The secretion of abealhas been noted in non
mycorrhizal and mycorrhizal roots #inus pinasterHowever the secretion of oxalate was
higher in mycorrhizal roots compared to non mycaahroots (Casarin et al. 2003). The
secretion of oxalate by fungi is favoured by nératompared to ammonium in medium
culture (Lapeyrie et al. 1987). Similarly, the mese of bicarbonate and calcium carbonate
favoured the secretion of oxalate whereas the idefig or low availability of inorganic P did

not affect the secretion of oxalate in culture medi{Arvieu et al. 2003). A high variability in
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the capacity to produce oxalate was found amongngatorrhizal species growim vitro,
with species not able to release oxalate (egpeloma cylindrosporuymor releasing huge
amounts of oxalate (e.dRhizopogon roseolyis(Arvieu et al. 2003). These contrasting
capacities to release oxalate were maintainedemhizosphere of ectomycorrhizal rootsRof
pinasterformed by the two fungal species mentioned ab@asérin et al. 2003, 2004). In
addition,R. roseolusncreased significantly the growth and the conedian of P in the host
plant compared to non mycorrhizal plants (Casatial.e2004), indicated that the release of
oxalate improved mineral P acquistion by the hdsintp In forest ecosystems, such a
variability to produce oxalate among ectomycorrhfmagal species may exist. Interestingly,
it should be possible to check this hypothesis byngi the micro-plate method recently
developed by Rineau et al. (2008) enabling to measwoduction rate of oxalate by

individual ectomycorrhizal tips at a large scale.

7. Mycorrhizae

The term mycorrhiza is derived from a Greek wordy€orrhiza” which means
“fungus root”. In a study of plant-microbe relatstnp, Frank (1885) used this term for the
first time. Fungi make variable associations witbts, depending on the type of association
mycorrhizae are classified into seven groups. Theselude ectomycorrhizae,
endomycorrhizae, ectendo-mycorrhizae, arbuscularcomlyizae, arbutoid mycorrhizae,
monotropoid mycorrhizae and orchidaceous mycorehidde brief characteristics of these
mycorrhizal types are given table 1.3.

Arbuscular and ectomycorrhizal types of symbiotic associatiaresmost widely and
abundantly found on earth (Smith and Read 1997genAkt al. 2003). Brundrett (2002)
reported that arbuscular mycorrhizae develop thatmsommon mutual relationship with
more than 80 % of vascular plants. According to &&dr et al (2000) arbuscular
mycorrhizae form obligate mutual association andeythbelong to the phylum
Glomeromycota, omnipresent in global ecosystem& fiain characteristic of this type of
mycorrhizal symbiosis is the development of “hypghaethe root cortex, forming arbuscules
that are looked as intracellular colonisation o#ltiey plant cells. However, both plasma
membranes, from fungal and root cells, remainedcinbut without any direct connection
between them (e.g., through the formation of plagesma). This symbiosis can form vesicles
in the cortex and always produces extraradical &gaolonising the soil and bearing spores.

Ectomycorrhizae (ECM) fungi are also widely distributed and maksaciations with

only 3 % of the vascular plant families (Smith delad 1997). However, ECM fungi possess
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a huge diversity which arises from fungal partneduding about 5, 000 to 6,000 species,
mostly belong Basidiomycota with few examples otémycota and Zygomycota (Molina et
al. 1992, Castellano and Bougher 1994). The ro6t&©@M trees and shrubs including
Pinaceae, Cupressaceae, Fagaceae, BetuaceaeceaaljcRipterocarpaceae, and Myrtaceae
host most of the fungal species richness. The dpweént of mutual relationship in ECM is
believed to have been independently evolved threughiple mutual and non mutual stages,
via lineages (Hibbett et al. 2000). This type ofnbyosis develops outside root surface
through the formation of a fungal sheath and insi@eroot cortex through the formation of
Hartig net. In contrast to arbuscular mycorrhizidee, fungal hyphae develop only between
cortical root cells, in the middle lamella of hastll walls, to form the Hartig net. Like
arbuscular mycorrhizae, the fungus produces exticgabhyphae that explore the soil.

Ectendomycorrhizae bear characteristics of both ECM and arbusculacamiizal
fungi like the formation of Hartig net with intrddar colonization and some sheath
structure. The fungal sheath structure is redusegtiendomycorrhizae compared with ECM.
The Hartig net is named as an inward growth of hgplwhich penetrates into the root
structure. Intracellular penetration of healthynplaells by these fungi also does occur, a
characteristic unlike that of ECM but consistentrwAM. Ectendomycorrhization develops
with the roots of many angiosperm and gymnosperamtp$pecies. The fungal symbionts
belong to the members of Basidiomycota, Ascomycatal Zygomycota. Depending upon
the plant species same fungal species can dev€lbpdt ectendomycorrhizal association.

Arbutoid mycorrhizae possess characteristics of both ECM and AM fuligheans
that they have well developed mantle, a Hartig aed prolific extrametrical mycelium.
Additionally, intracellular penetration occurs ahgphal coils are produced in autotrophic
cells. The species which are associated with thegerrhizae belong to members of Ericales
which are also calledArbutus and Arctostaphylosspecies. The fungal symbionts are
exclusively Basidiomycete species, which may for@MEwith other autotrophic hosts.

Monotropoid and orchid mycorrhizal associations are developed between
Basidiomycete fungi and achlorophyllous plant specMonotropoid mycorrhizae are formed
between plants of the Monotropaceae family andegip subset of fungi in the Russulaceae
or the Boletaceae families. Orchid mycorrhizae @resent only in association with
Basidiomycete species. Higher specificity for plapécies is a characteristic of monotropoid
and orchid mychorrhizal associations.
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Table 1.3 Nomenclature of mycorrhizae and their attribeetapted from Smith and Read, 1997)

Mycorrhizal Arbuscular Ectomycorrhizae ~ Ectendomycorrhizae Arbutoid Monotropoid Ericoid Orchidaceous
type
Fungi Glomeromycetes  Basideomycetes  Basideomycetes  Basideomycetes Basideomycetes Ascomycetes Basideomycetes
Ascomycetes Ascomycetes
Zygomycetes
Plant Bryophytes Gymnosperms Gymnosperms Ericales Monotropoideae Ericales  Orchidaceae
Pteridophytes Angiosperms Angiosperms Bryophytes
Gymnosperms

Angiosperms

Intracellular + - + + + + +
colonization
Fungal sheath - + +/- +/- + - -
Hartig net - + + + + - -
Vesicles +/- - - - - - -

Achlorophylly - - - -

Symbol + denotes the presence and symbol — deti@edbsence of attribute.
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It had been thought that these mycorrhizal assoomtwere formed exclusively with
Basidiomycete fungal species; however, it has ricbren discovered that several species of
tropical achlorophyllous epiphytes form mycorrhiaalsociations with AM fungal species in
the Glomeromycota (Bidartondo et al. 2002). Eriaoigcorrhizae are known to form between
autotrophs in the Ericaceae and fungi in the Asamtay Intracellular penetration of root

cells occurs and there is no mantle or Hartig eeetbpment.

8. Ectomycorrhizal diversity

Ectomycorrhizae present a significant level of dsity within the ecosystem as well
as across the ecosystems. In a number of fieldysshouse studies, different surveys have
been conducted to evaluate the diversity of ECMhisdon (1998) has surveyed a Swedish
boreal forest showing between 60,000 and 1.2 miictomycorrhizae in one square meter of
forest soil. Furthermore over 95 % of root tips rekeed were associated with
ectomycorrhizal fungi. In another study Bruns (196und 13 to 35 fungal species
associated in 0.1 ha area, presenting large diyecdi ECM. The characterization of
individual ECM species has been reported to posskfésrent physiological features
(Abuzinadah and Read 1986, Samson and Fortin 1&&®)Yunctional role to their host tree
(Cairney 1999, Koide et al. 2007). The high divgrsif ECM species suggests that there is a
potential for significant community level effect bost plant performance.

In low fertility conditions, the inoculation of lwh seedlings produced more biomass
when inoculated with several fungal species contparih the inoculation of single species
(Jonsson et al. 2001). However, this effect wasatserved under high fertility conditions.
Similarly, Baxter and Dighton (2001) showed that thiversity of ECM per seedling was a
better indicator to improve nutrient status of bir@Betula populifolia than species
composition and colonization rate. Recently, Baxted Dighton (2005) have observed that
productivity and nutrient uptake d¢finus rigida were increased after one year growth by
increasing the diversity of ECM on root system. Btorer, the effect was considered due to

fungal species composition.

8.1. Formation of ectomycorrhizal symbiosis

The formation of ectomycorrhizae does not take eola@phazardly but there exists a
cellular system of recognition between plant ramtsl their fungal partners. The host plant
and their fungal symbionts choose their specifidnm (Guillot 1997). The plants with and

without mycorrhization are characterised by morpbmal modifications which take place
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during the process of colonization of plant rootthviungal hyphae (Tagu et al. 2002). The
process of mycorrhization can be divided into feteps (Matin et al. 1997), pre-infection,
initiation, and differentiation and functioning.

8.1.1. Pre-infection

The germinating fungal spores develop in soil withir own nutrient resources that
are limited. These germinated spores exchangelsigith the roots of host plant through the
colonising hyphae. The colonising hyphae may aldorig to the fungi, which are already in
mycorrhizal association. The communication prociesn one cell to the other may be
different in mycorrhizal hyphae and hyphae gernimmptfrom spores because of having
different nature and concentration of signal molesuTagu et al. 2002). However, the
exchange of signals is controlled by a variety afrphological, biochemical and molecular
processes which play a crucial role in the fundtignof mycorrhizae (Martin et al. 2001,
Sundaram et al. 2001). This colonization of hyptakes place before the emergence of new

root (Tranvan et al. 2000).

8.1.2. Initiation

It is the establishment of physical contact betwaea partners after their mutual
recognition. Once the fungi have colonised at tindase of the roots, large morphological
modifications occur in fungal cells. The fungallsedre adhered firmly with the cell wall of
host plant, which protrudes out. It is followed the ramification of hyphae (Tagu et al.
2002). Mycorrhizae are reported to respond to exoidates (amino acids, flavonoids, sugars
and volatile compounds), and their particular radewell established (Béguiristain and
Lapeyrie 1997). Horan and Chilvers (1990) testead dcbmpatibility ofPisolithus tinctorius
and Paxillus involutusby adjusting a permeable membrane between plahtfamgi. The
hyphae of compatible fungi were attracted towards rnembrane while the hyphae of non
compatible fungal strains were not attracted by brame. This suggests the specificity of
root exudates to attract compatible strains foramnygzation. Similarly, fungal hormones are
also important for the ramification and growth ofphae (Gogala 1991). Studies have
confirmed that fungal indol acetic acid (IAA) cooitithe principal anatomical characteristic

and the expression of genes in the ectomycorrluz&ene (Gay et al. 1994).
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8.1.3. Differentiation

Ectomycorrhizal fungi form a symbiotic relationsmith a plant by forming a sheath
around its root tips. The fungus then penetratés the root along the middle lamellae
between cell walls by inward growth of hyphae, #ogrform a Hartig net, a complex network
of fungal hyphae that is the site of nutrient exgebetween the fungus and the host plant.
The fungi and the plant essentially fuse their syaind nutrient exchange appears to take
place across these walls. The cell wall becomegmadd less compact after the penetration
of hyphae between the cortex cells (Martin et &99). Generally, mycorrhizal roots are

largely transformed and they represent the morgyobd short roots (Dexheimer 1997).

8.2. Functioning of ectomycorrhizae in forest stansl

Forest trees are naturally dependent on symbieo@ations with ectomycorrhizal
fungi. The fungi take up minerals (phosphorus,ogién, sulphur and zinc etc.) from soil and
transfer them to the plant through extended funefiaoot system (Allen 1991) and in
response plants deliver carbon to the fungi. ECMyfypossess very limited ability to degrade
or hydrolyse the complex carbohydrates, which agvdd through plant debris. Instead,
these fungi depend upon their hosts for the endigg.ectomycorrhizal fungi are able to link
root systems of several trees through hyphal eixden#\ large proportion of ECM fungi
belong to basidiomycetes, which includes well knogenera ofAmanita, Cortinarius,
Lactarius, Russula and Suilly$lacskaylo 1972). Ectomycorrhizal associations \aiaely
present, particularly in temperate regions withngabelonging to the following genera:
PseudotsugaPicea Pinus Abies Salix Quercus Betulaand Fagus In this association the
fungus gets C and other essential organic substdrm® the tree and in return supports the
tree in taking up water, mineral salts and metamliThe fungus also protects trees from
parasites, nematodes, and soil pathogens. Indeest, forest trees are highly dependent on
their fungal partners and the development of plamtsoil with poor fertility in absence of
mycorrhizal symbiosis could be very low. This effdms been observed in exotic pine
transplantation in different parts of the world. Western AustraliaPinus radiataand P.
pinasterseedlings failed to grow in nursery beds withoutMEfQingi (Lakhanpal 2000). High
ectomycorrhizal diversity is important in the hagltfunctioning of woodlands. Different
fungi appear to occupy different niches. Some nmaynlore proficient at supporting the tree
in taking up particular nutrients, others may becsglized at protecting against pathogens,
and others may assist in enzyme production (AkemdaFaitai 2005).
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8.2.1. Rhizosphere and Ectomycorrhizae
The rhizosphere is characterised as an area ini¢haty of root having stimulated

microbial activities due to exudation of organidstances (Grayston et al. 1998). These root
exudates are considered as the indicators that cmmoate and initiate biological and
physiological interaction between roots and sorhborganisms (Walker et al. 2003) and root
itself is considered as an indicator which fadiésacommunication (Bais et al. 2006). Roots
are reported to secrete small molecules such asoaadids, organic acids, sugars, phenolic
and other secondary metabolites, presenting langgrsity, whereas compounds with high
molecular weight such as polysaccharides and pr@es less diverse but consist of major
proportion of root exudates (Stotz et al. 2000,sBati al. 2006). Plant roots are known to
communicate with soil borne organisms, although esartan be positive (symbiotic) and
others can be negative (parasitic or pathogenic) thee plant. The growth rate of
ectomycorrhizal fungi is promoted by pine root exig$, though different fungal species
often react differently (Melin 1963). In negativiampt-soil borne organism associations root

exudates may function to defend plant roots.

8.2.2. Water stress and supply

It is generally hypothesised that mycorrhizal asd@mns increase hydraulic
conductivity and water use efficiency of plants.l€an et al. (1990) studied the hydraulic
conductivity of Douglas fir Pseudotsuga menzigsiseedlings inoculated witlhaccaria
bicolor or Hebeloma crustuliniformeThe seedlings were grown under different levdls o
fertilization (1, 10 and 100 puM, P). The increas¢issue P and decrease in root to shoot ratio
was correlated with high hydraulic conductivity @ach of the mycorrhizal treatments.
Nardini et al.(2000) determined the physiological response obragtorrhization between
Tuber melanosporunand Quercus ilex.They observed that inoculated seedlings showed
higher net assimilation and stomatal conductanan thon-inoculated seedlings. Root
hydraulic conductance per unit root surface areanotulated seedlings was reduced to
0.44% that of non-inoculated seedlings but hadtid@®s more fine root surface area than
non-inoculated seedlings. However, when root cotathee was related with leaf area, the
inoculated seedlings showed 1.27 times more roodwctance per unit leaf area compared to
non-inoculated seedlings.

The Pinus pinasterseedlings were inoculated witHebeloma cylindrosporunand
seedlings, whether inoculated or not, were allowadyrow in sandy dune soil (Bogeat-

Triboulot et al. 2004). A drought stress of threeeks was given after six months of culture.
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Inoculated seedlings were 75 % mycorrhized witbbeloma cylindrosporunwhile non
inoculated seedlings showed presence of exotidespéke Thelephora terrestri$50%) and
Laccaria bicolor (30%) and to a lesser extent by cylindrosporum(20%). The hydraulic
conductivity was reported higher in plants assedawith H. cylindrosporumcompared to
other species. Inoculation &f. pinastertrees withPisolithus sp increased tree growth in
drought conditions (Lamhamedi et al. 1992). Thailtessuggest that fungal inoculation in

arid and semi arid regions may help forest manageme

8.2.3. Nutrient uptake and ectomycorrhizae

Plant nutrients, except nitrogen are derived froeatlvering of primary minerals and
the access of plant towards these nutrients (PKand often limited. The, ectomycorrhizal
association is able to improve mineral nutrition, (R and K) One hypothesis is that
ectomycorrhizal fungi mobilize essential plant rarits directly from minerals through
excretion of organic acids. This enables ectomydpait plants to utilize essential nutrients
from insoluble mineral by altering nutrient cyciesforest systems (Landeweert et al. 2001).
Wallander et al (2004) inoculated pine Pfnus sylvestris seedlings with indigenous
ectomycorrhizal fungi using forest soil with fowvkls of wood ash addition (0, 1, 3 and 6 t
ha'), and estimated the demand for P and K by seedigngwn in the different soils by
measuring the uptake of isotopically marké@ and®*Rb (homologe of K) in the root. They
also assayed the utilization of P from apatite. Thmparison of uptake by ectomycorrhizal
mycelium and uptake by roots showed better uptgkenyrellium. Uptake of P from apatite
was on average 23% of total seedling P which i&istl the role of ectomycorrhizal to utilize
the P from apatite. Many other stud{@sble 1.4)also highlight the role of ectomycorrhizae

associated with pine species to increase the uptade P or K nutrition.

9. Phosphorus acquisition from soil and plant nutriion

Plants take up phosphorus in the form of phospiwatevhich is very scarce in soil
solution. That is why, phosphorus deficiency is stdared as one of the major nutritional
limitations for plant growth and production (Barbetr al. 1963). The volume of the soill
explored by roots determines the amount of P that lse potentially taken up by plant.
However, the volume of the soil occupied by rostsery low (1%) compared to volume of
the soil. In this way, very low amount of P can taken up directly by root interception
(Barber 1995). Other processes like convectiondifidsion of P play an important role to

increase nutrient uptake.
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Table 1.4 Examples of positive effects of ectomycorrhizes@ciations on mineral nutrition

of pine trees.

Host plant Ectomycorrhizal fungal species Nutrient References
improved
Pinus sylvestris  Rhizopogon roseolus, Suillus bovinus, N Finlay et al. 1988

Pisolithus tinctorius, Paxillus involutus

P. sylvestris Pisolithus arhizus N Hoégberg 1989
P. contorta Thelephora terrestris N Finlay and Sdderstrom
1992
P. taeda Cenococcum geophilum, Pisolithus P Rousseau et al. 1994
tinctorius
P. rigida Laccaria bicolor, Pisolithus tinctorius, P Cumming 1996

Paxillus involutus
P. sylvestris Paxillus involutus, Suillus luteus, Suillus P Colpaert et al. 1999

bovinus, Thelephora terrestris

P. sylvestris Suillus variegates P Wallander, 2000

P. resinosa Pisolithus tinctorius N Wu et al. 2003

P. sylvestris Amanita rubescens, Laccaria detersmu N Taylor et al. 2004
P. sylvestris Indigenous ectomycorrhizal fungi P, K Wallander et al. 2005

The process of convection depends upon the aviiiyabi water, concentration of P
in solution and the water requirement of plantse Tgrocesses of root interception and
convection generate a concentration gradient afi Fhizosphere soils and bulk soils. This
concentration gradient result into the diffusiaionh the area of higher Pi concentration (bulk
soil) to the area of lower concentration (Hinsing@01). Diffusion of P is linked with the
process of adsorption and desorption. The decrgaB& concentration in solution induces
desorption of Pi in soils. According to Morel (2002 concentration gradient not only affects
soil solution P but also the P present at solidismh interface. The amount of P in soill
solution is also maintained by mineralization ofjamic P including microbial organic P by
enzymatic hydrolysis (Oberson and Joner 2005). iDegfl these processes of replenishment
of the soil solution, the concentration of P rarekgeeds 10 puM in the vast majority of soils
(Bieleski 1973, Hinsinger 2001). This low Pi avhildy results into high differences between
soil solution Pi (uM) and plant cells (mM) concetitons (Raghothama and Karthikeyan
2005). In order to maintain sufficient level of loér Pi, plants require efficient uptake and

translocation Pi for normal functioning. In this yvplants need to acquire Pi against high
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concentration gradient across the plasma membradieial model of P uptake dealing with

high and low affinity uptake mechanisms is widebcepted to explain the concentration
dependent acquisition of phosphate ions (Ullricledfiiis et al. 1984, Amijee et al. 1991).
Regardless of the concentration of Pi in soil $oiytP concentration in cytoplasm of plant is
kept constant (5-10 mM) except under acute defogieoonditions. On the other hand
concentrations of Pi in vacuoles vary largely deloeg on the P status. Under condition of
acute deficiency it may be undetectable, and menease up to 25 mM with higher P status
of soils (Mimura 1995). Plants make adjustmentsomting to P availability, as under P

deficiency, plants grow more roots, increase ttie d uptake by roots from the soll, re-
translocate Pi from older leaves, and deplete theuelar stores of Pi. Additionally,

mycorrhizal fungi may colonize more extensively tio®ts. Conversely, under sufficient P
supply when absorption exceeds the demand, a yarfigirocesses play their role to prevent
the accumulation of Pi to toxic concentrations (ba&ns et al. 2008). It could be conversion of
Pi into organic storage compounds (e.g. phytic)acddwn regulation of Pi uptake rate from
the outside solution (Lee et al. 1990), and the isPi by efflux, ranging between 8 to 70%
of the influx (Bieleski and Ferguson 1983). It isar from both kinetic and molecular studies
that the capacity to transport Pi across cellulaemioranes involves several different

transporters and is in some way regulated by thereal supply of Pi.

10. Objectives and strategy of research

10.1. Basic hypothesis

The review of literature shows that P is an impatrtaineral nutrient element for plant
growth, and its availability is often limited indtsoils, throughout the world. However, the
proportions of unavailable P fractions, particgladrganic P fractions could be high
particularly in forest ecosystems. High Po and Bwavailability in forest soils has often
resulted to decrease forest production. In ordetintwease Pi availability for plants, P
fertilizers are applied in soils to increase plgmwth. At the same time ectomycorrhizal
fungi and their bacteria associated with theseifaagld be beneficial for plants to increase P
availability and its uptake. This could be throubk extension of fungal hyphae, secretion of
acid phosphatases into the soil environment whmhdc hydrolyse Po compounds in soil
solution. These enzymes are well documented far dagacity to hydrolyse Po compounds
in culture medium. However, very few studies ddsethe actual role of these enzymes under

soil condition and their capacity to hydrolyse PRasoils in relation to P status of the soils.
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With reference to above discussed avenue of tlearels the principal hypothesis of my theis
was the following:
“The acid phosphatase secreted by ectomycorrhigji fcould change the availability

of Pi in soil”

10.2. Objectives

The general objectives of my thesis are to detezrine relation between different P
fractions in soils and phosphatase activity of ewtoorrhizal morphotypes, which are both
influenced by soil as well as plant propertiesvdiuld further help to determine the role of Pi
availability and phosphatase activity on tRe pinastergrowth. In order to realise these
objectives, field as well as laboratory experimewesre conducted to address following
guestions:

1) What is the actual contribution of organic Rdtal P present in soils of Landes?

2) What is the variability of ectomycorrhizal phbspase activity in relation to P

status in soils?
3) Which are the pools of P, from which ectomycmahplants take up P and what is

their relation with phosphatase activity?

10.3. Experimental strategy

Two sampling campaigns (April and November, 2006)andes des Gascogne, have
been carried out to collect bulk soil samples flamange of. pinastemlots differing by the
management of P fertilization practices and agplaritations. These soil samples were used
to sort out ectomycorrhizae root tips as well aptepare composite soil samples for soil
chemical analysis. Fresh soil samples of an ex@ariat site called “Parcelle L” were brought
intact (with out sorting ECM root tips), and storé®tlC in dark prior to conduct rhizobox

experiments for both sampling campaigns.

The results of the field soil samples and measunéwiephosphatase activity of ECM
root tips will be presented in the form of followitwo articles:
1) Effect of stand age and season on the diffgghosphorus fractions characterised
in spodosols of Landes of Gascogne.
2) Effect of P fertilizers treatments and stand a&ge phosphatase activities of
ectomycorrhizal fungal species associated VAthus pinastertrees sampled in

spodosol soils of Landes of Gascogne.
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Similarly, two rhizobox experiments in growth chaenbwere used to grow young
seedlings oP. pinaster.The results obtained will also be presented infoine of following
two articles:

3) Pinus pinasterseedlings and their fungal symbionts show highstpldy in

phosphorus acquisition in acidic soils.

4) Organic P mobilisation by young ectomycorrhiBahus pinasterin controlled
conditions from native spodosol soil samples idilyiglependent upon fertilisation
and irrigation story of soil.

The thesis manuscript will be composed of five ¢hiepa chapter of review literature

followed by four chapters of above listed scientifirticles. The general conclusions and

perspectives will be given in the last section ainonscript.
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CHAPTER 2
Effect of forest stand age and season on differephosphorus fractions characterised in
spodosols of Landes of Gascogne, France

Phosphorus being the second most important mimeralent for plant growth after
nitrogen is often limited in the soils. Althoughettotal amount of P in most of the soils could
be significantly high but the amount of P availatdeplants is commonly very low and it
rarely exceeds to 10 uM (Hinsinger 2001). The psses like adsorption and immobilization
of available Pi (Frossard et al 1995) could be oasible for the low Pi availability in soils.
The rate of these processes could be controllegobyphysicochemical properties and soill
management practices like fertilization and soiliumal practices. The soils of ecosystem
Landais are known to be very limited by P nutritidmichet et al. 1999). The plantation of
Pinus pinasterhaving different age of trees and forest managemeanttices, particularly
fertilization with mineral P fertilizers could affe soil physicochemical properties like the
accumulation of organic matter. Both the soil adl s the plant characteristics could
significantly affect different fractions of inorganP (Pi) and organic P (Po). In addition to
soil and plant characteristics, soil microorganisffus\gi and bacteria) and environmental
factors (seasonal variations) could also play goontant in the variability of P fractions. The
plant roots and soil microorganisms could have maxn influence in the first 15 cm of
mineral soil horizon, as the density of fine roatsociated with ectomycorrhizae could be
highest (90 %) in this area (Taylor and Bruns 1999)

The objectives of this chapter (Chapter 2) werddhewing:
1) To characterise various fractions of Pi and Rofarest ecosystem of Landes of
Gascogne and to evaluate the contribution of Ruifnas in total P of these soils.
2) To determine the variation of Pi and Po fraciioforest ecosystem and to identify the

factors (plant soil and environmental) which caplai these variation.

In order to realise the first objective, soil saagpfrom lines of trees and interlines of trees
were taken from 18 plots covering a whole rangen{llion hectare) of forest in spring 2006
and autumn 2006. Pi and Pt by various methods (QIB&OH and LSO, Pi-isotopic
dilution) were determined and the contribution ofi® each fraction was calculated.

Soil physicochemical properties (pH, water conteAlsx, total N, total C,) as well

the various Pi and Po fractions (Olsen, NaOLS®, Pi-isotopic dilution) were estimated in
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spring. For autumn the Pi and Po fraction (Olsea®N and HSO,) and pH were determined
in the soil samples, however the values of totalam total C were deduced by the
relationships between heat weight loss (550°C)tatad N and total C in spring. The data of
Pi and Po fractions thus obtained were used touatal seasonal variations and soll
physicochemical properties were used to identiéyitidicators which control the variance of
Pi and Po fraction in the studied soils.

Additionally, the concentrations of Pi measureddigen method and Pi measured by
isotopic dilution technique (30 minutes of kinejiegere used to compare the pertinence of
these two methods The physicochemical propertige &kso used to know, how they affect

the parameters (physical-chemical reactions) aftias of isotopic dilution.

Subsequently, the results obtained are compiled smientific publication in pre-
reviewed journal Biogeochemistrititled as: “Effect of forest stand age and season

different phosphorus fractions characterised irdspols of Landes of Gascogne, France”
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Abstract

Phosphorus presents major limitation for plant dlowm most of the forest ecosystems
and the knowledge of P cycle in this system is filgant. The forest range of Landes of
Gascogne is also characterized as P deficienttaffeplant growth in this region. The current
study was performed to identify the factors cotitngl the variation of P in stands &finus
pinaster forest, with different age of trees and fertilizeeatments. The fractions of P
(bicarbonate, hydroxide and,&Q,) and soil physicochemical properties were meastwed
evaluate the effects of treatments, seasons amdosaperties on P fractions. Pi-isotopic
dilution was measured and compare with labile Ibcaate fraction. The results showed
comparable values for bicarbonate and Pi-isotofidtion, which were very low ranging
between 2-10 mgfof soil. Over 50 % of the variance of P fractighiarbonate, hydroxide
and BSO,) was explained by soil treatments and total Gyl thi; organic matter and 4din
both spring and autumn. The significant differebetween control and fertilized soils was
observed only in bicarbonate and hydroxide exttdetRi fractions. These two fractions were
highly correlated to each other and were contrafiedatively by Al and positively by H, P
fertilizers in soils. The Pi concentrations werghar for bicarbonate and hydroxide and lower
for H,SOy in spring compared to autumn. While Po concemnatwere lower for bicarbonate
and hydroxide and higher for,B0, in spring compared to autumn, showing immobilzati
of P in autumn and mineralization in spring. Sdilygicochemical properties were not only
controlling variance of P fraction but also presenhigh correlation with parameter Primin
of isotopic dilution, controlling the physical-charal reactions during the first minute of
isotopic dilution.

Key words:P. pinaster, P avaiability, isotopic dilution, $@roperties, seasonal P variation,

fertilization.
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1. Introduction

Phosphorus (P) is an essential nutrient elementisandentified as first or second
limiting factor for plant growth in forest, grassthand cultivated systems (Aerts and Chapin
2000; Comerford et al. 2002). The preferred formPofor plant uptake is orthophosphate
(HPOZ, H,POM), but the knowledge of forms of P (inorganic andamic) in a particular
system is pivotal to understand the P availabditgl sustainability of management practices
(Frossard et al. 2000). In an undisturbed ecosystdal P and its inorganic and organic
components remain principally closed, with litibes$ through leaching or biomass harvesting.
In such type of system, the cycling of P and itelpas determined by topography of the
region, soil parent material, climatic conditionsdaplant biomass (Solomon et al. 2002).
Conversely, in anthropogenic soils the balanceneforms of P is largely changed due to
variable plant biomass production and organic maitieuts resulting through management
and fertilization treatments (Bowman et al. 199(adidl et al. 1996). In this regard, little is
known about the seasonal variation in soil P asdréctions. In addition, the published data
give diverging and conflicting seasonal patterrsaf solution and bicarbonate extractable P
in soils studied previously (Tate et al. 1991; $leyr et al. 1995; Pote et al. 1999; McDowell
and Trudgill 2000; Chen et al. 2003). These diffiees may be due to variable climates, soil
types, soil cultural practices and analytical powes particularly soil storage conditions
(Turner et al. 2003; Styles et al. 2006) and sdgphorus testing method.

Other factors (physicochemical) controlling P fras include additions of phosphate
fertilizers, P solubilisation (dissolution or deston), removal of solution P
(adsorption/precipitation), mineralization and inbiization of P through organic pools
(Frossard et al. 2000; Hinsinger 2001). Studiesehalkown that processes controlling
different fractions of P in soil are strongly med@ by edaphic factors, like seasonal variation
in temperature may reduce P sorption, followingftrenation of crystals of Al and Fe oxides
and hydroxides with low surface area (Pote et @99). The variation in soil temperature,
moisture and redox potential are also supposedfaotanteraction between P, organic acids
and components of organic matter. These and o#tttors such as exchangeable cations and
pH also contribute to determine the availabilityPoiin soil solution (Brennan et al. 1994).

In order to better understand dynamics of P andraistions, P is characterized into
different pools using chemical extractants (Hedétyal. 1982; Tiessen and Moir 1993).
According to Hedley procedures P extracted with asmon exchange resin and 0.5 M
NaHCG; (pH 8.5) is named as labile pool and P extractegd &1 M NaOH is named as

moderately labile for plant uptake. Although thessgle chemical and sequential extraction
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methods are commonly used analytical proceduresr@&au et al. 2003; Chen et al. 2000;
Comerford et al. 2002), these methods do not exple kinetics of ionic P species between
soil solid and soil solution phases, which are wiletd by physicochemical processes
(Frossard et al. 2000; Hinsinger 2001). Indeed uge of isotopic dilution method has shown
its importance to determine the movement of P lmetgveen solid and liquid phases of soil as
the function of time (Frossard et al. 1994; Fard&@8@6; Buhler et al. 2003; Achat et al.

2009). Apart from characterization of different oof P in soils of temperate forests very
little is known about the factors controlling thgndmics of different P fractions and their

variation among the seasons. Moreover, data isrigdk compare isotopic dilution technique

and the most routine soil test methods. Publistad do not show any study which relate soll
or plant properties with the parameters which bglanthe physical-chemical reactions in the
kinetics of isotopic dilution technique.

The forest range of the Landes of Gascogne in s@sghof France cover ca 1 million
ha, planted with maritime pinéinhus pinastetAit in Soland). The soils are sandy spodosols
commonly fertilized with P fertilizers because theils are characterized as P-deficient
(Trichet et al. 2000). The development of soil amdlerstory annual vegetation has been
changed over the time resulting into variable aadation of organic material due to the
differences in topology and water contents (Augwstal. 2006). A comprehensive study was
conducted in to evaluate Pi availability and itsaton with respect to soil properties.

Objectives of the present study were to 1) chanaetaifferent pools of P in forest
soils and 2) to evaluate the effects of soil propsr season and fertilizer management
practices on P pools. We hypothesized that planBrus pinasteras well as soil properties
could affect the different fractions of P in foresils. We also aimed at linking the results of
most routine soil Pi test (Olsen Pi) and Pi estedaby isotopic dilution method, with
comparable time of contact between soil and extnactolution. We further, used short and
long time, physical-chemical reactions parametersdmpare with soil as well as plant

properties.
2. Material and methods

2.1. Description of experimental station
The station of study, known as Landes of Gascogiecated in southwest of France.
The mean annual temperature ranges from 10 to {566\ west to east) and precipitation

ranges from 750 to 1,250 mmyffrom south to north) and is irregularly distribdtover the
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year. Soils are developed from a coarse sandy &egbarent material deposited in the
Pleistocene and are characterized as acidic, ée8ke fand rich in organic matter. These can
be classified as Entic to Albic spodosols (Food aAdriculture Organization
(FAO)/International Union of Soil Science 2006).d2ading on the depth of water table, the
lenses of a cemented spodic horizon can occur eetivee depth of 40 and 100 cm in the soll
(Trichet et al. 1999). The soils are planted vRthpinasterconsisting of nearly one million
hectare. Most of the stands are intensively managed composed of different age class
stands ranging from 6 to 93 years. The treeB. gfinasterare grown evenly in lines with 2 m
tree to tree distance and 4 m interline tree destakRertilizers trials especially of phosphate

fertilizers are conducted over a whole forest range

2.2. Soil sampling
Paired soil samples from line and interline treesifpans were taken during two

sampling campaigns in April 2006 (spring) and Noem2006 (autumn) from 19 plots
located at 11 sites, covering a whole range ofstoi®even sets of soil cores (15 cm length x 8
cm diameter) from mineral soil layer were takeremaftemoving litter layer, from each
sampling position. Seven out of 11 sites containeth P treatment (+P) and no fertilizer
treatment (control) plots, whereas other 4 sitegained plots with either only +P treatment
or control treatment. Collectively, 37 sets of séeapvere taken from both line and interline
tree positions (15 +P and 22 controls). Fertilizer8) were commonly applied once at the
time of plantation or in some plots at the timeglaintation as well as during the plant rotation
period. The details of sampling plots are mentioimethble 1L A composite sample of each
set of seven samples was prepared by sieving théhsaugh 2 mm mesh size sieve. These
samples were stored at 4°C and sub samples wedgiedr for chemical analyses that were
carried out under similar conditions for all sangpla order to overcome storage induced

differences in P concentrations (Turner 2005).

2.3. Estimation of P fractions

Total P (Pt) in the soils was determined by igigjtair dried soil samples at 550°C for
4 h in muffle furnace (Saunder and Williams 1958)e ignited and air dried soil was shaken
with 1 N H,SOy (1:50 soil to solution ratio) for 16 h using emddnd shaker. The samples
were centrifuged (14000 g, 15 min) and the supantatwere used for P assay. The
phosphorus estimated in ignited and air dried reptesented Pt and Pi respectively. Total Po

(H2SOy) was calculated by the difference between Pt an8iBved and air dried soil samples
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were also used to measure bicarbonate and hydrexttactable inorganic and organic P
fractions. Bicarbonate extractable P known as,t@anilable P was extracted by shaking 0.3
g of sieved soil for 30 minutes in 6 ml of NaHE0.5 M, pH 8.5) (Olsen et al, 1954).

Table 1: A brief description of sites characteristics usethis study

Sites name  Sites Saoll P,Os  Sampling Age of tree
code treatment input® position  population
kg ha' Years
Blagon 1 Control 0 Line 8
Blagon 2 Control 0 Interline 8
Blagon 3 +P 120 Line 8
Blagon 4 +P 120 Interline 8
Le Bray 5 +P 120 Line 36
Le Bray 6 +P 120 Interline 36
Baudes 7 Control 0 Line 93
Baudes 8 Control 0 Interline 93
L plot 9 Control 0 Line 13
L plot 10 Control 0 Interline 13
L plot ® 11 +P 90 Line 13
Vieille 1 12 Control 0 Line 29
Vieille 1 13 Control 0 Interline 29
Vieille 2 14 Control 0 Line 26
Vieille 2 15 Control 0 Interline 26
Caudos 16 Control 0 Line 8
Caudos 17 Control 0 Interline 8
Caudos 18 +P 120 Line 8
Caudos 19 +P 120 Interline 8
Retjons 20 Control 0 Line 8
Retjons 21 Control 0 Interline 8
Retjons 22 +P 120 Line 8
Retjons 23 +P 120 Interline 8
Saumejan 24 Control 0 Line 6
Saumejan 25 Control 0 Interline 6
Saumejan 26 +P 120 Line 6
Saumejan 27 +P 120 Interline 6
Lue 28 Control 0 Line 9
Lue 29 Control 0 Interline 9
Lue 30 +P 120 Line 9
Lue 31 +P 120 Interline 9
Mimizan 32 Control 0 Line 49
Mimizan 33 Control 0 Interline 49
Mimizan 34 +P 120+120 Line 49
Mimizan 35 +P 120+120 Interline 49
Marcheprime 36 Control 0 Line 32
Marcheprime 37 Control 0 Interline 32

a P was applied in most of the sites at the timpiné plantation except site L where fertilizers applied
annually (in June or July) and site Mimizan wherev@s applied at plantation of pine trees and after
years of trees plantation

b The interline of the fertilized L plot was exchdifrom analysis of database to limit the sta@startifacts.
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Similarly, 0.5 g of soil was shaken for 16 h in 5ahNaOH (0.1 M) to extract less labile
fraction of P associated to Al and Fe-oxides (Teasst al 1984; Sharpley 1999). Soil extracts
were diluted with distilled water (1/6, v/v), thercidified with 12 N HCI (1/600, v/v) to
precipitate humic material before assaying Pi cotradions. The same soil extracts
(bicarbonate and hydroxide) were mineralized withNL HCI (v/v) at 110°C for 16 h. As
shown by our preliminary experiments, these cood#imade it possible to mineralize all
organic P contained in the solution (data not showhe organic P concentration in soil
extracts was calculated by the difference betweeand Pi for both NaHC®and NaOH
extracts. The concentration of Pi in all solutievess measured using malachite green method
(Ohno and Zibilske 1991).

2.4. Determination of diffusive P by isotopic dibut

In addition to the chemical P fractionation schemepund mechanistic approach was
used to quantify soil P status. It consists of yial both the soil P ions concentration (Cp,
mg I'* solution), i.e. plant available;AO, and HPG?, and the corresponding capacity of the
soil solid phase to equilibrate P ions in solutiemgler a gradient of P ions concentration
between liquid and solid phases of soil. The gars®unt (Pr, mg K{ soil) of diffusive P
ions between liquid and solid phases of soil susipas at steady state was determined using
the isotopic labelling and dilution technique prepd by Fardeau (1993, 1996). The
procedure consists, first to obtain a dataset ofa@g of associated kinetics of Pr for short
periods of isotopic dilution, then to use this datafor the calibration of mathematical
equations, and finally to use these equationsifoulation of Pr values over the more longer
periods. The Cp and Pr determinations were cawigdonly in soils of spring campaign
according to the procedure used by Achat et aD4R0

Briefly, five soil suspensions (10 g soil in 14.9 af distilled water and 0.1 ml of
biocide (Micro-O-protect, containing bromo-nitreegane 2-methylisothiazolone and ethanal,
Product 1585 720, Boehringer Mannheim Corporatibrdianapolis, IN, USA)) were
prepared for each sample, corresponding to 101@0, 400 and 1000 min dilution period.
Biocide was used to avoid microbial activity. Tl suspensions were allowed to equilibrate
for 16 h at 20 + 2°C, by gently stirring on a rol{@0 cycle mift). The 0.1 ml of carrier free
¥pQ, ions (R) solution was introduced into soil susjemsit time zero to label the amount of
P ions in solution (Pw, mg Kgsoil). Introduction of R does not affect the sieathte of soil
suspensions since R is around®Told lower than Pw, i.e. soil solution P concetitna (Cp,

mg I* solution) and Pw does not change significantlyirduthe isotopic dilution kinetics.
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About 2.5 ml of soil suspension was taken with dggble syringe after 10, 40, 100, 400 and
1000 min from each sample and immediately filteatedugh 0.2 pm membrane filters. These
aliquots were used to determine the radioactityaining (r) after these periods of isotopic
dilution. Additionally, the same procedure was iemrout in distilled water containing only
biocide (no soil) to determine R at any given timiée r and R values were enumerated
simultaneously in the counter (Packard TR 1100h@is& liquid scintillation cocktail and
isotopic dilution ratio (r/R, dimensionless) wascatated. The Cp values was also determined
(Cp, mg 1Y) in all aliquots using malachite green colorimetriethod.

From this Cp and r/R dataset, the amount (Pw, nkgi® of P ions in solution in
which R is diluted, the Pr values and the amourisatfopic exchangeable P ion (E, mg'kg
soil) in which R is diluted were calculated usihg following equations (Fardeau et al. 1991;
Fardeau, 1993; 1996) obtained by applying the @otdilution principle:

Pw (mg kg ?) = P XN e 1
M
Where V is volume (15 ml) and M is weight of sdiD(g) used for soil suspensions
) Pw (R -r) 1
Pr(mg Pkg?) = ——— = Pw e
(mg Pkg™) . ( (7R ] 2
1y _ Pw _ . e
E(mg Pkg™) = R Pr+ Pw = (Pi-isotopic dilution) ------------ 3

For a given soil, the parameters estimates of kisetf the 5 Pr values per soil was fitted to
the following equation using the procedure PROC MIlaf Statistical Analysis Software
(SAS, 200) that minimizes residual variability:
Pr=Prlminxt", with Pr < limit value ---------=-=====mmmmmm e eeeee 4

where Prlmin is the Pr value after 1 min. The patamn accounts for slow physical-
chemical reactions with time. Because slow reastimiorthophosphate ions in solution with
soil solid phase can occur for several monthslithié value of Pr, obtained when the isotopic
equilibrium is reached, can not be determined ewpartally. The limit value of Pr is
generally calculated by excess considering thatgerdc P in soil can take part in isotopic
dilution (Fardeau, 1993; Frossard et Sinaj, 1997).

The Eq. (4) can be used to calculate Pr valuearfgrdurations of time up to the limit
value. As an example, we used EqQ. 4 to calculateaRres after 30 minutes of isotopic

dilution and then Eq. (3) to calculate the E vala#ter 30 minutes (Pi-isotopic dilution after
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30 minutes of kinetics) in order to compare therthwie bicarbonate (Pi-Olsen) extractable

P in soils.

2.5. Other soil chemical and plant analyses

Fresh soil was used to determine percentage ofr watgent (WC) and pH. Soil was
heated overnight at 105°C in tarred aluminium dasid WC was calculated by the loss of
weight before and after heating. Soil pH was measun 10 mM solution of Caglusing a
1:5 soil to solution ratio. Air-dried soil samplem spring campaign were used to determine
total organic carbon (C), total organic nitroger) @hd total oxalate extractable aluminium
(Alox) by Laboratoire d’Analyses des Sobelonging to National Institute for Agronomic
Research (INRA), Arras, France, using standard dfreanalytical norms (AFNOR, 1999).
Briefly, total organic C content was estimated bydation with potassium dichromate and
sulphuric acid (NF ISO 14235); total organic N @aritwas estimated by the Kjeldahl method
(NF 1SO 11261) and the Alwas determined by McKeague and Day (1966) method. W
observed that the values of total C and total Nceatrations were highly correlated with soll
heat loss weight at 550°C (HLW) when ignited fortedmination of total P (see
supplementary data, Fig. 1). Therefore, we estichatee values of total C and N
concentrations in soil sampled in autumn by usigglinear regressions fitted on the variation
of HLW (given by the difference in weight of sodsied at 105°C overnight and soils ignited
at 550°C for 4 h) with total C and N in spring. Téguations used were: C total = 5.ALW
— 0.79 and N tot = 0.22 HLW — 0.14 (see supplementary data, Fig. 1). Tiwsvth of the
trees was estimated by measuring the circumfereatcébreast height. The ratio of
circumference at breast height to age of tree (e in mm yeaf) was calculated to take

into account the increase of diameter with tree age

2.6. Data arrangement and statistical analyses
The data was arranged into P fertilized plots @R,15) and unfertilized (control, n =

22) plots to evaluate the effect of fertilizer treant on Pi and Po fractions for both spring
and autumn. The effect of plants age on differeanttions of Pi and Po in soils was evaluated
by grouping only control plots into 6-13 years,£%years and 93 years old plants groups, for
both spring and autumn. All statistical analysesewgerformed in R open source software (R
Development Core Team, 2009). Tagts library of R software was used for the tests of
normality and comparison of means as well as Pparsmrelations (functionss.test

wilcox.testand cor.test respectively), whereas with tlveganlibrary (Oksanen et al., 2009),
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redundancy analysis (RDA) and partition of variatiwere performed (functionsla and
varpart, respectively). The significance level used irs tudy was set i@ = 0.05.

For each variable, normality of the datasets wsieteusing the Kolmogorov-Smirnov
test. If necessary, logarithmic transformations evapplied to the variables, to achieve a
normal distribution. The influence of sampling seasnd tree age for Pi and Po fractions as
well as the influence of soil treatment for physicaemical parameters Primin and n
determining the rate of solid-liquid exchange reexd were evaluated using mean
comparisons. These comparisons were made only oedpaamples by using the non-
parametric Wilcoxon signed-rank test. The effectreé age on soil Pi and Po concentrations
was evaluated only on control sites, in order tolede the influence of fertilization on P
fractions. Three groups of tree ages were creatbah corresponded to young (6-13 years
old; n = 23), middle age (26-49 years old; n = a8Y old trees (93 years old; n = 2). The
mean comparisons were only assessed between yodnguiddle age groups using the non-
parametric Mann-Whitney test. Due to small samplenipers in the old trees group, it was
impossible to compare the results of this grouf wther two groups.

At whole dataset level, heterogeneity of soil Pctitms as well as Primin and n
parameters occur between sampled plots. Factotsoliorg the variability of these response
variables were assessed using RDA describing, erhand, soil P fractions and, on the other
hand, Primin and n parameters. The explanatornabas tested by RDA were the sample
position (line/interline) identified by a binary nable, the soil treatments (control/+P)
identified by a binary variable, the age of eacih glot since last fertilization identified by a
set of dummy binary variables and significant qmibperties identified using a forward
selection procedure. These RDA were made on stdizedrvariables and the significance of
the canonical relations as well as the canonicakaxere tested using unrestricted Monte-
Carlo permutation test (10,000 simulations) perfednunder reduced model. For Pi and Po
concentrations, two RDA ordination biplots, presagvcorrelations among variables (type-2
scaling), were used to document the effects ageaciaith soil treatment and soil properties,
respectively. The discrimination between soil tnmeeit and soil property effects were also
assessed using partition of variation of the messsoil Pi and Po concentrations on spring
and autumn sampling campaign. Furthermore, forfainetional parameters Prilmin and n,
Pearson correlations were computed and used tdifidéhe key soil and tree properties

active on these parameters.
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3. Results

3.1. Soil physicochemical properties

The descriptive statistics of soil physicochemjgaiperties are presented in Table 2.
The data indicate that total C, total N, cationfatge capacity (CEC) andAkoncentration

were highly variable in studied forest soils, whilel was relatively stable over the various

plots. The comparison of soil treatment showed that¢an values of almost all

physicochemical properties were slightly highecamtrol soil plots than in P fertilized plots

except soil pH which was slightly lower in contealils. The seasonal variations show that the

mean values of total C and total N in autumn wdightly lower in autumn as compared to

spring.

Table 2: Descriptive statistics of the soil properties @gsed according to sampling
campaign (spring / autumn) and soil treatments {€©bN+P).

Soil  Descriptive TotalC? Total N? CEC Water pH in Al oy ©
treatment  statistics content  CaCl,”
g kg gkd' cmol(+) kgt % g 1004 DWS
Spring
Mean 28.6 0.99 2.17 4.68 3.25 0.03
Control sD* 15.0 0.62 0.79 4.93 0.11 0.03
Range 13.7-76.7 0.39-293 1.05-3.87 0.436-23.07-3.72 0.01-0.12
n 21 21 21 21 21 21
Mean 27.8 0.94 2.06 443 3.30 0.03
+p SD 9.63 0.31 0.57 3.20 0.15 0.02
Range 141-510 046-1.70 1.18-3.04 0.7848 9.3.01-3.89 0.01 -0.06
n 15 15 15 15 15 15
Autumn
Mean 254 0.87 e 5.62 3.27 -
Control SD 9.58 0.37 - 2.35 0.14 -
Range 11.3-423 0.33-1.53 - 1.62-109 3394 -
n 22 22 - 22 22 -
Mean 251 0.87 - 5.81 3.31 -
+p SD 10.7 0.41 - 2.63 0.14 -
Range 13.8-494 0.43-1.80 - 1.07-9.70 3336 -
n 15 15 - 15 15 -
a The data of total C and N for autumn campaigrevestimated. The estimation was based on relaffpmsh
derived from the spring database between heatwesght of sample at 550 °C and total C and N cdnten
(please consult material and method for details).
b pH was measured in 10 mM Ca6blution and with 1:5 soil-to-solution ratio.
¢ Aly, = extraction of Al by ammonium oxalate.
d SD = standard deviation.
e No data available.
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However, percentages of WC in autumn were highempawed to spring both in control
and P fertilized soils. Looking at the minimum amdximum values of total C and total N,
the minimum values did not differ largely betwearotseasons, while the maximum values
considerably decreased in autumn when comparedspiiihg soil samples. As against, the
minimum range values of WC, both in control platsweell as in P fertilized plots are higher

in autumn compared to soils collected in spring.

3.2. Characterization of soil P fractions

The P concentrations belonging to different P p@@idsotopic dilution and NaHC$)
NaOH and HSO, extractable Pi and Po) are given in figure 1. €omparison between the
two methods used to estimate the plant available 8vils of spring campaign, estimated
either by a kinetic approach (Pi - isotopic dilaficor a static one (Pi-Olsen), indicated that
both methods gave similar results in control aslvasl in P amended soils (Fig. l1a).
Moreover, P fractions were systematically highett Btatistically non-significant in P
fertilized plots compared to non-fertilized plothese differences were more observable in Pi
fraction than in Po fraction regardless the sangpbeason (Fig. 1). The bicarbonate and
hydroxide extractable Pi and total Po,8@,) fraction were significantly higher (Wilkoxon
signed-rank tes® < 0.05) in spring compared to autumn for eachtrineat (control or +P).
Both bicarbonate and hydroxide extractable Po ivast and HSO, extractable Pi were
higher in autumn rather then spring (Fig. 1). THeats were statistically significant only for
bicarbonate extractable Po and hydroxide extraetBblin P treated plots. Organic P fraction
indicated that total Po (ignition at 550°C) wasn#igantly higher in spring than in autumn
while bicarbonate and hydroxide extractable Poesgmted opposite pattern of variation (Fig.
1).

3.3. Parameters controlling Pi-isotopic dilution
Parameters determining the quantity of diffusiveogghate ions due to physical-

chemical reactions at solid-liquid interface in thist minute (Primin) and slow reaction over
the time (n) were analyzed for control and P fiegd soils (Table. 3). The average values of
Prlmin parameter was significantly (Wilcoxon sigmadk test,P = 0.03) higher in P
fertilized (+P) plots compared to unfertilized (tah) plots, whereas, parameter n was not
different between +P and control soil plots. Howetee values of parameters Prlmin and n
were highly variable for both control and +P sddtp (Table 3). RDA results showed that the

variance of Prlmin parameter was significantly (Me@arlo permutation tesB = 0.01)
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affected by the age since last fertilization ad aelsoil total N contents, while variance of the
n parameter was only affected by soil propertiestigularly Alox concentration and CEC

(Table 4). In order to extend our understandingsa@if processes involved in the isotopic
dilution measurement, correlations were determirmiween each soil property and
parameters Prlmin and n (Table 5). These correktimdicated that Primin was significantly
and positively correlated with total C, total N,daAl contents as well as CEC and WC of
soils. Similarly, n parameter was significantly gmabitively correlated with Al contents and

negatively correlated with Hconcentration and CEC of soils.
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Figure 1: Mean and standard deviation of P measured by igottifution after 30 minutes isotopic dilution
experiment (Pi-isotopic dilution) as well as inanga(Pi) and organic (Po) P measured by OlsenNapH and
H,SQ, (b) extracts in both control and P-fertilized glofor each Pi and Po fraction in soil extracts fanegach

soil treatment, the seasonal effect between spaing autumn sampling campaign were evaluated by the
Wilcoxon signed-rank test on 22 and 15 paired samfar control and P fertilized plots respectivi@ignificant

at *a = 0.05 and **o. = 0.01).
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Table 3: Descriptive statistics of physical-chemical reactiPr = Primin x" used to
calculate soil P concentration by isotopic dilut{spring database).

Isotopic dilution  Descriptive Soils studied Statistical
parameters?® statistics” significance®
Control +P p value
Mean 0.37 0.46 0.03
Primin Sl 0.32 0.35
Range 0.02-0.97 0.08-1.26
Mean 0.33 0.32 0.62
N SD 0.10 0.06
Range 0.10-0.51 0.24-0.44

a For each sample, the values of these parametnes @stimated during a 1000 minutes isotopic @ituti
kinetic. For more details on the isotopic dilutimehnique, read the material and methods section.

b Descriptive statistics were calculated on alshmples of a given soil treatment (Control: rl=+P = 15).

¢ Mean comparisons of isotopic dilution parametezse assessed using the Wilcoxon signed-rank resites
having both control and P fertilized plots (12 pair

d SD = standard deviation.

Table 4: Summary of RDA describing the relationships betwegehysical-chemical
parameters (Pr = Primin ) tused to calculate soil P concentration by isatapiution
and environmental factors.

Environmental Primin n
factors ? Canonical Adjusted Statistics Canonical Adjusted Statistics
eigenvalues R° (%) (F)° eigenvalues R? (%) (F)

Sample position 0.0014 0.0 0.47 <0.001 0.0 0.02
Soil treatment 0.0023 0.0 0.73 < 0.001 0.0 0.08
Time since the 0.078 59.8 6.20** 0.0024 51 1.19
last fertilization

Soil properties 0.047 40.8 25.2%* 0.0028 34.8 10.3**

a The effect of each environmental factor wereetbstsing RDA. The sample position (line/interlirzeid soil
treatments (control/+P) were described by one pinariable for each case, whereas time since last
fertilization was described by dummy binary varegblAs indicated by the forward selection procegiotal
N content as well as Al content extracted by ammmonoxalate and CEC were the significant soil proesr
integrated in the RDA models, describing respebtitiee Primin and n parameters.

b The statistical significance of the RDA was tdstesing Monte-Carlo permutation test performed unde
reduced model after 10,000 simulations (** sigrafic ata = 0.01).

Table 5: Pearson correlations coefficients between physicamical parameters (Pr =
Primin x t) used to calculate soil P concentration by isataliiution and, measured soil and
tree properties.

Soil properties Parameters
Primin N
ré R
Ctot 0.57** -0.11
Ntot 0.65** 0.06
CEC 0.42* -0.34*
wWC 0.57** 0.08
H* 0.08 -0.41*
Al 0.52** 0.45*
Circ : Tree Age - 0.07 0.21

a Correlations are considered significant at0.05 (*) and a& = 0.01 (**).
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3.4. Factors controlling the variance of soil P ¢teons
The partition of the variance of Pi and Po fractigiNaHCQ, NaOH, and HSOy

extracts) between soil properties and soil treatsnatong with age since last fertilization is
illustrated in Fig. 2.for both sampling campaigimsspring and autumn sampling campaignes
the exclusive effect associated to soil treatmedtage since last fertilization explained 21.5
% and 35 % of adjusted variance of soil P fracti@spectively. These fractions were highly
significant ato. = 0.01. Similarly, 30.5 and 23 % of adjusted vace& P < 0.01) of soil P
fractions were explained exclusively by soil phgsicemical properties in spring and autumn
sampling campaigns, respectively. The significank groperties integrated in the statistical
models were total N, Al and H concentrations for the spring period and totalr@d &f*
concentrations for the autumn dataset. A small arhotivariance of soil P fractions (2 %)
was shared between the two groups of explanatargbtas in autumn sampling campaign,

whereas no similar observation of shared variaccearoed for the spring dataset.

Spring
Time since Seil
last fertilization properties
d treat t
and treatmen . A . 7 Nitot, H+, Al -
21.5% 30.5%
(p < 0.01) {(p<0.01)
Residuals = 48%
Soil P fractionation
(Pi and Po measured by Olsen, Autumn
NaOH and HpSO4 extracts)
Time since Soil
last fertilization properties
and treatment
35% 2% 23%
(p<0.01) (p<0.01)
Residuals = 40%

Figure 2: Venn diagrams of partition of the variation of iganic (Pi) and organic (Po) P concentrations from
various soil extracts (Olsen, NaOH angSi)y,) for the two sampling seasons. The rectanglessepit the total
variance of Pi and Po concentrations in varioukesdracts while each circle is associated to @wgigroup of
significant explanatory variables (soil treatmentl age since last fertilization as well as soilpamies). The
exclusive effect of the Pi and Po concentrationsagh group of explanatory variables (surfacesdacinthe
co-variation attributed to the two groups of explnmy variables (surface b) and the unexplainedatians
(residuals) are shown in these diagrams. The ajuBf (expressed in %) of the variance of Pi and Po
concentrations for each surface of the Venn diagrara presented and were obtained from equatistsided

in Legendre and Legendre (1998). Significance ahd c surfaces of the Venn diagrams were evalusizd
Monte-Carlo permutation test performed under redunedel after 10,000 simulations.
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These results suggested that in this study, sbghtstatistically non-significant interactions
occurred between these two groups of explanatonyablas. Finally, the amount of
unexplained variance reached 48 % in the springseéatand 40% in the autumn sampling
campaign.

In order to improve our knowledge on how soil pmbies as well as soil treatment and
age since last fertilization controlled the diffierdractions of P in soil, partial RDA were
performed. The partial RDA illustrating the exchesi effect of soil physicochemical
properties on soil P fractions of the spring ddtaseoresented in Fig. 3a. Along the first
canonical axis, bicarbonate and hydroxide extraet&h were strongly correlated to each
other and were strongly and positively linked tbgetand were clearly related to" H
concentration and to a lesser extent to total Ntesde. Similarly, bicarbonate and,$0,
extractable Po were correlated to each other ard pesitively related to total N and'H
concentrations. The second axis of the biplot seéetoebetter describe the relationships of
hydroxide extractable Po and,$0, extractable Pi with soil properties. Indeed, aldhy
axis, these two P fractions were positively relatedoil Al,x concentration.

The results of the partial RDA, illustrating theckisive effect of soil treatments and
age since last fertilization on soil P fractionstloé spring sampling campaign, revealed that
most of the P fractions were explained by the franonical axis, which explained a
significant fraction of variance set to 14.7 % (Big). Contrary to the first canonical axis, the
second canonical axis explained a non-significeattion of soil P variance and will not be
discussed in this work. Bicarbonate and hydroxixkeaetable Pi concentrations were highly
positively correlated to each other and were paditi related to the application of P
fertilizers and inversely related to time since fastilization. The Po fractions did not exhibit
high variations, except for bicarbonate extractabtethat showed comparable behavior to
bicarbonate and hydroxide extractable Pi (Fig. 3)e HSO, extractable Po was also
positively related to P fertilizers and inverseiyked to time since last fertilization, while
hydroxide extractable Po showed completely oppgsiteerns.

Partial RDA produced on the autumn sampling campajgve similar results as
obtained on the spring dataset. Therefore, thdtsesiil not be exhaustively presented and
discussed here, but partial RDA biplots are avialas supplementary information in Fig 2.
The main differences between sampling campaignse vedrserved in the partial RDA
describing the exclusive effect of soil physicocieahproperties.
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Figure 3: Redundancy analysis ordination biplot (scalingetyq) of forest soil plots representing, either the
exclusive links of soil treatment and time sincst lrtilization (a) or, the exclusive links of kproperties (b)
with inorganic and organic P concentrations (Pi Bodrespectively) in various soil extracts (OlsdaOH and
H,SQy) of spring sampling campaign. For each biplothesitthe influence of soil treatment and time silast
fertilization (a) or the soil properties (b) werentrolled in order to isolate the influence of thtter group of
variables. The combination of all canonical axgsl&red 21.5% (a) and 30.5% (b) of the adjustedifignt (x
= 0.01) variance of Pi and Po fractions. Soil tmeit is described by a binary variable showingrBlifeed plots
(+P) and time since last fertilization by two biparariables expressing the two periods of soililfeation
observed across the whole range of plots (moshtew®d oldest initial fertilization). Significanoi properties
integrated in the model expressed the total coraémtitrogen (total N), Al content extracted by aomum
oxalate (Al and proton concentration {H

Indeed, the comparison of the partial RDA from be#mpling campaigns revealed
that the organic matter behavior, as suggestedotay € or N measurements, was more
strongly related to soil P fractions thari Eoncentrations in autumn compared to spring.
Finally, the effect of stand age on soil P fractiomas also evaluated in both spring and
autumn sampling campaigns. To isolate this effdat, concentration of soil P fractions of
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only the control plots were considered and wereuged according to stand age (young,
middle age and old trees) (Fig. 4). The conceminatof Po fractions were increased between
10-60 % in plots with high age forest stand (midalfel old) compared to plots with young

trees both in spring and autumn.
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Figure 4: Mean and standard deviation of inorganic (Pi) anganic (Po) P concentrations in various soil
extracts sampled in spring (a) and autumn (b) fommtrol treatment plots d?. pinasterstands with different
ages. The trees age effects on soil P fraction® weaty investigated on the control plots and theame
comparisons were only assessed between young alttlengige trees, because of very few samples ctabsis
old trees.
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The increase of Po fractions with trees age weghdri(2-3 folds) in spring compared
to autumn. However, PoJ80, in autumn was strongly decreased in 93 yearsretddtands
compared to younger tree stands as well as f&@Hconcentrations in spring (Fig. 4b).
Bicarbonate and hydroxide extractable Pi conceantravas higher in plots with middle age
stands compared to plots with young and old stamtidle Pi-HSO, was systematically
higher in plots with old trees compared to otheo fioung and middle) age group stands.
Bicarbonate and hydroxide extractable Pi was 15%% higher in spring as compared to
autumn depending upon the trees age and soil &xivaide Po was lower in the same range

of magnitude.
4. Discussion

4.1. Soil physicochemical variables

Soil physicochemical properties, soil treatmenkanipage and soil reactivity regarding
P availability is important to interpret the resuttf this study. The brief description of these
variables is mandatory to elaborate the objectofethe study. Results mentioned that the
physicochemical properties of soils presented highation among different soils. These
variations of physicochemical properties, likg,MFe,x, CEC, OM (soil heat loss), total C and
total N were linked with soil water contents as Iwas the development of soil horizons
(Achat 2009). Generally, humid soils contained moM, CEC, and Ak as compared to dry
soils. In addition, these properties were alsocdid by fertilizer treatments (+P) and seasons
(Table 2). The higher water contents in autumnadid explained by the high precipitation
and number of wet days and low temperature in antasncompared to spring, reported in the
region. The pH (CaG) also showed large variations between differeiit gots as well as
seasons. However, the low absolute pH values cadgarthat of Achat (2009) in these soils
could be due to Caghkoil solution. According to Page et al. (1982) kner pH in CaCl
(0.6 £ 0.2) soil solution is due to easily dissbtgaand exchangeable protons, while water

solution contains only easily dissociable protons.

4.2. P fractions

The hydroxide extractable Po presented the magmtiém of total organic P in these
soils and the values (3.7-49.8 mg*kgvere comparable with the results of Nwoke et al.
(2003). The high organic fractions of P (upto 80i@a3oil (Condron and Tiessen 2005; Achat
2009) have been investigated to be an importanceaof P availability in forest ecosystem,
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particularly in the systems of unfertilized topsf(ileck and Sanchez 1994). Application of
mineral P fertilizer increased bicarbonate, hyddexand HSQO, extractable Pi (Borling et al.
2004) as well as Po concentrations but the effexs not statistically significant (Fig. 1).
Similarly, the Pi-isotopic dilution was also incseal in fertilized plots. This shows that a part
of P applied increased inorganic fraction and tkst rwas immobilized, adsorbed or
precipitated, hence reducing the differences ofinPsoil solution (Frossard et al., 2000;
Hinsinger 2001) of fertilized treatments. Moreovesignificant amount of Pi could be taken
up by plants resulting into high plant growth (P0<05) in fertilized plots compared to
unfertilized plots (Payn et al. 2000; Fox et al0@0Trichet et al., 2009).

The Pi isotopic dilution (30 minutes of kineticshdabicarbonate extractable Pi
fractions indicated comparable values, suggestingt tboth methods were probably
characterizing same pool of P in these soils. Boitarbonate (Olsen et al 1954) and Pi by
isotopic dilution (Buhler et al., 2003) provide anfnation about the P availability for plant
uptake. However, the Pi-isotopic dilution providegpplementary information like intensity,
guantity and capacity of Pi availabilityity (Farde®996; Frossard and Sinaj 1997; Frossard et
al., 2000; Buhler et al., 2003). We used Prlminmpadrameters, to describe availability of P,
the effect of environmental factor on these paramseand their relation with soil and tree
properties. The significant effect of fertilizers Brlmin parameter suggested that application
of fertilizers increased availability of instanti? these soils while fertilizers did not affect
significantly n parameter. Similar type of infornwat could be drawn from scores of
redundancy analysis, (Table 4) showing positiveatr@h with time of fertilization.
Nevertheless, soil properties significantly cor&dl both Primin and n parameters as
explained by redundancy analysis. Pearson cowalatiith individual parameters of soill
properties further explained that both Primin anghrameters showed better correlation with
Alox. It could suggest that Alis the variable which explained the capacity apton of P in
acid soils (Daly et al., 2001; Maguire et al. 2001llapando and Graetz 2001; Borling et al.
2004; Horta and Torrent 2007). The parametersae@l&d organic matter (total C, total N,
water contents and CEC) were positively correlatétt Primin parameter. It suggests that
organic matter can reduce fixation of P or it intskadsorption of P on inorganic surfaces
(lyamuremye and Dick 1996; Brady and Weil 2002).chbnism responsible for inhibiting
adsorption could be large humic molecules, orgatids produced during organic matter
decomposition adhered at the surface of metal lwgdoxides and chelation of low molecular
weight organic acids with Al and Fe, preventing tiraation of P at adsorption sites
(lyamuremye and Dick 1996; Brady and Weil 2002;t8arkova et al. 2004).

72



Chapter 2

4.3. Seasonal variation of P fraction

The seasonal variation in phosphorus pools in fosesl has not been studied
extensively. In the limited numbers of studies, thigerence in seasonal pattern of organic
and inorganic P fractions could be explained by#rgation in soil temperature, moisture and
plant uptake over the seasons and solil types (Mtgraal. 2000; Chen et al. 2003). The
amount of inorganic P in soils is also controllgdiee factors, like adsorption-precipitation of
inorganic P, microbial immobilization and mineraliion (Perrott et al., 1990; Frossard et al.
2000; Hinsinger et al. 2001). In this study the aantration of bicarbonate and hydroxide
extractable Pi was significantly higher in spring eompared to autumn. However, the
bicarbonate and hydroxide extractable Po concemtratere significantly higher in autumn
compared to spring (Fig. 1). The results are iroatance with the findings of Magid and
Nielsen (1992), in pasture grassland and arable ebiDenmark and Fabre et al. (1996) in
temporarily flooded riparian forest soils of Fran@éis could be interpreted by an increased
rate of mineralization of labile Po by the micrdkaativity combined with a low Pi uptake by
plant during winter, resulting in the decrease of d&d increase of Pi pools in spring. In
contrast, active plant growth and increased orgampats during the growing season (late
spring and summer) could decrease and increasedPPa concentrations, respectively. The
decrease of total Po ¢B0O,) in autumns also suggest that a significant amobiift has been
immobilised and taken up by plant (both pine andeustory annual vegetations) during high
growth period (spring and summer). The P taken yplants would be returned into soil
reserves by degradation of litter fall and annuadetations during the coming winter and
autumn. Nevertheless, high abrupt decrease of Rdaln some sites (Baudes Vielle and

Mimizan) could also be suspected due to spatiagtran along with seasonal variations.

4.4. Factors controlling variance of soil P fracti®

The partition of the variance of soils inorganidarganic P fractions was explained
in terms of soil properties and treatment with agee last fertilization for both spring and
autumn (Fig. 2). These two sets of studied varglebeplained significantly over 50 % of
variance, showing some seasonal shifts betweemgs@and autumn. In spring the high
proportion of variance controlled by soil propestieould be due to biological processes
(Chen et al. 2003) or change in solubility (MagmbaNielsen 1992). These processes are
influenced by soil moisture and temperature (Tatalel991; Fabre et al. 1996). The high
rate of mineralization of organic matter in spr{Rgrrott et al, 1990; Tate et al. 1991; Chen et
al. 2003), which is highly related to total C, fobh and Po fraction (Achat 2009), could
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highlight the importance of soil properties in edping high proportion of variance.
However, soil treatments and age since last featilbn is considered to affect plant growth
(Trichet et al. 2009), altering canopy size anteiditurnover in the soils. In this way soil
treatments and age of fertilization could be sutgget control larger proportion of variance
(35 %) in autumn through immobilization of Po asllveess organic matter (Harrison 1987;
Perrott et al. 1990; Tate et al. 1991; Chen e2@0D3). The proportion of residual variance in
these spodosols might be explained by many factixes, podzolization (Kitayama et al.,
2004), depth of water table (Achat et al. 2009)] gmrmation and type of understory
vegetations (Trichet et al 1999, Augusto et al.60@nicrobial and soil enzyme activities
(Wang et al., 2008), other nutrients like N andTKic¢het et al. 2009) and other processes
controlling P availability in soils (Frossard et 2000).

For strengthening our understanding about the egpday and response variable in
partition analysis, redundancy analysis were peréat on data sets of both spring and
autumn. Results indicate that labile fractions iofoitarbonate and hydroxide) were related to
soil pH (Fig. 3a) controlling the processes of sorpand desorption (Hinsinger 2001) and
the addition of fertilizers and age of fertilizenee last application. The effect of age of
fertilizer or age of forest stand (Fig. 4) suggddteat as soil developed, the part of labile Pi
became unavailable by immobilization into organicozcluded form (Walker and Syers
1976; Frizano efal. 2002; Frizano et al. 2003). Valdespino et al (208@ygested that
available pools of Pi decreased with forest agdemutal phosphorus did not change with
forest age. Moreover, the organic fractions of Rgfbonate and }¥$0;) were strongly
associated with the organic matter while hydroxedéactable Po was associated with,Al
present in these acid soils, which is in agreemetit the idea of P sorption with 4land
organic matter (Barrow 1987; Frossard et al. 1938Bsinger 2001; Celi and Barberis 2005).
Bicarbonate extractable Pi in the acid soils wasdnordance with the hypothesis of Kuo
(1996) who suggested that Olsen method could be fesdooth acid and alkaline soils. In this
study bicarbonate extractable Pi presented comiearatbues with Pi-isotopic dilution (30

minutes) suggesting the pertinence of Olsen meihadid soils.

5. Conclusion

Along with both labile (bicarbonate) and moderatalyile (hydroxide) fractions of P,
the total contents of P were very low in thesessddrganic fractions represented major
proportion of total P (up to 80%) in these soilpphcation of P fertilizer increased all

fractions of P as compared to control plots but ¢ffect was not statistically significant.
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However fertilization increased significantly parter Prlmin compared to control,
suggesting that fertilization increased readilyilabde P for plant uptake. The remarkable
significant seasonal variation was observed in bodarbonate and hydroxide extracts. Pi
fractions were higher in spring compared to autumom Po fractions were dominant in
autumn for both bicarbonate and hydroxide extrasticAs against, the results for$0,
extractable Pi and Po were opposite. Over 50 %@fvariance in P pools was explained by
soil treatments and its properties. The fertiliaatand H were positively controlling labile
and moderately labile Pi fractions, however coneginns of H was more important for
moderately labile (NaOH) Pi fraction. Moreover, dribonate and Pi-isotopic dilution
represented comparable value for both control @ntlized soil. The total C, total N and
organic matter were highly correlated to each otéwed were principally controlling Po
fractions and partly Pi fractions except hydroxédéractable Po and dilute acid extractable Pi
which was positively controlled by &l Similarly, soil properties (physicochemical) were
also playing their role in regulating concentratmnPi-isotopic dilution. Further research at
large scale, with more explanatory variables (biaind abiotic) would help to increase our

understanding about the variation of P in foressgstem.
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7. Supplementary data

Table 1: Soil properties and P concentrations in varigais extracts sampled from fields of
Pinus pinastein spring 2006.

Sites pH° Water TotalC Total N Olsen extract NaOH extract HSO, extract

codé content P Po Pi Po Pi Po

% (WIW)  ------- g KGL —mmmmmm e mg P kg -------mmmmmmmeeeeeeee-
1 3.42 1.04 14.9 0.46 285 1.36 6.18 7.92 6.03 23.6
2 3.40 0.88 21.0 0.64 3.69 114 6.69 3.74 442 28.2
3 3.40 0.87 22.6 0.75 424 218 10.6 149 4.38 30.4
4 3.38 1.26 21.2 0.72 586 3.03 9.38 8.08 6.34 36.3
5 3.20 9.98 51.0 1.70 7.10 4.36 13.3 186 5.46 59.1
6 3.34 8.76 36.8 1.21 469 331 9.55 9.14 138 42.2
7 3.30 20.0 76.7 2.93 241 298 9.04 219 156 101
8 3.30 15.6 60.8 2.33 232 7.06 10.1 29.7 124 99.8
9 3.27 2.24 21.9 0.72 497 3.25 10.1 11.4 5.67 34.9
10 3.39 5.31 21.1 0.74 553 5.04 11.2 17.9 9.57 29.1
11 3.42 4.96 26.5 0.97 11.1  4.74 21.8 186 149 54.7
12 3.26 4.46 24.3 0.72 537 2.05 8.88 981 11.8 43.0
13 3.24 3.76 33.2 0.96 890 2.60 13.9 10.6 6.71 49.2
14 3.09 5.28 20.6 0.54 542 237 9.72 41.4 8.37 49.0
15 3.07 2.71 19.7 0.52 415 243 9.04 7.81 789 429
16 3.22 9.41 24.0 1.22 1.88 2.84 8.37 49.8 13.0 56.2
18 3.89 5.12 22.3 0.97 3.87 4.30 9.72 200 126 55.6
19 3.64 5.23 19.8 0.87 3.14 3.26 8.88 14.4 9.83 435
20 3.72 0.82 27.1 0.75 469 4.07 10.7 11.0 7.21 449
21 3.11 1.66 25.3 0.76 8.12 4.60 13.9 11.8 6.34 447
22 3.20 2.82 37.3 1.01 7.70 3.65 12.9 153 10.0 61.6
23 3.10 6.83 30.6 0.91 105 4.32 18.8 146 135 45.2
24 3.19 0.54 15.2 0.42 349 1.86 7.36 6.74 4.55 31.9
25 3.26 0.43 13.7 0.39 283 270 6.69 3.13 13.0 21.8
26 3.25 1.02 20.4 0.57 579 220 9.72 16.0 6.92 37.2
27 3.29 0.74 27.7 0.84 7.31 4.37 10.6 12.1 7.01 44.7
28 3.28 1.55 25.8 0.87 6.56 1.75 9.04 12.1 10.8 36.2
29 3.22 4.17 30.1 1.02 7.74 195 104 9.21 553 437
30 3.31 0.85 18.0 0.63 588 2.73 10.9 124 140 44.0
31 3.46 8.15 14.1 0.46 3.09 214 6.35 9.28 6.45 55.1
32 3.32 4.69 24.8 1.00 561 3.44 11.4 29.3 7.21 32.7
33 3.20 4.36 25.0 1.04 561 237 9.89 8.80 6.71 419
34 3.01 2.81 34.2 1.17 9.00 6.98 18.1 19.8 5.00 86.7
35 3.27 7.06 33.8 1.25 10.3 4.79 16.1 154 8.51 73.6
36 3.19 4.38 36.6 1.38 8.98 6.04 18.3 21.2 6.65 68.9
37 3.13 5.00 38.1 1.40 842 7.73 12.9 21.7 7.03 66.3

The plot No. 17 was excluded from database ofil 4006 due to analytical problem during the

measurement of Pi and Po concentrations extradtedHaSOs.

Soil pH was measured in 10 mM Ca6€blution using 1:5 soil-to-solution ratio.

Pi = inorganic P concentration; Po = organic Rcemtration obtained by the difference between #®tand

Pi concentrations.
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Table 2: Soil properties and P concentrations in varioukesdracts sampled from fields of
Pinus pinastein autumn 2006.

Sites pH® Water TotalC® Total N° Olsen extract NaOH extract H,SO, extract

code content Pf Po Pi Po Pi Po
% (W/W) --mmmmmmv o e ——— L —
1 335 471 15.0 0.47 150 3.11 1.79 12.079 147
2 334 478 15.0 0.47 1.73 344 180 99269 134
3 328 6.45 20.1 0.67 213 435 279 16.47.6 18.9
4 332 456 16.9 0.55 242 597 362 14.06.9 17.3
5 312 941 49.4 1.80 3.13 7.43 6.30 29.20.7 39.6
6 320 8.90 48.5 1.77 383 759 841 27.83.1 30.9
7 311 837 39.5 1.42 2.13 6.07 547 28.29.6 25.1
8 3.18 6.96 38.0 1.36 1.88 6.94 4,79 29.87.7 18.7
9 348 4.72 22.2 0.75 221 697 6.65 20.22.0 7.26
10 3.53 5.00 22.4 0.76 244 574 582 24.19.0 22.4
11 3.43 6.18 25.9 0.89 543 114 146 36.21.2 21.3
12 3.15 4.89 17.2 0.56 272 424 839 6.0125 16.5
13 3.28 4.92 12.5 0.38 151 355 812 59844 12.0
14 3.12 9.56 28.3 0.99 6.26 10.8 5.36 12.8.74 26.0
15 3.12 5.28 22.5 0.76 267 450 599 14.8.47 23.1
16 3.94 8.10 28.2 0.98 158 7.30 4.33 33125 43.3
17 3.86 10.9 36.0 1.28 1.66 8.23 6.33 38.31.3 67.6
18 390 5.24 16.5 0.53 229 6.18 151 15.8.47 29.6
19 3.87 8.79 23.5 0.80 274 584 866 32.80.4 35.6
20 3.12 853 31.9 1.12 385 7.19 7.64 21.8.03 35.6
21 3.09 558 30.3 1.06 292 7.14 564 27.8.98 36.3
22 315 9.70 30.2 1.06 299 834 585 26.9.05 29.1
23 3.21 6.00 26.2 0.91 338 6.81 8.06 27.0.92 30.4
24 330 4.36 11.3 0.33 229 462 214 7.4350 9.97
25 3.24 4.10 15.8 0.51 221 440 366 21.3.68 14.8
26 3.23 493 27.7 0.96 346 7.30 582 16.B.72 32.2
27 3.26 5.11 20.4 0.68 205 526 468 10.B.32 20.2
28 331 6.62 20.6 0.69 276 558 498 18.9.28 24.3
29 326 6.11 20.5 0.68 1.74 6.16 3.33 10.6.61 19.7
30 336 5.12 15.4 0.49 3.92 283 652 10.7.58 16.7
31 343 461 13.8 0.43 547 127 516 8.07.69 21.1
32 326 1.62 23.1 0.79 229 6.62 501 26.3.71 42.0
33 338 3.14 23.7 0.81 268 7.65 517 26.4.10 47.6
34 326 1.07 21.1 0.71 220 867 435 24.8.38 35.7
35 332 112 21.6 0.73 393 798 858 25.8.20 39.5
36 3.35 247 41.7 1.50 221 827 6.37 34.8.03 42.4
37 310 2.87 42.3 1.53 244 6.89 468 23.6.47 35.3

a Soil pH was measured in 10 mM Casblution using 1:5 soil-to-solution ratio.

b The data of total C and N for November 2006 vestimated. The estimations were based on relaijpmsh
derived between heat loss weight of soil samplé5at°C and total C and N content from databas&poi
2006 (please consult material and method for dgtail

¢ Pi=inorganic P concentration; Po = organic Rceotration obtained by the difference between ®tand
Pi concentrations.

d Corrections were applied to these data to mirgraizalytical problems occurring during the measergm
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Figure 1: Relationships between heat loss weight (HLM) of samples at 550°C with total C (a) and N (b)
contents. These relations were derived from thngmampling campaign and were used to estimatetheC
and N contents of soil sampled in autumn. An outias excluded from linear regression model whewirg
these relationships.
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Figure 2: Redundancy analysis ordination biplot (scalingety) of forested soil plots representing, either th
exclusive links of soil properties (a) or, the esiVe links of soil treatment and time since lastilization (b)
with inorganic and organic P concentrations (Pi Bodrespectively) in various soil extracts (OlfdaOH and
H,SQO,) of the autumn sampling campaign. For each biglither the influence of soil treatment and timecsi
last fertilization (a) or the soil properties (bgme controlled in order to isolate the influencetef other group
of variables. The combination of all canonical aggplained 35% (a) and 23% (b) of the adjustedavae of

Pi and Po fractions and were both statisticallyificant ato = 0.01. Soil treatment is described by a binary
variable showing P fertilized plots (+P) and tiniece last fertilization by two binary variables egpsing the
two extremes times of soil fertilization observertass the whole plots studied (most recent andsblhdial
fertilization). Significant soil properties integea in the model expressed the total content diaartotal C)

and proton concentration {H
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CHAPTER 3
Acid phosphatase activity of ectomycorrhizal fungand their abundance as affected by
soil and plant properties, inPinus pinasterforest

In the previous chapter it is observed that in 8m@ing positions the Pi and Po
concentrations of different fraction showed largeiation, which is partly controlled by soill
properties and partly by the soil treatments. Itistio terms over 50 % of variance was
explained by soil and environmental variables usdtie study and up to 80 % of total P was
present in the form of organic P fractions. Thigdafraction of total P in the form of Po is
often not accessible for plant uptake, unless itn@ hydrolysed into Pi fractions
(orthophosphates) in soil solution. RootsRafius pinatertrees are associated symbiotically
with ectomycorrhizal fungi. These ectomycorrhizahdi are known to secrete phosphatases
enzymes, which can hydrolyse Po compounds in soil.

The concentrations of Pi and Po fractions wereyassa the first 15 cm of mineral
soil horizon after removing superficial litter lay&he objective to use 15 cm mineral soil
horizon was to use soil layer which is potentidtip-influenced (Fungi, bacteria and
roots).Taylor and Bruns (1999) suggested that atd % of fine roots are located in the
first 15 cm of soil and an equal proportion of @sygorrhizae could be associated with the

fine roots.

In this chapter (Chapter 3) we focused to determine
1) What is the morphological diversity of ectomyitizae associated with fine roots of
Pinus pinaste?
2) What are the indicators which could influencee tlactivity phosphatase of

ectomycorrhizae associated with fine root®wfus pinaste?

Seven solil cores (15 cm length x 8 cm diameterewaken from top 15 cm of mineral
soil horizon after removing the surface litter lay&hese soil samples were successively
sieved through 5 mm and 2 mm sieves in order toadrcoarse and fine roots respectively.
Only fine roots showed maximum mycorrhization anbncst all fine roots were
mycorrhized. The mycorrhizal root apex were detdcfiem roots and then characterized
into myrphotypes on the bases of morphological attaristics (Agerer 1987-1999). Each

morphological unit was given an alphabetic namidactomycorrhizae (ECM).

85



Chapter 3

Four replicates of each of the ECM morphotypes wiifficient number of apex were
then used to assay their phosphatase activity. HGM(s) were incubated in thpara
nitrophenyl phosphatepPP), which is a synthetic monoester.phosphate. extiacellular
phosphatase activity of each ECM was assayed inathicafter removing from soil samples
in order to observe phosphatase activity. Thesspgitatase activities were used to evaluate
their functional diversity by using appropriatetstizcal analysis. The morphotypes showing
more then 90 % of the total specific phosphataswitycof entire data base were used to
identify the new indicators, which could potentationtrol the regulation of phosphatase
activity of ECM morphotypes. The explanatory valesbused to evaluate the response
variable (phosphatase activity) were the differeattion of Pi and Po (Olsen, NaOH and
H,SQy), the environmental factors (water contents of gb# at the time of sampling) and
plant paramenters (fine root biomass, fine rootsdgn specific root length, age of the

plantation etc).

The data obtained is used to compose a scientificleafor a pre-reviewed FEMS
microbiology ecology”titled as “Acid phosphatase activity of ectomybaral fungi and

their abundance as affected by soil and plant ptigse inPinus pinasteforest”
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Abstract

The diversity and phosphatase activity of ectonygral (ECM) fungi on fine root tips was
studied in mono-specifiPinus pinasterforest. The ECM fungi were isolated from bulk soil
samples of representative plots in a range of availlion ha forest. The soil P fraction and
fine roots biomass, density and specific root lergere estimated. Using correspondence and
canonical correspondence analyses, the diversitgtroicture and phosphatase activity of
different ECM morphotypes was determined. Similathe relations between soil and plant
properties with diversity of ECM and phosphatasgvilg were developed. Results showed
the presence of 19 ECM morphotypes randomly disteith with respect to presence/absence
as well as abundance. The acid phosphatase aatiggyalso highly variable within the same
morphotype and plot as well as between morphotgpésplots. The correspondence analysis
with soil and plant properties showed that phospd®tctivity of ECM was low in plots with
high Pi-Olsen or P fertilizers treatments. Moreouvarportant number of ECM fungi was
linked with fine root parameters, both in terms aifundance and phosphatase activity.
Significant relationships of soil treatments and pooperties (Pi-Olsen, water contents and
Po-H:SO,) were observed with the abundance of ECM, wheieaacid phosphatase activity,

it was sampling position and soil properties (Ps&l, total N and water contents). Further
research should focus on relating edaphic and mlalecharacterization to attain better

understanding of this complex soil-plant-fungakifice.

Key words:enzyme activity, fungal diversity, fine roots, rBcfion, environmental factors,

water contents,
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1. Introduction

The fine roots of forest stands in temperate regign associated symbiotically with
large diversity of fungal species which developtracdure called ectomycorrhizae (Horton
and Bruns 1998; Dahlberg 2001; Landeweert et a@3R0These ectomycorrhizal (ECM)
fungi may contribute to one third of microbial biass in forest soils (Hogberg and Hogberg
2002). The various studies have examined the contiesiof these ECM fungi on relatively
small area (Bruns 1995; Horton and Bruns 2001). éles, results obtained at a large scale
may change our comprehension of community structanel function. These ECM
communities have been determined either by takurg soil samples and their subsequent
analysis to isolate ECM present on root tips, or rbgking survey of fruiting bodies.
However, surveying fruiting bodies hardly represeat 20-30 % of mycorrhizal species
(Gardes and Bruns 1996; Jonsson et al. 1999). Thigsinevitable to take bulk soil samples
of forest soils, and appropriate methods to sottECM fungal community associated with
fine roots. Characterization of ECM fungi may beneaising morphological characteristics
(Agerer 1987-1999) or molecular techniques or nosrarcommonly a combination of both
(Koljalg et al. 2000; Horton and Bruns 2001). Conmityidiversity is usually documented as
two components, species richness i.e. the numbgpesfies in the community and community
evenness i.e. a measure of the abundance of eaciesn the community (Magurran, 1988;
Nantel and Neumann. 1992).

The community structure of ECM on root system mayrélated to nutrient uptake
efficiency from the soil solution of different mychizal species (Dighton 1995). It could also
be affected by the quality of litter (Conn and Qg 2000), competitive interaction between
colonizing mycorrhizal fungi (Shaw et al. 1995)rdst ageing (Last et al. 1987), forest
disturbances like forest fire, clear-cutting anohing (Jones et al. 2003; De Roman and De
Miguel 2005; Buée et al. 2005), nitrogen depositfbileskov et al. 2002), irrigation and
fertilization (Jones et al. 1990; Fransson et @@ Bakker et al 2009).

These ECM fungi are reported to play a crucial moléletermining ecosystem health
through their functions like the secretion of enegmparticularly acid phosphatase (Antibus
et al. 1992; Chen et al. 2002; Courty et al. 20@6sca et al. 2007) in low P status soils. Acid
phosphatases are hydrolytic exo-enzymes which aogvik to release inorganic P from the
soil organic P sources (Tibbett et al. 1998). Ttid phosphatase activity of mycorrhizae is
up or down regulated by P availability in soil (@het al. 2003a, b; Criquet et al. 2007),

mineral or organic amendments (Criquet et al. 2@08) P demand by fungi or plant host.
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A mono-specificPinus pinasterforest has been established on nearly one million
hectare in Landes of Gascogne situated in south efeSrance. The soils are sandy acidic
podzols with low cation exchange capacity and Highand Al contents in surface layers
(Trichet et al 1999). Due to these high Fe and @xtents, low pH values and low overall
total P contents of these soils results in low Rilakility that is considered as the main
limiting factor for tree growth (Bonneau 1995, Tat et al 2009). On the other hand, these
sandy podzols present organic P up to 80% of ®téhchat et al., 2009), suggesting that
phosphatase activity released by ECM fungi may ecd®i availability by the hydrolysis the
Po pools. In this forest, large scale field trigiling at measuring the effects of P fertilization
on tree growth have been established and plotsdiffierent stand age, understory vegetation
and organic matter accumulation as well as wateteriis (Augusto et al. 2006) are available.
To date, no comprehensive study has been condattbd large forest ecosystem to evaluate
ECM diversity and functions, especially at the lesephosphatase activity. Objective of the
present study was to assess the functional diyes§iEECM fungi associated witR. pinaster
roots in the field along a gradient of soil andnplgroperties. It was hypothesized that
different soil P availability, modified by P feitihtion practices as well as age of plantations,
may influence ECM community structure and phosgetactivity. The soil samples were
collected from 18 plots dP. pinasterin which age and growth of trees was known. Living
ECM tips associated with fine roots were extra@ad grouped according to morphological
characteristics (colour, form etc) before measurpigpsphatase activity in individual
morphotype. We also measured fine root and soisisbghemical characteristics. Finally, we
used statistical approaches to assess the effesbibfand plant properties on the ECM
community structure and the regulation of acid jphasase activity.

2. Material and Methods

2.1. Description of experimental station

The experimental station known as Landes of Gastagriocated in southwest of
France. Soils have developed from a coarse sandliadeparent material deposited in the
Pleistocene and are characterized as acidic, éeske fwith highly organic matter. These can
be classified as Entic to Albic spodosols (Food aAdriculture Organization
(FAO)/International Union of Soil Science 2006).d@ading on the depth of water table, the
lenses of a cemented spodic horizon can occur eetivee depth of 40 and 100 cm in the soll

(Trichet et al. 1999). The plots used in this sthdgP. pinastemlantations ranging from 6 to
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93 years. The trees &f. pinasterare grown evenly into lines with 2 m tree-to-tdéstance
and 4 m interline tree distance. Fertilizers trialspecially of phosphate fertilizers are
conducted over a whole forest range because geilsharacterized as P deficient. The mean
annual temperature ranges from 10 to 15°C (front teesast) and precipitation ranges from

750 to 1,250 mm ¥ (from south to north) that is irregularly distrted over the year.

2.2. Soil sampling and treatment

Paired soil samples from line and interline tresijans were taken in November
2006 (autumn) from 18 plots and 11 sites, coveainghole range of forest. Seven sets of soil
cores (15 x 8 cm, length x diameter) from mine@sbil layer were taken from each
sampling position. Most of the sites (7 sites) aorgd plots with P fertilizer amendment (+P)
and no fertilizer amendment (control). Other 4 ssitontained plots with either only +P
treatment or control treatment (Table 1). Collesliyy 37 sets of samples were taken from
both line and interline tree positions. The detailssampling plots are supplied in table 1,
denoting age groups of plantation, fertilizer treants, codes given to each set of samples,
amount, form and frequency of P application andmiarg position. Each soil core was gently
sieved successively through 4 mm and 2 mm meslsgzes to collect coarse and fine roots
respectively. Sieved soils were mixed thoroughlyptepare a composite sample. These
samples were stored at 4°C and sub samples wetaedrfor subsequent chemical analysis.

2.3. Treatment of fine roots and ectomycorrhizatphotyping

Maximum of living fine roots (diameter < 2 mm) begpng toP. pinasterwere sorted
out of the sieved material using forceps, accordmgiorphological characteristics and root
smell (Bakker et al. 2006). Ectomycorrhizal roote dormed on lateral roots forming
ramification. The ramification may consist of siaglichotomous or cluster structures. In this
study each ramification simple or cluster was cedrds one ectomycorrhizal apex. A sub-
sample of fine roots with a maximum of 300 indivadlapexes was transferred to a cuvette
containing tap water. This sub sample was useddtate living ectomycorrhizal tips that
were grouped into small sub units presenting tmeestorm, colour, turbidity, structure and
other distinguishing characteristics (Harvey et1@76; Agerer 1987-1999). Each small sub
unit was given a name called ectomycorrhizal motye
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Table 1: Characteristics of soil plots samplediimus pinasteforest.

Plots name  Plots Sall P,Os  Sampling Age class of
code treatment input?®  position  plantation b
kg ha'

Blagon 1 Control 0 Line 1
Blagon 2 Control 0 Interline 1
Blagon 3 +P 120 Line 1
Blagon 4 +P 120 Interline 1
Le Bray 5 +P 120 Line 2
Le Bray 6 +P 120 Interline 2
Baudes 7 Control 0 Line 3
Baudes 8 Control 0 Interline 3
L plot 9 Control 0 Line 1
L plot 10 Control 0 Interline 1
Vieille 1 11 Control 0 Line 2
Vieille 1 12 Control 0 Interline 2
Vieille 2 13 Control 0 Line 2
Vieille 2 14 Control 0 Interline 2
Caudos 15 Control 0 Line 1
Caudos 16 Control 0 Interline 1
Caudos 17 +P 120 Line 1
Caudos 18 +P 120 Interline 1
Retjons 19 Control 0 Line 1
Retjons 20 Control 0 Interline 1
Retjons 21 +P 120 Line 1
Retjons 22 +P 120 Interline 1
Saumejan 23 Control 0 Line 1
Saumejan 24 Control 0 Interline 1
Saumejan® 25 +P 120 Line 1
Lue 26 Control 0 Line 1
Lue 27 Control 0 Interline 1
Lue 28 +P 120 Line 1
Lue 29 +P 120 Interline 1
Mimizan 30 Control 0 Line 2
Mimizan 31 Control 0 Interline 2
Mimizan 32 +P 120+120 Line 2
Mimizan 33 +P 120+120 Interline 2
Marcheprime 34 Control 0 Line 2
Marcheprime 35 Control 0 Interline 2

a Additions of P to fertilized plots were made omdgen the pine trees were planted with the onlyeption
of Mimizan plots, where P additions were made athikginning of the experiment and eight years leefor
sampling.

b Semi-quantitative variables were used to defiee stands age classes (1 = 13 years and lesbefveen
26 and 49 years; 3 = 93 years).

¢ The interline of the fertilized Saumejan plotsreveemoved from the database because no specific
phosphatase activity of ECM morphotype was measat#us site.
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The length of the core (15 cm) was representativecdllect ca 90 % of the
ectomycorrhizal root tips which are found in theneral soils (Taylor and Bruns 1999;
Dahlberg 2001; Baier et al. 2006). The length ef fine roots was determined by method of
Tennant (1975) based on a modified line intersewthod and the biomass was determined
after drying sub-samples at 105°C for 24h. Basedsiaonlar fine root studies carried out
previously, correction factors were applied onriwegh values to account for different losses
through sieving, washing steps, overestimates doe adhering soil particles and
misjudgements with regards to vitality of the rodlising or dead). The final correction
factors were +20% for fine root weight and +25% fioe root length (Bakker et al. 2006).
Fine root length was expressed as fine root lengitsity (FRLD in cm cr of soil) and
specific root length (SRL in mgof root dry weight). Similarly, root weight wasmnessed as
biomass (FRB g ih of soil). The growth of the trees was estimatednbgasuring the
circumference at breast height. The ratio of cif@rence at breast height to age of tree
(Circ:Age in mm yeat) was calculated to take into account the incredstameter with tree

age.

2.4. Phosphatase activity

Phosphatase activity (Tabatabai 1982) of four EQd8 for each morphotype was
estimated immediately after the counting of morgphes. Each ECM tip was incubated at 30
°C for an hour in 10 mM solution (0.2 ml) pNPP prepared in acetate buffer (25 mM, pH
5.4). The reaction was stopped by adding 1 ml 6f Nd. NaOH after incubation. A blank
sample was also prepared for each morphotype byn@dthOH andoNPP with ECM tips
simultaneously before incubation. Optical densitysamples was measured at 400 nm and
enzymatic activity was calculated (nmolgMP produced min g* of fresh ECM weight) by

the equation:

Phosphatasactivity = (A ODx1.2x DFt x EW x 0 0182)

Where ‘AOD” is the difference between optical density cdrtd and sample, “1.2” is final
reaction volume (ml), “DF” is dilution factor, “5 the time (minutes) of incubation, “FW” is
fresh weight of ECM tip, “0.0188” is coefficient oholar extinction forp-nitrophenolat
(ml.nmol* cm®). Finally the activity phosphatase was transforriméd pmolpNP mi‘g? FW

for data interpretation.

92



Chapter 3

2.5. Estimation of P fractions in soils

Total soil P content (Pt) was determined by thetiigm of soil samples at 550°C for 4
h in a muffle furnace (Saunder and Williams 199%)e ignited and air dried soil was shaken
with 1 N H,SO, (1:50 soil to solution ratio) for 16 h using erddnd shaker. The samples
were centrifuged (14000 g, 15 min) and the supamsatwere used for P assay using
malachite green method (Ohno and Zibilske 1991 phosphorus estimated in ignited and
air dried soll represented Pt and Pi respectivettal Po was calculated by the difference
between Pt and Pi. Sieved and air dried soil was aked to measure bicarbonate and
hydroxide extractable inorganic and organic P fomst Bicarbonate extractable P known as
plant available P (labile P) was extracted by sh@kl.3 g of sieved soil for 30 minutes in 6
ml of NaHCQ (0.5 M, pH 8.5), (Olsen et al, 1954). Similarly5@ of soil was shaken for 16
h in 5 ml of NaOH (0.1 M) to extract moderately #afale (less labile) fraction of P
associated Al and Fe-oxides (Tiessen et al 1984rpBy 1999). Soil extracts were diluted
with distilled water (1/6, v/v), then acidified WwitLl2 N HCI (1/600, v/v) to precipitate humic
material before assaying Pi concentrations. The esawil extracts (bicarbonate and
hydroxide) were mineralized with 12 N HCI (v/v) aL0°C for 16 h. As shown by our
preliminary experiments, these conditions made assfble to mineralize all organic P
contained in the solution (data not shown). Orgdniconcentration in soil extracts was
calculated by the difference between Pt and Pbédh NaHCQ and NaOH extracts. The P in
supernatant of each soil extract before and afieeralization was assayed using malachite
green method (Ohno and Zibilske 1991).

2.6. Other soil analyses

Fresh soil was heated overnight at 105°C in taatachinium dish and percent water
content (WC) was calculated by the loss of weighfiole and after heating. Soil pH was
estimated in 10 mM solution of CaQlsing a 1:5 soil to solution ratio. Soil physicentical
characteristics like total organic carbon (C) amtdltorganic nitrogen (N) were determined by
Laboratoire d’Analyses des Solelonging to National Institute for Agronomic Raseh
(INRA), Arras, France, using standard French aiaitnorms (AFNOR, 1999). Total
organic C content was estimated by oxidation witkapsium dichromate and sulphuric acid
(NF ISO 14235); total organic N content was estedaby the Kjeldahl method (NF ISO
11261).

We observed that the values of total C and totatdWcentrations were highly

correlated with soil heat loss weight at 550 °C \#Lwhen ignited for determination of total
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P (see supplementary data, Figure 1). Thereforegstienated the values of total C and N
concentrations in soil samples, by using the limegressions fitted on the variation of HLW
(given by the difference in weight of soils driedl@5°C overnight and soils ignited at 550°C
for 4 h) with total C and N in spring 2006. The atjons used were: C total = 5 HLW —
0.79 and N tot = 0.22 HLW — 0.14 (see supplementary data, Figure 1, &n&).

2.7. Characteristics of data set and statisticahlgses

The database is composed of response variablegrated in three data matrixes
describing the presence/absence of ECM morphotyfiesy abundance and specific
phosphatase activity at a given plot (Supp. datders, 2 and 3 respectively). It also contains
19 explanatory variables describing the effect®@ated to the soil treatments (Control/+P),
age of forest stands (Table 1), root parametegs, ¢characteristics (Supp. data, Table 4) and
soil properties (Supp. data Table 5). Soil treatmeffiect was described by one binary
variable, tree age populations were divided intedlclasses of age and described by a set of
three binary variables (Table 1), whereas treerparars and soil properties were described as
guantitative variables.

Prior to multivariate statistical analyses, the mality of statistical distribution of
variables describing root, tree and soil propertsese evaluated using the Kolmogorov-
Smirnov test. If necessary, logarithmic transfoioreg were applied to these variables to
achieve normal distribution. This test was runhe R open source software by using the
functionks.testavailable in thestatslibrary (R Development Core Team, 2009). Thereafte
answer our research objectives, correspondencgss@CA) was used to perform ordination
of sampling plots according to ECM morphotypes dathereas canonical correspondence
analyses (CCA) were used to evaluate the influesficenvironmental factors on ECM
morphotypes. These statistical analyses were bettormmed in CANOCO 4.5 software for
Windows® (ter Braak and Smilauer, 1998). Given the rel&givew number of samples, the
nature of ECM morphotypes data showing in gendrahg unimodal distributions and the
difficulty to extract relationships from these tgpaf data, we set the level of significancerto
=0.10.

The CA and CCA are well adapted to the analysieauflogical data that showed
unimodal distribution, mostly because the measti@espondence is based gndistance
which exclude the double absence of organism ircatsulation (Legendre and Legendre,
1998). However, these multivariate statistics dse &nown to overestimate the influence of

rare organisms (Legendre and Gallagher, 2001; ldrgesnd Legendre, 1998). As mentioned
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by Legendre and Gallagher (2001), the high weig/nNgen to the rare organisms is not a
problem when the aim of the analysis is to prodaceduced-space ordination diagram, since
the contribution of rare organisms to first ordioataxes are low. However, it does matter
when relationships between organisms and envirotahfactors need to be tested. Therefore,
to answer our objectives, this statistical artefaght not pose problem for the ordination of
plots, but might be undesirable when documentitafiomships between the activity of ECM
morphotypes and environmental factors. In ordelirtot this statistical artefact, we first
remove in all statistical treatment the less imgortECM morphotypes. For matrixes
describing presence/absence and abundance of EQphatgpes that were principally used
to produce ordination of plots, only the two rargsécies were removed. On the other hand,
for the specific phosphatase activity matrix, wptkeCM morphotypes that account for more
than 4% of the total specific phosphatase actigftyhe dataset (Supp data Figure 1). This
procedure allowed us to remove nine ECM morphotyesto keep more than 94% of the
total specific phosphatase activity of the data€etmbined with this approach, to limit the
sensitivity of CA and CCA to rare organisms, ttmvn-weighting of rare specidanction
available in the CANOCO software was used for thedyses (ter Braak and Smilauer, 1998).

CA was performed separately on the three respomgexes. By focusing on sample
distance (scaling type 1) for these matrixes, @toms of sampling plots were produced. This
might be helpful to characterize plots heteroggnarid to identify sampling plots clusters
based on, either presence or abundance of ECM miygsh or their specific phosphatase
activity.

Contrary to CA, the influence of environmental taston ECM morphotypes was
only assessed on abundance and specific phosplaatagty matrixes. In both case, only the
most active ECM morphotypes in term of phosphatagivity production were kept in the
analyses (Supp. Data Table 3). The influence dftsmatment, root and tree properties as well
as soil properties were assessed on the entirsedatahereas the influence associated with
the tree age populations was documented only orfertihzed plots. With this approach, the
complex and unclear interactions that might haveuoed between the trees age and
fertilization treatments in fertilized plots werescarded. Previously, CCA conducted on the
entire dataset revealed that sample position (Sag@n line or interline) statistically
influence the variation of the specific phosphatastvity matrix, whereas no significant
effects were observed for abundance matrix andspecific phosphatase activity matrix of
non-fertilized soils. The effect of this samplingefact was removed from the CCA analyses

by producing partial CCA, where a binary variabésctibing sample position was introduced
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as co-variable. All the CCA were made on standadiixplanatory variables, the significant
explanatory variables attributed to each envirortaldactor were evaluated by using forward
selection procedure and the significance of theowmal relations were tested using
unrestricted Monte-Carlo permutation test (10,0@8utations), performed under full model.
However, due to the sampling artefact already roaetl, restricted permutation tests were
used for the CCA conducted on the entire dataseétexiplaining the variation of specific
phosphatase activity matrix. In this case, the pgatron of objects was constrained within a
sample position. Finally, the identification of aBbns between response variables and
environmental factors were achieved by producingAGgdination biplots preserving the

distance between response variables (scaling fype 2

3. Results
3.1. Distribution of ECM and their phosphatase wityi

A total of 17 different morphotypes were observednonoculture oP. pinasterwith
an average number of 4-5 ECM morphotypes identiiedplot, but it ranged between 1 and
8 in different plots of. pinaster(Table 2). Moreover, the abundance of a singlepmatype
in different P. pinasterplots (Supp. data Table 2) was highly variablel0- ECM). The
average specific phosphatase activity of these HE@drphotypes ranged between 0.41-0.69
pmol pNP min* gt of FW in all plots, but it varied largely withinrgile site (0.15-1.34 pmol
pNP min! g%), either due to sampling position, soil treatmentsl atand age groups.
However, phosphatase activity was slightly higherimterline tree positions than line
position, in +P soil plots compared to control oesl in plots with less than 13 year old
stands oP. pinaster(Table 1) than in older stands.

The ECM community structure, in terms of presernugeace, abundance and specific
phosphatase activity was characterized by CA. Tdita ¢br presence/absence of ECM are
expressed in biplots, where first two ordinatioresvexplain 37 % of variance (Figure 1). On
these statistics, the focus was made on the ihdes-gistances in order to know if variation of
community structure occurred in the datasets. Eidia showed that the plots used in this
study were highly dispersed in a biplot, suggestighly variable composition of ECM
between plots (Fig 1b). The two biplots (Figure fajther explain that the presence of
morphotypes A-B-H and D is similar in plots 1-26-25-7, because of similar location of
morphotypes and plots in biplot. Conversely, thepdrsion of morphotypes and plots in the

biplots indicate their differences of presence absef morphotypes.
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Table 2: Descriptive statistiésof the community composition and phosphatase iactf ectomycorrhizae (ECM) sampled Rinus pinaster
forest.

ECM Descriptive Sampling position Soil treatment Tree age’
properties®  statistics
Line Interline Control +P 1 2 3
Mean 4.72 4.12 4.23 4.77 4.50 4.50 4.00
r'}']‘(‘)?;?gt;ge SD¢ 1.56 1.62 1.54 1.69 1.98 0.90 .
per site Range 2-8 1-7 1-7 2-8 1-8 3-6 2-6
n 18 17 22 13 21 12 2
Specific Mean 0.53 0.65 0.56 0.63 0.69 0.41 0.53
phosphatase SD 0.19 0.37 0.24 0.38 0.33 0.14 -
activity per Range 0.15-0.860.24-1.34 0.15-1.17 0.24 - 1.34 0.15-1.34 0.24 — 0.69 0.46 — 0.59
site ® n 18 17 22 13 21 12 2

a  The descriptive statistic was expressed in ttifferent ways representing the main axes of viariadnticipated for the database.

b  The ECM properties are expressed by site anthéospecific phosphatase activity, the activityyeadf a given site may represent activity of mbowentone ECM
morphotypes.

Tree age classes correspond to the ones defirtatle 1.

SD = standard deviation.

e  The specific phosphatase activity is expressediol pNP mini® g* fresh matter.

o0
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Figure 1: Correspondence analyses ordination biplots (scatypg 1) of all forest soil plots distributed
according to matrixes describing the presence/aeseh ectomycorrhizae (ECM) morphotypes. The si&gs
and the ECM morphotypes (b) were presented infihige. Eigenvalue as well as percentage of expthin
variance of response matrixes are given for eaofegpondence axis.

Similarly, the first two ordination axes of CA bgbldrawn for the abundance of ECM
morphotypes explained 31.7 % of variance (FigureT2e biplots showed the difference
among studied plots explained by the abundance G¥ Enorphotypes. It showed large
variations among the plots as shown by the bigiadure 2a). The group of plots in the top
left quadrant of biplot in Figure 2a showed theratance of morphotypes present in top left
guadrant of biplot in figure 2b. Conversely, therpfmtypes present in bottom right quadrant
of biplot in Figure 2b were not abundant in tog lgiadrant of biplot in figure 2a but these
were abundant in plots present in the right bottpmadrant of figure 5a. The plot 6 and 3

showed the abundance of rare morphotypes in thplstbi
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Figure 2: Correspondence analyses ordination biplots (scatypg 1) of all forest soil plots distributed
according to matrixes describing the abundancectufneycorrhizae (ECM) morphotypes. The sites (a) ted
ECM morphotypes (b) were presented in this figligenvalue as well as percentage of explained neeiaf
response matrixes are given for each correspondedise

Additionally, the ECM only the morphotypes reprassm around 95 % of the total
phosphatase activity (Supp. data Figure 1), weeel is represent their specific phosphatase
in CA biplot (Figure 3). As indicated in biplots5.8 % of variance was explained by two
ordination axes of CA biplot. The distribution detsoil plots (Figure 3a) is explained by the
superimposing the distribution (Figure 3b) of speactivity of ECM. However, the activity
of morphotypes close to centre of biplot was diffido associate specific plot as it shows
multi-modal response. Finally, the CA for the abaimce and phosphatase activity showed
large variation with respect to different plots,tas also shown in descriptive statistic in table
2.
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Figure 3: Correspondence analyses ordination biplots (sgatype 1) of all forest soil plots distributed
according to matrixes describing the specific phaspse activity of ectomycorrhizae (ECM) morphot/pEhe
sites (a) and the ECM morphotypes (b) were predeintethis figure. Eigenvalue as well as percentafe
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explained variance of response matrixes are giwerdch correspondence axis.

3.2. ECM morphotypes in relation to plant and sbiracteristics

The data of descriptive statistic for tree progarifroot and shoot) and soil properties
was presented with respect to fertilized (+P) pkms control plots. For each parameter of
plant and soil properties a large variation waseoled for both +P and control plots (Tables
3 and 4). The average values of FRLD, SRL, Cird @irc:Age as well as Olsen and NaOH
extractable Pi were significantly higher (P < 0.05)%P compared to control soil plots (Table
3 and 4). In addition, the values of pH, WC, tdZaltotal N as well as P fractions were also
higher but statistically non-significant in +P @as compared to control plots.

In order to evaluate the influence of environmefdator on both ECM abundance and
phosphatase activity, canonical correspondencegsi84lCCA) were performed separately for
every environmental factor (Table 5). Thereforgndicant influence of soil treatment (+P



Chapter 3

and control) for ECM abundance, and sampling pmsitfline and interline) for specific
phosphatase activity was observed in these soibl€T5). In addition, soil properties
significantly influence the ECM morphotype abundares well as specific phosphatase

activity.

Table 3 Descriptive statistics, expressed according tbtssatments (Control / +P), and the

tree and root properties of samples takeRimus pinasteforest.

Saoll Descriptive  FRB? FRLD SRL Circ Circ:Age
treatment statistics
g m”soil__cmentsoil _m g dwr® mm mm year
Mean 121 0.83 10.8 629 29.8
Control spD 77.9 0.50 2.85 449 8.55
Range 28.8—-311 0.20-1.87 6.89-17.5 188 -166B7.9—-45.7
n 22 22 22 22 22
Mean 121 1.11 14.2 585 38.2
+p SD 52.5 0.43 2.91 383 9.82
Range 41.3-230 0.38-191 8.83-175 229-1232 25.1-52.1
n 13 13 13 13 13

a FRB = fine root biomass; FRLD = fine root lengtkensity; SRL = specific root length; Circ = tree
circumference measured at breast height; Circ:Agee-circumference-to-tree age ratio.

¢ dwr = dry weight root.

d SD = standard deviation.

Ordination diagram of CCA grouping all significagtplanatory variables to explain
response variables i.e. specific phosphates actiFigure 4a) and abundance (Figure 4b) of
ECM morphotypes could increase the understandingheflinks between environmental
factors and ECM phosphatase activity and their danoce. CCA showed that water contents
predominantly controlled the variability of firsagonical axes and, the phosphatase activity
of morphotypes G, D, A and B was higher in plotthwiigher water content. In contrast, the
activity of morphotypes F, E, L and Q was highesal plots with lower water contents
(Figure 4a). However, the position of each morppetypn eigenvector of water contents
determines their relative response with respeatach other. The second axes of CCA is
principally controlled by Pi-Olsen and to lessetee by total N, In this way, morphotype K
showed the phosphatase activity in plots with lRgi®Isen concentrations while morphotype
G followed by Q and | showed phosphatase activinden relatively low Pi-Olsen
concentrations. Similarly, the response of spegfiosphatase activity of ECM morphotype
to passive variables (not significant but includedbiplot for interpretation of results)
revealed positive relations of morphotypes | andvith high FRB, Pi-NaOH, and FRLD

while, inverse relations were observed with morgpes D, A and C. Furthermore, passive
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variable; Pi- HSO,was positively correlated with water contents amBFFRLD and Po-
NaOH were positively linked to each other and negt related to Pi-Olsen in these solls.

Figure 4b explains the abundance of morphotyped watspect to explanatory
variables (Pi-olsen, log WC, +P soil treatment, H3&0O,). The results from CCA showed
that most of the ECM morphotypes less abundargriilized plots (+P) and in soil with high
Pi-Olsen contents, except morphotypes B and D whiefe abundant in fertilized plots and
plots with high Pi-Olsen contents. Similarly, tiedative position of the ECM morphotypes on
the eigenvector of WC represented their relativendlance. Therefore, morphotype G and B
were abundant in soil with high water contents whermorphotypes Q, K, C and | were
abundant in soil with less water contents. Morepegplanatory variables Po-80, and Pi-
Olsen were positively correlated with WC and +Ppesesively. FRLD and FRB were
inversely and Circ:Age was positively linked withP +reatment in soils. However, the
proportions of explanation for both phosphatas&iaci(R? = 5.24 %) as well as abundance
of morphotypes (R= 5.59 %) were low but statistically significartt @ = 0.05 and 0.10
respectively.

In order to evaluate the influence of trees agspatific phosphatase activity of ECM
morphotypes as well as its relation with soil aadtrproperties, a CCA was performed only
on control plots. The fertilized plots were notluded in the CCA to avoid any complex
effect that might occur between tree age and Hitation. Only significant explanatory
variables, obtained by forward selection, weregraged in CCA. The analysis explained 11.9
% of the adjusted variance of phosphatase act@itgl, were significant at = 0.01 (Figure 5).
The biplots showed that activity of morphotype A,IBnd E was high in young tree plots (<
13 years old), while morphotypes F and K showedh laictivity in middle-age plots (26 to 49
years old) and high SRL. Both middle-age tree péntd SRL are positively linked to each
other and negatively linked to Pi»-80, and WC of the soils.

4. Discussion

4.1. Diversity of ectomycorrhizal fungi

This is one of the first studies exploring the ntmiogical diversity of
ectomycorrhizal fungi associated with mono speddicpinater forest stand. In agreement
with Smith and Read (1997) as well as Taylor e{2000), all the fine roots collected in our

soil samples were associated with mycorrhizal fungi
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Table 4: Descriptive statistics, expressed according tbtssatment (Control / +P), of the soil propert&snpled irPinus pinasteplantations.

Soil Descriptive  pH in CaCl, Water Total C 3 Total N ° Olsen extract NaOH extract HSO, extract
treatment statistics a content
Pi¢ Po Pi Po Pi Po
% (Wiw) g kg' g kg* mg P kg
Mean 3.27 5.62 25.4 0.87 2.44 6.15 5.16 6 20. 11.8 27.2
Control sD¢ 0.14 2.35 9.58 0.37 1.02 1.87 1.83 9.65 7.31 501
Range 3.09 - 3.94 1.62 -10.9 11.3-42.3 0.333 1. 1.50-6.56 3.11-10.8 1.79 -8.39 5.92 — 38.31.50 — 29.6 7.26 — 67.6
n 22 22 22 22 22 22 22 22 22 22
Mean 3.31 5.84 25.4 0.88 3.22 6.20 6.87 221. 12.4 29.0
P SD 0.14 2.83 115 0.44 0.94 2.20 3.13 7.95 7.75 8.09
Range 3.12-3.90 1.07 -9.70 13.8-49.4 0.486-1. 2.13-5.47 1.27 - 8.67 279-15.1 8.02 - 32.%.38 - 33.1 16.7 — 39.6
n 13 13 13 13 13 13 13 13 13 13

a pH was measured in 10 mM Ca&blution and with 1:5 soil-to-solution ratio.
b The data of total C and N was estimated. Thenasittn was based on relationships between heateiggt of sample at 550 °C and total C and N aastderived from

a previous sampling campaign (Supplementary datalkiChapter 2).
¢ Pi=inorganic P concentration; Po = organi®Rcentration obtained by difference between totah& Pi concentrations.
d SD = standard deviation.

Table 5: Summary of canonical correspondence analyses (ClEsgribing the relationships of abundance and Bpgiosphatase activity of
ECM morphotypes with environmental and methodolaidiactors.

Environmental Abundance Specific phosphatase activity
factors ® Canonical Adjusted  F Statistic®  Significant variables Canonical Adjusted R F Statistic®  Significant variables
eigenvalues R? (%) ¢ eigenvalues (%)
Sample position 0.10 0.50 1.7 Interline 0.31 4.39 2.57" Interline
Soil treatment 0.17 2.84 2.0 +P 0.08 0 0.68' +P
Tree ar_ld root i ) i No 5|g_n|f|cant 0.05 0 0.40'S FRB
properties variable
: : Pi— Olsen, Po - Pi - Olsen, Ntot,
Soil properties 0.36 3.92 1.46 H,S0, log WC 0.55 5.24 1.58 log WC

a The sample position (line/interline) and sadbtiment (control/+P) were described by one binariable for each case.
b The statistical significance of the canonicdhtien described by CCA were tested using MontdeCaermutation test performed under full model afi®,000
simulations (NS = not significant; * significant @at= 0.10; ** significant atx = 0.05; *** significant ato. = 0.01). Further details on CCA are availabléiaterials and

methodssection.
¢ The significance of tree and root as well as\amilables was evaluated by the forward selectiocgdure before producing the CCA.
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Figure 4: Canonical correspondence analyses ordination tsip{scaling type 2) of all forest soil plots
representing the overall influence of soil treattmenil, root and tree properties on matrixes dbswy specific
phosphatase activity (a) and abundance (b) of eatomhizae morphotypes. For the specific phosplatas
activity biplot (a), the influence of sample powitiwas controlled in order to isolate the influerxdeother
environmental factors. The combination of all canahaxes explained 5.24% (a) and 5.59% (b) ofaffjeisted
variance of the respective response matrixes amd statistically significant at = 0.10 (a) andw = 0.05 (b),
respectively. The significant explanatory variablagegrated in the model included soil treatmerdt ths
described by a binary variable showing P fertiliz#dts (+P), the soil water content (log.WC), tie¢at soil
nitrogen content (Ntot) as well as inorganic andaoic P concentrations measured respectively, se©Oand
H,SO, extractions. Supplementary environmental varialese not compiled in the CCA analyses but were
integrated in the biplots to improve the undersitamaf the system.

However, the total number of morphotypes (19 motybtes) observed in our study
was not as high as observed in other forests, asighine oak forest (100-135 ectomycorrhizal
morphotypes) (Palmer et al. 1994; Tuininga 2000 &pparent low number of mophotypes
could be due to several factors. The major ondsdecmonoculture stand which itself might
have caused selection of host specific fungal comities and anthropogenic activities (Smith
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1990). The occurrence of few ECM morphotypes fretjyeand abundantly and of others
rarely in this study was in accordance with thevignes studies in different forests (Taylor et
al. 2002, Buée et al. 2005; Koide et al. 2005).
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Figure 5: Canonical correspondence analysis ordination biiglcdling type 2) of non-fertilized forest soil tdo
representing the overall influence of soil treattagtrees age and soil as well as root and trepepties on
matrix describing specific phosphatase activity emtomycorrhizae morphotypes. The combination of all
canonical axes explained 11.9% of the adjustecamae of the response matrix and were statistisaiyificant

at a = 0.01. The significant explanatory variables gnéded in the model included the three binary \deis
describing the tree ages (Young, Middle age and),Glte specific root length (SRL) and inorganic P
concentration measured in,$0, extraction. Supplementary environmental variables wot compiled in the
CCA analysis but was integrated in the biplot tpiave the understanding of the system.

The results of canonical correspondence analyseb. (b) showed that the soll
fertilization history and variables describing sproperties (Pi-Olsen, Po,BO, and WC)
influenced significantly the variability of ECM abdance. We did not find the effect of soll
pH on ECM abundance despite almost one unit ofatiari (from 1000 to 100uM of Hi
between soil samples, especially in control plokab( 4), whereas Tyler et al. (1987)
observed the decrease in ECM abundance with détgeald of soil. No significant effect of
trees age on the abundance of ECM was observed.i3hn agreement with Jones et al.
(2003), who suggested that trees age may not péggriole in fungal communities between
mature and re-generating forests.

However, when used in a biplot, the combinatiomlbtanonical axes integrating the

significant variables, they explained only 5.59%tloé adjusted variance of the abundance
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matrix, indicating that other factors should explthe variability of ECM abundance. Indeed,
in addition to the soil properties, other factansisas soil temperature, soil disturbance (Jones
et al. 2003) could have affected fungal colonizati©n the other hand, physiological
responses of host plant to different soil condgiomay have changed the relative colonization
levels of individual ECM morphotypes on the roasteyn (Baxter and Dighton 2005). Among
the possible physiological responses, the variatbnarbon allocation to roots and fungal
cells as a function of soil conditions could beimportant determinant, since the C demand
of various fungal species could be more or lesseeet al. 2001, Culling et al. 2001). The
maximum allocation of carbon by plant takes platéhie most active part of growing roots
(Quick and Schaffer 1996) and the demand on hastddbon varies among ECM fungi.
Thus, the preferential allocation of C by plantsildodfavour ECM fungi associated with high

compared to low resource allocation area of roots.

4.2. Variability of ECM phosphatase activity anteet of soil and plant properties

The main characteristic of phosphatase enzymeiigoti¥the ECM morphotypes was
its high variability (that can reach a factor 1@rworring within the same morphotype as well
as between the morphotypes (Table 3, sup. dataye3arge variation of enzyme activities
and phosphatase activity was also observed amomd BGrphotypes collected in the field
(Buée et al. 2005; Courty et al. 2006). Indeedrgd variation of acid phosphatase was also
reported in laboratory experiments using isolatds Amanita muscaria(4 isolates)
Cenococcum geophilurg8 isolates) Scleroderma citrinum Perg5 isolates)and Paxillus
involutus(8 isolates) (Ho 1987; Ho 1989; Antibus et al. 2,9Gairney 1999). Therefore, the
high variability of phosphatase activity measuradfield samples could be due to intra-
specific variability of ECM isolates forming ideoéil morphotypes. However, the higher
range of phosphatase activity variation observettig study compared to the studies carried
out in laboratory conditions suggest that factotiseo than intra-specific variation could
explain our results. Notably, the contribution oyaorrhizal associated bacterial populations
could not be ignored, as they have some functioglavancies (Garbaye 1994).Otherwise,
environmental factors may also play a significaé¢ ito regulate the amounts of phosphatase
activity produced by the ECM.

In order to further investigate the possible cdmition of environmental factors to the
variation of the phosphatase activity of differ&@M morphotypes, the CCA showed that
factors like Pi-Olsen, WC, fertilizers applicatias well as some plant factors significantly

explained the secretion of phosphatase activityosPhatase activity of most of the
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morphotypes was high with low concentration of lald® concentrations (Figure 4a). The
results are in agreement with the hypothesis thagphatase activity increases under low Pi
concentration and decreases with increasing Pierdration or P fertilizer application. A
number of studies are in accordance with our figdhmat phosphatase activity of ECM was
decreased with increasing availability of Pi bathculture medium (Bousquet et al. 1986;
Tibbett et al. 1998; Quiquampoix and Mousain 20@5)vell as in soils (Kroehler et al. 1988;
Antibus et al. 1992; Chen et al. 2002; Ali et &09). Similarly, the antagonistic effects of
fertilizers application has been reported on adidsphatase activity in soils subjected to
different organic and inorganic amendments (Cricpiedl. 2007; Neble et al. 2007; Criquet
and Braud 2008; Floch et al. 2009).

The fertilizers treatment and phosphorus availgbdiso appeared to decrease FRLD,
FRB of P. pinastertrees and the abundance (Wright et al. 2009) &odghatase activity of
not all but most of ECM morphotypes was associatitéll FRB and FRLD in the CCA biplot
(Figure 4a, b). It suggested that under low P atdity, plant modified its resource allocation
resulting into production of more fine roots to eopith P deficiency (Albaugh et al. 1998;
Mair and Kress 2000; Achat et al. 2008). Once the foots are developed, they are rapidly
colonized by mycorrhizal fungi (Smith and Read 1,99a@ylor et al. 2000). However, the
pattern of ECM abundance did not correspond t#igern of phosphatase activity variation
(compare Figure 2 and 3). Therefore, it remaindficdit to assess what was the pattern to
express acid phosphatase activity and ECM abundémeoause the ECM with high
phosphatase activity did not mean the ECM with hiafe of colonization with fine roots of
P. pinaster

Interestingly, the CCA analysis carried out in sewagrom control plots showed that
phosphatase activity of morphotypes was largelp@ated with eigenvectors of young and
middle age tree stands &f pinasterand very few morphotypes strongly expressed their
phosphatase activity in old age forest stands. Tigh phosphatase activity of ECM
morphotypes in relatively young tree stands cowdlbe to high growth rate of these plants
as compared to older trees. This high growth redag subsequently induce a high P demand
in these plants. Consequently, the ECM morphtygss@ated with fast growing and high P
demanding roots would have to secrete high phoapbaactivity as suggested by other
authors (Abdalla 1994, Chen et al. 2003a, b). Hehgh P demand of both fast growing
plants and their symbiotic partner may induce lggbsphatase activity.

In conclusion, CA presented reliable interpretadido explain the complex system of

fungal community structures and their phosphatasivity at this large scale study.
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Additionally, the interpretations of CCA helpedliiok the soil and plant properties with acid
phosphatase activity and ECM community. Howevee finoportion of explanation thus
established remained low but statistically sigaifit (Table 5). The important factors
controlling the acid phosphate activity and ECM radance were soil treatment, water
contents, Pi-Olsen concentrations and age of traeds. An extended research program
focusing on these important factors as well asrtee factors related to soil, plant and
ectomycorrhizae could be helpful for developingtéretelations for ECM diversity and

functioning.
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6. Supplementary data

Table 1: Community composition of ectomycorrhizae (ECM) géed inPinus pinaster

forest.
Plots ECM morphotype
code

A B C D E F G H I J K L M N O P
1 1% 1 1
2 1 1 1 1 1
3 1 1 1 1
4 1 1
5 1 1 1 1 1
6 1 1 1 1
7 1 1
8 1 1 1 1 1 1
9 1 1 1 1 1 1
10 1 1 1 1 1 1
11 1 1 1 1 1
12 1 1 1
13 1 1 1 1
14 1 1 1 1 1
15 1 1 1 1
16 1 1 1
17 1 1 1 1 1 1 1
18 1 1 1 1 1
19 1 1
20 1 1 1 1 1 1 1
21 1 1 1 1 1 1 1
22 1 1 1
23 1 1 1 1
24 1 1 1
25 1 1 1 1 1
26 1 1 1 1
27 1
28 1 1 1 1 1 1
29 1 1 1
30 1 1 1 1 1
31 1 1 1 1 1
32 1 1 1 1 1
33 1 1 1 1
34 1 1 1 1 1
35 1 1 1

a  Empty cell indicates absence of a given ECM matyge, while value of 1 in cells indicate the prese
of an ECM morphotype for a given site.
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Table 2: Abundance of ectomycorrhizae (ECM) morphotypesmadinPinus pinaster

forest.
Plots ECM morphotype
code

A B C D E F G H [ J K L M N O P Q
1 422 15 8
2 110 20 15 14 5
3 24 3 12 23
4 34 65
5 14 43 60 53 25
6 4 3 12 24
7 17 15
8 29 10 2 3 4 1
9 54 38 5 3 1 9
10 17 30 5 2 21 20
11 21 1 8 6 4 14
12 8 38 67
13 34 1 10 8
14 5 6 7 40 31
15 4 65 4 12
16 20 53 15
17 4 5 28 1 5 1 19
18 38 119 21 12 9
19 27 8
20 86 11 3 5 8 8 6
21 48 180 6 4 7 1 2
22 68 093 97
23 39 5 21 22
24 21 71 29 12
25 34 140 14 31 44
26 69 82 11 3
27 47
28 109 115 11 1 1 16
29 16 1 27
30 32 13 1 12 7
31 125 8 11 19 6
32 9 4 3 49 15
33 100 7 25 2
34 10 32 71 35 6
35 51 12 46

a

Empty cell indicates absence of a given ECM matygde, while value in cells indicate number of ECM
morphotypes observed for a given site.
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Table 3: Specific phosphatase activityirol pNP min* g* fresh ECM tips) of ECM
morphotypes sampled Rinus pinasteforest.

Plots ECM morphotype @
code
A B C D E F G I K Q

1 0.22° 0.98

2 0.3C 0.9¢

3 0.80

4 2.3¢ 0.2¢
5 0.43 0.600.46 0.55 0.63

6 0.2¢

7 0.59

8 0.4€ 0.44

9 0.59 0.68

10 0.8¢ 0.47 1.5¢€

11 0.53 0.18
12 0.4z 0.17
13 0.42

14 0.37

15 0.58

16 1.37 0.44

17 0.41 1.05

18 0.33

19 0.45

20 0.41 0.4€ 0.3¢
21 0.29 0.440.68 1,33

22 0.20 0.3C 0.3¢€

23 0.15

24 0.3¢€ 1.95
25 042 0.260.12 0.43

26 0.52 0.71

27 0.73

28 0.5€ 1.1€

29 1.49 1.17
30 0.64 0.21

31 0.58

32 0.3C 0.61

33 0.17 0.31

34 0.2¢ 0.3t 0.2¢
35 0.69

a To avoid statistical artefact associated to EXZ®& morphotype, only the morphotype that have dbuated
ca 94.2 % of cumulative phosphatase activity okt were kept for statistical analyses. This o
has lead to remove from this table the contributibBCM morphotypes H, J, L-P, Q, and T.

b  Empty cell indicate absence of phosphatase activwasurement for a given ECM morphotype and site.
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Table 4 Tree and root properties of the plots sampld@inus pinasteforest.

Plots code FRB? FRLD SRL Circ Circ:Age

g m”soil__Cmcn?soil _mg'dwr® mm mm year
1 103 0.63 9.12 249 31.1
2 106 0.89 12.6 249 31.1
3 173 1.91 16.7 330 41.2
4 142 1.43 15.2 330 41.2
5 230 1.35 8.83 1018 28.3
6 95.5 0.75 11.7 1018 28.3
7 28.8 0.26 13.8 1668 17.9
8 114 0.52 6.89 1668 17.9
9 235 1.56 9.93 594 45.7
10 311 1.87 8.99 594 45.7
11 218 1.20 8.23 835 28.8
12 102 0.78 114 835 28.8
13 101 0.61 9.07 691 26.6
14 71.0 0.59 12.6 691 26.6
15 71.7 0.49 10.3 250 31.3
16 85.7 0.43 7.53 250 31.3
17 99.8 1.16 17.4 417 52.1
18 119 1.38 17.5 417 52.1
19 37.8 0.20 7.99 341 42.7
20 66.2 0.48 10.9 341 42.7
21 57.5 0.52 13.6 384 47.9
22 109 0.80 11.0 384 47.9
23 250 1.70 10.2 213 35.6
24 180 1.75 14.6 213 35.6
25 72.9 0.82 16.9 229 38.1
26 63.3 0.38 8.94 188 20.9
27 43.0 0.42 14.7 188 20.9
28 183 1.27 104 311 34.6
29 134 1.48 16.6 311 34.6
30 89.1 1.04 17.5 1104 22.5
31 92.9 0.64 104 1104 22.5
32 112 1.12 15.0 1232 25.1
33 41.3 0.38 13.9 1232 25.1
34 76.9 0.77 14.9 781 24.4
35 219 1.15 7.86 781 24.4

a FRB = fine root biomass; FRLD = fine root lengthnsity; SRL = specific root length; Circ = tree
circumference measured at breast height; Circ:Agee=circumference-to-tree-age ratio.
¢ dwr = dry weight root.
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Table 5 Soil properties of plots sampled®mnus pinasteforest.

Plots pH® Water TotalC°® Total N° Olsen extract NaOH H,SO, extract
code content extract
PI Po Pi Po Pi Po
% (WIW)  --mmmmme L R — LS ol i ——

1 3.35 4.71 15.0 0.47 1.50 3.11 1.79 12.27.9 14.%
2 3.34 4.78 15.0 0.47 1.73 3.44 1.80 9.926.9 13.4
3 3.28 6.45 20.1 0.67 2.13 4.35 2.79 16.47.6 18.9
4 3.32 4.56 16.9 0.55 2.42 5.97 3.62 14.06.9 17.3
5 3.12 941 49.4 1.80 3.13 7.43 6.30 29.20.7 39.6
6 3.20 8.90 48.5 1.77 3.83 7.59 8.41 27.63.1 30.9
7 3.11 8.37 395 1.42 2.13 6.07 5.47 28.29.6 25.1
8 3.18 6.96 38.0 1.36 1.88 6.94 4.79 29.27.7 18.7
9 3.48 4.72 22.2 0.75 2.21 6.97 6.65 20.22.0 7.26
10 3.53 5.00 22.4 0.76 2.44 574 5.82 24.19.0 22.4
11 3.15 4.89 17.2 0.56 2.72 4.24 8.39 6.012.5 16.5
12 3.28 4,92 12.5 0.38 1.51 3.55 8.12 5.98.44 12.0
13 3.12 9.56 28.3 0.99 6.26 10.8 5.36 12.9.74 26.0
14 3.12 5.28 22.5 0.76 2.67 4.50 5.99 14.8.47 23.1
15 3.94 8.10 28.2 0.98 1.58 7.30 4.33 33.12.5 43.3
16 3.86 10.9 36.0 1.28 1.66 8.23 6.33 38.31.3 67.6
17 3.90 5.24 16.5 0.53 2.29 6.18 15.1 15.8.47 29.6
18 3.87 8.79 23.5 0.80 2.74 5.84 8.66 32.80.4 35.6
19 3.12 8.53 31.9 1.12 3.85 7.19 7.64 21.8.03 35.6
20 3.09 5.58 30.3 1.06 2.92 7.14 5.64 27.8.98 36.3
21 3.15 9.70 30.2 1.06 2.99 8.34 5.85 26.9.05 29.1
22 3.21 6.00 26.2 0.91 3.38 6.81 8.06 27.3.92 30.4
23 3.30 4.36 11.3 0.33 2.29 4.62 2.14 7.43.50 9.97
24 3.24 4.10 15.8 0.51 2.21 4.40 3.66 21.3.68 14.8
25 3.23 4,93 27.7 0.96 3.46 7.30 5.82 16.B.72 32.2
26 3.31 6.62 20.6 0.69 2.76 5.58 4.98 18.9.28 24.3
27 3.26 6.11 20.5 0.68 1.74 6.16 3.33 10.6.61 19.7
28 3.36 512 15.4 0.49 3.92 2.83 6.52 10.7.58 16.7
29 343 461 13.8 0.43 5.47 1.27 5.16 8.04.69 21.1
30 3.26 1.62 23.1 0.79 2.29 6.62 5.01 26.5.71 42.0
31 3.38 3.14 23.7 0.81 2.68 7.65 5.17 26.6.10 47.6
32 3.26 1.07 21.1 0.71 2.20 8.67 4.35 24.9.38 35.7
33 3.32 1.12 21.6 0.73 3.93 7.98 8.58 25.8.20 39.5
34 3.35 2.47 41.7 1.50 2.21 8.27 6.37 34.8.03 42 .4
35 3.10 2.87 42.3 1.53 2.44 6.89 4.68 23.6.47 35.3

a
b

Soil pH were measured in 10 mM Ca&blution using a 1:5 soil-to-solution ratio.

The data of total C and N were estimated. Thanabn was based on relationships between heat los
weight of sample at 550 °C and total C and N cdsteterived from a previous sampling campaign
(Supplimentry data, Fig. 1. Chapter 2).

Pi = inorganic P concentration; Po = organic Rceatration obtained by difference between totah® Pi
concentrations.

Corrections were applied to these data to mirgraizalytical problems occurring during the measergm
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CHAPTER 4
Pinus pinasterseedlings and their fungal symbionts show high pdicity in phosphorus

acquisition in acidic soils

It is observed (chapter 2) that Pi and Po fraciiothe soil of Landes at the scale of
ecosystem are largely variables. The results stigigaisfertilizers amendments showed some
relevance to control significantly, the total vaga of various P fractions measured in 37 soill
sampling positions. Similarly, mineral P fertiliat also significantly increased the growth of
Pinus pinaster(Brest height circumference) in field conditionrShapter 3 revealed 19
different ECM morphotypes and the phosphatase igcif these ECM was seamed to be
regulated by soil water contents and Olsen Pi aludity.

In order to better understand soil-plant-ectomgdaae interface, intact soil samples
with contrasting Pi availability were used to grgwung seedlings oPinus pinasterin
control conditions using rhizoboxes (Torres Aquaral Plassard 2004). Intact soils samples
were taken from field and preserved at 4°C in darkr to use in rhizobox. These samples
were supposed to serve as a soil born indigenagiinm of ectomycorrhizae for the young

seedlings.

The objectives of this chapter were to evaluate:
1) The phosphatase activity of ECM associated woilmg seedlings grown in soils with
contrasting P status.
2) The Pi availability in soils taken from line ttees and interlines of trees to evaluate
effect of line and interline.
3) The growth response of young seedlings of pimehizobox prepared with soils of

contrasting soil P status.

The young seedlings #finus pinastemere grown in soils of two sites. The site “L” it
treatments of fertilizers amendments (control, ilfeation with P mineral fertilizers and
fertilization with NPKCaMg, fertilization was applil in interline position) and site Baudes
with out fertilizers amendment were used in rhiza® Both sites were not irrigated and
samples were taken from lines of trees and in&sliof trees. The site “L” has plantation age
13 years, in contrast site “Baudes” has plantadigs 93 years.

The results obtained after 5 months of growth expemt have been published in

scientific review Tree physiologywith the following title:
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“Pinus pinasterseedlings and their fungal symbionts show higrstldy in phosphorus

acquisition in acidic soils”.
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Abstract

Young seedlings of maritime pin®ifus pinaster were grown in rhizoboxes using intact
spodosol soil samples from south west of Francéamdes of Gascogne, presenting a large
variation of phosphorus (P) availability. Soils werllected from a 93-year-old unfertilized
stand and a 13-year-oRl pinasterstand with regular annual fertilization of eittoerly P or P
and nitrogen (N). After 6 months of culture in aatied conditions, different morphotypes of
ectomycorrhizal were used for measurements of pbiosphatase activity and molecular
identification of fungal species using amplificatiof ITS region. Total biomass, N and P
contents were measured in roots and shoot of pl@8itarbonate- and NaOH-available
inorganic P (Pi), organic P (Po) and ergosterolceatrations were measured in bulk and
rhizosphere soil. The results showed that bulkfsorh the 93-year old forest stand presented
the highest Po levels but relatively higher bicawdie extractable Pi levels compared to 13-
year old unfertilized stand. Fertilizers signifitigrincreased the concentrations of inorganic P
fractions in bulk soil. Ergosterol contents in dWsphere soil were increased by fertilizer
application. The dominant fungal species wRbkizopogon luteoluforming 66.6% of
analysed ectomycorrhizal tips. Acid phosphatasévigctwas highly variable and varied
inversely with bicarbonate extractable Pi levelgha rhizosphere soil. Total P or total N in
plants were linearly correlated with total planbrioiass but the slope was steep only between
total P and biomass in fertilized soil samples.spite of high phosphatase activity in
ectomycorrhizal tips, P availability remained a itimg nutrient in soil samples from
unfertilized stands. Nevertheless youRg pinaster seedlings showed high plasticity for

biomass production at low P availability in soils.

Key words: Plant plasticity, P contents, fertilizers applizat, fungal biomass,

ectomycorrhizal morphotypes, phosphatase activity.
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1. Introduction

Maritime pine Pinus pinasteiSolandin Ait.) is a tree species cultivated over an area
of one million hectares named Landes of Gascodunetsd in south west of France. Although
this species represents only 6.5% of total forgstaan France, it holds an important
economical value as it produce ca 20% of Frenctwsoid (Bert and Danjon 2006). These
monoculture forests are established in spodoseldgmninantly characterized by acidic sandy
soils with low cation exchange capacity and highaRé Al contents in surface layers (Trichet
et al 1999). Due to these high Fe and Al contdots, pH values and low overall total P
contents of these soils results in low P availgbiihat is considered as the main limiting
factor for tree growth (Bonneau 1995, Trichet €2@09).

Therefore, the growth and establishmentPofpinasterseedlings under low nutrient
soil conditions require fertilizer management pas. Frequently, fertilizers are applied in
forest ecosystems once during plantation estabesiintHowever, productivity dPicea abies
((L.) H. Karst) andPinussylvestris(L.) in Sweeden (Axelson and Axelson 1988)us taeda
(L.) in USA (Albaugh et al. 1998Rinus radiata(D. Don) in Australia (Waterworth et al.
2007) andP. pinaster(Trichet et al. 2008) in France, can be much highlken nutrient
availability is optimized continuously or added aalty instead of only a single application
immediately at plantation. Trichet et al. (2008pwikd that annual optimization of nutrients
resulted in a significant increase in abovegrourmaipctivity of maritime pine in the first five
growing seasons following application. In the ladtages of tree growth, fertilization with P
in P deficient soils can further increase planinglo(Gentle et al. 1965, Neilsen et al. 1984).
However the extents and duration of growth respadies® application is dependent on
characteristics of soils, especially P sorptionac#ty, pH and intrinsic P contents (Pritchett
and Comerford 1982). In addition to mineral P ppalsiong which orthosphosphate (Pi) is
the only available P form for plant uptake, foresils contain organic P (Po) pools composed
of mono and diesters released from plant biomasgethier with microbial and litter fall plant
derived inputs, Po pools increase over time andesgmt a major fraction of total P (up to
80%) in soils (Condron and Tiessen 2005). Howepelgr to being used by plants or
microorganisms, the ester link must be hydrolyzgdpbosphatase enzymes to release free
orthophosphate ion, the only form of P taken uplayts or microorganisms.

Plants develop various strategies to fulfil themeBuirements, such as modification of
root structure, association with ectomycorrhizatiguand release of acid phosphatase. An
increase in fine roots has been reported in lowlifgrsoil as compared to high fertility soils

in coniferous species suchRmus taedgAlbaugh et al. 1998, Maier and Kress 2000) Bnd
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pinaster (Achat et al. 2008). Woody plants, the gymnospeand several angiosperms
growing in boreal and temperate regions, have @&t association with mycorrhizal fungi
that form ectomycorrhizal (ECM) roots (Marmeisseaét 2004). Mycorrhizal association
between plant and fungi is considered as the m@stajent strategy to increase phosphate
acquisition by plants (Smith et al. 2000). The E@Mgal species can augment the absorbing
surface of mycorrhizal plants compared to non myspal plants due to extended hyphal
development in soil (Rousseau et al. 1994). In d&-yold P. pinasterunfertilized plots,
Bakker et al. (2009) reported that ECM hyphal langis 25 times higher than that of fine
roots. It represents ca 96% of total length of diisg structure (fine root + hyphae). In
addition to increased soil exploration, ECM fungvh exhibited a release of phosphatase in
culture medium (Tibbett et al. 1998, Quiquampoixd alousain 2005) that could play a
crucial role to mobilize Pi from organic P pools swils. This effect could be particularly
important in soils of old forests where organicddls may represent a large fraction of total
P.

The objective of this study was to evaluate théitglmf youngP. pinasterseedlings to
cope with a large variation of P availability intant spodosol soil samples collected from
south west of France in terms of growth respongeésnaineral nutrition. Soil samples were
collected from a 93-year-old unfertilized standdam 13-year-oldP. pinasterstand with
annual fertilization of either only P or P and Ni€het et al. 2008, Bakker et al. 2009). The
former soil was chosen based on presumed highslesfebrganic P as a major P fraction
accumulated over 93 years and the latter soil dugstyounger age and a presumed major
fraction of inorganic P. Plants were grown in rliiages (Casarin et al. 2004, Torres-Aquino
and Plassard 2004) containing these soils and wanasl that the root system would
associate with the indigenous ECM fungal speciesept in the intact soifs fertilizers are
applied in interline position (Trichet et al. 200Bakker et al. 2009) we investigated the
variation of soil P pools between line and intexlimee position. It was hypothesized that
mycorrhizal association of plant might have affdct@obilization of organic P in the
rhizosphere soil compared to the bulk soil. Theefave investigated the relationship
between mineral P availability, acid phosphataseiacof ECM root tips and bioavailability

of P for plants measured as P contents in rootshaodt biomass.
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2. Material and methods

2.1. Forest stands description and soil collection
Soil samples used in this study were collectedwia P. pinasterstands located in

Gascogne region in south west of France. In b@hdst, soils are sandy spodosol developed
on Aeolian sandy deposits of quaternary era. Meawua air temperature is 12.5 °C and
average precipitation rate is 950 mm, with frequanaionged period of drought in summer.
The first stand was a 93-year old forestPofpinasterand the soil was never fertilized since
plantation establishment. The second stand wasyed3old planted forest divided in plots
with different fertilizer regimes: no fertilizer datrol, C), phosphorus fertilizer (P) and
complete mineral fertilizers (F) application. Egubt measured 60 x 36 m with an exclusion
of 10 m border area. In both stands, the trees plarged in lines with a 2m-distance from
tree to tree and a 4m-distance from line to linereS of mineral soil (15 cm length, 8 cm
diameter) were collected from the tree line (L) anterline (IL) for each stand using a
manual auger. A brief description of the soil saspccording to their sampling location and
stand characteristics is given in Table 1. Sampler® collected in April 2006 and were kept
at 4°C for three months prior to use them as satesfor young seedlings in rhizoboxes. As
soil samples were used without any further treatptbry served as indigenous soil fungi and

bacterial inoculants.

2.2. Plant preparation and culture in rhizoboxes
Seeds of maritime pineP( pinasterSoland. In Ait. from Medoc, Landes-Sore-VG

source, France) were surface disinfected by immegrsito HO, 30% (w/w) for 30 minutes
then rinsed several times with sterile water. Fyniley were soaked in sterile water and let at
4°C during 48 hrs for stratification. Germinatiohstratified seeds was carried out in water-
moistened vermiculite previously sterilised twid21°C, 15 minutes) and placed in a growth
chamber. After 2 months, germinated pine seedlmg® transferred into a mist chambers in
order to develop lateral root system. The mist wasluced from distilled water supplied
regularly at the bottom of the chamber. The tag was trimmed repeatedly with sterilized
scissor. After one month, plants were transfemerhizoboxes described in Torres Aquino &
Plassard (2004). Briefly, the rhizobox consistedwad Perspex plates (20 x 10 cm) separated
by 3 mm spacers. The spacers made it possiblgadbliss a 3 mm-thick layer of soil, using

70 g of intact fresh soil. Coarse root pieces weneoved from the soil.
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Table 1: Brief description of soil samples used to grow ny@wseedlings oP. pinasterin
rhizoboxes. Soils were sampled i pinasterstands differing by tree age and fertilization
regime. In each plot, paired sampling was carrigtdio tree line (line) or between two lines
of trees (interline).

Soll Sampling Stand Age Treatment Fertilization regime
sample location (years)
CO-L Line 93 Control No fertilizer application
CO-IL Interline Old
C-L Line 13 Control  No fertilizer application
C-IL Interline
P-L Line 13 P Annual P fertilization in interlife
P-IL Interline
F-L Line 13 Complete Annual complete fertilization in interlifie
EIL Interline fertilization

2 Mean rate in 1998-2005 of 32 kg P’haeai" (Bakker et al. 2009)
® Mean rate (in kg hayeaf’) for 1998-2005 of 84 N, 32 P, 56 K, 22 Ca, 7 M@ B, 2.9 Cu, 2.1 Mn and 0.6 Zn
(Bakker et al. 2009)

After the installation of soil in the first Persppbate with spacers, a sterile piece (7x10
cm) of glass fibre paper sheet wrapped in a nylothavas placed at the bottom of the soil
layer. This sheet was in contact with a water raseto ensure water supply to the soil and
plant. The root system of young seedling was spogathe soil layer in the rhizobox and the
system was closed with second Perpex plate, clangssticky tape. The rhizoboxes were
transferred in a container containing distilled evaand plants were allowed to grow in the
growth chamber for six months with regular supgdlgistilled water. Growth conditions were
a 16/8 h light/dark cycle at 25/18°C, 70% rh, G®ncentration of. 350 mni I'* and a PAR
of ¢. 400 pmol rif s* (400-700 nm).

2.3. Plant and soil harvest
Rhizoboxes were dismantled and the root systemg&aty pulled out from the soil

layer. Soil attached to (rhizosphere soil) and avrayn roots (bulk soil) was separated
carefully. Each root system was examined undereagtemicroscope to pick up

ectomycorrhizal root tips (ECM) and ECM tips wererphologically classified. Each ECM
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morphotype was used for acid phosphatase actiVie sub samples of each morphotype
were stored at —20°C for molecular identificatidhe weight of fresh and freeze-dried roots
and shoot was recorded. Soil separated into budkraizosphere soils were also freeze-dried

prior to analysis.

2.4. Phosphatase activity
Phosphatase activity (Tabatabai 1982) of four EQd for each morphotype was

estimated separately. ECM tips were incubated & 30r an hour in 10 mM solution of
pNPP prepared in acetate buffer (25 mM, pH 5.4). ifBaetion was stopped by adding 0.5 M
NaOH. A blank sample was prepared for each morpieoby adding NaOH and ECM tips
simultaneously before incubation. Optical densitysamples was measures at 400 nm and
enzymatic activity was calculated (nmolgMiP produced min g* of fresh ECM weight) by

the equation:

x FW x 0.0185)
Where ‘AOD” is the difference between optical density cirid and sample, “1.2” is

Phosphatasactivity = (A ODx1.2x% D|:t

final reaction volume (ml), “DF” is dilution factprt” is the time (minutes) of incubation,
“FW” is fresh weight of ECM tip, “0.0188” is coeffient of molar extinction formp-

nitrophenolate (ml.nmdicm™).

2.5. Plant and soil analysis
Bulk and rhizophere freeze-dried soils were gesityed (2 mm) to separate soil and

ECM fungal hyphae along with dead plant tissueseEe-drying helped to preserve
ergosterol contents and smooth removal of fungghhg particularly in sandy soils. The
material remaining in sieve was ground finely. Etgool contents were measured in soil and
in sieved material as described in Plassard e2@0Q). Briefly, 0.1 g of dried material was
incubated for 24 hours in 1 ml solution of methamold polyclar (Serva, Heidelberg,
Germany) (0.5 % WI/V). The samples were centrifug@d000 g, 15 min), and the
supernatants were filtered through 0.45 pm nyloningg filter (514-0067, VWR™
International USA). The concentration of ergostenomethanol extracts was determined at
270 nm by high-performance-liquid-chromatographyngisa C18 column and eluted with
methanol flowing 1 ml. min.

Sieved soil was used to measure bicarbonate anatigd extractable inorganic and
organic P fractions. Plant available fraction ov&s extracted by shaking 0.3 g of sieved soil
for 30 minutes in 6 ml of NaHC{J0.5 M, pH 8.5) (Olsewt al, 1954). Similarly, 0.5 g of saill
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was shaken for 16 hr in 5 ml of NaOH (0.1 M) toraxt less labile fraction of P associated
with Al and Fe-oxides (Tiessen et al 1984, Shardl@99). Bicarbonate and hydroxide soil
extracts were diluted with distilled water (1/6yN/then acidified with HCI 12N (1/600, v/v)
to precipitate humic material before assaying Paceatrations. The same soil extracts
(bicarbonate and hydroxide) were mineralised wit@l H2N (v/v) at 110°C for 16 hr. As
shown by our preliminary experiments, these coodgimade it possible to mineralise all
organic P contained in the solution (data not shownganic P concentration in soil extracts
was calculated by the difference between Pt aridrRioth NaHCQ and NaOH extracts.

Plant roots and shoot material was finely ground &A@ mg of roots or shoot dry
matter was mineralised in Pyrex glass tube undematal fume hood using 1 ml of,BO,
(36 N) at 330°C for 30 minutes (McDonald 1978xitube mineralization block. If solution
was not transparent, tubes were removed and alléavedol down and 0.2 ml of @, was
repeatedly added till the solution became transpargfter dilution of HSO, to 0.1N,
ammonium was assayed using phenol colorimetric otedi Berthelot (Martin et al, 1983).
Orthophosphate P was assayed in 0.1p6® plant digest and in soil solutions using
malachite green method (Ohno and Zibilske, 1991).

2.6. ldentification of indigenous fungal species
Fungal DNA from frozen individual ECM morphotypesasv extracted using the

DNeasy Plant Mini Kit according to the manufactigenstructions (QIAgen S.A.). Three pl
of the DNA extract were used for PCR amplificatiaith Taq polymerase (18038-026,
Invitrogen) using the primers ITS1-F and ITS4 (Whet al. 1990). The thermocycling pattern
used was 94°C for 5 min (one cycle); 94°C for 36¥,C for 1 min and 72 °C for 45 s (35
cycles); and 72°C for 10 min (one cycle). Sampléspldying one single band on gel
electrophoresis (90% of DNA extracts) were sequeéntem AGOWA GmbH, Berlin
Germany (http://www.agowa.de). All sequences wedemiified to genus and species level by
launching a query through blastn algorithm of UNI®BEline molecular data base service
(Kdljalg et al. 2005).
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2.7. Statistical analyses

Analyses of variance were performed to evaluatenifsignt difference between
different soil samples, plant responses, ergostayotents in bulk and rhizosphere soils, and
phosphatase activity. Means (n = 6-12 for soil plaht parameters and n = 24-40 for acid
phosphatase activity of ECM root tips) were comgausing least significant difference of
Fisher model R < 0.05) and error bars on each mean value denatelatd error (SE).
Relations between total N and P and biomass intplavere drawn by simple linear
regression. All data were analysed using Statistiftware package (Statistica 8, Statsoft Inc.
Tulsa OK, USA.). The first statistical analysis mint data obtained from the two control
treatments (CO and C) showed non-significant difiees between lines and interline.
Therefore, data from line and interline were podtagether in CO and C treatments and were

compared with other soil treatments.

3. Results

3.1. Soil inorganic P fractions

Concentrations of readily available inorganic Paged in bulk soil using bicarbonate
solution were the lowest (2 mg P kgoil) in control plot with 13-year old trees, redjass of
the sampling position of soil (Table 2). Forest &)@ years, CO soil) resulted in an increase
of bicarbonate extractable P (4 mg P'lgpil) in soil collected from line position. Feitiér
application dramatically increased P concentrat@ssayed in interline soils, with values of
50 and 62 mg P kbgsoil in P and F plots, respectively. Despite af@qnean annual rate of P
supply (32 kg ha yeaf', Table 1) to P and F plots, NaHg®xtractable P concentrations
measured in P-L samples (4 mg P'kgpil) were much lower than those measured in F-L
samples (14 mg P Kgsoil) (Table 2). Inorganic P concentrations in Maéxtracts from bulk
soils were generally twice as high as bicarbonasn@ followed the same trends of variation
between other soil samples (Table 2). Bicarbonatel NaOH-extractable Pi concentrations
from rhizosphere soils were not significantly diéfiet compared with bulk soils, except in
interline soil samples in F plots, where they agnificantly decreased. The depletion of
NaHCG; and NaOH extractable Pi was recorded as 22% a¥tdrégpectively (Table 2).
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Table 2: Concentrations of organic and inorganic P exthttg NaHCQ and NaOH from
bulk (B) or rhizosphere (R) solil collected in rhimxes containind. pinasterplants grown
for 6 months in different soil samples (see Tabferldetails). Soil samples were used intact
and during plant growth, the rhizoboxes were watewgh water only. Measurements of P
concentrations were carried out on freeze-driets.sdalues are means (n = 6). Probabilities
to have significant differences between lines ameriine are indicated for each soil treatment
using LSD Fisher model. An asterisk denotes a Bogmt difference between B and R soils
(LSD Fisher modelp< 0.05).

Soll P-inorganic (mg kg™ of dry soil) P-organic (mg kg of dry soil)
sample NaHCO; NaOH NaHCO; NaOH
B R B R B R B R
CO-L 4.4 4.4 8.2 7.8 10.3 12.8 55.4 68.4*
CO-IL 2.5 3.1 4.2 5.1 6.9 7.7 39.7 42.5
p 0.01 0.02 0.06 0.002 0.04 0.02 0.1 0.002
C-L 1.7 2.1 8.2 7.2 7.7 8.1 43.9 46.3
C-IL 1.5 1.6 2.4 3.3 3.9 4.0 17.7 17.3
p 0.3 0.04 <0.001 <0.001 <0.001 <0.001 <0.0010.001
P-L 4.5 3.7 10.0 5.9 5.3 9.1* 33.8 37.1
P-IL 50.5 50.6 83.9 80.2 7.4 15.0* 50.7 45.3
P <0.001 <0.001 <0.001 <0.001 0.04 0.007 0.03 0.06
F-L 14.1 13.0 26.4 25.5 54 8.3* 32.8 31.0
F-IL 62.3* 50.8 92.9* 82.4 5.3 14.7* 53.7* 41.6

p <0.001 <0.001 <0.001 <O0.001 0.9 <0.001 <0.001 0.03

3.2. Soil organic P fractions

Organic P (Po) concentrations in bulk soils extdcwith bicarbonate varied little
between treatments (Table 2). In control plots,| $om lines contained higher Po
concentrations than soils from interlines, contri@ryoncentrations observed in P or F plots
where Po was higher in interline. The concentratiof NaOH extractable Po in bulk soils
were increased 3 to 5 folds in both line and imerlpositions. However the pattern of
accumulations was as that was observed in NaHEXQractable Po. When assayed in
rhizosphere soils, NaHGEPo concentrations displayed the same trends as thiaserved for
bulk soil and were either equal to (control old aadtrol) or higher than (P and F plots) the
values assayed in bulk soils. The concentrationsagH-Po in rhizosphere soils were equal
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to the values assayed in bulk soils, except infsmih the lines position of CO treatment and
from interlines position of F treatment, where tlaeg respectively higher and lower than the

values assayed in corresponding bulk soils (Taple 2

3.3. Fungal growth and ectomycorrhizae formation
Fungal development was estimated by assaying embsta sterol characterizing

living fungal cells as it is only found in the ptag membrane. The sieved soil contained
extremely low ergosterol contents compared to tlagerral remaining in the sieve (data not
shown), indicating that sieving was efficient tmlége the hyphae from freeze-dried soil
samples. As indicated in Figure 1, ergosterol austef material sampled in rhizosphere were
higher than that assayed in bulk soil, whatever tieatments. The increase was highly
significant in fertilized treatments as comparedadntrol (CO and C) treatments. Ergosterol
contents measured in fertilised treatments weively higher than the values measured in

controls (Figure 1).
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Figure 1: Ergosterol contents estimated in the hyphal plentpbdebris material collected from bulk and
rhizosphere soils after sieving through 2 mm si@axrs of histogram are means (n = 6-12) with stethearors.
Significant differences between contents in bulld amizosphere soils are signalled by asteriskB<*0.05, **
P< 0.01, ** P<0.001, LSD Fisher model).

Identification of fungal species forming ectomydozal tips showed that the
basidiomyceteRhizopogon luteolusvas dominant species regardless the treatmentd, as
presented 66.6 % of the ECM tips analysed usingeoutdr tools. We also found
Sphaerosporella bruneé28 %) and rare presence loccaria bicolor, (4.7 %) only in F

treatment. Therefore, phosphatase activity of EChresponded mainly to those &.
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luteolus As shown in Figure 2A, phosphatase activity wiéee highest (n = 25-40) in ECM
collected in soil from the 93 year-old forest, netjass the soil position (L or IL). Activities
measured in ECM collected in soil from the contpbdt of 13 year-old forest were not
significantly different from those measured in ssaimple collected in the line of P-fertilized
plot. However, they were significantly differenofn those measured in ECM found in F soil
(L and IL samples) and P soil (IL) (Figure 2A). Atown in Figure 2B, the activities
decreased when rhizosphere NaH&Rtractable Pi concentrations increased and vérsay
Nevertheless, activities measured in ECM collectemm soils were highly variable;
NaHCQs-extractable Pi was lower than 5 mg*kspil (CO, C and P-IL), contrasted with the
activities measured in soils from CO which werengigantly higher. Moreover, phosphatase
activity did not show any relation with Po fractsim soils.
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Figure 2: Acid phosphatase activity from ECM root tips estied by the hydrolysis of pNPP as a function of
the soil samples (A) or the concentrations of Nak€Rractable Pi in the rhizosphere soil of each sainple

(B). Mean values (n = 24-4@) 1 SE are shown. Different letters indicate siguaifit differences between soil
samples (LSD Fisher modét< 0.05).

3.4. Plant growth and mineral nutrition

Table 3 indicates that dry biomass in roots andsldad not vary largely between
treatments. However, shoot biomass was the higheBtL and P-IL treatments, and root
biomass was the highest only in P-IL treatment.p8singly, soil receiving complete
fertilisation (F-IL) produced plants with similanat and shoot biomass as in control soil (CO
and C). Concentrations of total N in roots and shafgplants grown in soil from fertilized
plots did not vary whatever the treatment and vi@ner than those measured in shoot from
the two control treatments (CO and C) and rootsftbe CO treatment only (Table 3). In

contrast to N, total P concentrations in roots stmabt were dramatically increased by 10- and
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6-fold in plants grown in fertilized soils (P-IL dnF-IL respectively) compared to plants
grown in soil from CO treatment. However, P concaiins measured in roots and shoot of
plants grown in soils from control or P-L treatnmsemiere as low as those measured in CO
treatment. The culture of plants in soil from Freatment induced a significant increase in P
concentrations measured in plants in comparisom whe previous treatments, but this
increase was lower than that observed in P-IL afid ffeatments. Root length was the
highest in C and P-IL treatment while completeiliegtion (F-IL) and CO soils significantly

decreased this parameter (Table 3).

Table 3: Accumulation of biomass, total N and total P inats and roots and root length per
plant measured iP. pinasterplants grown for 6 months in rhizoboxes containsal
samples from different provenances (see Table Hdtails). Values are means (n=6 for all
treatments but 10<n<12 for CO and C treatmentsh witndard error between brackets.
Different letters show significant difference beemetreatments according to LSD Fisher
model (p< 0.05).

Sall Biomass Total N Total P Root length

sample (g dwt plant™) (mg g* dwt) (mg g* dwt) (cm plant™)
Shoot Root Shoot Root Shoot Root
CO-L+ 0.25b 0.16d 12.17a 10.19a 0.44d 0.55d 228.7b
co-L  (0.02) (0.01) (0.68) (0.49) (0.02) (0.04)  (13.3)
C-L+C-IL 0.25b 0.17d 10.12b 7.35b 0.60d 0.55d 302.2a
(0.02) (001) (0.23) (0.24) (0.02) (0.02)  (253)

P-L 0.31b 0.22c 6.61c 6.65b 067d 064d  250.9b
(0.06) (0.05) (0.56) (0.23) (0.08) (0.05) (33.9)
F-L 0.33a 0.24b 7.72c  6.61b 1.64c 1.73c  282.6b
(0.05) (0.03) (0.26) (0.25) (0.11) (0.13) (36.5)
P-IL 0.35a 0.29a 7.14c  6.68b 4.69a 3.11b  305.9a
(0.02) (0.01) (0.36) (0.25) (0.27) (0.11) (18.3)
F-IL 026b 0.17d 8.05c 6.98b 3.98b 3.4la  254.3b

(0.02) (0.02) (0.89) (0.15) (0.45) (0.14) (33.4)

Plotting total N contents and total biomass accateal in each plant showed that
these two variables are linearly correlated fortaatments (R= 0.55,P<0.01). However,
linear regression calculated for each soil treatnsfiowed stronger relationships than that
found with the whole data set, except in P-IL paffigure 3A). The highest’Rialue was
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observed in C treatment {R 0.95) and the lowest one in CO treatmerft®.61) (Figure
3A). Contrary to total N contents, total P contemgsied widely among soil treatments
(Figure 3B). Total P contents in plants from COa@l P-L treatments were low and varied
linearly with biomass. Plants grown in F-L soil gdes showed higher P contents than in CO,
C and P-L, and P contents were still highly coteslawith total biomass. However, plants
grown in F-IL and P-IL soil samples displayed thghlest levels of P contents that was not
linearly correlated® > 0.05 with plant biomass (Figure 3B).
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Figure 3: Relation of total N (A) and total P (B) per plantmtotal plant biomass for different soil treatrge(n

= 6-12). Plants grown in soil samples collectechfrtine and interline in CO or C treatments are geul
together. Values in brackets represent the coefficof linear regression fRand asterisks denote significance
of relationships for each soil sample type (P<0.05, ** =P< 0.01, ** = P< 0.001).

Plotting the total amounts of N per plant agairs total amounts of P per plant
showed that these two variables were positivelyetated in all treatments except in P-IL.

These data show that plants were able to uptakesjitg of having low P availability in soil
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(Figure 4). Overall, these results indicate thantd were able to produce variable amounts of

biomass per unit of P taken up from soil. Plottiatio between biomass planand total P

plant® against the concentrations of NaH{&xtractable Pi in rhizosphere soil demonstrated

the inverse relationship between these two parameiad the extreme plasticity .

pinasterto produce biomass as a function of P availalifitihe soil (Figure 5).
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Figure 4: Relationships between total P per plant with tdtgder plant for different soil treatments (n = B)1
Plants grown in soil samples collected from linel anterline in CO or C treatments are grouped toget

Values in brackets represent coefficient of lineagression (B and asterisks denote significance of

relationships for each soil sample type (P< 0.05, * =P< 0.01, ** = P< 0.001).
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Figure 5: Variation in the ratio of dry biomass to total miaP with concentrations of NaHG®:i in the

rhizosphere oP. pinasterseedlings grown in the soil samples with differéartilizer regimes. Bars represent

standard errors of means (n = 6-12).
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4. Discussion

Measurements of bicarbonate extractable P condiemisa in bulk soils from
unfertilized plots confirmed the low P availability these spodosol soils. Nevertheless, soils
taken from the vicinity of old trees (CO-L) contathmore bicarbonate extractable Pi than
soils taken near to young trees (C-L). This cowdddhe to the recycling of Pi from litter fall,
together with a low rate of Pi uptake by the ramftshese 93-year old trees. Low availability
of P in soil could be due to multiple factors sumf immobilization of available P by
adsorption of phosphates with Al and Fe, rendeRn@s less labile phosphate source of P
(Fontes and Weed 1996, Barroso and Nahas 200%hrapbilization in the form organic P
(Holford 1997). P fertilizers applied to enhance #sustainability of the stand dramatically
increased NaHC@and especially NaOH extractable Pi concentratiorise bulk soil from P-
IL and F-IL samples compared to the values of Grd IL), P-L and F-L. In addition, only
NaOH extractable Po concentrations in the bulk weile significantly higher in P-IL and F-
IL than in P-L or F-L samples. Thus, our data ssgdgleat most of the P applied in the stand
was fixed with Al and Fe and was also partly imnlisbd into organic forms situas NaOH

is thought to extract phosphate associated witandll Fe (Fontes and Weed 1996).

Two treatments with fertilizer application presehtmuch lower bicarbonate and
NaOH extractable Pi concentrations in soil collddt®m lines than in interlines positions. It
confirms that P in soil was not or slightly mobéle claimed by several authors (see for ex. the
reviews from Schachtmann et al. 1998, Hinsingeale001, Vance et al. 2003) and the
fertilizers applied in interlines position did ngltow significant mobility and bicarbonate and
hydroxide extractable Pi pools were as low as introb treatment. However, the soil
collected in lines from F plot contained greatecabbonate and NaOH extractable Pi
concentrations than soil from P plots despite thmes annual rate of P supply in P and F
treatments (32 kg Hayeaf' Trichet et al. 2008, Bakker et al. 2009). This amted Pi
availability could be due to the intensive develepmof forest floor annual vegetation
(Phytolaccaspp) only observed in F plots (personal obseragtiteading to an accelerated
recycling rate of Pi accumulated in aerial partaohual species during the growing season
returning to the soil in winter. In addition, theot compartment of these plant species may
also play a role in Pi recycling, as Achat et 2008) reported that 90% of total fine roots are
composed of forest floor annual vegetation speaiethe upper soil layer in this forest

ecosystem.
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The comparison of NaHCGand NaOH extractable Pi measured in bulk or riphese
soils showed non significant changes, except ih snples from interlines position of F
plots where the rhizosphere pools are significadgreased compared to bulk ones. The
depletion of Pi in rhizosphere could be due to Rke by the plants and the microorganisms
developing in association with the roots such adBEGngi. Significant high concentrations
of total ergosterol in F-IL soil (rhizosphere andlK) are in good agreement with the
depletion of Pi in rhizosphere. These results aragreement with Bakker et al (2009), who
reported significantly more fungal hyphae in phaspis fertilized treatments than in control
in Pinus pinasterforest stand and Parrent and Vilgalys (2007), wdmorted stimulation of
extramatrical mycelia with N fertilization ifPinus taedaforest In addition, these soil
conditions may have also favoured the developmé&btoterial populations associated with
ECM fungi, as demonstrated fdraccaria bicolor (Duponnois and Garbaye 1991a, b).
Consequently, this enhanced growth of fungal pdmra and possibly of bacterial
populations may be responsible for the depletionrhotosphere bicarbonate and NaOH
extractable Pi from rhizosphere of F-IL soils.

On the other hand, the comparison of NaH@Rtractable Po measured in bulk or
rhizosphere showed increased Po pools in rhizosptal, especially in fertilized plots. This
could be due to the better development of fungalufaiions observed in these conditions
and/or their associated bacterial populations. Utlisation of Pi and the assimilation of P as
organic forms by the microbial cells could leadthe enrichment of Po pools observed in
these conditions. However, these trends are legsudbfor NaOH extractable Po, suggesting
two different pools of Po extracted by NaHC&nd NaOH.

Molecular studies of ectomycorrhizal morphotypegeeted thaRhizopogon luteolus
formed most of the ECM tips whatever the treatm&he high capacitR. luteoluso develop
an association in these conditions could be dua togh survival capacity of the spores
present in the soil (Massicotte et al. 1994, Colgad Claridge 2002, Bruns et al. 200R).
luteoluswas frequently identified in ECM tips in field stys of the same plots (unpublished
data). The second species Vahaerosporella brunne&lowever, it couldoe considered as
an opportunist species, as it is a common contarhimanurseries producing mycorrhizal
plants (Garcia-Montero et al. 2008). Acid phospématactivity measured by incubating the
ECM in the artificial substratpNPP differed widely according to the soil samplekitting
this phosphatase activity against bicarbonate eteioée Pi from the rhizosphere soil showed
an inverse relationship between these two varialtelcating that the enzyme activity is

enhanced by low P availability. Our data are ineagrent with previous studies carried out
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with ECM grown in soil (Kroehler et al. 1988, Antib et al. 1992 Chen et al. 2002) or with
the ectomycorrhizal fungus grown in pure cultur@yBquet et al. 1986). However, despite
comparable levels of bicarbonate extractable PC@, C and P-IL soil samples, ECM
collected in CO soil displayed the highest phosgpdatctivity. This could be due to either an
overestimation of the actual Pi concentration & $bil solution by bicarbonate extraction or
the selection of fungal strains able to releaseenpbiosphatases in this old, undisturbed forest
than the fungal strains present in the young forest

Growth parameters and mineral nutrition indicateigh plasticity ofP. pinasterto
cope with low concentration of available P in soitowever, N availability was not as
limiting as P availability. Indeed, N concentrasoend N contents per plant were not as much
variable as for P, especially when plants were grawCO soil samples. In these conditions,
the concentrations assayed in roots and shoot ieerarkably close to those measured in 6-
month-oldP. pinasterassociated with the ECM basidiomycktebeloma cylindrosporurand
N was supplied in nutritive solution containing aomum and nitrate (2 mM each)
(Conjeaud et al., 1996). This high N availabilityasvin agreement with high total N
concentrations measured in the soil sampled in @@sf (2.6 mg N K{ of soil) that was
three times higher than other treatments (0.7-INmigy-1 of dry soil). This suggests that N
accumulated in this soil was easily used by theamazal plants. By contrast, soil samples
that received a complete fertilization did not tesn an increase of biomass nor total N
contents. Such negative effects of additional lfeatiion, particularly N, have been shown to
reduce net primary production, foliar and fine rbaimass in field plots (Aber et al. 1989,
Albaugh et al. 1998). Alternatively, the growth Bf pinasterplants could have reached a
plateau with increasing doses of either N or Rliegts, as observed fdtucalyptus grandis
(Conroy et al. 1992).

In contrast to N, the relationships between bionsass total P per plant were highly
different in different soil treatments. The resudtoowed that linear regressions of these two
variables were highly significant in all treatmemtscept in soils with fertilizers application
(P-IL and F-IL). Plants grown in soil samples wilaHCQ; extractable Pi ranging from 1.5
(C) to 4.5 mg kg (CO and P-L) presented comparable P contents énwthole plants,
however the values of P contents were very lowndicates that P was the limiting nutrient
factor. Moreover, plants grown in CO soil presentieel highest values of acid phosphatase
activity in ECM. This suggests that phosphatasevigctwas not sufficient enough to
overcome the P limitation in CO, C and P-L soilkisTcould be due to several factors related

to the environmental conditions for hydrolysis af &curring in the soil solution that may be
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very different from the conditions used to meagqN@Pase activityn vitro. Indeed, CO soils
are very dark and measurement of fluorescence derwsail extracts showed that CO soils
contained more fluorescent compounds than the atbis (personal observation). These
observations were based on the wavelength in trek palues of humic and fulvic
compounds. These soluble molecules could inhibdsphatase activity in soil conditions
(Allison 2007). On the other hand, soil organic Bleoules might not be highly degradable
with the enzymes produced by the ECM fungi.

Slight increase in soil P availability up to 14 NgHCGQ; extractable Pi Kg dry soil
(F-L) strongly increased P contents that remainigti correlated with biomass production
and N contents per plant. In contrast, the higb&strbonate P concentrations still increased
total P contents of plant (interline position o&Rd F treatment) that was not used to produce
biomass, indicating a luxury consumption of P,egsorted for other plant species (Verhoeven
& Schmitz 1991, Aerts & Chapin 2000). Converselye wbserved a decreased biomass
production in F-IL treatment. This could result bye down-regulation of root length
observed in these conditions (Coyle & Coleman 20@5)shown in several plant species
together with the down-regulation of P transpopasties by the roots.

In conclusion, these results showed the high capatiP. pinasterto produce plant
biomass when grown with low P availability. The ppked in the form of mineral fertilizers
remained immobile spacialement and high phosphatatiity was not sufficient to

overcome P limitation dP. pinasterin soil with low phosphorus availability.

5. Acknowledgements

We thank Pierre Trichet (EPHYSE, INRA Bordeaux) dmdirent Augusto (TCEM,
INRA Bordeaux) for their help in collecting the ltlesamples and Marney Isaac (University
of Toronto, Canada) for helpful comments on textihleimmad A. Ali was supported by a
grant from the Higher Education Commission of P@kisJulien Louche by a grant from the
French Minister of Research and Technology and afyrDuchemin by the ANR (Agence
Nationale de la Recherche) through the FUNDIV mb{ANR-06-BDIV-06). The work was
funded by the PNBC-ACI ECCO projetDéterminants naturels et anthropiques de la
biodiversité rhizosphérique et de la biodispontbilidu phosphore en forét atlantique”

Molecular identification of fungal species was feddy the FUNDIV project.

140



Chapter 4

6. References

Aber, J.D., K.J. Nadelhoffer, P. Steudler, and JNlillo. 1989. Nitrogen saturation in
northern forest ecosystems. BioScience. 39: 378-386

Achat, D., M. Bakker and P. Trichet. 2008. Rootpajterns and fine root biomassRihus
pinasterassessed by trench wall and core methods. JREer.13:165-175.

Aerts, R. and F.S. Chapin. 2000. The mineral natritof wild plants revisited: A re-
evaluation of processes and patteAd Ecol. Res. 30: 1-67.

Albaugh, T.J., H.L. Allen, P.M. Dougherty, L.W. Ks® and J.S. King. 1998. Leaf area and
above and below ground growth responses of loblpihe to nutrient and water
additions. Forest Sci. 44:317-328.

Allison, V.J., L.M. Condron, D.A. Peltzer, S.J. Razdson and B.L. Turner. 2007. Changes in
enzyme activities and soil microbial community casiion along carbon and
nutrient gradients at the Franz Josef chronosegueNew Zealand. Soil Biol.
Biochem. 39:1770-1781.

Antibus, R.K., R.L. Sinsabaugh and A.E. Linkins.929 Phosphatase activities and
phosphorus uptake from inositol phosphate by ectomlizal fungi. Can. J. Botany.
70:794-801.

Axelsson, E. and B. Axelsson. 1986. Changes inatadhlocation patterns in spruce and pine
trees following irrigation and fertilization. Tré&thysiol. 2:189-204.

Bakker, M.R., E. Jolicoeur, P. Trichet, L. August®, Plassard, J. Guinberteau and D.
Loustau 2009. Adaptation of fine roots to annualilieation and irrigation in a 13-
year-old Pinus pinaster stand. Tree Physol. 29238-

Barroso, C. and B.E. Nahas. 2005. The status ofpboisphate fractions and the ability of
fungi to dissolve hardly soluble phosphates. Aflil Ecol. 29:73-83.

Bert, D. and F. Danjon 2006. Carbon concentratiamations in the roots, stem and crown of
mature Pinus pinaster (Ait.). Forest Ecol. Man&§:279-295.

Bonneau, M., 1995. Fertilization des foréts dans pays tempérés. Théorie, base de
diagnostic, conseils practique, réalisation expentales. ENGREF, Nancy, pp 367.

Bousquet, N., Mousain D. ; Salsac L. 1986. Infleem2 I'orthophosphate sur les activités
phosphatases &uillus granulatugen culturen vitro. Physiol. Vég. 24: 153-162.

Bruns, T.D., K.G. Peay, P.J. Boynton, L.C. GrubjsNa&A. Hynson, N.H. Nguyen and N.P.
Rosenstock 2009. Inoculum potential Riiizopogorspores increases with time over
the first 4 yr of a 99-yr spore burial experimeédéw Phytol. 181:463-470.

Casarin, V., C. Plassard, P. Hinsinger and J.C.ieftv 2004. Quantification of

141



Chapter 4

ectomycorrhizal fungal effects on the bioavailapiand mobilization of soil P in the
rhizosphere oPinus pinasterNew Phytol. 163:177-185.

Chen, C.R., L.M. Condron, M.R. Davis and R.R. Stekl 2002. Phosphorus dynamics in the
rhizosphere of perennial ryegrag®lfum perennd..) and radiata pineP{nus radiata
D. Don.). Soil Biol. Biochem. 34:487-499.

Colgan Ill, W. and A.W. Claridge 2002. Mycorrhizeffectiveness of Rhizopogon spores
recovered from faecal pellets of small forest-dimglimammals. Mycol Res. 106:314-
320.

Condron, L.M. and H. Tiessen. 2005. Interactionsoojanic phosphorus in terrestrial
environments. In: Turner B.L., Frossard E. and ®ald D.S. (eds), Organic
Phosphorus in the Environment. CABI Publishing, Migford, Oxon, UK pp. 295-
307.

Conjeaud, C., P. Scheromm and D. Mousain. 199@cEfof phosphorus and ectomycorrhiza
on maritime pine seedlingRifus pinastex. New Phytol. 133:345-351.

Conroy, J.P., P.J. Milham and E.W.R. Barlow. 198#ect of nitrogen and phosphorus
availability on the growth-response of eucalyptusaglis to high CQ@ Plant Cell
Environ. 15:843-847.

Coyle, D.R. and M.D. Coleman. 2005. Forest produnctresponses to irrigation and
fertilization are not explained by shifts in allbom. Forest Ecol. Manag. 208:137-
152.

Duponnois, R. and J. Garbaye. 1991. Effect of doatulation of Douglas fir with the
ectomycorrhizal fungusaccaria laccataand mycorrhization helper bacteria (MHB)
in two bare-root forest nurseries. Plant Soil. 188-176.

Duponnois, R. and J. Garbaye. 1991. Mycorrhizatietper bacteria associated with the
douglas-fir laccaria-laccata symbiosis - effectaseptic and in glasshouse conditions.
An. Des Sci. Fores. 48:239-251.

Fontes, M.P.F., and S.B. Weed 1996. Phosphate @asoby clays from Brazilian Oxisols:
relationships with specific surface area and miogsa Geoderma. 72:37-51.

Garcia-Montero, L.G., G. Di Massimo, J.L. Manjondah Garcia-Canete. 2008. Effect of
Sphaerosporella brunneaycorrhizas on mycorrhization of Quercus ilexTyber
melanosporumNew Zeal. J. Crop and Hort. 36:153-158.

Gentle, W., F.R. Humphreys and M.J. Lambert. 196%.examination of ginus radiata
phosphate fertilizer trial fifteen years after treant. Forest Sci. 11:315-324.

Hinsinger, P. 2001. Bioavailability of soil inorgarP in the rhizosphere as affected by root-

142



Chapter 4

induced chemical changes: a review. Plant Soil: 3¢ 195.

Holford, I.C.R. 1997. Soil phosphorus: Its measwertnand its uptake by plants. Aust. J. Soil
Res. 35:227-239.

Kdljalg, U., K. H.Larsson, K. Abarenkov, R. H. Nilen, I. J. Alexander, U. Eberhardt, S.
Erland, K. Hgiland, R. Kjgller, E. Larsson,T. Penea, R. Sen, A.F.S. Taylor, L.
Tedersoo, T. Vralstad and B. M. Ursing. 2005. UNIEEdatabase providing web-
based methods for the molecular identification @bmycorrhizal fungi. New Phytol.
166:1063-1068.

Kroehler, C. and A. Linkins. 1988. The root surfgdesphatases ofEriophorum vaginatum:
Effects of temperature, pH, substrate concentragioth inorganic phosphorus. Plant
Soil. 105:3-10.

Maier, C.A. and L.W. Kress. 2000. Soil g@volution and root respiration in 11 year-old
loblolly pine (Pinus taeda plantations as affected by moisture and nutrient
availability. Can. J. Forest Res. 30:347-359.

Marmeisse, R., A. Guidot, G. Gay, R. Lambilliott¢, Sentenac, J.P. Combier, D. Melayah,
L. Fraissinet-Tachet and J.C. Debaud. 2084beloma cylindrosporum a model
species to study ectomycorrhizal symbiosis fromegém ecosystem. New Phytol.
163:481-498.

Martin, F., M. J. Winspear, J.D. MacFarlane and @Qaks. 1983. Effect of methionine
sulfoximine on the accumulation of ammonia il &d C leaves: the relationship
between NH accumulation and photorespiratory activity. PRhysiol. 71:177-181.

Massicotte, H.B., R. Molina, D.L. Luoma and J.E. i®m1994. Biology of the
ectomycorrhizal genuRhizopogon.2. Patterns of host-fungus specificity following
spore inoculation of diverse hosts grown in monicaland dual culture. New Phytol.
126:77-690.

McDonald, M.S. 1978. A simple and improved methodthe determination of microgram
guantities of nitrogen in plant material. Ann B42:363-366.

Neilsen, W.A., G.R. Davis, J.G. McDavitt, and W.td&aek. 1984. Growth and nutrient
uptake ofPinus radiataseedlings over the first 3 years following treateith
nitrogen and phosphorus fertilizers. Aust. For..Rds1-10.

Ohno, T.L. and M. Zibilske. 1991. Determinationl@iv concentrations of phosphorus in soil
extracts using malachite green. Soil Sci. Soc. Anb5:892-895.

Olsen, S. R., C. V. Cole, F. S. Watanabe and LDAan.1954. Estimation of available
phosphorus in soil by extraction with sodium bicarlite. Circular n °© 939, USDA,

143



Chapter 4

Washington, 19 p.

Parrent, J.L. and R. Vilgalys 2007. Biomass andmmsitional responses of ectomycorrhizal
fungal hyphae to elevated G@nd nitrogen fertilization. New Phytol. 176:164417

Plassard, C., B. Bonafos and B. Touraine. 2000eintial effects of mineral and organic N
sources, and of ectomycorrhizal infection Hgbeloma cylindrosporuymon growth
and N utilization inPinus pinasterPlant, Cell Environ. 23:1195-1205.

Pritchett, W.L. and N.B. Comerford. 1982. Long-teRasponse to Phosphorus Fertilization
on Selected Southeastern Coastal Plain SoilsSsolboc Am J. 46:640-644.

Quiquampoix, H. and D. Mousain. 2005. Enzymaticrbiysis of organic phosphorus. In:
“Organic Phosphorus in the environment”. B.L. Turng. Frossard & D. Baldwin
Eds, CAB International, Wallingford. pp. 89-112.

Rousseau, J.V.D., D.M. Sylvia and A.J. Fox 1994nt@bution of ectomycorrhiza to the
potential nutrient-absorbing surface of pine. NéwtBl. 128:639-644.

Schachtman, D.P., R.J. Reid and S.M. Ayling. 19&sphorus uptake by plants: from soil
to cell. Plant Physiol. 116:447-453.

Sharpley, A.N., T.C. Daniel, J.T. Sims, J. Lemuny®A. Stevens, and R. Parry. 1999.
Agricultural phosphorus and eutrophication USDA-ARS8p. 149. U.S. Gov. Print.
Office, Washington, DC.

Smith, F.W., A.L. Rae and M.J. Hawkesford. 2000.l&¢alar mechanisms of phosphate and
sulphate transport in plants. BBA-Biomembranes 51286-245.

Tabatabai M.A.1982. Assay of enzymes in soilMethods of Soil Analysi&/ol. 2 (ed. A.L.
Page), pp. 922-947. Am. Soci Agron and Soil Sat. 3on, Madison, WI.

Tibbett, M., F. E. Sanders, and J. W. G. Cairne3819The effect of temperature and
inorganic phosphorus supply on growth and acid phatase production in arctic and
temperate strains of ectomycorrhitibelomaspp. in axenic culture. Mycol Res 102:
129-135.

Tiessen, H., J.W.B. Stewart and C.V. Cole. 1984hWways of phosphorus transformations in
soils of differing pedogenesis. Soil Sci Soc Am&.853-858.

Torres Aquino, M., and C. Plassard. 2004. Dynarafasctomycorrhizal mycelial growth and
P transfer to the host plant in response to low ligth soil P availability. FEMS
Microbiol. Ecol. 48:149-156.

Trichet, P., C. Jolivet, D. Arrouays, D.LoustauBBrt, J. Ranger. 1999. Le maintien de la
fertilité des sols forestiers landais dans le catkea sylviculture intensive du pin
maritime. Etude Gestion Sols 6 :197-214.

144



Chapter 4

Trichet, P., D. Loustau, C. Lambrot and S. Lind&08. Manipulating nutrient and water
availability in a maritime pine plantation: effeaa growth, production, and biomass
allocation at canopy closure. Ann. Forest Sci. £5:8

Trichet, P., M. Bakker, L. Augusto, P. Alazard, erzeau and E. Saur. 2009. Fifty years of
fertilization experiments on Pinus pinaster in ®adst France: The importance of
phosphorous as a fertilizer. Forest Sci. 55: 399-40

Vance, C.P., C. Uhde-StoneD.L. Allan. 2003. Phosphoacquisition and use: critical
adaptations by plants for securing a nonrenewasieurce. New Phytol. 157:423-447.

Verhoeven, J.T.A., and M.B. Schmitz. 1991. Contodl plant growth by nitrogen and

phosphorus in mesotrophic fens. Biogeochemistryl 322148.

Waterworth, R., R.J. Raison, C. Brack, M. BensarKlRanna and K. Paul. 2007. Effects of
irrigation and N fertilization on growth and strust of Pinus radiatastands between
10 and 29 years of age. Forest Ecol. Manag. 2391889

White, T. J., T. D. Bruns, S. Lee and J. Taylo9@.9Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. PGBtdtols. A Guide to Methods
and Applications (Innis MA, Gelfand DH, Sninsky&8JVhite TJ, eds), pp. 315-322.

Academic Press, San Diego, CA.

145






Chapter 5

CHAPTER 5
Growth response ofPinus pinasterseedlings in soils regularly managed by amendments
of irrigation and fertilization

The results of chapter 4 showed that applicatiofedilizers increased significantly,
the fractions of Pi and Po in interline positiorddhere was no or very low spatial movement
of P towards lines of trees. It was also obsertxad the phosphatase activity was negatively
related to Pi availability (Olsen Pi). However imapter 3, it was deduced that the
phosphatase activity was not only regulated by \Riilability (Olsen Pi) but also it was
regulated by water contents. In the other studgagt been observed that the phosphatase
activity of soils could be increased by the appiaa of nitrogen as fertilizer (Wang et al.,
2008). We made an inference that irrigation, NPKilization or both irrigation and NPK
fertilization could have some relevance with ph@pbke activity as well as the availability of
Pi for the young seedlings &finus pinasterlin this chapter, the focus was to evaluate the
effect of Pi availability on the growth #finus pinasterand phosphatase activity of ECM in
the soils which were taken from irrigated and noigated plots.

In previous chapter (chapter 4) the significantfedénces were observed between
rhizosphere soils and bulk soils (fungal biomass,nkobilization). However, it remained
guestionable, how to separate rhizosphere anddmilkn a system with extension of fungal
hyphae? In order to address this question, rhizobiblrout Pinus pinasterseedlings were
prepared for each treatment to evaluate the depletf Pi or hydrolysis of Po in soils by
young seedlings (rhizosphere soil) compared toaitlseedlings (bulk soil).

The objectives of this chapter were to evaluate:
1) The phosphatase activity of ECM associated wotlmg seedlings grown in soils with
contrasting P status.
2) The effect of irrigation on phosphatase activfyECM and P nutrition oPinus

pinasterseedlings.

In order to achieve these objectives young seesllofgPinus pinasterwere grown in
rhizoboxes for 8 months. The soil samples from &ité with treatments of fertilizers
amendments (control, fertilization with P mineraitilizers and fertilization with NPKCaMg)

with and without irrigation were used in rhizoboxes
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The results obtained after 8 months of growth erpemt has been used for a scientific
manuscript, which will be submitted ifr6rest Ecology and Managemétitled as “Growth
response oPinus pinasterseedlings in soils regularly managed by amendmahitsigation

and fertilization”.
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CHAPTER 5
Growth response ofPinus pinasterseedlings in soils regularly managed by amendments
of irrigation and fertilization

Ali M A., Louche J., Legname E., Duchemin M., PEssC.Submission planned for « Forest
ecology and managment&orresponding author (phone 0033 4 99 61 29 79;0833 4 99
61 30 88); email: plassard@supagro.inra.fr)

Abstract

Soil samples from 13 years-oRInus pinasterforest stand, managed annually by treatments
of fertilizers (control, P and NPKCaMg) with andtout irrigation were used to grow young
seedlings oP. pinasterin rhizoboxes under controlled conditions. Eigiplicates of young
seedlings for each treatment and control rhizob@xébout seedlings) were harvested after 8
months and ectomycorrhizal morphotypes were isolat®m roots. Bicarbonate and
hydroxide extractable Pi and Po in soils and tBtalnd N contents of plants were assayed.
Moreover, determination of acid phosphatase agtiwt ectomycorrhizal morphotypes
developed through indigenous soil spores and theiecular identification was performed.
The data obtained was used to evaluate the P stbsodls and the effect of soil treatments on
plant growth as well as acid phosphatase actifilpdigenous ectomycorrhizae developed in
these soils. Results showed that fertilization ifiggmtly increased bicarbonate and hydroxide
extractable Pi and Po while the availability offPsoils decreased phosphatase activity. Plants
were able to deplete Pi and Po, but the depletias highly significant in FI treatment.
Combination of fertilizers and irrigation (FI) ireased maximum biomass +147 % and +50 %
in NPKCaMg treatment compared to C and F treatmesegpectively. The P in control
treatments was strongly limiting and plants weredlyaable to acquire P from these soils.
However, concentrations and uptake of P was saamfly higher in seedlings of fertilized
treatments. Diagnostic approaches also confirmdidielecy status of P resulting into, up-
regulation of N in plants of control soils. In coagt, both P and N were sufficient in soils
from irrigated and complete fertilization treatmeautd a steady growth response of seedlings
was observed. The significant differences with clatepfertilization with irrigation were
suggested due to microbial population as well @gation. More research would be helpful to
evaluate the effect of fertilization with irrigatipon microbial populations.

Key words:acid phosphatase activity, rhizobox, mineral rtidgri, microorganisms, vector

analysis, P deficiency, plant biomass, P avail#pili
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1. Introduction

Recently, forest management has received spetaitian throughout the world due
to growing demands for fibre, wood, bio-energy mrctébn (Kauter et al., 2003) and
reduction of CQ emission (Graham, 1992). These demands can onlgalisfied by
increasing plants production which requires theiasis of specific limiting factors at stand
level (Fox, 2000). Nutrients and water are majating factors for the forest production, and
could be alleviated by intensive management prastitt has been well accepted that the
availability of water and nutrients largely contrfdrest productivity, but few studies
guantifying the role of water and nutrients haverbeonducted (Benson et al., 1992; Jokela
et al.,, 2004). High fertility increases nutrientncentration of tissues, leaf area and plant
growth as a whole (Samuelson et al., 2001), ancewatailability provides a bulk-flow
pathway for nutrient uptake and maintains turgidity growth and higher stomatal
conductance for photosynthesis (Kozlowski et @91). Studies conducted while using both
fertilization and irrigation as treatments showkdttforest production was generally limited
by nutrient availability, but the response to rerti amendments was also linked with
adequate moisture availability (Lockaby et al., 2;99amuelson, 1998).

Sites that responded to both nutrient and watertiaddshowed either additive or
interactive effects. For examples, fertilizatiordhraore effect on the growth #finus taeda
than irrigation and the interactive effect of fiezation and irrigation was not significant
(Albaugh et al., 2004). Coyle and Coleman (2005eobked strong response with irrigation,
nitrogen (N) fertilization and the interaction obth irrigation and fertilization, but the
responses were considerably different opulus deltoidesand Platanus occidentalis
species. Irrigation and N fertilizers resulted t@wrease growth oPinus radiatashowing
enhanced response to irrigation in the early stafjgsowth compared to later growth stages
(Waterworth et al., 2007). Similarly, the growth Bf pinaterwas increased by irrigation
alone as well as by the interactive effect of batiigation and fertilizers. Fertilizers
amendments were of either phosphorus (P) or comfgetlizers (NPKCaMg) forms (Trichet
et al., 2008).

Bakker et al. (2009) showed that irrigation andilfieation increased the amount of
hyphae from ectomycorrhizal (ECM) fungi and specifoot length ofP. pinastercompared
to control treatments. Due to the increase of epgloration by hyphae associated with the
roots (Rousseau et al., 1994), mycorrhizal assonia$ considered as an important strategy
for plants to increase phosphate acquisition bytpldSmith et al. 2003). In addition to

increased soil exploration, ECM fungi have exhibite release of phosphatase in culture
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medium (Bousquet et al., 1986; Tibbett et al., 2¥I@quampoix and Mousain, 2005) as well
as in soils (Antibus et al., 1992; Chen et al.,2@@at could play a crucial role to mobilize Pi
from organic P pools of soils.

Maritime pine P. pinasterSoland in Ait.) is a tree species cultivated cuerarea of
one million hectares in Landes of Gascogne situatesbuthwest of France. Although this
species represents only 6.5% of total forest arderance, it holds an important economical
value as it produce ca 20% of French softwood (Bed Danjon, 2006). These monoculture
forests are established in spodosols, predominahidyacterized by acidic sandy soils with
low cation exchange capacity and high Fe and Akerds in surface layers (Trichet et al.,
1999). Due to these high Fe and Al contents, lowphies and low overall total P contents,
these soils present low P availability that is cdeied as the main limiting factor for tree
growth (Bonneau, 1995; Trichet et al., 2009). Thailability of water is characterized by the
presence of a permanent water table, fluctuatirtgvd®n the soil surface in winter and a
depth of 1.8 m in summer. The rootsRf pinasterremain at 1 m distance over the water
table but the water balance is geographically Wégia(Loustau et al., 1999a). The
management practices in the last three decade€'dfcéntury like drainage, tillage and
phosphorus addition has increased the average giaithuof this region from 4.8 rhha' y*
to 11 n? ha' y*. However, the long term productivity in the neivefdecades is predicted to
decrease due to decrease of soil and atmospheistumgo level (Loustau et al., 2005).
Therefore, optimisation of management practiceddcbenefit from a more integrated and
accurate quantification of the effects of water amgtrients addition on soil nutrient
availability and plant productivity.

We present here the results of a growth chambesrarpnt conducted in rhizobox on
soils samples collected from plots of 13 year-Bldpinasterstand which were managed or
not by the treatments of irrigation and fertilizefidhe objective of the experiment was to
evaluate the effect of previously irrigated andilieed soil, planted withP. pinaster on
growth and mineral nutrition, particularly P, ofwig plantedP. pinasterseedlings. We also
identified indigenous ectomycorrhizal (ECM) fungisaciated with seedlings and quantified
the phosphatase activity secreted by these ECMtimot The effects of plant with its fungal
partner (ECM) on different fractions of P in sodnsples were evaluated by comparing the
concentration of P fractions in soil, with and waithh seedlings oP. pinaster We also aimed
at linking P uptake by plant, P availability in lsoend phosphatase activity of ECM in

relation to irrigation and fertilization treatments
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2. Material and methods

2.1. Soil sampling and site discription
The soil samples were collected from the field 8f yiear-oldP. pinasterstands

located in Gascogne region in southwest of FraB8od. composition was characterized by
sandy spodosols developed on Aeolian sandy depofkitgiaternary era. Mean annual air
temperature is 12.5 °C and average precipitatiddb® mm, with frequent prolonged period
of drought in summer. The forest stand consisteti3ofear-oldP. pinastertrees maintained
regularly by various agronomic practices since @argelt included blocks with different
fertilization regimes: no fertilizer (control, Qhosphorus fertilizer (P) and complete mineral
fertilizers (F) application without irrigation andith irrigation (CI, Pl and FI respectively)
(Table 1). Each block measured 60 x 36 m withxatusion of 10 m border area. Trees were
planted in lines with a 2 m tree to tree distanug 4m line to line distance. Soil cores (15 cm
length x 8 cm diameter) were collected from intes# positions of each block. Soil samples
were collected in November 2006 and were kept @tfét three months prior to use them as
substrate for young seedlings in rhizoboxes. Asy theere used without any further
treatments, these soil samples served as indigesmiu$ungi and bacterial inoculants and

inherent mineral nutrients served as a source wition for young seedlings.

Table 1: Brief description of soil samples used to grow ny@iseedlings oP. pinasterin
rhizoboxes. Soils were sampled from the field ofy&8rs oldP. pinasterstands.

Soil sample Description
C No irrigation and no fertilizer application
P No irrigation and annual phosphorus applicatiomterlin€’
F No irrigation and annual complete fertilizers apation in interlin8
Cl Regular irrigation and no fertilizer application
Pl Regular irrigation and annual phosphorus applicatidinterliné
FI Regular irrigation and annual complete fertilizapplication in interlin

2 Mean rate in1998-2005 of 32 P kg'hgear' (Bakker et al. 2009)

® Mean rate (in kg hhyear") for 1998-2005 of 84 N, 32 P, 56 K, 22 Ca, 7 M@ B, 2.9 Cu, 2.1 Mn and 0.6 Zn
(Bakker et al. 2009)
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2.2. Seedling development and rhizobox culture

Seeds of maritime pineP( pinasterSoland. In Ait. from Medoc, Landes-Sore-VG
source, France) were surface disinfected by immegrdiem into HO, 30% (w/w) for 30
minutes (Mason et al., 1983) then rinsed sevenagiwith sterile water. Finally, they were
soaked in sterile water and incubated at 4°C dutidnrs for stratification. Germination of
stratified seeds was carried out on sterile (121%minutes) water-soaked vermiculite and
placed in a growth chamber. After two and half rhentthe plants were transferred in
rhizoboxes described in Torres Aquino and Plasgz3@4). Briefly, the rhizobox consisted of
two Perspex plates (20 x 10 cm) separated by 3 pavess. The spacers made it possible to
establish a 3 mm-wide layer of soil, correspondiogabout 70 g of fresh soil. After soll
installation in the first Perspex plate with spacer sterile piece (10 cm x 7 cm) of glass fibre
paper sheet wrapped in a nylon cloth was placéueadbottom of the soil layer. This sheet will
be in contact with a water reservoir to ensure naipeply to the soil. After laying out the root
system on soil surface, the system was closed thi#ghsecond Perplex plate, clamps and
sticky tape. The rhizoboxes were transferred inoatainer containing distilled water and
plants were allowed to grow in the growth chamlmereight months with regular supply of
distilled water. Growth conditions were maintaingsl 16/8 h light/dark cycle at 25/18°C,
70% rh, CQ concentration of. 350 mn? I"* and a PAR ot. 400 pmol rif s* (400-700 nm).
For each soil sample (C, P, F, CI, Pl and FI) eitjitoboxes with a young seedling Bf
pinaster and two control rhizoboxes without seedlings w@mepared simultaneously.
Rhizoboxes with and without plants were maintainader similar growth conditions during
eight months. Six young plants were weighed and k¢p-80 °C, as a reference for the
calculation of initial plant N and P amounts.

2.3. Plant and soil harvest

Rhizoboxes were dismantled and the root systemg&aty pulled out from the soil
layer. Each root system was examined under stefemsunope to pick up ectomycorrhizal
root tips (ECM) that were classified into differanbrphotypes to assay phosphatase activity.
Sub samples of each morphotype were stored at -20°Q@nolecular identification. The
weight of fresh and freeze-dried roots and shoa #letermined. All the soils collected from

rhizoboxes were air dried prior to analysis.
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2.4. Phosphatase activity

Phosphatase activity (Tabatabai, 1982) of five E@d4 for each morphotype was
estimated separately. ECM tips were incubated & 36r an hour in 0.2 ml of 10 miNPP
solution prepared in acetate buffer (25 mM, pH 5T4e reaction was stopped by adding 1ml
of 0.5 M NaOH. A blank sample was prepared for eactphotype by adding NaOH and
ECM tips simultaneously before incubation. Optidahsity of samples was measured at 400
nm and enzymatic activity was calculated (nmolphif® produced mih g* of fresh ECM

weight) from the equation:

Phosphatasactivity = (A ODx1.2x DFt x FW x 0 0182)

Where ‘AOD” is the difference between optical density cdrtd and sample, “1.2” is final
reaction volume (ml), “DF” is dilution factor, “85 the time (minutes) of incubation, “FW” is
fresh weight (g) of ECM tip calculated using itdwme and a density of 1 kg.IVolume of
ECM tip was calculated using the average diamatdrlangth of ECM root tips taken by
automated image analysis software WinRhizo 2005egéRt Instruments. Inc., Canada),

“0.0188" is coefficient of molar extinction fgrnitrophenolate (ml.nmdicm™).

2.5. Plant and soil analysis

Sieved soil (2mm) was used to measure P fractBlasit available fraction of P was
extracted by shaking 0.3 g of sieved soil for 3Gwies in 6 ml of NaHC&(0.5 M pH 8.5)
(Olsen et al., 1954). Similarly, 0.5 g of soil wasaken for 16 h in 5 ml of NaOH (0.1 M) to
extract less labile fraction of P associated wittogphous Al and Fe-phosphates (Tiessen et
al., 1984; Sharpley, 1999). Soil extracts were tdduwith distilled water (1/6, v/v), then
acidified with 12 N HCI (1/600, v/v) to precipitateumic material before assaying Pi
concentrations. The same soil extracts were miserhwith 12 N HCI (v/v) at 110°C for 16
h. As shown by our preliminary experiments, thesedttions made it possible to mineralise
all organic P contained in the solution (data nmbven). Organic P concentration in soil
extracts was calculated as the difference betweean® Pi for both NaHC©®and NaOH
extracts.

Plant roots and shoot material was finely grindad &0 mg of roots or shoot dry
matter was mineralised with 1 ml of,$0, (36 N) at 330°C for 30 minutes (McDonald,
1978). If solution was not transparent 0.2 ml ofepth,O, (110 vol, not stabilized with
phosphate) was repeatedly added till the colodh@fsolution was transparent. After dilution

of H,SO, to 0.1N, ammonium was assayed using phenol coddrimmethod of Berthelot
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(Martin et al., 1983). Orthophosphate was assayddiN HSO, and in soil solutions using
malachite green method (Ohno and Zibilske, 1991).

2.6. ldentification of indigenous fungal species

Fungal DNA from frozen individual ECM morphotypesasv extracted using the
DNeasy Plant Mini Kit according to the manufactigenstructions (QIAgen S.A.). Three pl
of the DNA extracts were used for PCR amplificatmith Taq polymerase (18038-026,
Invitrogen) using the primers ITS1-F and ITS4 (What al., 1990). The thermo-cycling
pattern used was 94°C for 5 min (one cycle); 945C30 s, 53°C for 1 min and 72 °C for 45 s
(35 cycles); and 72°C for 10 min (one cycle). Glcwophoresis (agarose 1.5%) was
performed to verify DNA amplification. Samples widlingle band on gel were sequenced
from COGENICS™ Meylan, France (http://www.cogergosn). All sequences were
identified to genus and species level by launclimgiery through blastn algorithm of UNITE

online molecular data base service (Kdljalg et2405).

2.7. Statistical analyses

Analyses of variance were performed to evaluatenifsignt difference between
different soil samples, plant responses and phaaphactivities. Means (n = 8 for soil and
plant parameters and n = 8-25 for acid phosphasaseities of ECM root tips) were
compared using least significant difference of EisfP < 0.05) and error bars presented for
each mean value denote standard error (SE). Retabetween biomass, total N and P in
plants were calculated by simple linear regressidhdata were analysed using Statistica
software package (Statistica 8, Statsoft Inc. T@&a USA.). Vector analysis was performed
for diagnosis of plant response to N and P in diffié soil treatments (Imo and Timmer, 1997;
Saifu and Timmer, 2001; Saifu and Timmer, 2003}l 8eated with phosphorus application
(P) was taken as reference because soil of expetaiecation was limited with phosphorus
availability. The relative biomass, N and P cordeag well as concentrations were expressed
in vector nomogram. The arrow head lines in Figbrandicate the dispersion of vector from
reference soil sample (P) and length of the limecate the magnitude of dispersion. The
arrows in vector nomograms (Fig. 5) are representdy for significant effects and plant
responses to N as well as P were interpreted (InbTammer, 1997; Saifu and Timmer,
2001; Saifu and Timmer, 2003).
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3. Results

3.1. Soil P availability and its mobilization

The concentrations of inorganic P extracted throldgHCQ and NaOH were
significantly higher in the fertilized soil sampleempared to control ones (Fig. 1, a and c).
However, the comparison of fertilized soil samplegealed, significantly (P< 0.05) higher
values of Pi concentrations in soil with P andrBatments, compared to F and FI treatments,
despite of receiving same levels of P supply. dégletion of Pi was observed in rhizoboxes
bearing young plants dP. pinasteras compared to rhizoboxes without seedlings. & wa
significant (t-test, P < 0.05) in control (C, Clpilssamples for both bicarbonate and
hydroxyde extracts (Fig. 1a and c). Additionally,fertilized treatments, the depletion of Pi
by plants was also observed, but only NaOH extbdetRi was significantly different in Pl
and FI soils (Fig. 1c).
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Figure 1: Concentrations of NaHG{Pi and Po (a and b respectively) and NaOH extoéetai and Po (c and d
respectively) from the air dried soils after eighinths ofP. pinastergrowth experiment in rhizobox. White bars
of histogram denote means of P concentration vatdkngs while black bars denote P concentratioittsowt
plants. t-test was performed to compare the corammt of P with and without plants. Significanexéls are
given as: *, P < 0.05; **, P < 0.01; *** P < 0.00t¢ symbol, P > 0.05.
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Po in control (C and CI) treatments represented dbminant form (> 80 %) of
extractable P regardless of the extraction typesreds in fertilized soil samples (Fig. 1b and
d) Pi was the dominant fraction (20-50 %). As a l&h®o was slightly higher in irrigated soil
samples than in non-irrigated ones. In generaltplarere able to deplete both bicarbonate
and hydroxide extractable Po, when compared tadmeentrations of Po with and without
young seedling oP. pinastey but the depletion was significant (t-test, P €5).only in
irrigated and complete fertilizer (FI) treatmentat® also revealed significant depletion of
NaHCGQ; extractable Po in P treatment (Fig. 1b). Figurehbwed that in fertilized soils
NaOH extractable Pi was the dominant pool folloisdNaOH extractable Po, NaHGO

extractable Pi and NaHG@xtractable Po in decreasing order.

3.2. Ectomycorrhizae and phosphatase activity

The comparison average phosphatase activity ofrgatorrhizal root tips for different
soil treatments was significantly higher (1.03 ppNP miri* g*) when plants were grown in
non irrigated control soil samples compared to ailer soil samples. The fertilization
treatments without irrigation (P and F) as wellPas- irrigation (PI) dramatically decreased
phosphatase activities from ECM tips by 275 % t8 3% (Fig. 2). The decrease of
phosphatase activity was also strong (183 %) wHant$ were grown in CI soil samples.
Finally, the decrease of phosphatase activitiesthvadowest (62 %) in ECM tips developed
in soils sampled from FI plot (Fig. 2). Moleculatentification of ECM tips indicated that
Rhizopogon luteolusvas the dominant fungal species, as it represeB@eéo of the total
analysed morphotypes independent of the treatndmd.remaining 20% of ECM tips were
identified asSphaerosporella brunnea.
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Figure 2: Acid phosphatase activity secreted by ECM root tips 8-25) ofP. pinasterfrom different soils.
Different letters represent least significant diéfieces of Fisher (P < 0.05) and bars are standeose
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3.3.Pinus pinastegrowth and mineral nutrition

Plant analysis indicated significant (P < 0.05y@&ase in shoot biomass of plants only
in FI (+ 145 %) treatment compared to C treatm@ftereas, root biomass was significantly
increased (120, 65 and 182 %) in F, Pl and Flsanihples respectively, compared to control
(C) plants (Table 2). Finally, for both shoot adlves root biomass, significant increase was
occurring only in FI soil samples. Considering kdismass of plants (Table 3), complete
fertilizer treatments (F and FI) only gave sigrafit increases compared to control conditions
(C). Concentrations of N differed by a factor lesg®@n 2 between all treatments for both
roots and shoots, and were the highest in botijaited and non-irrigated controls (C and CI)
(Table 2). In contrast to N concentrations, P cotre¢ions varied over a factor of 6 between
all treatments. The analysis of variance (P < O0$&)wed that the concentrations of P
measured in shoot and roots were the highest itre@tment and the lowest in control
treatment (C and CI). However, soils from P, F &htreatments also significantly increased

plant P concentrations compared to control (C aldr€atments (Table 2).

Table 2: Accumulation of biomass and concentrations of N Brin roots and shoot parts of
P. pinasterplants grown for 8 months in rhizoboxes containgog samples from different
provenances (see Table 1 for details). Analysivasfance was performed and means are
compared using LSD Fisher. Different letter in s#agne column give significant difference (P
< 0.05) of soil samples (n = 8) with standard emndorackets.

Sall Dry biomass (g plant’) Concentrations of N Concentrations of P
Samples mg g* dry weight
Shoot Roots Shoot Roots Shoot Roots
C 0.41b 0.29d 6.80a 4.68a 0.32c 0.40c
(0.05) (0.03) (0.59) (0.18) (0.01) (0.01)
P 0.57b 0.40cd 3.71b 4.05b 1.47b 2.06b
(0.05) (0.05) (0.15) (0.10) (0.14) (0.20)
F 0.51b 0.64b 3.94b 3.58b 1.15b 1.96b
(0.05) (0.05) (0.13) (0.13) (0.18) (0.13)
Cl 0.47b 0.37cd 6.12a 4.70a 0.28c 0.43c
(0.07) (0.04) (0.39) (0.18) (0.02) (0.02)
PI 0.50b 0.48bc 3.60b 3.67b 1.86a 2.71a
(0.03) (0.02) (0.15) (0.10) (0.18) (0.07)
Fl 0.91a 0.82a 3.49b 3.65b 1.39b 1.80b

(0.11) (0.08)  (0.10)  (0.15)  (0.13)  (0.10)

157



Chapter 5

Net accumulation of N and P occurring in plants gikeen in figure 3 for shoot and
roots and in Table 3 for the whole plant. FiguresBaws that the net accumulation of N in
shoots was systematically lower compared to rootdertilized treatment, whereas the
accumulation was higher in shoot of control plamtsh with and without irrigation. Data
indicated significantly higher net accumulationMNfin shoot of C, Cl and FI treatment (P <
0.05), whereas N accumulation in roots was onlgiB@antly higher in FI plants followed by
F treatment (Fig. 3a). Finally, total net accumolatof N was increased significantly only in

plants of FI soil samples (Table 3).
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Figure 3: Net accumulation of N (a) and P (b) in shoot amots of young seedlings &. pinasterafter eight
months of growth chamber experiment in rhizoboxesalysis of variance was performed and means dfteig
plants grown in different soil samples are compargidg LSD fisher model (P < 0.05). Different lestexplain
the significant differences for shoot (small let}eand roots (capital letters). Bars representdstaherror of
eight replications.
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Fig. 3b indicated significantly higher net accuntigla of P in shoot dry biomass of
plants grown in Pl and FI soil samples comparethtse grown in non irrigated F and P as
well as control treatments. Remarkably, there wastadecrease of P accumulation in shoots
of plants grown in C and CI soils while in root {saa very low average net accumulation of P
was calculated. Similarly, accumulation of P in teo@f F, Pl and FI soil plants was
significantly higher than control soil plants whasenon irrigated P soil samples caused
significantly low accumulation of P in the roots pifants. As shown in Table 3, total net
accumulation of P per plant was significantly legin fertilized soil samples as compared to
control, where it was negative and close to zemveaxheless, irrigation resulted to increase
significantly (56 and 60 %) the net P accumulatoi®l and FI plant compared with P and F
plants respectively (Table 3).

Table 3: Total biomass, net N and P accumulation per pdauck [N:P] ratios of shoot and
roots separately oP. pinastergrown in rhizoboxes during 8 months in soil samp(see
Table 1 for details). Values are means (n = 8) asterisk sign denote the least significant
difference of Fisher over control treatment. Meamgh different letters denote least
significant difference (P < 0.05).

Soil sample Total biomass Net N- Net P- [N:P] [N:P]

(g plant™) accumulation  accumulation shoot roots

(mg plant™) (mg plant™)

C 0.70 c 2.90b -0.13d 211a 11.80 a
P 0.96 bc 2.66 b 1.20c 2.74b 2.14 b
F 1.15b 3.25Db 1.45 bc 3.71b 184D
Cl 0.84 bc 3.46 b -0.09 224 a 11.10 a
Pl 0.98 bc 2.55b 1.88 ab 2.08 b 1.36b
Fl 1.73 a 5.10 a 232 a 2.67b 2.05b

Plotting the total net N accumulation as a functdriotal plant dry biomass showed
that these two variables were highly correlated €R0.79, P < 0.001) (Fig. 4a). This
relationship explained the high net accumulatiomMo#fith increasing plant growth and vice
versa (Fig. 4a). Compared to N, the value of regjoes coefficient between net P
accumulation and total biomass per plant for all samples was decreased but remained

significant (51 %). However, when fertilized andhtrol treatment were used separately, the
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coefficient of linear regression was increased@d®for fertilized soil samples and 93 % for

only unfertilized control (C and CI) treatmentsgHb).
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Figure 4: Relation of total net accumulation of N (a) an@blp per plant with total dry biomass Bf pinaster
plant. Regression line extended over triangles @snoontrol (C and CI) soil plants and regressina bver
squares denote fertilised soil plants (b). Valuebrackets represent the coefficient of linear esgion (R) and
asterisks denote significance of relationships @< 0.001).

3.4. Diagnostic analysis

N:P ratio (Table 3) indicated higher absolute valurecontrol treatments ( ~ 20 and ~
12, respectively) for shoots and roots, than ireotheatments. These high values of N: P ratio
in plants from control soil samples confirmed tratailability of N and P are very
unbalanced, with non limiting N and very limiting Bue to P accumulation in plants grown
in fertilized soil samples, values of N:P ratid t®} a factor ranging from 5 to 10 compared to
control plants. Irrigation did not significantlyfa€t N:P ratio both in fertilized as well as in
control plants. Furthermore, no significant shiftN:P ratio was observed in P and F soill
samples.

The diagnostic approach of vector analysis was assul to evaluate the effect of N

and P nutrient on biomass production. The P treattnwas taken as reference (100 %) since
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soils at studied site were limited for phosphorugrition. Figure 5 presents vector
nomograms with data from all treatments. Howeres,arrows and full lines indicate only the
treatments which showed significant dispersion ofMy. 5a) and P (Fig. 5b) contents,
concentrations or biomass in shoot relative toréierence treatment (P). As shown in Figure
5a, plants from C and CI treatments showed luxarysamption of N, with relatively high
accumulation of N in shoot. Plants from Pl anddatment showed no vector because of non
significant N accumulation compared to referencaérdatment. Plants from Fl treatment
showed a sufficiency response, as relative bionaass N contents significantly increased
without increasing relative N concentration in sisod’he vector nomogram for P nutrient
(Fig. 5b) showed significant depletion of relativecontents and P concentration with non-
significant increase in shoot biomass of contr@nm. These conditions indicate the re-
translocation of P in control plants. The plantsPintreatment indicate low level of luxury
consumptions resulting into accumulation of P withsignificant change of biomass. In Fl
treatment, P contents and plant biomass increagedicntly without significant change of
P concentration as compared to reference treatrogetN, these conditions also showed the

sufficiency response, with steady-plant growth litr€atment.
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Figure 5: Vector nomograms of changes in dry biomass, Mufd)P (b) contents as well as concentrations in the
shoot of eight months ol®. pinasterseedlings grown in rhizoboxes. The mean (n = 8)esmof shoot dry
biomass, N and P contents and concentration ofe&ntent was taken 100 %. The mean values of other
treatments relative to P treatment are plotted éntar nomogram for diagnosis. The arrow head lied
complete lines represent significant effects whetea dashed lines represent non significant effectpared to

the reference P treatment.
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4. Discussion

4.1. Soil P Fractions

Application of mineral P fertilizers not only augnted significantly the pools of Pi
but also Po in both bicarbonate and hydroxide etdral’he major pools of the soil P (NaOH
extractable Pi and Po) suggested that the applieauRl be either associated with oxides of
Al and Fe (Fontes and Weed, 1996; Barroso and N&i0&%), or immobilized into organic P
forms (Holford, 1997). Despite of it, sufficient aomt of Pi was readily available
(bicarbonate Pi) for plant uptake in fertilized Isoiln contrast, in control treatments
availability of P was highly limited due to low &dtand plant available P contents in these
soils. These data are in accordance with the fgediof Bonneau (1995) and Trichet et al.
(2009) that P is limiting in these soils. The bmarate extractable Pi in fertilized treatments
with and with out irrigation did not change but hgxide extractable Pi was significantly
higher in irrigated fertilized (Pl and FI) treatmi®ncompared to non irrigated fertilized
treatments (P and F). These higher concentrationtd de due to change of soil reaction
(dissolution) that governs the release and diffusid P (Watanabe et al., 1960) throgh
dissolution of Pi associated with Al and Fe oxideBich depends on the availability of water
in soil (Holford and Patrick, 1979). Moreover, tr@ume of the soil that is occupied by water
affects the cross-sectional area through whichRhean diffuse (Barber, 1980). Similarly,
slightly higher concentrations of Po pools (bicaréke and hydroxide) could be due to
increased microbial biomass (Ruppel and Makswii@99) that might increase with optimum
water supply in soils. The lower concentrationsPof (bicarbonate and hydroxide) in F
treatment compared to P treatment, despite of dheesannual rate of P supply in P and F
treatments (32 kg Hayeaf'), (Trichet et al., 2008; Bakker et al., 2009), Idobe due to the
intensive development of forest floor annual vegeta(Phytolaccaspp) only observed in F
plots (personal observation). It could induce ameged recycling rate and redistribution of Pi
accumulated in aerial parts of annual species duha growth season, returning to the soil in
winter. In addition, the root compartment of thesgetations may also play a role in Pi
recycling, distribution and redistribution, as Atleaal. (2008) reported that 90% of total fine
roots are composed of forest floor annual vegetasipecies in the upper soil layer in these
forest soils. Similarly, Ali et al. (2009) suggestinat the increased spatial distribution of Pi
between line and interline position i pinasterstand, with NPK application could be due to
understory vegetation in these soils. Consequemlyconcentrations were higher in P

treatment compared to F treatment. The depletfoRi an rhizoboxes with plant indicated
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that plants were able to take up P from soil. Havethe significant depletion of hydroxide
extractable Pi in irrigated fertilized treatmentgit be due to the modification of overall soll
health resulting into more dissolution of Al and &sociated P in soils (Holford and Patrick,
1979) compared with non-irrigated fertilized soilhe depletion of Pi by plants in control
treatments was significant (t-test, P < 0.05) lbwtas comparatively low when compared to
fertilized treatments. This small fraction of Pitimese P deficient soils might be taken up
predominantly by soil microorganisms (Plante, 2007] less promisingly by plants.

The depletion of NaHCgextractable Po in fertilized treatments with yowegdlings
could be the result of net microbial mineralizatadPo compounds due to low C/P ratio (C/P
< 200), (Plante, 2007) and high microbial biomasterestingly, the depletion of bicarbonate
and hydroxide extractable Po in FI treatment wallisignificant (t-test, P > 0.001). This
effect could be attributed to the high fungal biesmiand phosphatase activity in these soils.
Previously, Ali et al. (2009) reported high fundmbmass in the rhizosphere Bf pinaster
with complete fertilizer application (NPKCaMg) ihése soils. Similarly, increase in fungal
biomass was recorded with phosphorus (Bakker €2@09) and nitrogen application (Parrent
and Vilgalys, 2007) in the field d?. pinasterand Pinus taedarespectively. Conversely, in
control treatments the high C/P ratio (C/P > 30@)ld have induced net immobilization, as
indicated by higher Po concentration in rhizobowéh plants (Plante, 2007). However, these
trends are less obvious for NaOH extractable Pggesting two different pools of Po
extracted by NaHC@and NaOH as well as their microbial and plant labdity.

4.2. Phosphatase activity of ectomycorrhizae aed tholecular identification

Molecular identification of ectomycorrhizal morpkipes revealed thaR. luteolus
formed most of the ECM tips independent of thetineat. The results are in accordance with
the findings of Ali et al. (2009). The high capgaif R. luteolusto develop an association in
these conditions could be due to a high survivgdacdy of the spores present in soil
(Massicotte et al., 1994; Colgan and Claridge, 2@¥8ns et al., 2009R. luteoluswas also
frequently found in ECM tips in field surveys ofettsame plots (unpublished data). The
second species was identified &phaerosporella brunneaonsidered as a common
contaminant in nurseries of mycorrhizal pla(@arcia-Montero et al., 2008), however their
presence was proportionally low. Therefore, it bansuggested that the phosphatase activity
assayed in ECM morphotypes belongedRtoluteolus Acid phosphatase activity of ECM
assayed usingNPP as a substrate was different in differentsamhples. The availability of P

resulted to decrease phosphatase activity of ECkplhodypes grown in soils (Kroehler et al.,
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1988; Antibus et al., 1992; Chen et al. 2002; Aliak, 2009) or with the ectomycorrhizal
fungus grown in pure culture (Bousquet et al. 1988jgation is supposed to increase P
availability and high P availability resulted inaleased phosphatase activity in Cl and PI
treatments compared with C and P treatments. Hawewelitional application of nitrogen
fertilizers coupled with irrigation (FI treatmentgsulted in increased phosphatase activity
measured in ECM tips. Our results are in agreemght those found in ECM tips dPinus
sylvestris(Kieliszewskarokicka, (1992), Baar et al.1997) afdPinus thunbergiTaniguchi

et al. 2008) displaying enhanced phosphatase goiwien nitrogen was applied as fertilizers.
Similarly, Ruppel and Makswitat (1999) and Wan@le{2008) reported an increase in urease
and phosphatase activity with nitrogen fertilizgplcation coupled with irrigation. These
results suggest that the levels of phosphatasategiare not regulated only by P availability.

4.3. Plant growth and nutrient uptake

Soil samples with complete fertilizers (F) gavengigant biomass increase (+ 64 %)
when compared to control soil (C), and irrigatiquplécation to these complete fertilized soils
(F1) further increased biomass production (+ 50cdnpared to F treatment. Both irrigation
and fertilization increased maximum total biomapsta 147 % as compared to control soil
samples. Our results are in agreement with thosérichet et al. (2008), who reported a
maximal increase in aboveground biomasB.gbinasterin the field in Fl plots.

In non-irrigated control soils, Pi availability soil (Fig. 1) was highly limited and was
clearly observable in plant P analyses in tissédthough, the phosphatase activity in C
treatment was highest, it was not enough to inerest P accumulation. In this study, the
concentrations of P in tissues were lower thanicefitlimit (0.6-0.7 mg §) at which
photosynthetic limitation might have occurredAnpinasterseedlings (Lousteau et al. 1999a,
b; Delzon et al. 2005). These limitations could dhagsulted into significantly low biomass
and re-translocation of P from shoots to rootengeedlings of both C and CI treatments. In
P fertilized treatments (P and PI), the total aaglation of P in plants was significantly
higher than in C treatments, but the increasetal tnomass was not significant compared to
control treatments. Indeed, application of P asl waslirrigation (PI) induced even higher
accumulation of P in seedling, with significantrnease of only root biomass. This suggested
that plants showed excess of P accumulation withdditional biomass production in both P
and PI treatments. In treatment of complete fedtlon and irrigation (Fl), plants showed

maximum accumulation of N, P as well as biomass weatk significantly higher than F
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treatment. It suggested that Fl treatment increasidents availability, which resulted into
high shoot growth and light absorption (Triche&let2008).

Interestingly, in Fl and F treatments, the appasegnificant differences of biomass
and nutrient accumulation were due to irrigatiohjlevirrigation during our experiment was
similar and uniform for all treatments. It suggestieat the observed effects were not only due
to the water availability itself during the growgreriod, but also due to some other factors
occurring in the field, which were different onlg FlI treatment. These changes could be
associated with soil properties and soil microp@gbulations and biomass including fungi and
bacteria. In this study, the observed significacteéase in ECM phosphatase activity (Fig. 3)
and significant mobilization of hydroxide and bisanate extractable Po in Fl treatment (Fig.
1) compared to other fertilized treatments couldused as evidence for high microbial
activity in FI treatment. Apart from microbial ini#nces, high nutrients availability and
irrigation could increasP. pinastergrowth by decreasing stomatal limitations andeasing
photosynthetic capacity (Lousteau et al. 1999bzdekt al. 2005).

N:P ratio and vector analysis was used as anothgrtavassess the effects of N and P
nutrition on plant growth. The high N:P ratio ofosltis and roots oP. pinasterseedling
diagnosed deficiency of P in control treatments pared to fertilized treatment. The high
values of N:P ratio both in shoots and roots aragreement with the results of Lockaby and
Conner (1999), who reported the deficiency of PNa® ratio > 10 in wetland forests.
However N:P ratio could vary strongly across plspécies and age of seedlings. The more
integrated approach of vector analysis, using shbgtmass, nutrient concentration and
content elaborated the diagnosis of both N andifr(ier and Armstrong, 1989; Salifu and
Timmer, 2003). Like N:P ratio, vector analysis atsmgested high deficiency of P in control
treatments and plant growth was limited by P intcdrtreatments. Moreover, it diagnosed
high accumulation of N in control but this high Mncentration was not sufficient to
overcome the P deficiency and produce high bioma#sle in FI treatment the diagnosis of
both N and P nutrients indicated the steady gratteedlings, suggesting the beneficial role
of irrigation coupled with complete fertilization.

In conclusion, the limitation P availability in coal soils was confirmed by both
analytical as well as diagnostic approach. Simjjatthe sufficiency and steady growth with
significantly high biomass production in FI treatthevas also confirmed. Results also
showed that in treatment of irrigation along wittmplete fertilization both bicarbonate and
hydroxide extractable Po were depleted signifiganthich could be due to significantly high

phosphatase activity of ECM compared to other lieetl treatments. In future, studies
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determining the soil microbial composition and thactivities in soil receiving different
regimes of irrigation and fertilization should belful to establish the true role of fertilizers,
irrigation or soil microbial communities on sitetiéty and plant productivity.
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1. Conclusion

The results obtained after different studies, pgeaito reply the objectives of thesis.
These were to characterise different pools of Ptamyaluate the contribution of Po in total P
of the soils of Landes. Secondly it was to find thkations between phosphatase activity of
ectomycorrhizae and phosphorus status of the Reilationship between phosphatase activity
and the Pi availability in the soils was also stgdiThirdly, the role of mineral nutrition and
phosphatase activity on the growth Rf pinasterwas studied in field as well as in growth
chamber. The important results of the differentigts are summarised in this section.

l.1. P fractions in soil planted witR. pinaster

The forest ofP. pinasteris established in Landes of Gascogne, on almasblgenous
substrate, i.e. sandy spodosol soils. These shitsvesd a large variation of P fractions
(bicarbonate, hydroxide and,$0;). The mean total P (ignition method) contents wreng
kgt in spring 2006 and 41 mg Rgn autumn 2006. However, it presented a largeatian
between different soil plots used in this studye Malues ranged between 29-149 mg ky
spring and 14-78 mg Kgin autumn. This suggested a large variation obftents within the
forested plots as well as between the seasonsniorigavas major fraction of total P (upto 80
%), with high inta-site variability in the soils bandes. On an average, hydroxide extractable
Po was the dominant fraction of total P (26 % inrgpand 51 % in autumn). Similarly, about
6 % and 16 % of total P, in spring and in autunspeetively, was present as bicarbonate
extractable Po (Chapter 2).

Inorganic P concentrations were highly limited ireg¢e soils and concentrations of
bicarbonate extractable Pi ranged between 2-10 gigdky soils (Chapter 2). Fertilizers
application significantly increased Pi fractionstirese soils (Chapter 2-5). Seasonal variation
was also observed. The concentration of bicarbcaradehydroxide extractable Pi was higher
in spring compared to autumn. Whereas, bicarboaatt hydroxide extractable Po was
significantly higher in autumn compared to sprififpese seasonal variations suggested the
mobilization of Po in spring and immobilizationaatumn.

The soils from an experimental site, managed withual application of fertilizers,
with or without irrigated, called “Parcelle L” weresed in short term rhizobox experiments
(6-8 months) in growth chamber. The analyses ofssshowed that both Pi and Po

concentrations in soils were significantly higherH as well as NPK treatments compared to
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unfertilized control treatments. The comparisong?btoncentrations in soils from line and
interline tree position showed very low spatialtidlition of applied P between line and
interline, particularly in P treatments. Howevessignificant spatial distribution of P applied
in interline position was observed in NPK treatnserit means that the difference of Pi
concentrations between line and interline was loWPK treatment compared to P treatment,
instead of receiving similar dose of P in interliree position. It suggested the role of
enhanced growth of annual forest floor vegetat®nmvall as high fungal biomass observed in

these soils compared to P and control treatments.

1.2. Factors controlling the variance of P fractionsoils

A number of soil as well as plant variables werelsd to evaluate their role to the
variation of P fraction in soils. Both soil and mplgoroperties significantly contributed to
control over 50 % of the variance in partition @friation (chapter 2). The concentrations of
bicarbonate and hydroxide extractable Pi were pe$jt linked to each other, which were
positively controlled by Hand negatively by Ak and age since last fertilization. Organic
fractions of P were positively linked to total Ntltotal N itself was highly correlated with
organic matter (heat loss weight) and total C awsten soils. The parameters used to
describe exchange of Pi between soils solid andtisal interface showed that Prilmin was
significantly correlated with organic matter, tobd| cation exchange capacity and total C. It
suggested that organic matter could reduce fixabbrP or inhibit adsorption of P on
inorganic surfaces. Mechanism responsible for iitihdp adsorption could be large humic
molecules and organic acids produced during orgaratter decomposition, adhered at the
surface of metal hydrous oxides, and chelatiorowf inolecular weight organic acids with Al
and Fe, preventing the fixation of P at adsorpsdas (lyamuremye and Dick 1996; Brady
and Weil 2002; Santruckova et al. 2004)oAlvas not only significantly correlated with
Prlimin but also with n parameter, indicating thig Aoncentration controls both the reaction
at first minutes of isotopic exchange at solid-ichinterface as well as the reaction after first

minute of isotopic exchange.

1.3. Ectomycorrhizae @t. pinasteand their phosphatase activity

The inspection of ECM fungal morphotypes in Landessystem showed relatively
low total ECM morphotypes (19 morphotypes) as camgbdo other pine oak forest (Palmer
et al. 1994; Tuininga 2000). This low ECM richnessuld be due to mono-specifie.

pinaster forest and forest management practices. HoweveM Enorphotypes in mono-
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specific forest plots showed high variation in terof ECM evenness, richness as well as
their phosphates activity (chapter 3). The evenfaissndance) of ECM morphotypes in the
studied plots was significantly controlled by watentents, P fertilization or P availability.
The results suggested that the evenness of magdriECM was high with low water contents
and low Pi-Olsen. On the other hand, plants grownngpizobox with intact soils (Parcelle L)
showed the colonization of onRhizopogon luteolukchapter 4, 5). It was suggested tRat
luteoluswas the only mycorrhizal fungus with highly reardt spores in these soils. The latter
is known to possess high resistance and viabilitythe soil to form ectomycorrhizal
association (Massicotte et al. 1994, Colgan anddgja 2002, Bruns et al. 2009).

Phosphatase activity of ECM collected from fieldpesments was significantly
controlled (canonical correspondence analyses)ydtgr contents, Pi-Olsen, P fertilization
and plant age. Similarly, both ECM abundance andsphatase activity were positively
controlled by fine root parameters and fine rootsevnegatively linked with P availability
and P fertilization in soils (chapter 3). High ppbatase activity was observed in soils with
low Pi availability as compared soil with high Riadlability or fertilizers treatments (chapter
4, 5). However, the phosphatase activity was irsgeéan soil with irrigated NPK treatment,
though the level of Pi concentrations or P applcatvas similar. It suggested that although P
availability decreased phosphatase activity (Argilt al. 1992, Chen et al. 2002), the
addition of N could induce high phosphatase agtii¥ang et al. 2008) in soils.

1.4. Mineral nutrition and growth d®. pinaster

As per soil characteristic of Landes, P availapMtas observed highly limited. The
significant increase of plant growth (P < 0.05) wéaserved in P fertilized plots compared to
control plots in field. While in rhizobox experinsn although the accumulation of P in
seedlings of fertilized treatments (P or NPK) waghhthe accumulation of biomass was not
as high as P in plants, grown in soils from intex§ tree positions. The results suggested high
plasticity of P. pinasterto the accumulation of P in tissues. Otherwis@séhcould be
explained by the luxury consumption and toxic @8eof P accumulation as suggested by
Lambers et al. (2008). This could have been duddiecapacity of plants to down-regulate
their P-uptake capacity, as suggested by Shane(8084).

Interestingly, growth of seedlings was significgritigh in NPK treatment and even
higher in irrigated NPK treatment compared to aaintinstead of irrigation, the significant
increase of biomass in irrigated NPK treatment cameg to only NPK treatment was

suggested due to microbial or biogeochemical pt@serRegular irrigation practices at this
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plot might have contributed to induce microbialbdmgeochemical changes before rhizobox
experiment. However, water supply was uniform dyrrhizobox experiment (Chapter 5).
Hence, the observed biomass difference betweenlirsgedof NPK and irrigated NPK
treatments were not due to the water supply duheghizobox experiment but to some pre-
rhizobox changes that have occurred in irrigate® N&ils.

In summary, vectors analysis diagnosed the luxuspsamption of N and re-
translocation or acute deficiency of P in plantsvgr in control soils. The plants in P
treatment soils showed luxury consumption of Phauit significant increase of biomass.
However, the steady growth response was diagnasedigated NPK treatment, where
significantly high accumulation of N, P as well bi®mass was observed. The significant
depletion of Po pools observed only in these smldd further explain our interpretation, that

microorganisms played an important role in plaotgh and P mobilization.

2. Perspectives

The conclusion derived from this work, interrogtiteee important aspects that should
be focused in the future research plan. Firstlyhés phosphatase activity measured in ECM
morphotypes in contrasting soils are due to onseweral proteins; secondly, what is the
origin of acid phosphatases occurring in the ectmmpizae; thirdly, what are the Po
compounds susceptible to different ECM or bactepiabsphatase? In order to reply these

guestions following research strategies shoulddoptzd.

2.1. Regulation of phosphatase activity
The results of current study (chapter 3) showed tmaltiple factors control

phosphatase activity of ECM. Antibus (1992) deterexi the decrease of phosphatase activity
with increasing Pi concentrations. Wang et al (30@ported the increase of phosphatase
activity with application of N fertilizers in soilShese results could be due to the activity of
different phosphatases, coded by different gened tould be regulated by different
environmental factors. Therefore, it is importaot determine how many phosphatase
enzymes are responsible for the measyiéB phosphatase activity. This question could be
addressed using proteomic approaches aiming atraggya phosphatase enzymes from
ectomycorrhizal roots. After separation by gel ®lguhoresis or Fast Protein Liquid
Chromatography (FPLC) chromatography, the spefielation ofpNP phosphatase activity
should enable us to estimate the actual variahilitgctive proteins showing a phosphatase

activity as a function of soil treatments.
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2.2. Synthesis of fungal or bacterial cDNA librari® search the genes responsible for acid
phosphatase activity in ectomycorrhizae

The alternative strategy which can be used to beafcseveral phosphatases are
released by the ECM fungal species or their aswatibacteria. It is to synthesise cDNA
libraries using RNA extracted from ectomycorrhizabts. cDNA libraries are commonly
used to track the genes of interest. It is now iptesgo produce cDNA libraries from low
guantities of RNA using commercially available KI&BMART™ technology). The schematic

representation of cDNA synthesis is given in foliogvfigure.

| Total RNA ]

-

/

[ 1- First-strand cDNA synthesis ]

l

2- Ds strand cDNA synthesis

l

3- Whole library amplification

(Yoswo|D)
ABojouyos) yews

-
.

4- Amplification of Pase cDNAs

l

5- Cloning

l

[ 6- Sequencing and Blast ]

Figure 1: Schematic representation of synthesishef cDNA library from total RNA extracted from ECM
samples collected in the field. After synthesisanfl amplification of the whole population of cDNAing the
Smart technology (http://mwww.clontech.com), cDNA@)coding acid phosphatases genes will be idemtifie

after their amplification with specific (degenedt@rimers. After cloning, the sequences will benpared with
available data in public databases.

We know already that acid phosphatase genes igh&b far in fungi (Bernard et al.
2002) and in the ectomycorrhizal basidiomycdtéebeloma cylindrosporum(Louche
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unpublished) possess highly conserved sequencegnBrmated primers will be used from
these highly conserved sequences in step 4 (Figute specifically amplify phosphatase
genes present in the cDNA library. After cloning arhplification products, sequencing of
clones putatively containing phosphatase genesbeilperformed. The cloning of complete
phosphatase genes and their comparison with peblisaquences should enable us to assess
the gene variability as a function of highly costexl fertilization regime (such as those
applied in Parcelle L). A re-analysis of the newusnces encoding phosphatase genes should
enable us to design new primer sequences thabwillsed to associate one ectomycorrhizal
fungal species with one phosphatase sequence. Taésecould then be used to assess our
working hypothesis that several phosphatases doeildxpressed by the fungi. Further, the
new genes could be expressed in heterologous systprduce the corresponding protein. It
will be possible to establish their substrate djpzEtyi or and their ability to release Pi from Po
extracted from soil samples.

Similarly, it could be possible to construct a cDhNBYary from mRNA extracted from
prokaryotes as described in Figure 1. This willuieg| the elimination of polyadenalyted
MRNA of eukaryotes from total RNA extract. Follogithe same strategy of primer design
targeted to conserved sequences among bacterthlphosphatases, might give indications
about the possible contribution of bacterial popoaies associated with the ectomycorrhizal
roots to hydrolyse Po fractions.

2.3. ldentification or characterization of Po conymals
In this study, the net depletion of Po has occuimethe rhizoboxes witl. pinaster

seedlings, specifically in the irrigated NPK treatits (chapter 5). Although, the phosphatase
activity was highest in non fertilized soils, thediolysis of Po was not significant between
rhizoboxes with and without seedlings. It suggedted the quality of Po compounds was
different in different treatments. It means thaintcol soil may contain Po which was
recalcitrant or difficult to hydrolyse. While irraged NPK soils contained other forms of Po
which were easily hydrolysable. We hypothesize timatirrigated NPK treatments, the
recalcitrant Po compounds were transformed intadlygable Po forms through microbial
transformations, the intensity of these microbrahsformations may depend on water and
nutrient availability in the field. Afterwards, threew pool of Po could be librated by trophic
interactions occurring among the soil microbial plegions and microbe feeders such as

nematodes or protozoa. In this way, the transforedould be easily hydrolysed by ECM
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acid phosphatase. Figure 2 explains the hypothedd@ematic representation of this new

cycle of Po in soil.

Water
Nutrient
Sml[?l:ag:;ill;lflf i I cormation ?
Microbial trans ¢
7y
| 2
Food-web regulated ?
3
1 2 Soil organic P pool
available
| 4
ECM fungi
Plant

Figure 2: Schematic representation with new insight into tb&e of ectomycorrhizal fung in which the
hydrolysis of soil organic P pool by acid phospkateeleased by ECM fungi may not be operating. &fbeg,
the soil organic P pool can be qualified as “uniadé” to ECM fungi (1). The soil organic P poolutd become
available to ECM fungi (2) after microbial transfmation and trophic relationships occurring in the
mycorhizosphere (3). Finally, the mobilisation bisthew soil organic P pool by ECM fungi may bengfithe
plant (4).

The hypothesis can be checked first by determitiiegcomposition of Po compounds
in different soil extracts including control andigated NPK treatments. The forms of Po
compounds could be determined by using nuclear stagmesonance (NMR) or high
pressure liquid chromatography (HPLC). Po will betedmined before and after the
incubation of soil extracts with purified acid ppbstase from an ectomycorrhizal species
able to release huge amounts of acid phosphatasks iculture medium Hebeloma
cylindrosporum,(Loucheunpublished data) or from phosphatase producethdgxpression
of genes identified in cDNA libraries. expressed

Unfortunately, it will not be possible to carry cumnew experiment with soil samples
from Parcelle L with different fertilizer and ir@gjon treatments as it was damaged by the
storm events in spring 2009. The other possihiligt could be utilized is to take soil samples
from a 93 year old (Baudes) forest stand. Thisvgéde characterised by high organic matter as
well Po pools. Soil samples from this stand cou& used in rhizobox to grow young
seedlings. Fertilization amendments (P and NPK)dcte applied to check whether these
conditions are able to activate or reactivate therghial activity and trophic interactions.

Thereafter, the evolution of Po forms in thesesswill be studied to determine the role of soil
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microorganisms and to assess whether it is possbdhange the availability of recalcitrant

Po pool in Baudes soils.
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