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Cuvant inainte

In perioada actuali, cind se pune tot mai mult accent pe rolul padurii ca
resursd naturald regenerabild, cuantificarea productiei de biomasa vegetalad
forestiera nu reprezintd doar o preocupare de silvicultura, ci si una de estimare a
contributiei padurilor 1n bilantul global al carbonului. Prin faptul ca influenteaza
dinamica dezvoltarii ecosistemelor forestiere, lucrarile silvotehnice practicate au
un rol deosebit de important. Lucrarea de fatd analizeaza influenta unei rarituri
asupra cresterii, productivitatii si bilantului de carbon dintr-un faget tanar din
nord-estul Frantei. Sub raportul intensitatii si a modului de alegere al arborilor de
extras, raritura practicata se incadreaza in noul concept de silvicultura dinamica,
aplicata in fagetele din Franta.

Site-ul Hesse CarboEuroflux din Franta in care sunt localizate cercetarile
ofera posibilitatea de a studia Intr-o zona geografica de dimensiuni mici impactul
schimbarilor de mediu asupra productivitatii fagului si ofera avantajul existentei
unor masuratori climatologice foarte detaliate, rezultate din monitorizarea fluxu-
rilor si din investitia deosebitd pe care o constituie masuratorile fiziologice reali-
zate la scard mare pe suprafata experimentala.

Analiza aplica trei metode de evaluare: monitoringul cresterii radiale, in-
ventarieri repetate si implementarea unui model de bilant de carbon bazat pe
procese fiziologice. Studiul dovedeste efectul benefic al rariturii asupra tuturor
arborilor din arboret, cu precadere asupra stimuldrii cresterii radiale a arborilor
din etajul dominant. Intensificarea ratelor de crestere ale fiecarui arbore a permis
o compensare a productiei de biomasa la nivelul arboretului, aceasta mentinandu-
se la nivelul arboretului martor sau chiar depasindu-l. Aplicarea unui model de
bilant de carbon arata ca arboretul in care s-a aplicat raritura a avut un bilant de
carbon pozitiv, mai ridicat fatd de arboretul martor, coroborat cu o productivitate
mai mare 1n conditii de seceta.

Lucrarea aduce de asemeni o serie de contributii originale cu privire la eco-
logia fagului, bazate pe un sistem complex de masuratori (alimentarea cu apa,
cu azot, fenologie, indice foliar, biometrie, dendrocronologie, xilologie, etc.). Se
aratd din nou ca interventiile silvice reprezinta cea mai buna cale de a influenta
nivelul de alimentare cu apd a arborilor, rariturile conducand la o reducere a
cantitatii de apa interceptate de frunze (si deci de apa care ajunge in sol si este
disponibila cresterii) si la o crestere a cantitatilor de apa disponibile individual,
fiind mai putin arbori.
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Ansamblul de masuratori efectuate, metodologia validata printr-o sustinere
de teza 1n cadrul ENGREF Nancy precum si rezultatele obtinute cu privire la
ecologia fagului si bilantul de carbon al interventiei cu rarituri fac din prezenta
lucrare o referintd bibliografica de interes pentru cercetare dar si pentru o gestion-
are silvica pro-activa in contextul schimbarilor climatice.

Autorul
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1. Introducere

Cercetarile din ultimele decenii ai aratat cd activititile umane au dus la
schimbari semnificative in compozitia atmosferei si a climatului. In fapt, de cel
putin 50 de ani, climatul este deja influentat, la latitudinile noastre, in special din
punct de vedere al temperaturilor. In primul rand, proportia carbonului (Cox et
al., 2000) si a altor gaze cu efect de sera in atmosfera (Saugier, 1999) a crescut
considerabil 1n ultimele decenii. Aceste schimbari climatice si de compozitie
atmosferica, asociate cu o intensificare a practicilor silviculturale, au dus la o
sporire a ratei de crestere a arborilor (Spieker et al., 1996) si a stocului de masa
lemnoasa, crestere observatd in multe tari europene, inclusiv in Franta (Dup-
ouey si Pignard, 2001). Impactul schimbarilor climatice globale asupra cresterii
padurilor de fag a fost evidentiat Tn mai multe randuri. Magnitudinea acestei
cresteri este de 70% intre 1850 si 1989 in Vosges dupa cum a aratat Picard (1995),
constatare confirmatd de Duquesnay (1998), care a identificat o crestere de 71%
in muntii Vosges si de 22% pe platourile din Lorena. O serie de intrebari cu pri-
vire la ecosisteme au aparut de la identificarea acestor modificari, observate in
special asupra ecosistemelor forestiere: prima se referd la rolul ecosistemelor in
bilantul anual al schimburilor de carbon cu atmosfera, cea de-a doua are in vedere
dezvoltarea potentialului de functionare (sau chiar de supravietuire), in functie
de evolutia conditiilor climatice sau a mediului, in general. Ultima intrebare, mai
practica, este cea care doreste ca cercetarile sa ofere silvicultorului cunostintele
necesare pentru a face fata schimbarilor la care asistam astfel incat sa fie in masura
sd adapteze aceste ecosisteme pentru a optimiza captarea carbonului.

Cunoasterea si cuantificarea stocarilor de carbon ale ecosistemelor forestiere
la nivel european a fost unul din obiectivele programului EUROFLUX (1996-
1999), devenit apoi CARBOEUROFLUX (2000-2003). Aceasta cuantificare este
efectuatd in situ, pe baza masuratorilor fluxurilor de carbon si de apa efectuate
asupra padurilor (in prezent, in 30 de locatii din Europa), cu compozitie variabila
(fag, brad, molid, stejar etc.)(http://www.carboeuroflux.com). Masurarea
simultand a fluxurilor de carbon si de apa, impreuna cu conditiile meteorologice
care determinad aceste fluxuri, permite de asemenea o estimare a influentei clima-
tului. Stim deja ca, daca padurile contribuie in mod semnificativ la bilantul anual
net de carbon, stocul lor de carbon nu va fi niciodata suficient pentru a contraba-
lansa emisiile antropice de carbon si, astfel, sd aiba un efect clar de compensare
(mitigation). De exemplu, stocurile padurilor din Franta reprezinta echivalentul



10 Mecanisme functionale ale productivitatii fagului

doar a 10% din emisiile antropice franceze anuale de carbon (Dupouey si Pig-
nard 2001). In aceste conditii, intrebarea esentiald este dacd ecosistemele actu-
ale vor suporta schimbarile climatice majore din viitor si daca vom fi capabili
sa anticipam evolutia lor pentru a adapta corespunzator gestiunea ecosistemelor
forestiere.

Situl Hesse CarboEuroflux din Franta a fost infiintat tocmai pentru a oferi
un suport pentru studiile de cuantificare a bilantului de carbon, in conditii na-
turale si la scara ecosistemului, si pentru studiile analiza a influentei climatu-
lui asupra bilantului de carbon. Pe acest sit sunt realizate un numar foarte mare
de masuratori fiziologice care stau la baza dezvoltarii modelului CASTANEA,
care au in vedere diferite niveluri si compartimente ale ecosistemului: de la sol
(respiratie, activitatea rddacinii), la trunchiuri (respiratie) si frunze (mai multi
parametri precum densitatea, indicele foliar, continutul de azot, parametrii de
fotosinteza, conductivitatea stomatica). Acest model simuleaza la nivel de arbo-
ret, bilantul de carbon, cel de apa si cresterea. Situl din padurea Hesse este, de
altfel, foarte potrivit pentru a studia atat cresterea, cat si procesele fiziologice ale
productivitatii fagului, avand informatii foarte detaliate asupra proceselor moni-
torizate, a fluxurilor de apa si de carbon, precum si inregistrari meteorologice
permanente.
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2. Scopul si obiectivele studiului

2.1 Reprezentativitatea spatiala a masuratorilor de flux si a
monitorizarii cresterii

Fluxurile de carbon care au loc intre ecosistemul forestier (arbori, sol) si
atmosferda, monitorizate pe situl Hesse, sunt studiate cu ajutorul unor senzori
pozitionati pe varful unui turn de 22 de metri, deasupra coronamentului arborilor.
Metoda folositd este metoda numitd Eddy covariance. Principiul meto-
dei consta in masurarea concentratiei de apd si de CO, deasupra coronamen-
tului, simultan cu viteza si sensul vantului in cele trei dimensiuni. Comparand
concentratia de CO, (respectiv de H,O) din aerul care se deplaseaza spre corona-
ment si cea a aerului care provine din coronament, se poate deduce o diferenta de
concentratie, ce se converteste in cantitate. Datoritd pozitiondrii senzorilor/cap-
tatorilor, aceste fluxuri de carbon si de apad - masurate la o frecventa de 10 Hz
- provin dintr-o zona de origine, numitd amprenta, estimatd a fi de ordinul a
60-100 ha. Masuratorile de flux, realizate incepand din 1996 pe situl CarboEu-
roflux, au pus in evidenta o variabilitate mare a concentratiilor de CO, masurate,
legatd de directia vantului (figura 1). Variabilitatea fluxurilor de carbon este mai
mare ca aceea a fluxurilor de apa. Schimbarile de directie si de viteza a vantului
induc schimbari temporale a amprentei. Datele prezentate sunt o medie semi-
orara pentru toata durata sezonului de vegetatie (cand indicele foliar este maxim)
si pentru o radiatie maxima (PAR > 1000 umol. m?-s™).

Prin urmare se poate formula ipoteza unei variabilitati spatiale a bilantului de
apa si de carbon din interiorul amprentei masuratorilor “Eddy covarianta”.

Un prim obiectiv este acela de a dovedi ca, intr-o zond de marime redusa,
cum ar fi o unitate de productie, variabilitatea spatiald a conditiilor de mediu si
a caracteristicilor dendrometrice ale arboretului sunt suficiente pentru a genera o
astfel de variabilitate a bilantului de carbon.

Un al doilea obiectiv al lucrdrii este acela de a documenta variabilitatea
parametrilor fundamentali ai productiei in conditii reale, utila pentru o comparatie
intre estimarile din modelul CASTANEA si datele masurate pe teren.

Site-ul Hesse CarboEuroflux oferd posibilitatea de a studia, intr-o zona
geograficd de dimensiuni mici, impactul schimbarilor de mediu asupra
productivitatii fagului si ofera avantajul existentei unor masuratori climatologice
foarte detaliate, rezultate din monitorizarea fluxurilor si din investitia deosebita



12 Mecanisme functionale ale productivitatii fagului

pe care o constituie masuratorile fiziologice realizate la scard mare pe suprafata
experimentald. Aceste masurdtori permit sd fie aplicate modele mecaniciste
(bazate pe simularea proceselor fiziologice), care pot fi folosite ca o metoda de
analizd si cercetare. Obiectivul este acela de a cuantifica impactul fiecarei variatii
a conditiilor de crestere asupra bilantului de carbon si asupra cresterii, dupa cum
sunt observate din suprafetele de proba. Pentru aceasta, studiul se va baza pe me-
canisme elementare ale productiei fagului, in conditii naturale si la scara arbore-
tului. Aceasta implica alegerea situatiilor cele mai contrastate dintre cele Intalnite
in studiul site-ului, precum si cuantificarea influentei asupra productiei in fiecare
situatie, Impreuna cu analiza mecanismelor proprii ale principalilor parametri
cheie inclusi pentru modelare.

Unul dintre aspectele originale ale acestui studiu este acela de a considera
parametrii cei mai importanti pentru productivitate si, deci, pentru silvicultura.
In mod special, se va studia impactul rariturii realizate in una din unitatile de
productie studiate, aplicate in anul 1999, dupa normele clasice in vigoare pentru
fagetele din nord-estul Frantei.

2.2 Alegerea caracteristicilor de mediu si de arboret relevante pentru
efectuarea studiului

Potrivit informatiilor bibliografice, aprovizionarea cu apa ar putea constitui
unul dintre factorii cei mai influenti ai cresterii fagului, chiar mai important decat
nivelul trofic al statiunii. Acest aspect va fi abordat in detaliu in capitolul III,
prin analiza dendroclimatica. Studiul privind variabilitatea conditiilor de mediu
se poate concentra asupra caracteristicilor solului, avand o influenta potentiala
asupra alimentatiei cu apa.

Variabilele care trebuie studiate si care nu sunt legate de statiune sunt cele
climatice, respectiv caracteristicile dendrometrice. Aspectele legate de relatia
dintre crestere si climat necesitd un numar ridicat de ani de studiu, pentru a putea
intalni mai multe tipuri de conditii de crestere. Metoda dendrocronologica este,
astfel, cea mai potrivita.

Dintre caracteristicile arboretului, cele dendrometrice sau ale coronamen-
tului, - indicele suprafetei foliare (Leaf Area Index: LAI) poate fi considerat ca
fiind unul dintre cei mai importanti (Bréda si Soudani, 2001). Indicele suprafetei
foliare este definit drept proportia dintre suprafata cumulata a frunzelor, raportata
la unitatea de suprafata de sol (m?-m?)(Watson, 1947; Lang, 1991). Frunza fiind
locul de interfata in care au loc principalele schimbari de gaze si de energie, in-
dicele foliar are un rol central in determinarea schimburilor de gaze si de energie
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Fig. 1 Variabilitatea densitatii medii a fluxurilor de CO, (F pmol CO,.m?.s"") misurate pe situl CarboEu-
roflux 1n functie de directia si viteza vantului, pentru patru ani de masuratori (1996-2000).

la scara intregului coronament.

De asemenea, biomasa reprezintd o variabild cheie pentru estimarea
bilantului de carbon, deoarece biomasa reprezinta cantitatea de carbon stocat, in
timp ce cresterea in biomasa reprezintd bilantul de carbon net. Caracteristicile
dendrometrice, care pot fi calculate prin inventariere, vor constitui, de asemenea,
factori importanti. Intr-adevir, structura arboretelor nu este definiti numai prin
clasele de diametre, ci §i prin structurare pe verticald, un indicator totodata al
productivitatii si al evolutiei din trecut a arboretului. O serie de alte studii au pus
in evidenta si influenta silviculturii asupra productivitatii arboretelor (Badeau,
1995 ; Duquesnay, 1998).

2.3 Metodologie

Doua subiecte complementare sunt abordate in acest studiu: (i) studiul efec-
telor schimbarilor caracteristicilor de mediu sau de arboret, si (ii) studiul efec-
telor schimbarilor climatice sau de varsta.

Prima parte va fi dedicata efectelor variabilitatii spatiale. Aceasta are in ve-
dere cuantificarea si cartografierea variabilitatii spatiale a caracteristicilor funda-
mentale enumerate in paragraful precedent. Consecintele variabilitatii vor fi eval-
uate intr-o abordare globala, prin analiza cresterii radiale a arborilor dominanti.
Analiza spatiala va oferi posibilitatea de alegere a zonelor pentru analiza in de-
taliu a mecanismelor cu influenta cea mai mare asupra cresterii si a emisiei de
fluxuri de carbon (partea a II-a), furnizand informatii si despre factorii cu variatia
spatiala cea mai mare si cu influenta cea mai mare asupra cresterii radiale.
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Cea de-a doua parte constd dintr-un studiu de functionare in situ a arbore-
telor in diferite situatii contrastante, selectate in urma efectuarii analizei spatiale.
Subiectele abordate se refera la dinamica intra-anuala de crestere, incluzand si
aspecte de fenologie. In acest studiu sincron este vorba de a cuantifica productivi-
tatea Intregului arboret, raspunzand astfel problematicii specifice siturilor CAR-
BOEUROFLUX, si de a pune in legatura productivitatea nregistrata cu unele
caracteristici locale de mediu sau de coronament. Utilizarea modelelor meca-
niciste ar trebui sa permitd analiza impactului variabilititii parametrilor asupra
productivitati sau fluxurilor, estimind partea de variabilitate asociata diferitelor
aspecte ale bilantului de carbon.

Ultima parte este dedicata efectelor climatului si consta, in primul rand,
dintr-un studiu retrospectiv al cresterii arborilor esantionati si a productivitatii
arboretelor din care provin acestia. Doua teme sunt incluse 1n acelasi studiu: pe
de o parte, influenta conditiilor climatice asupra cresterii, iar pe de alta parte,
estimarea productivitati arboretului pe baza masuratorilor asupra inelelor anuale.
Este vorba, deci, de o sinteza a unei abordari dendroclimatice clasice aplicate
la diferite nivele de analiza a cresterii anuale (de la latimea inelului la densi-
tatea lemnului, sau la cresterea in volum si in cantitate de carbon), si despre un
exercitiu dendrometric asupra reprezentativitatii arborilor selectati.

Lucrarea este organizata in trei capitole, dupa cum urmeaza.

Capitolul 3. Studiul variabilitatii spatiale a principalilor factori determinanti
ai productivitatii si ai schimburilor din cadrul fluxului de carbon, constand din:
(1) analiza variabilitatii conditiilor de mediu, de crestere si a caracteristicilor
populatiei, testarea relatiilor dintre variatiile conditiilor de mediu sau a carac-
teristicilor arboretului asupra cresterii radiale, (ii) selectarea parcelelor in situ
pentru a studia functionarea arboretului si a cuantifica productivitatea, incluzand
cat mai mult din variabilitatea observata.

Capitolul 4. Cuantificarea productivitatii, studiul functiondrii arboretelor
pe aceste zone de studiu, cuantificarea influentelor respective ale conditiilor de
crestere asupra productivitatii si a schimburilor in cadrul fluxurilor.

Capitolul 5. Analiza retrospectivda diacronica, care permite abordarea
influentei climatului asupra productivitatii arboretului.
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3. Variabilitatea spatiala a caracteristicilor solului,
arboretului si a coronamentului si consecintele asupra
cresterii radiale

3.1 Material si metoda
3.1.1 Dispozitivul de cercetare

Site-ul dispozitivului CarboEuroflux, situat intr-o faget tipic din zona nord-
estica a Frantei, a fost ales datoritd omogeneitatii sale si a situatiei geografice
(figura 2): pe o suprafatd importantd se intalnesc arborete de aceeasi varsta, in
care domina fagul. Instalat intr-o parceld de 25-30 ani in 1996, site-ul de 0,6 ha
serveste drept suport pentru masuratori specifice siturilor de tip CarboEuroflux,
toate fiind echipate de aceeasi aparatura si utilizand aceeasi metodologie.

Prin tip de sol i prin - climat moderat continental - zona de studiu este situata
catre optimul ecologic al fagului: pe un sol adanc si bogat, cu precipitati abun-
dente si bine distribuite anual. Temperatura medie este de 9,2°C, iar precipitatiile
anuale de 820 de mm; maximumul de precipitatii se inregistreaza in luna iunie,

Fig. 2 Harta localizarii padurii domeniale Hesse. Extras din Google Maps
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cu peste 80 mm.

Masuratorile realizate in situl CARBOEUROFLUX sunt complexe si di-
verse (dendrometrice, ecofiziologice), avand in vedere diferite scopuri (figura
3). In principal, este vorba de cuantificarea cantititilor de carbon absorbite de
ecosistemul forestier, in baza masuratorilor directe de fluxuri de carbon si de
apa, si de a cuantifica impactul climatului asupra acestor fluxuri. Pentru a atinge
aceste scopuri, a fost instalat un echipament complet de monitorizare a fluxurilor
de gaze (carbon si apa) si a conditiilor meteorologice. Temperatura, precipitatiile,
radiatiile sunt masurate continuu, la o frecventa foarte ridicatd (10 Hz). Viteza
vantului este monitorizatd in toate cele trei dimensiuni, cu ajutorul anemome-
trului ultrasonic (figura 3), pentru a modela deplasarea maselor de aer. Aceasta
modelare sta la baza principiului de estimare a fluxurilor de apa si de carbon prin
metoda ‘eddy covariance’ (numita si ‘eddy correlation’ de cétiva autori). Aceste
masuratori sunt completate de masuratori ecofiziologice, precum monitorizarea
cresterii pe baza unor micro-dendrometre electronice, monitorizarea fluxului de
seva (prin metoda si sistemele Granier, cf. Granier 2000b), masurarea in fiecare
saptdmand a umiditatii relative a solului cu sonda neutronica, pana la o adancime
de 120 cm 1n mai multe locuri a sitului. Zona de studiu, este delimitata de un
gard, in care deplasarile (exclusiv pe jos) trebuie limitate la strictul necesar. In
partile cele mai sensibile, accesul nu este permis decat pe niste podete special
amenajate pentru ca solul sa nu fie tasat, ceea ce ar modifica permeabilitatea lui,
si deci si fluxurile de carbon.

Masuratorile de fluxuri de carbon si de apa sunt realizate pe un turn care
depaseste coronamentul arborilor, pentru a putea surprinde fluxurile de carbon
care intrd (absorbtie prin fotosintezd) sau care sunt emise de ecosistem prin
respiratie. Turnul initial a fost distrus in 1999 de furtuna de vant “Lothar” dupa
ce anemometrul a masurat peste 200 km/h. Cel de al doilea turn construit a fost,
de la bun inceput mai mare i mai performant, pentru a fi folosit mai multi ani i a
lua 1n considerare faptul ca arboretele tinere (ca 25 de ani atunci) vor mai creste.
Al doilea turn are o inaltime de 22 de metri, iar captatoarele sunt localizate pe var-
ful turnului. Prin urmare, zona de influentd a masuratorilor a fost sporitd. Aceasta
zond - amprenta - este zona din care fluxurile masurate pot proveni potential, intr-
un an. Largimea amprentei depinde de viteza vantului, de relieful si de indltimea
turnului. Forma ei depinde de directia vantului si de distributia directiei intr-un
an. O estimare a formei §i a 1atimii amprentei este foarte dificila si apeleaza la o
modelare complexa. In cazul suprafetei Hesse, s-a estimat ca suprafata total a
amprentei este de circa 50 ha.

Avand o zond de influenta a masuratorilor de cca. 50 ha, s-a decis ca zona
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Fig. 3 Situl CarboEuroflux este un dispozitiv foarte instrumentat in care sunt concentrate eforturile de

monitoring, pentru a avea o viziune de ansamblu si sintetica a functiondri ecosistemului

de studiu sa fie constituita in cele 4 parcele situate alaturi de situl Carboeuroflux.
Cele patru parcele de studiu sunt constituite din arborete de fag, care este specia
tel, pe o suprafatd cumulata de 60 ha (figura 4). Doua parcele (217 si 218), din-
tre care una include situl de monitoring (217), au fost regenerate in 1975 (anul
de tdiere finald) si aveau, deci, 30-35 ani la inceputul studiului, in anul 1999.
Celelalte doua parcele studiate (221 si 222) au intre 30-60 ani si respectiv 60-
90 ani. Prima raritura a fost facuta in parcelele 217 si 218 la inceputul anului
1996, chiar inainte de infiintarea site-ului. Cea de-a doua raritura, doar in parcela
217, a fost realizata in timpul iernii 1998-1999. Intensitatea sa, caracteristicile si
consecintele sale vor fi discutate in continuare (a se vedea capitolul II).

3.1.2 Masuratori efectuate

Obiectivele masuratorilor realizate in acest capitol sunt de a analiza variabili-
tatea mediului, cu precidere aprovizionarea cu apa a arborilor. In acest sens, s-a
procedat la doua campanii independente de masuratori, pedologice si floristice.
Un alt obiectiv a fost acela de a analiza variabilitatea caracteristicilor dendrome-
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trice i ale coronamentului, iar ultimul obiectiv a fost de a cuantifica impactul
acestor variabilitati asupra cresterii radiale.

Esantionajul spatial trebuia sa raspunda unor asteptari diferite, carac-
teristicile analizate ale ecosistemului forestier fiind foarte diverse si prezentand
variabilitati spatiale a priori, diferite la scara studiului. Scara studiata este foarte
putin documentata si nu sunt exemple n literatura. Planul cel mai simplu a fost
un esantionaj sistematic, pe o retea patratd de 50 m de latime. Asadar, s-au am-
plasat un numar de 182 de suprafete de inventariere, materializate in septembrie
1998, corespunzand unei densitati de 4 suprafete la hectar (figura 4).

Masurdtori dendrometrice realizate au avut drept scop o descri-
ere a structurii verticale a arboretelor studiate si a variabilitati spatiale a carac-
teristicilor principale, dar si sd permitd sa fie caracterizatd raritura care fusese
programata pe un sfert din dispozitivul experimental (parcela 217, realizata in
iarna 1998-1999).

Pentru fiecare din cele 182 de suprafete, s-a efectuat un inventar sistematic al
arborilor. Circumferinta a fost masurata la o indltime standard de 1,3 m, iar pozitia
la care s-a masurat a fost materializata pe trunchi, pentru a asigura remasurarea
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11110000

1 00

1118 11118300

Situl CarboEurope :

Fig. 4 Reprezentarea schematica a dispozitivului de cercetare, constituit din patru parcele (60 ha in total)
si localizarea sitului CarboEuroflux
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viitoare in acelasi punct. Circumferinta minima luata in considerare a fost de 100
mm (adicd arbori cu diametrul de la 3 cm 1n sus).

Raza suprafetelor de inventariere a variat in functie de indltimea medie a
arborilor: 7 m pentru arborii tineri $i 12 m pentru cei mai in varsta. Aceastd raza
corespunde cu suprafata proiectatd a segmentului de coronament care intrda in
unghiul de vedere al captatorului Li-Cor LAI 2000, folosind primele 3 inele ale
captatorului. Asadar, s-a asigurat o buna corespondentd si comparabilitate in-
tre masuratorile dendrometrice clasice (suprafatd de baza, indici de competitie,
biomasa aeriana etc.) si indicele suprafetei foliare.

Masuratorile Tnéltimilor au fost realizate pentru a se obtine informatii legate
parcele mai tinere (217 si 218). Trei arbori din suprafatd au fost masurati, fiind
alesi cei mai mari in diametru pentru o raza de 11,5 m, respectand principiul
potrivit caruia se aleg n-/ indivizi pentru n ari (Matern 1976, Rennolls 1978).
Toate masuratorile au fost realizate cu Vertex Forestor (Vertex Digital hypsom-
eter, [. Haglof, AB, Sueden).

Datele din inventar au fost folosite pentru a estima biomasa aeriand, un
parametru major in cadrul estimarilor de bilant ale carbonului. Studiul a benefi-
ciat de un experiment desfasurat chiar in situl Carboeuroflux, al carui scop era
acela de a stabili ecuatiile locale specifice cu privire la biomasa aeriand a fagului
(Ottorini si LeGoff, 1998). Aceste ecuatii sunt niste functii simple, deduse din
circumferinta la 1,3 m (C,,, cm):

Log MUt = - 4,5553 + 2,3467 log C,,, s = 0,1001
MUt = masa uscata trunchiului, kg

Log MUr =-9,7005 + 3,2715 log C,,, s = 0,4443
MUr = masa uscatd ramurilor, kg

Factorul de corectie pentru transformarea logaritmica, a fost aplicata prin
calculul e(s?/2) dupa Flewelling si Pienaar (1981).

O altd ecuatie, a fost aplicatd pentru carpen, care provine de la Schnock

(1983), si este tot o functie de C, :

MUT =-0,22427 -0,12535 C,,,+ 0,02805 C,,}
MUT = masa uscata totala, kg.
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Inventarieri floristice. Originalitatea studiului floristic provine din
faptul ca suprafata studiatd este cu mult mai micd decat cea 1n mod obisnuit
utilizata in studiile de fitoecologie. In general, studiile de fitoecologie se situeaza
la scara unui masiv forestier, a unui bazin hidrografic sau a unei regiuni natu-
rale, de o arie ceva mai redusa. In al doilea rand, originalitatea studiului este
data de esantionarea releveelor, fiind in acelasi timp un esantionaj foarte dens
si sistematic, diferit prin aceasta de planurile bazate pe transecte. Releveul flo-
ristic efectuat asupra esantioanelor a urmat metodologia utilizatd in mod curent
de catre echipa de fitoecologie de la INRA Nancy: suprafata de proba trebuie sa
aiba cel putin 400-500 m?, solutie aplicatda in majoritatea padurilor de deal din
Franta si trebuie sa fie stratificata, adica sa Inregistreze patru categorii — muschi,
plante erbacee, plante arbustive lemnoase si arbori. In cadrul fiecarui strat speci-
ile sunt inventariate si prezenta lor este ponderatd cu un coeficient de abundanta
/dominanta (Braun-Blanquet, 1983).

O prima campanie a fost efectuata in 1999, parcelele tinere au fost inventari-
ate Tn 1unie in timp ce parcelele 221 si1 222 au fost inventariate in luna septembrie
din cursul aceluiasi an. Deoarece in septembrie speciile vernale disparusera, un al
doilea inventar a fost efectuat in aceleasi parcele in cursul lunii mai 2000 pentru
completarea vechilor relevee. Completarea a fost necesara pentru un numar de
65 de relevee din 182.

Masurarea indicelui suprafetei foliare. Masuratorile indicelui
suprafetei foliare (LAIL dupa definitia de la pagina 20) au fost efectuate cu aju-
torul aparatului Li-Cor LAI 2000. Doua aparate au fost utilizate in campaniile de
masuratori in mod simultan: unul a fost plasat in varful turnului pentru a masura
lumina incidentd (referinta in afara coronamentului), in timp ce cu al doilea s-au
efectuat masuratorile la sol, sub coronament, ale luminii filtrate. Sincronizarea
celor doua masuratori s-a facut prin semnal sonor, apoi prin aparate tip “walkie
talkie”. Metoda are inconvenientul de a solicita prezenta simultand a doua per-
soane, dar are avantajul, deloc de neglijat, de a permite un calcul optim al cantitatii
de lumina interceptatd de coronament, fara utilizarea altor ipoteze (de exemplu,
fara ipoteze asupra evolutiei luminozitétii in cursul masuratorilor, deoarece lu-
mina incidenta a fost masuratd) si de a permite o masuratoare sigura atunci cand,
de exemplu, stratul de nori nu este destul de dens si permite trecerea razelor de
soare. Altfel a lucra cu un singur captator obliga la a realiza o referinta la maxi-
mum fiecare 20 minute. Doud masuratori au fost efectuate pe fiecare suprafata de
proba, care sunt de fapt jumatati (semisferice), una catre vest si una catre est, un
ecran de 180° fiind plasat sub dispozitiv pentru a masca operatorul. Masuratorile
de referinta sunt de asemenea efectuate in mod sincron pe doud directii.
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Tabelul 1 Numarul de suprafete masurate, pe ani si pe parcele

1998 1999 2000 2001

septembrie Iunie Iunie Iunie
217 (35 ani) 61 61 60 61
218 (35 ani) 56 56 54 56
221 (40-60 ani) 25 25 3 3
222 (60 ani) 33 33 0 0

Masurdtorile dendrocronologice. Trei pana la patru arbori domi-
nanti au fost esantionati in parcelele 217 s1 218, pentru fiecare suprafata din retea.
Un esantion de 183 de carote de crestere a fost astfel creat. Folosind procedura
INRA, carotele nu au fost slefuite, ci tdiate pe plan radial cu ajutorul unui cuter.
Latimea inelelor anuale a fost mdsurata cu ajutorul dispozitivului video-optic
conceput de catre M. Becker, cu o precizie de 1/100 mm.

3.1.3 Metodele de analiza

Variabilitatea spatiala. Bazandu-se pe o retea de puncte definite este usor
de calculat valorile medii, mediana si dispersia valorilor, dar aceste statistici nu
descriu modul in care valorilor sunt distribuite spatial. Se pot face niste harti,
prin care se poate identifica vizual daca ar exista un gradient sau un sablon de
distributie spatiald, insd modul de distributie nu este vizibil decat in cazuri mai
putin frecvente, si nu se poate afla nimic despre structura spatiald in sens statis-
tic.

Structura spatiald nu se refera la o repartizare geografica, care se poate cara-
cteriza printr-un gradient spre exemplu, ci la distributia spatiala dupa ce este
dedus gradientul care pot fi identificat. Aceastd distributie poate fi organizata sau
aleatorie, randomizata. Intr-adevar, structura spatiala in sens statistic se defineste
prin auto-corelatia valorilor. Conform teoriei variabilelor regionalizate, valorile
observate intr-un punct sunt rezultatul unei variabile aleatorii z, definita in orice
punct din domeniul studiat. Trebuie insistat asupra faptului ca aplicarea teoriei nu
sd poate face fara a defini domeniul statistic de studiu.

In cadrul acestei teorii si poate analiza structura spatiala prin studiul auto-
corelatiei valorilor masurate pe teren, aceste valori fiind suprafete de baza, indici
de desime, biomasa, LAI etc. Aplicarea teoriei necesita, totusi, ca ipotezele de
baza sa fie verificate, sau de a corecta datele dacad nu au fost verificate. Ipotezele
de bazd presupun: (i) orice observatie z(x) la punctul x, rezultd prin realizare
unei functii unice aleatorii Z(x), (i1) ipoteza intrinseca: fie indicele & un vector,
indiferent de directie, valoarea Z(x ) - Z(x) are o asteptare si o varianta finita,
independente din pozitia x.
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Aplicarea teoriei mai presupune $i ca ipoteza intrinseca sa fi fost verificata;
in cazul general, aceasta nu este verificata, iar datele trebuie corectate, spre ex-
emplu, pentru a elimina o tendintad (un gradient). O data corectate, auto-corelatia
spatiald poate fi calculati si modelatd pe baza semi-variogramei empirice. Intr-
adevdr, sa poate defini semi-varianta pentru o distanta intre punctele / ca fiind:

yh) =172% (x,,, -x)

unde N reprezintd numarul de observatii. Aplicand calculul pe o retea de date, /
reprezinta distantele succesive crescdtoare dintre punctele din retea, de la cea mai
micd distanta, care este pasul propriu retelei.

Toate calculele au fost realizate in programul S+ folosind modulul “S-plus
Spatial Stats” (MathSoft, Statistical Sciences, 1998) implementat in UNIX.

Analiza datelor floristice. Metoda de analiza a datelor floristice este axata
pe aplicatia analizei factoriale a corespondentelor (AFC), care consta in cautarea
unor variabile sintetice, numite componente factoriale. Interpretarea componen-
telor calculate, care reprezinta fiecare un factor de structurare specific compozitiei
floristice (Gauch et al. 1977) a fost realizata cu ajutorul cunostintelor prealabile
ale autecologiei. Aceste cunostinte provin din studii precum Rameau et al. (1989)
sau, mai cantitativ, Ellenberg et al. (1992).

Studiul pedologic. Solulurile din dispozitiv sunt soluri brune, foarte adanci,
cu o mare capacitate de stocare a apei. La prima vedere este evident ca aceste
soluri ofera conditii favorabile cresteri fagului, asigurand si o mare fertilitate. Pe
tot ansamblul sitului solul este constituit dintr-un strat de lut gros de la (1 la 2
metri), depus pe un substrat de gresie.

Observatiile facute n suprafetele din reteaua sistematica au ardtat cd cea mai
mare deosebire dintre acestea este datd de gradul de hidromorfie vizibila, direct
legat de adancimea la care apare un orizont mai argilos (figura 5). Tipurile de
sol Intalnite in cadrul celor 60 ha ale dispozitivului experimental sunt conform
referentialului pedologic (figura 6) sunt: (i) sol brun oligosaturat (BO), care este
solul cel mai drenant, avand continutul cel mai mic de argild si care nu prezintd
semne de hidromorfie; (ii) sol brun oligosaturat redoxic (BOr); (iii) neoluvisol
sol brun oligosaturat redoxic (NbOr).

Trebuie mentionat cd, in Franta, metoda de descriere a solurilor nu este
bazata pe o clasificare, ci pe un model referential care defineste niste caracteris-
tici, Intr-un sistem tip catalog, din care se aleg caracteristicile pertinente. Astfel,
solul este precis descris, pentru ca fiecare caracteristica esentiald este inclusa
ca o caracteristica suplimentard fata de tipul de baza (ex. oligosaturat, redoxic),
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Fig. 5 Variabilitatea spatiald a tipului de sol in cadrul celor 60 ha ale dispozitivului de analiza
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Fig. 6 Descrierea tipurilor de sol diferentiate pe dispozitivul experimental. Adancimea orizonturilor este
indicatd in cm. Simbolurile orizonturilor sunt dupa Jabiol si Gégout (1992)

adaugand informatii descriptive codificate.

Analizele chimice realizate pe esantioanele colectate in timpul campaniei
din 1998-1999 au aratat o omogeneitate a continutului in materie organica si a
aciditatii (tabel 2). Se observa totusi ca tipul de sol BO are un continut in azot
putin mai mare in primii 40 cm decat celelalte tipuri de sol din dispozitivul ex-
perimental.
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3.2 Rezultate
3.2.1 Rezultatele studiului fito-ecologic

Varianta totald a esantionului se descompune in cate 123 de axe factoriale,
care absorb un procent descrescator din varianta totald. Numarul de componente
care trebuie conservate pentru analiza poate fi dedus din profilul de scadere a pro-
centului de variantd explicata. In cazul de fatd, primele trei componente meriti
a fi conservate, ele reprezentand respectiv 8,17%, 4,99% si 3,79% din varianta
totala.

Interpretarea componentei 1.Speciile care au ponderarea factoriala
cea mai mare i stau la polul pozitiv a axului sunt specii heliofile (figura 7): Epi-
lobium angustifolium, Holcus lanatus, Prunella vulgaris, Dactylis glomerata,
Sambucus racemosa (arbustiv), Populus tremula.

Speciile care au ponderarea factoriala cea mai mare si stau la polul negativ a
axului sunt specii de umbra: Ranunculus ficaria, Arum maculatum, Plagiomnum
undulatum, Brachypodium sylvaticum, Cardamine pratensis.

O analiza de varianta realizatd pe coordonatele factoriale ale speciilor, in-
cluzand indicele Ellenberg pentru lumina (L-Ellenberg) ca factor fix, a dovedit ca
acest factor este foarte semnificativ (figura 8). Coordonatele medii calculate dupa
clasele factorului L-Ellenberg sunt clar descrescatoare. Coordonatele suprafetelor
sunt, de altfel, foarte bine corelate cu procentul de acoperire a coronamentului,
masurat cu LiCor LAI 2000 (‘gap fraction’ in engleza).

Tabelul 2 Principalele caracteristice chimice si texturale ale celor trei tipuri de sol analizate pe fosa (dupa
Quentin et al. 2001)

Profil Adancime Horizon Argila S/T pHapa C N C/N Hydromorfie
cm g/100g . % mg/g mg/g %

BO 0-5 A 232 24.6 4,8 24,9 42,8 133 0
5-40 S 24,1 78 4.6 8,5 146 106 0
40-95 Cg 294 5,5 4,5 2,9 5,0 7.1 +
95-140  TIC 31,4 351 49 1,1 1.9 27 0

BOr  0-10 A 22,2 38,6 4,9 19,8 24,0 149 0
10-60 S1 29,6 8,9 4,6 3,7 3,3 6,4 0
60-80 Sg2 34,1 14,7 4,7 2,5 2,0 4,6 ++
80-105 11 Cg 28.9 29,1 4,8 1,2 0,7 2,3 ++
105-155 1 C 30,8 35,6 4,9 1,3 1,2 3,6 0

NbOR 0-6 A 25,4 40,9 5,1 21,8 25,3 128 0
6-35 Sgl 25,0 18,4 4,9 12,7 13,8 13,1 +
35-50 Sg2 26,9 22,0 4,9 38 34 10,1 +
50-65 IIBTg 334 28,4 4,9 2,5 1,9 8,1 ++
65-100 I BT 37,8 43,8 5,1 1,2 0,8 6,8 0

100-120 I C 314 61,0 5.3 1,3 0,5 5,9 0
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Fig. 7 Proiectarea speciilor din analiza fitologicd pe componentele factoriale 1 si 2. Au fost proiectate
numele speciilor celor mai influente si care sunt citate in text

Asadar, toate indiciile conduc la concluzia ca prima componenta factoriala
reprezintd un gradient de lumind la sol, legatd de variabilitatea structurii coro-
namentului. O astfel de concluzie este foarte logica, avand in vedere scara spatiala
la care s-a desfasurat analiza si faptul ca arboretul este unul tanar, cu o mare de-
sime 1n diferite locuri, mai luminat si acolo s-au efectuat lucrarile de ingrijire.

Interpretarea componentei 2. La extremitatea pozitiva a compo-
nentei 2 se observa niste specii putin exigente la azot: Dicranella heteromalla,
Thuidium tamariscinum, Quercus petraea (arbustiv), llex aquifolium, Frangula
alnus. La cealalta extremitate sunt specii nitrofile precum Epilobium angusti-
folium, Holcus latanus, Dactylis glomerata, Prunus padus, Adoxa moschatel-
lina. Aceasta componenta reprezintd in mod clar un gradient de azot. Indicii
N-Ellenberg confirma acest lucru, deoarece coordonatele sunt semnificativ dif-
erite pentru fiecare dintre clasele indicelui si ordonate descrescator. In acelasi
timp, coordonatele sunt semnificativ diferite si pentru indicii F-Ellenberg, care
caracterizeaza umiditatea. Gradientul reprezentat de componenta este unul dublu,
asa cum este de multe ori in cazul analizelor floristice, de umiditate si de azot.

Interpretarea componentei 3. Aceasta ultimd componentd nu este
la fel de clard ca celelalte, si s-a dovedit a reprezenta tot un gradient dublu, de
umiditate si de aciditate. Pe aceastd componentad se opun niste specii nitrocline
(Valeriana officinalis) sau neutro-nitrocline hidrocline (Holcus lanatus, Dactylis
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Fig. 8 Relatiile intre coordonatele medii ale suprafetelor si factorul L-Ellenberg sau valorile procentului
de deschidere in coronament

glomerata, Prunus spinosa, Populus tremula, Thamnobrium alopecurum, Myc-
elis muralis), unor specii acidifile precum Veronica montana, Lonicera pericli-
menum, Dryopteris dilatata, Mnium hornum, Lapsana communis, Angelica syl-
vestris.

Concluzii despre gradientii revelati de studiul floris-
tic. Nu exista nici o garantie cd o analiza floristica precum cea realizatd aduce
rezultate reprezentative. Intr-adevar, analizele floristice sunt de obicei realizate
pe o scara mult mai mare - padure, versant, regiune - in care este mai usor de
gasit nigte gradienti clari.

Principalul gradient care se manifesta, este un gradient definit de cantitatea
de lumina care ajunge la sol, ceea ce nu este surprinzator, avand in vedere opaci-
tatea coronamentului de fag, mai ales in arboretele mici si tinere. Lumina poate
fi elementul cel mai limitativ pentru vegetatia spontand, erbacee sau arbustiva de
sub coronamentele fagilor; nu conteaza existenta apei sau azotului daca nu este
suficient de multa lumina pentru ca plantele sa creasca. Mai departe, asa cum a
dovedit analiza dendrometrica si masuratorile de LAI, variabilitatea spatiald in
privinta disponibilitati de lumina la sol este foarte mare in intreg dispozitivul.

Celelalte doud componente au, prin contrast, o semnificatie trofica
complementard. Prima traduce o variabilitate a resurselor de azot, cartografiata
in figura 10, ceea de a treia o variabilitate in aciditate si apa. Totusi, aciditatea
nu poate fi consideratd un factor de influentd deoarece analizele de pH facute
pe esantioanele de sol au ardtat ca gama de variabilitate este foarte mica, destul
mica pentru a avea o oarecare importantd pentru humus (care in mod cert este un
oligomull).

Concordanta cu analizele pedologice. Gruparea suprafetelor
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Fig. 9 Proiectarea speciilor pe componente factoriale 2 si 3 din analiza fitologica

din retea in functie de tipul de sol permite a fi testate valorile indicilor Ellenberg
care au fost estimate pentru fiecare dintre suprafete, sau coordonatele factoriale
ale suprafetelor obtinute ca urmare a analizei factoriale, prin analizd de varianta.

Analizele de varianta arata ca exista diferente semnificative intre tipurile de
sol in privinta continutului de azot cu indicatorul N-Ellenberg: F(3,168) = 4,52
cu p = 0,0045 sau aciditdti cu indicatorul R-Ellenberg F(3,168) = 14,36 cu p <
10, Insa, aceste diferente nu si regdsesc in mod sistematic pe coordonatele fac-
toriale (tabelul 3).

Legaturile stranse dintre gradientii de apd si de azot sau de aciditate au pu-
tut introduce un zgomot sau niste contradictii in coordonatele factoriale. De alt-
fel, determinarea coordonatelor factoriale este bazata pe cateva specii, care au o
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Fig. 10 Cartografierea nivelului trofic pe cele 4 suprafete de analiza, conform valorilor N-Ellenberg a
florei spontane

contributie preponderantd, in timp ce valorile Ellenberg se bazeaza pe ansamblul
speciilor, care nu sunt indiferente factorului studiat.

Variabilitatea dintre punctele dintr-un tip de sol dat poate conduce la o absenta
a unor corelatii Intre coordonatele factoriale si masuratorile pedologice, care sunt
locale. Punctele alese pentru analiza pedologica nu au fost intotdeauna reprezen-
tative pentru valorile medii ale grupului, aga cum se poate vedea in figura 11, care
pune in evidenta pozitia marginald a valorilor punctului in care a fost sapata fosa
pedologica, in raport cu valorile observate in celelalte suprafete ale grupului.

Asadar, descrierea solului nu trebuie folositd pentru o estimare a texturii si
nici pentru o descriere a nivelului trofic. Intr-adevir, tipurile de sol au fost sta-
bilite dupa texturd, prezenta hidromorfiei, si nu dupa analizele chimice. Anal-
izele floristice sunt complementare si pot fi considerate, local, mai informative.

3.2.2 Analiza caracteristicilor arboretului

Interesul acordat inaltimii dominante in studiile dendrometrice este explicat
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Tabelul 3 Valori medii ale indicilor Ellenberg si ale coordonatelor pe componente factoriale 2 si 3 pe
tipuri de sol. Liniile cu acelasi litere nu sunt semnificativ diferite potrivit testul lui Tukey

Tip de sol Efectiv.  EF ER EN Comp. 2 Comp. 3
NbOR 58 5,47 a 5,39 b 5,41 b -0,12 b,c -0,05 b
BOr 51 5,47 a 5,19 c 5,37 b -0,26 c 0,15 a
BO 17 5,50 a 5,35 b 5,67 a 0,04 ab 0,11 a,b
Al 56 5,53 a 5,58 a 5,50 ab 0,09 a -0,01 a,b

in principal de legea lui Eichhorn, conform careia “productia totalda in volum
a unui arboret, la o varsta data, nu depinde decat de inaltimea medie atinsd de
arborii dominanti”. Amplitudinea de variatie a 1ndltimii dominante, estimata la
nivelul fiecarei suprafate de proba, este mare, de la 12,2 la 19,9 m in parcela
217, si de la 14,3 la 19,3 m in parcela 218. Histogramele de distributie arata o
dispersie forte, dar cu o forma destul de apropiata de cea a distributiei normale,
atat pentru fiecare parceld luatd individual, cat si pentru cele doud parcele con-
siderate cumulat (figura 12). Valorile medii ale celor douad parcele sunt extrem de
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Fig. 11 Histograma de distributie a indicilor Ellenberg care caracterizeaza nivelul trofic (EN), nivelul
de aciditate (ER) si de umiditate (EF) pentru cele trei tipuri principale de sol. Sagetile arata
pozitionarea pietelor unde au fost sapate fosele pedologice.
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apropiate, 16,3 si 16,4 m pentru parcela 218 si, respectiv, 217, ceea ce Inseamna
o medie de cca. 16,4 m.

Analiza geostatistica a distributiei spatiale a pus in evidenta o foarte ugoara
tendinta de crestere a variantei inaltimii dominante dupd azimutul de observare,
orientat in sensul nord-sud. Aceastd tendinta nu corespunde strict vorbind unui
gradient, deoarece regresiile inaltimii dominante in functie de axele X si Y nu
aratd nimic semnificativ, nici ca si coeficienti, nici ca ajustare. Este vorba despre
o directie dupad care semi-varianta creste rapid cu distanta, in timp ce pentru alte
directii ea este aproape constanta (anizotropie). Practic, varianta estimata intre
doud puncte distantate cu d intr-o directie este egald cu varianta intre doua situri
distante de &k -d (unde k # 1) pe o alta directie (Legendre si Legendre, 1998).

Anizotropia a fost eliminatd printr-o schimbare de reper, adica prin constru-
irea unui nou reper in care normele X si Y compenseaza factorul k observat.
Variograma calculata cu acest nou reper nu releva o structurd spatiala, varianta
obtinutd prin intermediul cuplelor de pasi mici (50 m) fiind deja maxima (figura
13). Analiza indica, deci, ca distributia Tndltimilor dominante nu este structurata
spatial si, cu exceptia anizotropiei nord-sud, aceasta distributie este asimilabila
unei distributii aleatorii.

3.2.3 Variabilitatea spatiala a biomasei aeriene uscate

Biomasa aeriana uscata estimata pentru cele doua parcele tinere este in me-
die de 116 t/ha (P 218) si 122 t/ha (P 217, inaintea rariturii), ceea ce Tnseamna
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Fig. 12 Histograma de distributie a inaltimilor dominante (m) in parcelele 217 si 218, considerate indivi-
dual (stanga) sau in cele doud parcele cumulate (dreapta)
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un volum pe picior de aproximativ 165 m?/ha. Aceste valori sunt destul de ridi-
cate, in comparatie, de exemplu, cu valorile preconizate de tabelele lui Schober
(1972), care ar fi de 120 m*/ha pentru un arboret de clasa superioara de calitate
(clasa 9). Valorile gasite sunt in acord cu valorile ridicate, inregistrate in acelasi
sit pentru densitate si pentru indicii de densitate.

Amplitudinea valorilor gasite este foarte importanta: in parcela 217, ea
variaza Tnaintea rariturii de la 87 la 197 t MU/ha si de la 74 1a 189 t MU/ha dupa
rariturd (tabel 4). Coeficientul de variatie se ridica la 24%, fiind deci mai impor-
tant decat coeficientul de variatie al suprafetei de baza (19,1%). De asemenea,
pentru o biomasa aeriana din parcela 218 de 113 t MU/ha, variind de la 62 la 175
t MU/ha coeficientul de variatie este 24.6%.

Analiza autocorelatiei spatiale nu releva nici o structurd aparenta a biomasei
inainte de rariturd in suprafata 217 (figura 14). Dupa raritura, cele doua parcele
se disting, bineinteles in masura in care cca. 20% din biomasa aeriana uscata
a fost extrasa din parcela 217 (de la 122 t MU/ha la 104 t MU/ha). Hartile au
fost obtinute prin interpolare liniara. Axele coordonatelor sunt in metri, fiecare
suprafata fiind reprezentata cu un cerc (N = 117), distantat la 50 de metri de ve-
cinii sai.

3.2.4 Variabilitatea structurii verticale a arboretului

Elementele care trebuie luate in considerare in analiza structurii arboretelor
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Fig. 13 La stanga: semi-variograma directionala a inaltimii dominante a parcelelor 217 si 218, calculate
dupa patru directii definite in raport cu reperul orthonormic al retelei, dupa masuratorile din 2001.
La dreapta: semi-variograma bidirectionala corectatd a anizotropiei indltimilor dominante. Semi-
varianta este exprimata in metri, la fel ca si distanta intre cuplurile de puncte.
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sunt, cu prioritate, compozitia arboretului i mai ales prezenta fagului, si proportia
din suprafata de baza ocupata de fiecare strat sau nivel social (clasa sociald Kraft)
din arboret.

O analiza in componente principale (PCA) a fost realizata cu datele culese
pe reteaua sistematicd, pentru a structura variabilitatea caracteristicilor dendro-
metrice ale arboretelor. O tipologie a arboretelor a fost realizata prin aplicarea
metodei de clasificare ascendenta ierarhicd (bazata pe distante euclidiene, ,,meto-
da Ward) pe valori obtinute de fiecare suprafata pe primele doud axe din PCA.
Arborele ierarhic rezultat poate fi intrerupt dupa 6 ramuri, ceea ce conduce la
stabilirea unor grupuri de suprafete cu marime suficienta, si care oferd o precizie
suficientd, plus o limitare a suprapunerii. Pentru identificarea grupurilor astfel
formate, mediile pe grupe sunt calculate pentru fiecare clasa sociala Kraft: (i)
suprafata de baza ocupatd de fiecare specie ca procent din suprafata totala (ii)
desimea partiald pentru fiecare specie si (iii) circumferinta medie.

Analiza acestor valori medii a ardtat ca suprafetele se grupeaza in primul
rand in functie de compozitie, si mai ales in functie de prezenta fagului, si apoi
dupd procentul din suprafata de baza ocupat de arborii dominanti. S-a pus in
evidentd faptul ca variabilitatea observata intr-o singura parceld este aproape la
fel de mare, ca in cazul celor patru parcele studiate luate impreuna. O parcela are
o marime de circa 20-25 de ha. Gama de variabilitate constatata este una foarte

Unitate 217

Nord

200

Unitate 218

200 300 00

Fig. 14 La stanga: cartografia biomasei aeriene uscate (tMU/ha) in parcelele 217 si 218. La dreapta: carto-
grafia Inaltimilor dominante pe aceleasi parcele.
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Tabelul 4 Descrierea variabilitati caracteristicilor dendrometrice principale pentru parcele tinere. Sunt
considerate pentru calcule 117 suprafete de masuratori: 61 pentru parcela 217 si 56 pentru

parcela 218

. .. . Anul

Parcela Medie (std) Minimum Maximum CV (%) ~ .~ _ .

masuritori
Rdi 217 0,612 (0,151) 0,394 1,048 24,7 1998
218 0,670 (0,129) 0,333 0,911 19,3 1998
Tnél'gimea dominanta (m) 217 16,4 (1,7) 12,2 19,9 10,5 2000
218 16,3 (1,1) 14,3 19,3 6,9 2000
Suprafata de baza (m>ha') 217 25,0 (0,6) 16,8 38,2 19,1 1998
218 23,8 (0,6) 12,0 32,4 18,4 1998
Biomasa (tMU “ha') 217 122 (29) 87 197 24,0 1998
218 116 (29) 62 175 24,6 1998

Nota: Rdi desemneaza indicele de desime relativ

mare, in ciuda faptului ca arboretele studiate sunt echiene, au aceeasi specie-tel,
silvicultura etc.

Un al doilea rezultat important este faptul ca variabilitatea nu s-a dovedit a fi
structurata spatial, statistic vorbind. Absenta structurii spatiale arata ca diferentele
dintre suprafete nu depind de distanta dintre aceste suprafete, nu existd grupuri
sau sub-populatii localizate. Sursa principald de variabilitate a fost compozitia pe
specii, care are o consecintd asupra structurii verticale locale a arboretului.

3.2.5 Variabilitatea spatiala a indicelui suprafetei foliare

Masurdtorile realizate in 1998 acopera cele patru unitati de productie studiate
si permit o comparare a valorilor medii ale indicelui suprafetei foliare observat in
arborete tinere sau batrane, precum si a variabilitatii spatiale a indicelui in aceste
arborete (tabel 5). Gama de variatie s-a dovedit a fi foarte mare in toate unitatile,
ajungand la 6 m* -m™ in unitatea 217. Valorile obtinute in arborete tinere sunt
mai mari (in medie cu 6 m? - m mai mult), iar valorile extreme sunt de asemenea
mai mari. Efectul unitate testat prin analiza variatiei s-a dovedit foarte semnifi-
cativ (F(3,181) = 7,40***), iar valorile medii nu sunt semnificativ influentate de
varsta.

Variogramele directionale obtinute aratd un profil de varianta diferit in functie
de directia in care este calculatd: prin definitie, datele sunt afectate de o ani-
zotropie, care impune o prelucrare speciald. Variograma finala (figura 15), dupa
adaptari, scoate in evidentd o crestere a variantei in functie de distantd pentru



34 Mecanisme functionale ale productivitatii fagului

primele trei clase de distantd, urmata de o stagnare. Modelul sferic a fost ajus-
tat, si caracteristicile sale sunt: asimptota de 1,426, portantd de 100 m, ordonata
0,272. Acesti parametri au fost introdusi intr-un model de interpolare spatiala
(Kriging), care permite o cartare a indicelui foliar tinand cont de structura spatiala
(figura 16). Punctele situate la o distanta de peste 450 de metri nu sunt luate in
considerare pentru ajustarea modelului pentru ca numarul de perechi formate este
prea mic. Suprafetele sunt reprezentate de cercuri, distanta dintre ele fiind de 50
de metri.

3.2.6 Efectele rariturii asupra variabilitatii spatiale

Efectele rariturii s-au evidentiat mai mult asupra caracteristicilor corona-
mentului decat asupra caracteristicilor dendrometrice: scaderea medie a indicelui
suprafetei foliare a fost de 2,17 m? ‘m™, ceea ce reprezinta circa 26% din valoarea
anterioara rariturii.

Astfel, intensitatea s-a corelat cu ndltimea medie a arborilor si a fost mai
intensivd In suprafetele unde fagul era prezent in etajul dominant. Principiul
rariturii a fost acela de a pune in lumina mai ales arborii vigurosi, de a face loc
in jurul coronamentului lor. In suprafetele unde iniltimea elagati incd nu era
suficient de mare, raritura a avut o intensitate mai scazutd. Bineinteles, aceste
observatii sunt doar niste constatari, nu s-au formulat instructiuni, in sensul ca
raritura sa fie diferentiata spatial, dupa caracteristicile arboretului (figura 17).

Suprafetele sunt reprezentate cu cercuri, distanta dintre ele fiind de 50 de
metri. Intensitatea locald a rariturii a fost estimatd pe baza inventarierii realizate
asupra retelei de observatie, si dupa masurarea cioatelor. Dintre cele 11 suprafete
de monitorizare a cresterii si de modelare a bilantului de carbon, un numar de
5 suprafete au fost rarite in iarna 1998-1999. In medie, pentru unitatea 217,
raritura a avut o intensitate de 4,6 m*.ha’'. Se remarca faptul ca intensitatea locala
a rariturii este foarte variabild si poate lua valori extreme, ca 1n cazul suprafatei
nr. 91. Intensitatea rariturii In celelalte suprafete de monitorizare a fost foarte

Tabelul 5 Statisticile descriptive ale indiciului foliar (m? * m) estimat pentru cele 4 parcele studiate. Lini-
ile cu acelasi litere nu sunt semnificativ diferite potrivit testul lui Tukey

Parcela Numar de puncte  Medie (ab. st.) Tukey  Minim Maxim CV (%)
217 61 7.66 (1,49) a 3,89 9,87 19,3
218 56 7.10 (1,51) a,b 3,69 9,85 21,4
221 25 6.19 (1,38) c 3,62 8,76 22,3

222 40 6.76 (1,16) b,c 3,86 9,09 16,7
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Fig. 15 Semi-variograma empirica a indicelui foliar (masuratori din 1998) si modelul sferic ajustat
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Fig. 16 Cartografia indicelui foliar (1998) pe patru unitati de productie, folosindu-se metoda Kriging cu
valori ale modelului de varianta ajustat
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apropriatd de valoarea medie.

Gama de variatie a valorilor suprafetei de baza, a desimii, a biomasei sau
indicelui foliar a fost putin afectatd de raritura (tabel 6). O omogenizare nu a
avut loc, precum era de asteptat, ci, din contrd, variabilitatea a crescut. Acest re-
zultat este remarcabil si cumva surprinzator pentru ca, intuitiv, era de asteptat ca
raritura sa fie de intensitate mai redusd in partile mai putin dese a parcelei, si mai
intensa in zonele dese, reducand astfel din gama de variabilitate. Masuratorile nu
confirma de loc acest lucru. Coeficientii de variatie sunt foarte mari si in crestere
pentru toate caracteristicile studiate si sunt prezentati in tabelul 7. Explicatia
principald este aceea ca intensitatea i modul in care au fost realizate rariturile
sunt influentate puternic de conditiile locale dendrometrice, variabilitatea fiind
astfel amplificata.

Inchiderea coronamentului. Indicele mediu al suprafetei foliare a
scazut cu 2,2 m? -m din cauza rériturii. in anul 2000 valoarea medie era deja de
6 m?* -m~siin 2001 de 7 m? m?, adica respectiv 80% si 91% din valoarea initiala,
asadar, inchiderea coronamentului a fost foarte rapida.

Cresterea valorilor indicelui suprafetei foliare a fost foarte variabila din punct
de vedere spatial de la 0 1a 2,5 m? -m™, cu un coeficient de variatie de 67%. Aceste
cresteri nu sunt distribuite aleatoriu, ci depind de intensitatea locala efectiva care
o avut-o raritura. Pe baza unor corelatii liniare, s-a dovedit ca rata de crestere a

oo 50

Fig. 17 Harta diferentelor indicelui suprafetei foliare Tnainte si dupa raritura (u.a. 217)
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indicelui suprafetei foliare a fost mai mare pentru suprafetele care au o suprafata
de bazd mica, fiind corelat negativ, si legat de compozitia arboretului, deoarece
prezenta fagului este pozitiv legatd de rata de crestere (tabelul 8).

Relatia dintre variabilitatea conditiilor de crestere si
cresterea radiala. In primele parti ale lucririi a fost descrisi variabili-
tatea conditiilor de crestere a arborilor, care cuprind atat proprietati ale solului,
cat si caracteristicile dendrometrice ale arboretelor, legate de nivelul local de
competitie, In mod detaliat si din punct de vedere statistic. Aceasta parte are drept
scop analiza legaturii dintre aceastad variabilitate si cresterea radiala a arborilor
prin metode dendrocronologice. Variabilitatea dintre suprafete a latimii inelelor
anuale s-a dovedit a fi destul de mare, avand in vedere omogenitatea varstelor si
suprafata redusa a zonei de pe care au fost prelevate (o parceld de 25 ha): latimea
medie este de 2,99 + 0,75 mm si variaza de la 1,76 mm la 4,98 mm.

Relatia crestere-sol. Pentrua pune in evidenta o legitura intre carac-
teristicile conditiilor de crestere si rata cresterii arborilor, au fost calculate latimile
medii ale fiecarei suprafate din retea, luand in calcul ultimii 10 ani. Un astfel de
calcul este posibil numai datorita faptului ca arborii au toti de aceeasi varsta, iar
varsta nu intervine ca un factor de variabilitate, asadar, o standardizare (eliminare
a efectului varstei) nu este necesara. Numarul de ani luat in calcul, o fereastra
de 10 ani 1n cazul de fatd, nu este justificat printr-un argument statistic. Se poate
observa totusi ca inelele cele mai apropriate de maduva nu sunt de folos, pentru

Tabelul 6 Compararea coeficientilor de variatie observati inainte si dupa raritura din iarna 1998-1999

Suprafata de baza Biomasa aeriana LAI

e m2 Tms -ha Densitatea relativa e
Inainte medie 24,9 122 0,612 7,6
C.V. 19,1 22,0 24,7 19,4
Dupa raritura medie 20,3 104 0,532 5,4
C.V. 22,6 23,9 28,3 21,1

Tabelul 7 Corelatiile dintre reducerea de biomasa sau ale indicelui suprafetei foliare datorita rariturii si
caracteristicile dendrometrice ale suprafetelor inainte de raritura

% contributia % contributia fagului

inaltime inaltime . . . Biomasa arborilor
o - . fagului la la nivelul arborilor . .
dominanta medie - . . dominanti
suprafata de bazadominanti ’
Biomasa extrasa 7 0,359 0,433 0,267 0,375 0,370
prin rériturd P 0,0049 0,0005 0,037 0,0025 0,0033
Reducerea 0,251 0,299 0,135 0,304 0,305

indicelui foliar
P 0,0532 0,0194 n.s. 0,017 0,0167
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ca aratd o variabilitate neregulatd. Calculele facute pe o fereastra de 15 ani au
furnizat aceleasi rezultate.

Variabilitatea spatiald a cresterilor medii astfel calculate a fost corelatd cu di-
verse caracteristici masurate sau estimate pentru fiecare piata de proba : coordonate
pe componentele principale, indici medii Ellenberg. Rezultatele sunt prezentate
in tabelul 9. Corelatiile aratd o absenta a legaturii dintre variatiile cresterii radi-
ale si gradientii pusi in evidentd prin analiza floristicd. Compararea nivelului de
crestere din fiecare an in functie de clasele factorilor Ellenberg este prezentata
in figurd 18. In aceasta figura, suprafetele de proba au fost grupate in cvartile de
valori medii (grupuri de marime constanta egald cu un sfert din populatia totald).
Factorii azot si adancimea de aparitie a hidromorfiei s-au dovedit a fi cele mai
legate de nivelul de crestere.

Cresterile claselor extreme sunt clar deosebite in mai multi ani, in perioada
1975-1998. Un model de regresie, stabilit prin regresie multipla ‘stepwise’ arata
ca trei factori pot fi inclusi, pentru a modela variabilitatea spatiald a nivelului de
crestere: factorul Ellenberg-N, adancimea de aparitie a hidromorfiei, §i rezerva
utila (tabelul 10). Modelul, desi foarte semnificativ, nu explicad decat 18% din
variabilitatea totald, multe raiman de explicat, eventual caracteristicile dendrome-
trice, care pot explica o parte mai substantiala.

Relatiacrestere-caracteristici dendrometrice locale. Ana-
lizele sunt realizate folosind acelasi metode ca cele pentru analiza relatiilor dintre
caracteristicile solului si crestere. Corelatiile arata efectul negativ al competitiei,
deoarece indicele de desime relativa este negativ corelat si semnificativ (tabe-
lul 11). Dar efectul cel mai mare este, in mod surprinzator, procentul arborilor
dominanti pe suprafata de baza, care este cel mai semnificativ. Compozitia nu a
fost corelatd semnificativ. In particular, contributia fagului in suprafata de baza
nu este semnificativa.

3.3 Discutii

Cea mai mare parte a variabilelor de mediu poseda o structurare a distributiei

Tabelul 8 Rata de inchidere a coronamentului (de crestere a indicelui suprafetei foliare) din 1999 pana in
2000, in functie de caracteristicile dendrometrice

Suprafata de bazd Biomasa aeriana Indicele de  Contributia fagului la suprafata
m?- ha-1 Tms -ha-1 desime de baza (%)

r -0,158 -0,083 0,02 0,241
P 0,0141 0,198 - 0,0002

Rata de crestere
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lor spatiale sub forma de gradienti, de regrupari sau sabloane organizate (Belle-
humeur et al., 1997). Prezenta unei structuri spatiale a indicelui LAI, pusa in
evidenta prin variograme si luatd in considerare printr-o auto-corelatie de valori,
confirma faptul ca existd o continuitate la nivelul caracteristicilor coronamen-
tului la scara sitului. Continuitatea este pusd in evidentd prin efectul de pepita,
observat dupa ajustarea modelelor de varianta. Efectul de pepitd indica existenta
unei structuri spatiale la o scard inferioara scarii de efectuare a observatiilor (mai
putin de 50 de metri), scard comparabild cu buchetele de arbori sau cu coroane
de arbori. Astfel de structuri spatiale pot avea originea in diferiti factori care pot
fi separati in functie de natura lor.

Mai intai, structura spatiald poate fi reflexul conditiilor, provenientelor si
performantelor deosebite ale arborilor obtinuti in urma regenerdrii. Arboretele
studiate provin dintr-o regenerare naturald Inceputd la aceeasi data in parcelele
217 si 218. Aceastd regenerare a fost obtinutd in urma unor rarituri efectuate in
arboretul initial, pentru a se stimula fructificatia si pentru a se oferi protectie
semintisului obtinut. Se poate deci emite ipoteza ca schema initiald de regener-
are avea 0 anumita structurd, ca rezultat al dispersiei semintelor, a germinarii $i
a competitiei dintre ele (Lookingbill si Zavalla, 2000). Arboretul astfel obtinut
poate incd sd fie un rezultat al schemei de Insdmantare, mai ales In ceea ce priveste
variabilitatea compozitiei, care pare sa fie structuratd pe grupe de piete de proba.
Imaginea aeriana a padurii Hesse, luatd in 1979, arata ca exista parti de padure in

Tabelul 9 Corelatia dintre indicii de crestere medie pe ultimii 10 ani, caracteristicile pozitive sau negative
pe ani si caracteristicile solului

Indicele Indicele Indicele Comp. Comp. 3 Adancimea Rezerva Numarul de
EN ER EF 2 P2 hidromorfiei deapa  piete
r 0405 0.166 -0.024 0.240 -0.066  0.394 -0,314 55

Latimea medie

0.0026 0.2359 0.8672 0.084 0.6381  0.0029 0,0196

0296 0.211 -0.054 0.161 -0.048 0.258 -0.250 55
Media ani +

0.0313 0.1287 0.7032 0.2505 0.7322  0.0571 0.0654

0.299 0.177 0.031 0.215 -0.045 0.361 -0.295 55
Media ani -

0.0298 0.2053 0.8234 0.1229 0.75 0.0068 0.0291

Tabelul 10 Parametrii si coeficientii modelului de crestere, ajustat in functie de caracteristicile solului

Parametru Etape  Coefficient F model Pr>F R?modelul R?ajustat
Origine -133,61

Ellenberg N 1 61,50%* 18,64 0,0002  0,0968 0,0916
Adancime hidromorfie 2 2,28%%* 14,48 0,0420 0,1665 0,1665

Rezerva utila 3 -0,46* 4,20 0,1496 0,1864 0,1722
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Fig. 18 Compararea nivelelor de crestere a arborilor dominanti (1/100 mm) stratificata in cvartile (q1 la
g4) a nivelului trofic (EN: indicele Ellenberg), adancimea de aparitie a hidromorfiei (Prf. hydro-
morfie), rezerva de apa din sol si indicele suprafetei foliare. Stratificarea dupa tipurile de sol si a
tipurilor de sol este, de asemenea, prezentata

care regenerarea este destul de putin dezvoltatd. Zonele acestea coincid destul de
bine cu zonele in care fagul nu este specie majoritard. De asemenea, fagul arata
o mare variabilitate a contributiei sale la densitatea sau suprafata totala de baza
a arboretului, influentand valorile punctuale ale indicelui LAI, deoarece poseda
un indice foliar specific superior celui apartinand altor esente, precum stejarul
sau mesteacanul. Zonele in care fagul nu este prezent au, de altfel, caracteristici
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Tabelul 11 Corelatia dintre indicii de crestere medie pe ultimii 10 ani, sau pe ani caracteristici pozitivi
sau negativi, si caracteristicile dendrometrice locale

Compo- Compo- Reprez.e ntanynatea Desimea Indicele foliar Numar de
etajului dominant (% .o
nenta 1 nenta 2 . . relativa 1998 suprafete
din suprafata de baza) ’
Latimea medie 7 0.346 -0.153 0,281 -0.163 0.218 55
pe 10 ani P <.0001 0.039 0,0001 0.027 0.003
L r 042 -0.17 0,306 -0.122 0.306 55
Media ani +
P 0.001 0.216 0,0232 0.373 0.023
L r 0.372 -0.163 0,353 -0.113 0.303 55
Media ani -
P 0.005 0.234 0,008 0.41 0.024

singulare: 1n partea de nord-vest a parcelei 218, frasinul si mesteacanul inlocui-
esc fagul in numeroase piete de proba, situate pe fundul vailor si In apropierea
paraielor. De altfel, suprafetele in cauza prezinta si o flord indicatoare cu plante
precum Plagomnium undulatum, Juncus effusus, Primula elatior, Eupatorium
canabicum, Circea lutetiana sau Lysimachia vulgaris. Se poate presupune ca in
aceste zone fagul are o germinare si o instalare dificila, datoritd umiditatii solu-
lui, ceea ce arata ca solul este un factor de structurare a arboretului, influentand
intensitatea competitiei pentru diverse resurse de apa si nutrienti.

S-a probat, cu numeroase ocazii, ca proprietatile solului influenteaza puternic
caracteristicile arboretului, de ex. indicele suprafetei foliare, optimal pentru o
anumita specie, creste odata cu continutul in azot al solului (Anten et al., 1995;
Hirose et al., 1987). Fertilizarea solului conduce de asemenea la o crestere a indi-
celui LAI la rasinoase (Miller si Miller, 1976; Binkley si Reid, 1984; Vose si Lee
Allen, 1988). Influentele descrise au fost detectate prin compararea de arborete
situate de-a lungul marilor gradienti sau pe soluri sardcacioase. Comparatia poate
fi facuta si in cazul celor 65 de ha ale zonei studiate, deoarece indicele surafetei
foliare este corelat cu gradientii continutului de azot al solului (» = -0,255%**
cu a doua axa floristicd) si mai ales cu alimentarea cu apa (r = 0,414*** cu a
treia axd). Schimbadrile in proprietatile solului care intervin la scara arboretului
sunt progresive, ceea ce introduce o continuitate pe distante mici a caracteris-
ticilor arboretului si o disparitate pe distante mai mari, deci o auto-corelatie a
observatiilor. Variatiile inregistrate pot sd induca o structurare aparenta la scard
find, precum cea care apare la nivel de grup de arbori (Bouchon, 1974).

Ultima sursd de determinism a structurii spatiale ar putea fi silvicultura
practicata, care afecteaza in mod regulat arboretele prin extragerile de arbori
efectuate (Walter si Gregoire Himmler, 1995). Contrar asteptarilor, rariturile din
arboret aduc un plus de variabilitate, in special datorita faptului ca intensitatea lor
variaza de la o piata de proba la alta si rezultatul conduce la o distributie pe grupe
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de parcele. O trasatura caracteristica a rariturilor este faptul ca s-a favorizat, ca
specie, fagul si s-a intervenit in sensul cresterii inaltimii medii a arboretelor.
Raritura are insa efecte puternic diferite asupra caracteristicilor dendrometrice,
prin modificarea locald a competitiei. Aspectul structurat al rariturilor in relatie
cu competitia a fost pus in evidentd in arborete de codru regulat (Bachacou si
Decourt, 1976). Efectul rariturilor asupra structurii nu poate fi neglijat in zona in
studiu, avand in vedere varsta tanara a arboretelor si densitatea medie destul de
ridicata.
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4. Studiul sincronic: abordarea productivitatii prin prisma
mecanismelor fiziologice

4.1 Introducere

Analiza variabilitatii spatiale a conditiilor de mediu, a structurii arbore-
tului si a coronamentului a evidentiat diferente importante ale caracteristicilor
dendrometrice si ale caracteristicilor coronamentului, in raport cu urmatoarele
proprietati ale solului: adancimea de aparitie a hidromorfismului, textura solului,
aprovizionarea cu apa si cu azot. Cresterea radiala a arborilor dominanti a fost,
de asemenea, influentatd 1n ultimii 10 ani. Obiectivul aceastui capitol este de a
intra in detaliul functionarii arboretelor analizate pe baza de masuratori, respec-
tiv monitorizare in situ. Acest studiu original are drept scop analiza si cuantifica
productivitatii prin observatii directe, de teren, ale cresterii arboretului intreg, si
nu doar al arborilor dominanti.

Prin estimarea pe teren a parametrilor esentiali care influenteaza cresterea ar-
boretelor si prin implementarea unor modele de productie bazate pe mecanisme
fiziologice, un alt scop a acestui studiu este de a evidentia limitele si punctele
slabe ale modelelor ,,mecaniciste” (bazate pe mecanisme fiziologice).

Acest studiu a impus realizarea unui numar mare de masuratori si observatii
de teren, cu scopul de a: (i) cuantifica parametrii mediului studiat, necesari pentru
intelegerea procesului, (ii) masura cu precizie productivitatea arboretelor, alege-
rea acestora decurgand n mod direct din analizele realizate in capitolul 3, cara-
cteristicile studiate fiind: hidromorfie si fertilitatea solului, raritura realizata in
1999 marind gama de variabilitate a caracteristicilor dendrometrice si a corona-
mentului arboretelor, (iii) analiza influentei asupra productiei.

Studiul prezentat in acest capitol se bazeaza pe reteaua de suprafete de proba
pe care s-au masurat caracteristicile esentiale a solului, privind alimentarea 1n
apa, in elemente trofice, si caracteristicile arboretului, privind coronamentul sau
nivelul de competitie etc. Aceste observatii foarte detaliate, o datd cu analizele
spatiale aferente, sunt aici folosite pentru a selectiona niste suprafete din reteaua
care reprezintd niste situatii tipice. Alegerea suprafetelor, in numar mic (in to-
tal 11 suprafete, cf. tabelul 12), s-a realizat avand in vedere: (i) stabilirea unor
gradienti: crestererea indicelui de desime relativa, cresterea suprafetei indice-
lui foliar, (ii) reprezentarea tipurilor de sol, pentru a studia impactul hidromor-
fiei, (iii) o comparatie intre arboretele rarite si martor, pentru a analiza impactul
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rariturii.

Aplicarea modelelor de bilant de carbon in suprafetele de proba selectionate
a avut drept scop explicarea impactului variabilitatii caracteristicilor arboretului
si a conditiilor de mediu asupra proceselor fiziologice. Modelele permit com-
pararea impactului fiecarui parametru inclus, compararea intre ei, a parametrilor
sau a factorilor, pentru a se identifica parametrul cu cea mai mare influentd asupra
arborilor.

4.2 Material si metoda
A. Masuratori realizate in suprafetele de proba de monitoring

Scopul masuratorilor realizate este de a monitoriza cresterea arborilor in
conditii diferite si de a masura cu precizie caracteristicile solului, arboretului si
coronamentului, in vederea aplicarii modelelor de bilant de carbon. Monitoriza-
rea cresterii cuprinde cuantificarea cresterii §i a productiei de masd lemnoasa,
monitorizarea folosirii apei din sol, monitorizarea fenologiei. Caracteristicile
care trebuie masurate sunt nenumeroase, in acord cu parametrii modelelor de
bilant de carbon.

4.2.1 inregistrarea cresterilor intra-anuale ale arboretului

Inregistrarea intra-anuala a cresterilor arboretului este bazata pe utilizarea
micro-dendrometrelor si pe citirea directa, in majoritatea cazurilor, a indicatiilor

Tabelul 12 Principalele caracteristici dendrometrice, ale solului si ale coronamentului din suprafetele
alese pentru monitorizarea eco-fiziologica

Parceli Vﬁrsté Sol Nr. Stare Desime G Gfag/ LAI 2000 Licor
(ani) suprafata (N/ha)  (m%*ha) Gtotal (m? - m?)
221 50 BOr 128 martor 1899 23.1 0.92 5.7
218 30 NbOR 24 martor 4629 24.1 0.81 7.9
218 30 NbOR 35 martor 2834 23.7 0.89 6.7
218 30 NbOR 53 martor 3895 20.4 0.96 7.5
217 30 BOr 93 martor 6817 32.6 0.98 8.1
217 30 BOr  CarboEuro.  rarit 3098 19.3 1 4.7
217 30 BOr 106 rarit 2555 20.7 0.93 4.7
217 30 BOr 73 rarit 1718 17.2 0.78 4.7
217 30 BO 75 rarit 4629 20.0 1 4.5

217 30 BO 91 rarit 3305 19.7 0.87 4.8
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acestora, ceea ce permite o urmarire cu precizie a evolutiei circumferintei arbo-
rilor esantionati.

Micro-dendrometrele asigurd o precizie teoretica de 2/10 dintr-un milimetru,
si sunt confectionate dintr-o banda metalica, gradata in milimetri la o extremitate.
Cele doua extremitati sunt apropriate si tinute impreuna pe trunchiul arborelui cu
ajutorul unui arc. Dispozitivele necesita cateva saptamani (dupa instalare) pen-
tru a se adapta perfect formei trunchiului §i pentru a nregistra corect variatiile
circumferintei. Pentru a functiona corect, micro-dendrometrele trebuie instalate
pe arbori ce depasesc 205 mm in circumferinta, ceea ce inseamna cd, practic, s-au
instalat pe arbori din categoria celor dominanti, in majoritatea pietelor de proba,
cu exceptia uneia, in care valoarea prag dintre arborii dominanti si dominati este
de 200 mm.

Esantionajul arborilor destinati a fi studiati cu ajutorul micro-dendrometrelor
s-a facut dupa inventarierea totald. Mai Intai a fost calculata contributia fiecarei
clase de circumferintd la biomasa aeriana totala, in functie de aceasta stabilindu-
se numarul de arbori din fiecare clasa de retinut pentru amplasarea micro-den-
drometrelor. S-au retinut 12 arbori, a caror circumferintd este cuprinsa intre 250
s1 1000 mm, n functie de arborii dominanti prezenti in piata de proba.

4.2.2. Masuritori ale coronamentului. Proprietitile coronamentului
si ale frunzelor

inregistriri fenologice. Inregistrarea de date fenologice consti in a observa
si a data dinamica dezvoltarii mugurilor foliari si a expansiunii frunzelor. Evolutia
dezvoltarii de la mugur la frunza este descompusa in sapte etape, mergand de la
statutul de mugure dormind pana la cel la frunza complet dezvoltatd. Cum ul-
timele doud etape nu mai pot fi distinse decat prin masuratori speciale, de exem-
plu prin interceptia luminii, observatiile se fac doar in primele cinci etape. In anul
2000, masuratori ale radiatiei incidente au fost efectuate in situl Carboeuroflux,
la mai multe Tndltimi in coronament. Raportul radiatiei masurate la 22 de metri
(deasupra coronamentului) si al radiatiei masurate la un metru de la sol indica o
scadere brusca in ziua 115 (25 aprilie), corespunzatoare unei note medii de 67.

Pentru fiecare data de observare, respectiv la trei-patru zile, starea de infrun-
zire a unui arbore este masurata estimand procentajele ocupate de fiecare stadiu
in cadrul coroanei. Sase arbori din fiecare piata de proba au fost observati in 2000
si 2001, notele fiind atribuite pe o scard de la 0 la 100. Nota medie pe piata de
proba tine, deci, cont de notele medii pe arbore, care au fost obtinute multiplicand
notele pentru fiecare stadiu cu procentajul respectiv, nota 67 corespunde stadiului
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in care apar frunzele.

Masuratori directe ale indicelui suprafetei foliare. Masuratorile directe se
efectueaza prin masurarea suprafetelor frunzelor colectate in recipiente speciale
si prezintd avantajul de a nu depinde de nici o ipoteza sau model matematic.
Pentru pietele de proba situate in parcelele 217 si 218 s-au amplasat 5 tavi de
colectare a litierei, una dispusa central si celelalte orientate in cele patru puncte
cardinale, la 10 metri de centru. In piata de proba 218, mai mare, s-au amplasat
13 tavi, repartizate in cercuri concentrice cu o raza de 10, 15 si, respectiv, 20
metri.

Pentru a afla suprafata unui sub-esantion de frunze triate pe specii, s-a utili-
zat planimetrul LiCor 3000 (Li-Cor, Nebraska, USA). Frunzele esantionate s-au
tinut Tn etuva timp de doua zile la o temperaturd de 60°C, pana cand masa lor a
ramas constantd, apoi s-au masurat cu o precizie miligram. Se poate astfel cal-
cula raportul dintre suprafatd si masa uscata, care este aplicat intregii cantititi de
frunze tinute 1n etuva si cantdrite in aceleasi conditii. Astfel, suprafata frunzelor
fiecarei specii este estimata pentru fiecare data de recoltare a frunzelor, cel putin
o data la doua saptamani.

In paralel, LAI maxim este estimat in fiecare an cu ajutorul aparatului Li-Cor
LAI 2000.

Masurarea parametrilor foliari. Un studiu asupra variabilitatii pietelor de
proba cu privire la caracteristicile principale ale frunzelor a fost realizat n iunie
2001, urmarindu-se: (i) raportul dintre masa si suprafata frunzelor, (ii) continutul
de azot si de carbon (in mg) pe unitate de masd sau pe unitate de suprafatd a
frunzelor, (ii1) continutul de clorofila.

In acest scop, s-au prelevat frunze de lumina si frunze de umbra de la cate
sase arbori pe fiecare piatd de proba, respectiv cate zece frunze pentru fiecare
arbore. Criteriul de departajare in frunze de lumina sau de umbra a fost verificat
si prin masurare, pentru ca o frunza sa fie considerata de lumina aceasta trebuind
sa cantareasca minim 70 g -m?,

Continutul in carbon si azot a fost determinat in mod direct pentru frun-
zele care au fost prelevate, in prealabil planimetrate, uscate in etuva si macinate.
Continutul 1n clorofila s-a determinat printr-o mdsuratoare realizata pe frunzele
verzi in functie de indicele de transmitere al frunzelor Intr-o anumita lungime de
unda specifica clorofilei (Chlorophyll meter, SPAD 502, Minolta). Zece masuratori
au fost efectuate asupra fiecarei frunze, iar media a fost retinutd pentru a calcula
continutul de clorofila. O relatie intre indicele de transmitere si continutul de
clorofila a fost stabilita in laborator de Lebaube (2001), pentru frunze provenind
de la arbori de aceeasi varsta din aceeasi padure (Hesse). Relatia este una de
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forma:

concentratia in clorofila (milimol.m?) = 0,08x* + 11,597x — 98,548
in care x este valoarea indicelui de transmitere masurat cu SPAD.

4.2.3 Masuratori referitoare la sol

Datorita echipamentului, alcatuit din prea multe elemente, Inregistrarea
continutului de apa din sol nu s-a putut efectua intr-un numar mare de piete de
proba, tinand cont de faptul ca solurile se diferentiaza in special prin hidromorfie
si ca fagul este, prin excelentd, o specie cdreia nu ii prieste excesul de apd. S-au
efectuat, astfel, masuratori in doua locuri: intr-o piatd de proba situata pe tipul de
sol cel mai profund, unde urmele de hidromorfie sunt aproape absente si intr-o
piata de proba cu hidromorfia cea mai accentuata din intreg dispozitivul.

Cele doua tipuri de sol sunt cele mai reprezentative, ocupand 50, respectiv
28% din suprafata sitului studiat.

inregistrarea continutului de api din sol: misuritori de umiditate
volumetrici. In acest scop s-a utilizat un umidometru neutronic (Nordisk Elek-
trisk Apparatfabrik, Danemarca). Umiditatea s-a masurat pana la 160 cm 1n in-
teriorul solului, mai intai, cu un pas de 10 cm sub un metru adancime, apoi din
20 in 20 de cm. Esalonarea a fost facuta pentru fiecare dintre cele sase tuburi
utilizate (trei In prima piatd de proba si trei intr-a doua). Esantioanele de sol
au fost prelevate pentru masurarea umiditatii lor ponderale §i pentru masurarea
densitatii aparente cu ajutorul unui gamma-metru (Densimetre Campbell 501 B,
Logan, USA).

Observatiile au inceput in iulie 2000 in piata de probd 53. Fractiunea relativa
de apa disponibila (REW — Relative extractable Water) s-a calculat cu formula

REW = (R-Rmin)/RU

unde R - rezerva observatd la un moment dat, R - rezerva nominald, estimatd
prin masuratori ale continutului de apa la pF' = 4,2 facute in laborator (Quentin
et al., 2001), RU - rezerva utila, respectiv diferenta Intre rezerva maximala si
rezerva la pF'=4,2. Rezerva maximala este estimata dupa observatii de umiditate
volumica, alegand data de maxim, ceea ce corespunde unei inregistrari de iarna.

inregistrarea panzei de api freatici. Panza de api freatici, chiar si
temporard, poate cauza asfixierea radacinilor (Lévy et al., 1999). Observatiile
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efectuate prin sondarea cu burghiul arata ca panza de apa nu este de lunga durata,
insd se manifesta foarte aproape de suprafatd. Pentru determinarea caracteristi-
cilor panzei, in ianuarie 2001 s-au instalat cate cinci tuburi piezometrice, in cele
doua piete de proba in care se instalasera si sondele cu neutroni. Tuburile au avut
o adancime de 80 de cm si au fost golite dupa fiecare masuratoare.

Proprietitile chimice ale solului. Cu ocazia campaniei de masuratori asu-
pra respiratiei solului, realizatd in iulie 2001, esantioanele de sol au fost prel-
evate pana la o adancime de 90 de cm pentru analize chimice. Prelevarile s-au
efectuat in cate sase puncte din fiecare piata de proba, la o distanta de trei metri
intre zonele de prelevare. Pentru fiecare esantion s-a calculat pH-ul (apa si KCl),
continutul de carbon si azot.

B. Prezentarea si parametrizarea modelelor mecaniciste de bilant de
carbon

4.2.4 Prezentare modelelor mecaniciste de bilant de carbon si apa

Tinind cont de obiectivele studiului, s-au ales trei modele, cu o arhitectura
diferita, dintre care doua simuleaza cresterea, dar cu un nivel de detaliere diferit
cu privire la mecanismele de alocare si de repartizare a carbonului in arbore, care
sunt reflectate prin diferinte ale numarului de parametri ceruti.

Unul dintre aceste modele este BioME-BGC (Hunt §i Running, 1992; Thorn-
ton, 1998), care a servit ca referinta unor numeroase alte studii (VEMAP, 1995;
Kimball et al., 1997; Pan et al., 1998) si dispune de o serie de parametri automati,
ce permite aplicarea la un numair mare de specii forestiere. In afara fluxului de
carbon si de apa de la scara ecosistemului forestier, simuleaza, de asemenea, si
ciclul azotului. Legat de aceasta orientare vine si denumirea mult mai larga decat
cea de arboret i anume - Bio Geochemestry Cycle - stiind ca, initial, modelul
a plecat de la FOREST-BGC (Running et Coughlan, 1988; Running et Gower,
1991) care simuleaza productia unui arboret pe durata unui ciclu de productie
(www.forestry.umt.edu/ntsg).

Cel de-al doilea model este CASTANEA, dezvoltat la Universitatea Orsay
Paris XI (Duftréne et al., 2005). Acest model simuleaza toate fluxurile de carbon
si apd la scara intregului arboret, incluzand respiratia solului, si a fost calibrat si
aplicat deja 1n padurea Hesse (cf. Barbaroux, 2002).

Ultimul model, proxeL, . (Reichstein, 2001 si Reichstein et al., 2002) este
un model ce simuleaza fluxurile de apa si de carbon din sol si suprateran, Tnsa nu
si cresterea.
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Tabelul 13 Parametri de intrare pentru coronament ai modelelor mecaniste CASTANEA i PROXEL,

Parametru Unitati Valori Varlf:lb{lltatea
g spatiala

Indicile foliar m?- m? 4,7-17,89 oui

Raportul masa/suprafata al frunzelor de lumina €, itre seene M 74,3 -91,0 oui

Continutul de azot din frunze gN.m? 2,25 -2,62 oui

Capacitatea maxima de carboxilare a enzimei umol.m? s’ dupd modelul  non

ruBisco (Ve )¢

Capacitatea maxima de transport de electroni la

. 2. g1 3
nivelul de saturatie de lumina (VJ )" pmol - m*s dupd modelul non

Randamentul quantic de transport de electroni (a)™pumol - m?-s'  dupd modelul  non

Nota: spc : parametri ajustati pentru fiecare strat de coronament diferentiat de modulul de radiatie al CASTANEA si
PROXELNEE

4.2.5 Arhitectura generala a modelelor

Procesul de intrare si de iesire a carbonului (respectiv asimilatia i respiratia),
precum si bilantul hidric, sunt tratate de module distincte, functionand pe pasi
de timp scurti, si coordonate de variabile climatice si de fenologie. Pentru toate
modelele, modulul de asimilare este cuplat cu modulul de bilant hidric, prin inter-
mediul conductantei stomatice sau a conductantei coronamentului. Este cunoscut
faptul cd stomatele rdspund starii hidrice a solului, Inchizdndu-se din ce in ce mai
mult, pe masura ce solul se usuca si trece dincolo de un anumit prag, de ex. 40%
din valoarea rezervei utile de apd a solului, pana la Inchiderea totald (Schulze et
al., 1980; Aussenac et Valette, 1982; Graham et Running, 1984; Granier et al.,
1999).

Ciclul apei este bazat pe un calcul al cantitatii de apa interceptate de coro-
nament, si prin aceasta depinde de fenologie. Evaporatia solului si transpiratia
arboretului sunt estimate cu ajutorul unui modul de evapo-transpiratie, condus de
climat (temperatura, radiatii, presiunea saturata a vaporilor, viteza vantului), dar
si prin starea rezervei de apa a solului.

Desi reprezentarea geometricd a coronamentului este diferitd in cele trei
modele, simularea asimilarii carbonului urmeaza aceleasi doud etape, respectiv:
(1) distribuirea in cadrul diferitelor compartimente ale coronamentului a cantitatii
de radiatie care ar trebui sa le parvind, in functie de radiatia incidentd si (ii) es-
timarea fotosintezei realizate in fiecare dintre compartimente. In aceasti etapa
intervine cuplarea cu ciclul de apa prin intermediul conductantei stomatice sau a
coronamentului.
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Pentru modelele BIOME-BGC §i CASTANEA, modelarea merge mai departe de
aceasta etapa, deoarece se simuleaza si cresterea arborilor.

4.2.6 Simularea fluxurilor de carbon si de apa ale coronamentului

Reprezentiri ale coronamentului. Numeroase studii au aratat ca in corona-
ment se succed mai multi gradienti, care sunt dati de: (i) morfologie, frunzele
multor specii fiind mai mari si mai fine la baza coronamentului; gradientul verti-
cal priveste de asemeni anatomia lor precum si unghiul de insertie; (i1) compozitia
chimicd a frunzelor respectiv continutul in azot; (iii) conditiile de efectuare a
rariturilor.

Foarte multe procese fiziologice au loc la scara frunzei si prin urmare, nu
raspund liniar variabilelor climatice (Baldocchi si Harley, 1995). Se pune, deci,
intrebarea, asupra modului de a integrare a acestor fluxuri la scara intregului coro-
nament; modul de reprezentare a coronamentului ofera doua raspunsuri diferite
la aceasta Intrebare.

Modalitatea cea mai simpla consistd in a reprezenta coronamentul sub forma
unei singure frunze (model “big leaf”). Modelul BiIoME-BGC este un exemplu de
model bazat pe acest tip de reprezentare, doar ca diferenta intre cele doud tipuri
de frunze, de lumina si de umbra; fluxurile de carbon sunt calculate direct la scara
coronamentului. Alegerea unui model de acest tip se justifica prin obiectivele
modelului BIOME-BGC, de a reproduce la scard mare fluxuri si cresteri, in functie de
perioade de timp lungi, de exemplu perioada unui ciclu de productie. In al doilea
mod de reprezentare, coronamentul este profilat in straturi de frunze de marime
constantd In functie de indicele suprafetei foliare. Asimilarea va fi calculata strat
cu strat, fiind apoi cumulata, pentru a obtine asimilarea totald a coronamentului.
Straturile sunt considerate omogene in plan orizontal, ca in modelul anterior.
Lista parametrilor folositi pentru aplicarea modelului BIoME-BGC pe suprafetele
de monitoring este data in tabelul 14.

Fiecare strat de frunze are proprietati si parametri fotosintetici caracteristici.
Modelele multistrat prezintd un mod care adapteaza parametrii foliari, bazandu-
se pe cumularea indicelui suprafetei foliare dinspre varf spre baza coronamen-
tului. Profilul indicelui suprafetei foliare, la randul lui, este modelat de legea
Beer-Lambert. In modelul casTanEa, acest profil determina raportul dintre masa
si suprafata foliara a straturilor de care depinde distributia azotului foliar si, deci,
capacitatea de fotosinteza. Reprezentarea coronamentului in mai multe straturi
necesitd calculul unui bilant de energie mult mai complex decat in cazul frun-
zei unice. Pentru fiecare dintre bilanturile radiative, calculele sunt efectuate pen-
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Tabelul 14 Lista parametrilor folositi pentru aplicarea modelului BIoME-BGC in suprafetele de monitoring

Parametru Unitati Provenienta Valori

C : N ale frunzelor - Hesse, specific 17,85 - 21,56
Coeficientul de interceptare de apa LATI!'-zi!  debaza 0,041
Cocficient de extinctie a luminii - Hesse, specific 0,3-0,45*
Indice foliar specific m?-kgC!  Hesse, specific 27-32
Raport SLA  /SLA . - Hesse, specific 1,8-2
Procentul de azot in RUBISCO - Hesse 0,3
Conductantd stomatica maximala m-s’! Hesse 0,015
Conductanta cuticulara m-s’! de baza 0,00001
Potential hidric foliar: inceperea reducerii conductantei MPa de baza -0,6
Potential hidric foliar: reducerea completd a conductantei MPa de baza -2.3
CDOenfiicéi tc:; gs:ituragie de apa in aer: inceperea reducerii Pa de bazi 930
Deficit de saturatie de apa in aer: reducerea completd a Pa de bazi 4100

conductantei

Nota: a: variaza pentru suprafetele rarite, chiar daca modelul s-a dovedit a fi putin sensibil fata de acest coeficient

tru doud game de lungime de unda distincte: apropiat infrarosu si PAR (radiatie
fotosintetica activa). Calculul, de asemenea, se face separat pentru radiatia difuza
si directd, ingloband coeficienti de extinctie specifici. Calculul fluxului de iesire
se bazeaza pe un profil de atenuare a vitezei vantului in coronament, dupa algorit-
mul lui Landsberg (1986).

Estimarea fluxurilor de apa. Evapotranspiratia este calculata, in modelele
BIOME-BGC §1 CASTANEA, dupd modelul lui Penman-Monteith (Penman-Monteith,
FAO 56 http://www.nc-climate.ncsu.edu/et), aplicat celor doud fractiuni, de
lumina si de umbra, ale coronamentului. Ecuatia de estimare a transpiratiei face
sa intervind conductanta somatica a coronamentului. Pentru CASTANEA este vorba
despre suma conductantelor pentru fiecare din stratele de frunze identificate. Cel
de-al treilea model, PROXEL , nu utilizeaza calculul Penman-Monteith pentru
transpiratie, ci pentru un bilant de energie mai complex, care serveste, de aseme-
nea, calculului fotosintezei. Astfel, existd doud abordari: fie bilantul de energie
este calculat la scara coronamentului, fie este calculat pentru fiecare strat.

Asimilarea carbonului. Fluxurile de intrare. Pentru a asimila fotosinteza
coronamentului, modelele se bazeaza pe doua sisteme de ecuatii complementare
si in interactiune: unul descrie conductanta stomatica, deci conditioneaza posibil-
itatea de a intra carbon in frunze sau in coronament, iar cel de-al doilea calculeaza
asimilarea neta in functie de variabilele climatice si de conductanta stomatica. In
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metoda de calcul a conductantei stomatice pentru dioxidul de carbon se regaseste
o relatie referitoare la modul de reprezentare a coronamentului, in special posi-
bilitatea pe care o ofera modelele multistrat de a integra interactiunile dintre pro-
cese. Astfel BIOME-BGC se bazeazd pe sistemul de ecuatii Jarvis si Morison (1981),
modificate de Running si Coughlan (1988) si Leuning (1990). In acelasi timp,
PROXEL, .. $1 CASTANEA se bazeaza pe sistemele de ecuatii Ball et al. (1987). Dupa
Jarvis et Morison (1981), implementat in BIOME-BGC, conductanta stomatica nu
depinde atat de variabilele climatice, ci de starea hidrica a solului. In modelul
PROXEL, .., fluxurile de apd din sol si legdtura dintre starea hidricd a solului si
transpiratie sunt cel mai fin descrise. Numadrul §i natura parametrilor arata acest
grad de detaliu (tabel 15).

Fata de conductanta stomaticd, fotosinteza neta este calculatd in toate modele-
le dupa acelasi sistem de ecuatii ale lui Farquar et al. (1980), cu cateva modificari
specifice. Pentru BioME-BGC, Leuning (1980) si Field et Mooney (1986) descriu
o dependenta a asimilarii de masa de azot foliar pe unitatea de masa. Woodrow
si Berry (1988) descriu o dependentd a parametrilor de cinetica enzimaticd, cu
temperatura. Pentru PrOXEL, ., Farquar si Von Caemmerer (1982) ia in consider-
are 1n acelasi timp si efectul de deschidere a stomatelor cu iluminarea si efectul
temperaturii asupra cineticii enzimatice. Pentru cAsTanea, Epron et al. (1995 tin
cont in mod explicit de rezistenta interna la difuziunea dioxidului de carbon.

Fenologia. Fenologia este integratd In modelare In doua moduri: fie este
simulata, ca ITn modelele BIOME-BGC $1 CASTANEA, fie este incorporata ca o variabila
zilnicd i estimata inainte de a aplica modelul. Data deschiderii mugurilor este
condusa de temperaturd si de durata zilei pentru cele doud modele BIOME-BGC $i
CASTANEA, dupd modelul lui White et al. (1997), dinamica dezvoltarii frunzelor
fiind diferitd intre modele, modulul fenologic al BiIoME-BGC calculand numai ziua
deschiderii mugurilor, fatd de CASTANEA, 1n care existd un modul suplimentar de

Tabelul 15 Principalii parametri hidrologici de intrare necesari modelului PROXEL,

Parametri Unitati Provenienta Variabilitatea
Limitele straturilor pedologice m Hesse, specific dupa tipul de sol
Porozitatea totala m?-m? Hesse, specific dupa tipul de sol
Umiditatea reziduala m*-m3  Hesse, specific dupa tipul de sol
Van Genuchten n - de baza

Van Genuchten a cm’! de baza

Conductivitatea la saturatie cm-s’! Hesse, specific dupa tipul de sol
Desimea radacinilor cm-cm?  de baza

Parametrul de distributie a radacinilor - de baza
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simulare a dinamicii anuale a indicelui suprafetei foliare. Acest modul face deo-
sebire intre cresterea suprafetei frunzei si grosimea ei zilnica.

Cresterea 1n suprafata. Punctul de pornire este dat de ziua de-
schiderii mugurilor, de la care incepe cresterea suprafetei frunzei, care depinde
de temperaturile cumulate initializate din acea zi. Oprirea cresterii este calculata
ca fiind ziua in care suprafata cumulata a frunzelor corespunde cu indicele foliar
maxim, introdus ca un parametru de intrare al modelului.

Cresterea in grosime. Evolutia raportului dintre masa si suprafata
frunzei este calculatd in functie de cantitdtile de radiatii absorbite (radiatia
fotosintetica activa, difuza si directd). Acest calcul este realizat separat pentru
fiecare strat al coronamentului.

Distributia carbonului asimilat

(a) Alocarea si cresterea. Cresterea diferitelor compartimentelor este
reprezentatd In modelele care necesitd luarea in considerare a trei procese de
baza: alocarea carbonului asimilat de catre aparatul fotosintetic, respiratia de
intretinere si de crestere a acestor compartimente, si cresterea ca atare. Asadar, rez-
ervele arborelui trebuie luate in calcul. Pentru majoritatea mecanismelor incluse
in modele, este reprodusad dinamica intra-anuala. Compartimentele diferentiate
in CASTANEA si BIOME-BGC sunt: frunzele, partea aeriana (trunchiul si ramurile),
partea subterana (radacinile mari si mici) si rezervele. Rezervele apar ca un organ
separat. Modelele cASTANEA si BIOME-BGC diferd foarte mult sub raportul schemei
de alocare. In prima parte a sezonului de vegetatie, alocarea este dirijata spre
frunze, in mod prioritar, in modelul CASTANEA. in modelul BiOME-BGC, alocarea
spre frunze este constantd. Schema de alocare se bazeazd, in cele doua mod-
ele, pe ipoteza centrald, potrivit careia distributia carbonului respecta legile bi-
ometriei. Potrivit Waring si Pitman (1985), prioritatea investitiilor in carbon este
datd mugurilor si frunzelor, care controleaza cresterea celorlalte organe, odata cu
conditiile climatice.

Aceste principii fundamentale sunt comune pentru cele doud modele, dar
aplicarea lor este diferitd, deoarece se aplica zilnic Tn modelul cASTANEA si anual
pentru BIOME-BGC. Motivul principal pentru care aplicarea este anuala in modelul
BIOME-BGC consta in faptul cd investitia in carbon este calculata dupa ce s-a calcu-
lat bilantul global anual, la sfarsitul sezonului de vegetatie.

In modelul casTanEa, cresterea frunzelor este dati de modelul fenologic:
frunzele constituie obiectivul principal de investitie in carbon pana la obtinerea
indicelui foliar maxim. Cand cresterea frunzelor este terminata, cantitatile de car-
bon disponibile pentru cresterea celorlalte organe este egala cu fotosinteza, mi-
nus respiratia autotrofa. Cand aceasta diferenta este negativa, rezervele arborilor
sunt folosite pentru a compensa deficitul si pentru a asigura cresterea frunzelor.
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In aceasta situatie, cresterea celorlalte organe este nuli. Rezervele nu se mai fo-
losesc cand rezultatul dintre fotosinteza netd minus respiratia autotrofa, minus
constructia si respiratia frunzelor devine pozitiv. Asadar, modulul de alocare
zilnicd permite o modificare si adaptare a schemei de alocare in cursul sezonului
de vegetatie, in functie de conditiile de crestere. Pe de altd parte, schema de alo-
care BIOME-BGC este constanta atit in sezonul de vegetatie cat si in cel anual.

(b) Respiratia autotrofi. In aceste modele sunt considerate trei tipuri de
respiratie: respiratia legatd de respiratia tesuturilor vii, respiratia indusa de fenom-
enele de crestere, respiratia legatd de degradarea materiei organice care are loc
numai in sol (respiratia heterotrofd). Asadar, respiratia solului este constituitd din
doud componente: respiratia raddcinilor (respiratie autotrofa), si respiratia legata
de degradarea materiei organice (respiratie heterotrofa), detaliata in paragraful
2.5.

Potrivit Kramer si Kozlowski (1979), rata respiratiei de intretinere este o
functie a procentului de tesuturi vii din organe. Modelarea respiratiei de intretinere
a frunzelor apeleaza la acelasi principiu si pentru celelalte organe, fiind bazata pe
modelul empiric a lui Ryan (1991), potrivit cdruia respiratia zilnica a unui organ,
la 20° C, este proportionala cu continutul in azot a acestui organ:

CF, = 0,218 N

Valoarea 0,218 reprezintd masa carbonului emis prin respiratie a organului
respectiv, la o temperatura standard de 20 °C.

In modelul cASTANEA, respiratia de intretinere a rezervelor este considerati
nuld, deoarece este deja inclusa in calculul respiratiei celorlalte organe. Asadar,
aceasta respiratie depinde de clima si de cresterea realizata, ce aduc la zi valorile
de biomasa ale organelor.

(c) Respiratia heterotrofa. Modelele bilantului de carbon au module de
respiratie foarte complexe, imprumutate direct de la alte modele anterioare: cal-
culul de respiratiei heterotrofe din proxel provine din modelul icBm (Introductory
Carbon Balance Model, Andrén si Kéterrer, 1997), iar cel din CASTANEA provine
din modelul cenTury. Determinarea respiratiei heterotrofe se bazeaza, in mare
parte, pe temperaturd si potentialul hidric al solului (umiditatea solului). Rez-
ervele de carbon diferentiate sunt similare intre modele. Litiera constituie prima
rezerva, care este consideratd cea mai labila, iar cea de-a doua rezerva, mult mai
stabila, este carbonul din sol. “Turn-over’-ul acestei rezerve este de ordinul unui
deceniu. In modelele CASTANEA si BIOME-BGC, 0 a treia rezervi, care este luatd in
considerare, constituie o forma foarte stabila de carbon, al carui “turn-over’-ul
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este de ordinul unui mileniu. In aceste modele, litiera nu este numai degradata, ci
este si transformatd 1n carbon mai stabil, ceea ce permite o estimare a evolutiei
intra-anuale.

4.2.7 Concluzii in urma compararii modelelor

Modelul proXEL, . se deosebeste de celelalte prin faptul ca este un model
bazat de fluxurile coronamentului, care nu iau in considerare mecanismele de
alocare a carbonului, a azotului, sau pe cele de crestere. Acest model este un
model partial, care se concentreaza asupra fluxurilor coronamentului. Determina-
rea fluxurilor coronamentului este asemanatoare cu cea din modelul CASTANEA,
deoarece acest model reprezintd coronamentul ca pe un ansamblu de straturi ori-
zontale, in care variabilitatea verticald a proprietatii frunzelor este prezentata in
mod explicit. Conexiunea cu ciclul de azot nu se face decat printr-un set de para-
metri (ca de exemplu continutul de azot al frunzelor), care nu variaza pe parcur-
sul sezonului de vegetatie. In acest sens, cele doud modele diferd de BIOME-BGC,
care tine cont de ciclul azotului in mod explicit prin relatia dintre continutul n
azot al frunzelor, a litierei si al solului, si care influenteaza cresterea foliara sau
rata de investitie a carbonului in frunze si in radacini.

4.3 Rezultate
4.3.1 Productivitatea anuala

La nivel de arboret. Suprafetele alese pentru analiza productivitatii arbo-
retelor sunt situate pe trei tipuri de sol diferite: solul tip NbOr, cel mai hidromorf,
tipul BO cel mai putin hidromorf si tipul intermediar BOr. Suprafetele au fost
in plus stratificate pe doua clase: cele rarite si cele martor (tabelul 16). Carac-
teristicile lor dendrometrice sunt foarte variabile, deoarece s-au ales suprafete
care ofera situatii diferite, pentru a asigura ca efectele sd poate fi surprinse. De
asemenea, mai este si indicele foliar, foarte variabil intre suprafete, acesta fiind
sistematic mai mic in suprafetele rarite. Una dintre suprafete are o varsta putin
mai mare, 50 de ani in loc de 30.

Aceste discrepante ale caracteristicilor se regdsesc si in ratele de crestere
observate 1n anii 2000 si 2001, exprimate in suprafatd de baza, biomasa aeriand
sau volum pe picior (tabelul 16).

In 2000, cresterea medie in suprafatd de baza a fost de 1,5 m?-ha”!, adica 11,5
Tms - ha'! sau 14,3 m’- ha'! din volumul total. Productia de biomasa reprezinta
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in jur de 9,7% din biomasa totala pe picior, in medie, pentru cele patru unitati
de productie. In 2001 productivitatea a fost mai mica, scazand la 1,2 m?- ha''din
suprafatd de baza, 9,6 Tms - ha! din biomasa care corespunde la 12,1 m*-ha'! in
volum. Ca maxim, s-a observat o crestere de 1,9 m? in doud suprafete in anul
2000, ceea ce a reprezentat o ratd de 10%! Calculele de productie au ardtat ca
exista o variabilitate spatiald mare, variabilitate intre pietele de monitoring insta-
late. Aceasta variabilitate era prevazuta, asa cum a fost prezentata in introducerea
lucrarii, pentru ca s-a observat o variabilitate a fluxurilor de carbon si de apa prin
masuratori tip “Eddy-covariance”. Ele sunt, asadar, confirmate prin observatiile
de teren.

Nivelul productivitatii observat in 2000 este unul exceptional. Acest an a of-
erit, intra-devar, niste conditii optime de crestere: temperatura medie a sezonului
de vegetatie a fost comparabila cu cea din 2001 dar, numai intre mai si august, au
cazut 100 mm 1n plus in 2000. Asadar, anul 2000 a reprezentat o referinta, un an
martor fara seceta.

La nivel intra-arboret. Masuratorile de circumferinta realizate in suprafetele
de proba au fost insotite de estimarea pozitiei sociale a fiecdrui arbore din
suprafatd dupd clasele ‘sociale’ sau cenotice Kraft. Aceasta clasificare, repetata
in fiecare an, a permis sa fie monitorizat si documentat caracterul dinamic al lim-
itelor claselor de circumferintd care determina fiecare clasd Kraft. Clasificarea
arborilor s-a efectuat pe teren pentru fiecare arbore care intra in pietele de proba.

Tabelul 16 Suprafata de baza (G, m*-ha'), volumul pe picior (V, m* ha') si biomasa aeriand (masa uscata
- B, Tms - ha'') a arboretelor monitorizate
Anul 2000 Crestere 2000 Stare 2001 Crestere 2001
Suprafatda Stare G A\ B AG AV AB G \Y B AG AV AB

128 M 232 207 159 1,3 13,6 124 245 220 172 08 87 7.8
24 M 241 188 128 1,5 148 11,7 257 203 140 12 11,6 93
35 M 237 196 140 14 138 11,6 251 210 151 09 96 82
53 M 204 160 110 1,0 11,0 92 214 171 119 06 68 6,1
93 M 32,6 247 167 1,5 142 10,9
73 R 193 152 105 1,9 17,5 134 212 169 118 1,6 152 121
75 R 20,7 169 120 1,9 18,7 150 22,6 188 135 10 9.8 83
91 R 172 142 100 14 12,8 102 186 155 111 1,7 17,0 14,0
106 R 200 148 98 13 12,1 90 21,3 160 107 1,5 134 10,1

CarboEuro R 19,7 154 106 1,6 148 11,3 21,3 169 117 15 14,1 109
Medie  Total 20,9 168 118 1,5 143 11,5 234 189 134 12 12,1 96
Medie M 229 188 134 1,3 133 112 259 210 150 1,0 102 85

Medie R 19,4 153 106 1,6 152 11,8 21,0 168 118 1,5 13,9 11,1
Nota: M: martor, R: rarit.
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Afectarea claselor fiind bazata pe o examinare vizuala exista desigur un oarecare
nivel de imprecizie dar aprecierea vizuala s-a dovedit a fi foarte bine corelatd de
histograma distributiei diametrelor.

Prin stratificare, s-a putut estima cresterea medie pentru fiecare clasa sociala
(sunt grupati arborii dominanti din clasele IV si V; tabelul 17) si contributia la
productivitatea totald a arboretului. Astfel, s-au pus in evidenta niste fenomene
cunoscute dar putin documentate si cuantificate: (i) dupa o rariturd, contributia
arborilor din sub-etaj si arborii dominati este substantiala, putand sa ajungd pana
la 32% din productia totala; (ii) dupd ce deschiderea facutd in coronament de
raritura este inchisa, productia arborilor co-dominanti §i dominanti reprezinta in-
tre 75 pana la 80% din productivitatea totala a arboretului.

Cu alte cuvinte, trei sferturi sau doua treimi din productivitatea anuala este
realizatd de numai 25% din arbori. Acest rezultat aratd ca esantionajele ecofizio-
logice sunt valabile, chiar daca sunt de obicei focalizate pe arbori co-dominanti si
dominanti, deoarece arborii din aceste clase reprezintd esentialul productivitatii.
Arborii de dimensiuni mici nu pot fi Insd analizati cu echipamentele obisnuite:
gaura pentru sonda de flux de seva s-ar resimti puternic in nivelul de precizie al
masuratorilor obtinute.

Simularea bilanturilor de carbon sau a productivitatii prin modele mec-
aniciste. Modelele PROXEL, . $i CASTANEA au fost implementate pe suprafetele
de monitorizare a cresterii, folosindu-se datele meteorologice masurate pe situl
CarboEuroflux. Parametrii esentiali ai acestor modele au fost masurati pe teren
sau evaluati dupa analize de laborator, pentru a permite o parametrizare specifica
fiecarei suprafete de proba.

Valorile de asimilare bruta (GPP: Gross Primary Production) simulate de
fiecare model sunt diferite, dar sunt ambele foarte ridicate (tabelul 18): in medie
1929 gC - m™ (in 2000) si 1456 gC -m? (in 2001) pentru CASTANEA, iar 1419 gC -
m~ in 2000 pentru PROXEL .

Toate estimdrile sunt exprimate in gC -m?- C__se refera la cresterea aeriana
totald, A, la asimilarea bruta a coronamentului, NEP se refera la bilantul de
carbon.

Nivelele de fotosinteza simulate de modelul BIOME-BGC sunt cu mult mai
mici (tabelul 18), fiind numai 1210 gC - m?, ceea ce se poate explica prin esecul
simularii dinamicii intra-anuale a indiciului suprafetei foliare: in ciuda faptu-
lui ca indicele suprafetei foliare, maxim simulat, are un nivel corect (datorita
unei parametrizari potrivite §i precise), valoarea maxima este obtinuta prea tarziu
(figura 19) in cursul sezonului de vegetatie (in sfarsitul lui august). Astfel, mode-
lul calculeazad termenele bilantului de carbon si de apa pentru primele trei luni
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Tabelul 17 Cresterea radiald dedusi din monitorizarea prin micro-dendrometre, in functie de suprafati si
de clasa Kraft

Clasa Kraft Medie R M 128 24 35 53 73 75 91 106
M M M M R R R R

2000 Dominant 2,55 291 220 246 193 231 2,12 264 281 3,76 241
Codominant 2,14 2,23 2,05 2,01 2,17 1,99 2,03 25 2,14 231 187
Dominat 1,05 1,09 1,02 089 1,12 1,01 1,05 1,00 1,09 093 133
Total 205 22418 188 5 1,818 1,886 1,837 2352 2,103 2,571 1,96 4

2001 Dominant 2.27 2.69 1.85 196 1.65 186 194 244 275 329 229
Codominant 1.94 2.14 1.74 193 1.89 158 158 226 210 231 187
Dominat 097 1.00 0.94 0.95 1.04 086 090 0.77 099 091 133
Total 1.87 211 159 1.70 5 1.577 1518 1.596 2.092 2,043 2371 1924

cu niste valoari ale indicelui foliar mult prea mici (intre 2 si 4 m?-m™). Iar din
pacate, dinamica indiceului suprafetei foliare nu poate fi fortatd sa se potriveasca
observatiilor de teren.

Estimarile asimilarii brute calculate de CASTANEA §i PROXEL, . sunt din acelasi
ordin de marime ca si cele deduse din observatiile facute pe situl CarboEuroflux
cu metoda ,,Eddy covariance” si care ajung la 1555 si 1596 gC.m in anii 2000
si respectiv 2001 (figura 20). Diferentele observate pentru unele suprafete, intre
simuldri realizate de CASTANEA si cele de PROXEL, . pot fi explicate prin faptul
ca modelul ProxeL, ., avand o structurd mai simpld decat modelul CASTANEA,
foloseste unii parametri de fotosinteza care nu sunt specifici sitului din Hesse si
au tendinta de a limita fotosinteza. Intr-adevir, studiile de laborator au demonstrat
faptul cd, in padurea de la Hesse, datoritd unei fertilitati foarte ridicate, capaci-
tatea fotosintetica este foarte ridicata si depaseste, in medie, valorile observate in
alte fagete.

Pe de alta parte, se remarca un rezultat observat in aproape toate arboretele,
si pe punctul de a deveni o axioma: respiratia autotrofd reprezinta in jur de 50%
din asimilatia brutd, bilantul net NPP reprezentand deci, o jumatate din asimilatia
bruta (Medlyn, 1998; Mikela si Valentine, 2001).

Suma valorilor de respiratie autotrofa si heterotrofa, numitd respiratia eco-
sistemului (R ), este estimata de modelele CASTANEA i BIOME-BGC, dar modelul
PROXEL, .. nu 0 simuleaza, pentru ca este un model doar al coronamentului. Mod-
elele CASTANEA §i BIOME-BGC au calculate niste valori diferite de R . Valorile R
estimate de CASTANEA au fost sistematic mai mari decat cele estimate de BIOME-
BGC: in 2000 s-au estimat 1305 gC - m™ pentru CASTANEA, respectiv 1026 gC - m™
pentru BIOME-BGC. Este de subliniat faptul ca valorilor estimate sunt foarte apro-
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Tabelul 18 Valorile medii ale estimirilor realizate in colectia de suprafete de probd, folosind trei modele
mecaniciste, in comparatie cu estimarile derivate de inventariere si masuratorile de flux

Inventariere Masuratori de flux CASTANEA BIOME-BGC PROXEL
An C.. A, .. NEP C. A, NEP A NEP A,. NEP
2000 medie 558 1555 812 336 1929 1038 1210 422 1419 711
minim 433 226 1817 901 905 234 1254 554
maxim 728 480 2014 1119 1300 538 1549 829
2001 medie 465 1596 849 210 1456 631 1159 402 - -
minim 293 66 1291 501 1020 356
maxim 676 330 1549 737 1208 423

Nota: Toate estimdrile sunt exprimate in gC-m™- C__se referd la cresterea aeriand totald, A,  la asimilarea brutd a
coronamentului, NEP se refera la bilantul de carbon

priate de valorile deduse din mésuratorile “Eddy-Covariance”, care sunt de 1021
si 1014 gC - m™2,1n 2000 si, respectiv 2001; cu precadere, respiratia autotrofa este
proportionald intre suprafete.

Modelele de bilant de carbon au fost aplicate, intre altele, pentru a analiza
in mod cantitativ motivele pentru care nivelul de productivitate variaza intre
suprafete. Studiul beneficiaza de capacitatea modelelor de a ierarhiza factorii ce
pot determina variabilitatea spatiala observata prin monitoring. O parte din rezul-
tatele acestui exercitiu au fost puse in valoare de Davi et al. (2006), cu scopul de

—— CASTANEA ——PROXELnee ——BIOME-BGC

m-2
~

Indicele foliar m? -

0 50 100 150 200 250 300 350 400

Zi

Fig. 19 Dinamica intra-anuald a valorilor de indicelui foliar observate pe situl CarboEuroflux in 2000
(PROXELnee) sau simulate de CASTANEA sau de BIOME-BGC
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a demonstra impactul variabilitatii parametrilor esentiali ai modelului CAsTANEA
asupra bilantului de carbon.

Prima, daca nu chiar cea mai mare dificultate de a compara modelarile cu
observatiile din teren, este cea de a gasi un element de comparatie, comun la
modelarii si observatiei. Modelele simuleaza mai ales fluxuri, iar masuratorile
din teren observa o rezultanta a acestor fluxuri. Termenul comun este, asadar,
productivitatea primara neta (Net Primary Productivity in engleza, NPP). Acest
termen poate fi interpretat ca un bilant care priveste numai arborii. La prima ve-
dere, simuldrile productivitatii sunt in gama de variatie observate pe teren (tabel
18) sau al fluxurilor masurate prin tehnica “Eddy covairance”. Calculul de NPP,
bazat pe observatiile de teren, cere estimarea cresterii partilor aeriane §i sub-
terane, a productiei frunzelor, si, cu toatd rigoarea, a mortalitdti organelor si a
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Fig. 20 Corelatie intre fotosinteza bruta simulata (la stanga) sau NPP simulata (dreapta) si NPP de teren
pentru anii 2000 si 2001
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arborilor. Componentele esentiale si preponderente ale NPP-ului sunt cresterea si
productia de frunze: primul se deduce din compararea inventarierilor, al doilea a
fost estimat prin culegerea frunzelor de litierd (cf. Bouriaud et al. 2003).

Potrivit masuratorilor de teren, productia primara NPP este foarte mare in
ambii ani, fiind de 790 si 681 gC - m™ in medie pentru 2000 si 2001 respectiv, iar
gama de variatie este, de asemenea, foarte mare, cu 333 si 453 gC -m™, adica mai
mult jumatate din valorea medie. Estimarile fluxurilor sunt prezentate in tabelul
19.

Gama de variatie simulatd este variabild, ceea ce arata cd modelele au re-
produs variabilitatea terenului (cf. tabelului 20 pentru modelul Castanga). De
asemenea, modelele au simulat corect faptul cd variabilitatea este mai mare in
2000 decat in 2001, an mult mai uscat. Dar corelatiile dintre valorile NPP simu-
late si cele rezultand din masuratorile de teren sunt modeste si mai mici in 2000
decat in 2001. Acest rezultat este foarte interesant, in primul caz explicatia ar
putea fi aceea ca exercitiul de modelare nu a fost un succes, pentru ca devierile
mai mari din 2000 decat din 2001 ne arata faptul ca importanta parametrilor si
a factorilor luati In considerare in modele nu au intotdeauna aceeasi influentd
asupra productivitatii.

Mai in detaliu, este necesar ca fiecare factor sa fie analizat separat, si sa fie
dovedita influenta lui asupra productiei lemnoase, a respiratiei si, in fine, asupra
productivitatii. Un astfel de test se numeste test de sensibilitate si consta in reali-
zarea unor simuldri succesive, in care un factor sau un parametru prinde valori
crescatoare, Intr-o gamd foarte largd. Impactul variabilitdtii acestui factor este
comparat cu impactul obtinut de un alt parametru. Modelul ales pentru test este
modelul cel mai evoluat, CASTANEA, ce permite a fi modelata si cresterea arbo-
rilor, pentru ca acest model dispune de un modul de alocare dinamic a carbonului.
Valorile nominale ale parametrelor folositi pentru test sunt date in tabelul 21, iar
rezultatele testului in tabelul 22.

Testele de sensibilitate sunt foarte frecvente si necesare in procesul de dez-
voltare a modelului, dar rareori sunt confruntate cu o gama de valori reale. In
cadrul lucrarii, datoritd esantionajului, gama de variatie a parametrilor este mare,
iar estimarile de teren permit o validare prin comparare cu fluxurile simulate.
Asadar, testul este util pentru a evalua modelul, ceea ce duce la perfectionarea
lui, iar sensibilitatea respectiva a parametrilor ne invata care sunt caracteristicile
variabile spatial care au cea mai mare influenta.

Rezultatele testului au aratat ca: (i) influenta rezervei utile este mai mare
in 2001 decat in 2000, fapt asteptat avand in vedere diferenta substantiald de
precipitatii dintre acesti doi ani. Din contrd, influenta indicelui foliar este mai
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Tabelul 19 Estimarile diferitelor fluxuri ale bilantului de carbon dupa modelul CASTANEA

2000 2001
Suprafata  CAV Frunze = ANPP  NPP CAV Frunze ANPP NPP
128 602 121 723 827 378 126 504 570
24 564 137 702 802 451 156 606 686
35 563 153 716 815 395 148 543 613
53 443 137 580 658 293 128 421 472
93 - - - - 587 119 706 772
73 651 136 787 903 529 149 678 811
75 728 134 862 991 402 142 544 538
91 493 92 585 672 676 130 806 925
106 433 117 550 627 488 146 635 722
CarboEur. 549 176 725 804 530 158 687 800

Nota: CAV: cresterea anuala volumetrica, NPP: productivitatea primara netd, ANPP: productivitatea primara neta

aeriana.

Tabelul 20 Estimarile diferitelor fluxuri ale bilantului de carbon dupd modelul CASTANEA [in gC - m?]

Suprafata ~ Starea Bilant 2000 Bilant 2001
A,, R, R._~ NPP NEP A R R __ NPP NEP

128 M 2014 909 418 1105 687 1534 851 364 1170 319
24 M 1908 954 429 954 525 1441 850 372 1069 219
35 M 1820 920 424 900 477 1429 855 363 1066 211
53 M 2007 951 429 1056 627 1453 824 374 1079 255
73 R 1884 820 394 1064 671 1366 769 332 1033 264
75 R 1817 819 396 998 602 1291 790 339 952 162
91 R 1934 838 398 1056 699 1549 811 337 1212 401
106 R 1984 865 411 1119 708 1498 799 351 1148 349

CarboEuro. R 1996 943 430 1053 623 1543 867 376 1167 300

Notd: A : asimilare brutd, R : respiratia autotrofa (a arborilor), R,

: respiratia heterotrofa, NPP: productivita-

etero

tea primara neta, NEP: productivitatea neta a ecosistemului.

mare in 2000 decat in 2001; (ii) existd o ierarhizare a parametrilor foarte clara:
rezerva utila este parametrul cel mai influent in 2001, mai ales pe asimilarea
bruta, avand si o corelatie cu productia aeriana estimata de teren de 0,39, si cu
productia aeriand simulatd de 0,42. Aceasta urmeaza indicele foliar, cu 0,42 1n
2001, si LMA (Leaf Mass Area), dar cu o influentd mai modesta.

Indicele foliar este preponderent in determinarea transpiratiei si a fotosintezei
pentru ca descrie suprafata schimburilor de flux de apa, de carbon si de energie.
Fotosinteza este foarte strans legata de indicele foliar n modele, dar observatiile
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de teren nu confirma intotdeauna acest lucru, pentru ca gama largd de variabili-
tate a indicelui foliar a fost obtinutd punand impreuna niste suprafete situate in
arborete rarite si suprafete situate In arborete martor, cu indici mai mari (figura
21). Asadar, gradientul indicelui foliar nu permite o analiza a efectului propriu,
pentru ca intervine efectul rariturii. Intr-adevir, asa cum a fost descris mai sus, s-
a observat cd, spre deosebire de suprafetele martor, toti arborii din arboret contri-
buie in mod sensibil la productivitatea totald a arboretului. Motivele pentru care
productivitatea, raportatd la indicele foliar este mai mare in suprafetele rarite,
este discutatd in paragraful 4 al acestui capitol.

Tabelul 21 Parametri principali folositi pentru testul de sensibilitate cu modelul CASTANEA

Suprafatd Rezerva utila Az.ot _1:oliar Ll\./IA>2 Incii.ce goliar Bior?as_a;l aeriand
(mm) (g m?) (gm®) (m* m?) (gC-m=)

2000 2001 2000 2001
128 140 2,4 83,0 6,9 7,2 8346 8619
24 130 2,3 91,0 7,9 7,1 6688 6904
35 130 2,6 74,3 6,7 6,7 7268 7520
53 130 2,4 87,9 7,5 8,5 5901 6176
73 105 2,3 91,2 4,7 5,7 5748 5967
75 86 2,5 75,6 4,7 6,9 6429 6541
91 149 2,6 85,1 4,7 5,8 5562 5893
106 140 2,6 81,2 59 6,4 5444 5783
CarboEuro. 140 2,4 83,0 7,3 7,3 5737 5980
Fara variatii 128 2,46 83,6 6,3 6,9 6347 6598

Nota: Linia ‘fara variatii’ arata valoarea “universala’ i constantd a parametrului folositd cand parametrul respectiv este

considerat fix.

Tabelul 22 Rezultatele testului de sensibilitate realizat

Parametri Fluxuri modelate Corelatia cu cresterea
A, R, NEE Crest. Asimilare NEE Crestere
2000 2001 2000 2001 2000 2001
Toti, specifici 1694 857 448 433 -0,61 039 -0,21 0,65 -0,08 042
Constant : RU 1687 856 442 422 -0,59 0,09 -0,18 047 -0,06 0,20
Azot foliar 1695 858 448 432 -0,41 035 -0,15 0,64 -0,04 0,44
LMA 1696 858 450 434 -0,54 030 -0,17 0,63 -0,08 042
Indice foliar 1707 863 455 437 -0,19 049 -0,21 0,31 -0,29 0,31
Biomasa aeriana 1694 865 441 429 -0,61 039 -0,17 0,59 -0,02 0,41
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Studiul a pus 1n evidenta un rezultat foarte interesant i destul de surprinzator,
potrivit caruia fotosinteza bruta este destul de putin variabila Intre suprafete (ta-
belul 23). Gama de variatie este de 197 gC -m™, ceea ce nu reprezintd mult fata
de valoarea medie calculatd pentru cele 9 suprafete studiate: 6%. ProxEL . este
modelul care simuleazd ceea mai mare variabilitate intre suprafete, dar variatia
ramane de numai 12%. Acest rezultat nu este de loc trivial, intr-adevar, parametrii
fotosintezei sunt toti specifici pentru fiecare suprafata (azot foliar, indice foliar,
rezerva utila, LMA, etc.), iar modelele sunt foarte sensibile la acesti parametri.
Precum au demonstrat si ilustrat Davi et al. (2006), acest lucru este cunoscut,
fiind un exemplu flagrant de compensare sau, daca privim lucrurile intr-un mod
mai deterministic, de optimizare.
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Fig. 21 Relatia dintre indicele foliar si fotosinteza bruta, simulata de modelul ProxEL, _, fiecare punct cu
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numarul asociat reprezintd o piata de proba diferita

Tabelul 23 Media stadiului de dezvoltare a frunzelor, observate in ziua iuliana 120 (anul 2000) si 125
(anul 2001), in functie de tipul de sol si de starea arboretului (rarit/martor)

An,zi  Tipuldesol BOrsi BO NbOR Rarit Mator
Nota Efectiv Nota Efectiv Test T Nota Efectiv Nota Efectiv TestT
2000 Dominant 94,8 18 83,9 9 10,55* 93,1 9 91,0 18 0,24
120 Codominant si o5 ¢ ¢ 62,1 9 28,65%** 969 9 784 18 4,92%
dominat
2001 Dominant 62,9 21 58,5 9 1,00 56,6 9 68,9 21 1,67
125 Codominantsi ¢ 5, 37,5 9 9,15 580 9 564 21 0,02

dominat
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Toate termenele sunt exprimate in gC - m?. Cresterea aeriana in volum (CAV)
include trunchiul si ramurile, frunzele reprezentand cantitatile de carbon continut
sau alocat 1n frunze, ANPP este partea aeriand a productivitdtii brute NPP.

4.3.2 Variatii intra-anuale ale cresterii

Fenologia a fost monitorizatd pe reteaua suprafetelor pentru a analiza dinami-
ca dezvoltarii frunzelor. Stadiul de dezvoltare (o notd care variaza treptat de la 0
la 100) a fost examinat pe 6 arbori din fiecare suprafatd, care reprezinta trei clase
sociale, pentru care o notd medie a fost calculatd pentru fiecare datd de observatie.
Aceste observatii au dovedit ca deschiderea mugurilor este sincrond pe intreaga
retea si pentru ambii ani (in jurul zilei 110, 20 Aprilie), dar viteza dezvoltarii s-a
dovedit a fi foarte variabild intre suprafete; aparitia unor frunze vizibile poate fi
intarziata in cateva suprafete cu doud siptaimani. In marea majoritatea cazurilor,
arborii dintr-o suprafatd sunt destul de sincroni, ceea ce indicd un determinism
legat de mediu si nu de individul analizat. Bineinteles, dezvoltarea frunzelor este
foarte strans legata de conditiile climatice din perioada respectiva, in mod deose-
bit de temperaturi (figura 22). Examinarea datelor din ambii ani a dovedit faptul
ca arborii crescand pe solul de tip NbOR, adica cel mai hidromorf, au intarzieri
sistematice (tabelul 23).

Numarul de arbori monitorizatie in raport cu clasa sociald. Valorile testului
de comparare a mediei sunt indicate

Diferentele de note intre clase sociale nu sunt semnificative. Decalajul, care a
fost estimat la o saptdmana in 2000, nu este deloc neglijabil, deoarece saptamana
respectiva poate reprezenta deja 5-10% din bilantul de carbon total al anului. Intr-
adevar, aceasta perioada este cea in care conditiile pentru o crestere rapida sunt
adunate: rezervele de apa sunt intotdeauna suficiente, frunzele sunt nevatamate
etc.

Cresterea radiala a fost monitorizatd pe un esantion foarte mare de arbori
(120 captatori in total). Monitorizarea a demonstrat cd arborii reactioneaza foarte
sincronizat, acest rezultat este unul agteptat. Nici un efect nu a putut fi evidentiat
(solul, raritura). Curbele de crestere cumulata standardizate arata ca clasa sociala
nu are nici un efect asupra dinamicii temporale. In concluzie, numai amplitudi-
nea diferentiaza cresterea arborilor.

In ciuda diferentelor foarte mari de dinamici a cresterii intra-anuale, diferenta
explicata de conditiile meteorologice foarte diferite ale celor doi ani de monitor-
izare este foarte stabild si comparabild. S-a observat ca sfarsitul cresterii are loc
in septembrie, iar, deja in august, rata de crestere este foarte slaba, cand aproape
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90% din cresterea anuald a fost realizata. Repartizarea cresterii anuale pe fiecare
luna este remarcabil conservata de un an la altul, aga cum este aratat in tabelul
24, care prezintd date stabilite dupd observatii cu micro-dendrometre electronice
in situl CarboEuroflux. Acest rezultat este remarcabil, din cauza ca climatul a
fost extrem de diferit in cursul acestor ani, fiind destul de uscat in 2001, respectiv
foarte ploios in 2000.

Se poate observa contributia slabd a lunii august, care este o lund destul
de favorabild, avand temperaturi mari si radiatie convenabild. De asemenea,
contributia lunii septembrie este foarte slaba, chiar in anul 2000, in ciuda faptului
ca precipitatiile au fost abundente si au eliminat complet orice risc de deficit de
apa.

Seceta este una din cele mai influente constrangeri ale mediului pentru
cresterea radiala a fagului. O secetd a fost mult asteptatd, pentru ca figura ca
factor necesar a fi analizat, iar aceasta in final, si-a facut, aparitia in 2001, dar
prea tarziu pentru a mai avea o influenta semnificativa pentru ca, potrivit rezul-
tatelor prezentate in paragraful de mai sus, marea majoritate a cresterii radiale
este realizatd pana in luna iulie. Efectele secetei au fost totusi observabile asupra
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Fig. 22 Indicii medii de dezvoltare a frunzelor (in medie pe cele 9 suprafete de monitorizare) in 2000 si
2001 si dinamica temperaturilor
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productiei anuale si a fluxurilor de seva, monitorizate in situl CarboEuroflux (fi-
gura 23). Pe aceasta figura se poate vedea faptul ca cresterea radiala a fost redusa
dupa zilele 180-190, fard ca aceasta sd fie o deteriorare a conditiilor climatice:
aceasta scadere este mai degraba legata de starea rezervelor de apa din sol.

4.3.3 Influenta caracteristicilor solului

Influenta proprietitilor chimice ale solului. Printre proprietdtile chimice
ale solului, continutul de azot este fara indoiala cel mai important, pentru ca
el caracterizeaza nivelul trofic. Legatura care existd intre continutul in azot sau
nivelul trofic si crestere este cunoscutd de foarte mult timp, ceea ce termenul
Hfertilitate” rezumd cumva, in majoritatea cazurilor, dar in care intervin alte
proprietati ale solurilor, precum rezerva de apa. Obiectivul acestei parti este de a
verifica daca aceasta influenta este regasitad in variatiile de productivitate ale ar-
boretelor monitorizate, si de a determina care sunt mecanismele fiziologice care
stau la baza.

Studiile realizate au demonstrat ca productivitatea arboretelor studiate,
exprimatd ca productie de biomasa aeriand sau ratd de crestere in biomasa, nu
sunt legate de continutul de azot, si precum era de asteptat, corelatiile sunt foarte
slabe. Numai raportul carbon-azot la 0 adancime de 15-30 de centimetri a oferit o
corelatie semnificativa, dar acest lucru poate fi Intdimplator, deoarece este singura
corelatie semnificativa. Spre exemplu, numai raportul mediu la o adancime de 0
la 30 de cm este semnificativ. Analiza floristica a indicat existenta unei legatura
intre nivelul trofic, precum cea descrisa de indicatorul Ellenberg-EN si produc-
tivitate, dar numai productivitatea observata in 2000 s-a dovedit a fi legatd de
acest indicator.

Tabelul 24 Procente lunare din cresterea radiala anuald, stabilite prin monitorizare cu dispozitive elec-
tronice (micro-dendrometre) in situl CarboEuroflux, in anii 2000 si 2001

Luna Anul 2000 Anul 2001
Curent Cumulat Curent

Aprilie € 0-4% €

Mai 32% 4-36% 29%

Tunie 29% 36 - 65% 32%

Tulie 34% 65 - 88% 28%

August 9% 90 - 99% 9%

Septembrie aproape nimic : 1% 100% 2%
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Fig. 23 Sus: Compararea variatiilor intra-anuale de crestere (monitorizate prin micro-dendrometrie) si a
unor caracteristici micro-climatice mésurate in 2001 (radiatiile, Rg si deficitul de saturatie, d_ ).
Jos: Comparatia variatiilor cresterii radiale a fluxului de seva sau rezerva relativa de apa a solului;
sagetile aratd inceperea sau oprirea secetei, definitd ca perioada cand rezerva de apa a solului

scade sub 40% din rezerva totala utila

Tabelul 25 Cantitatile de apa folosite pe nivele de adancime a solului in 2000 si 2001 in functie de tipul

de sol
Sol Adancime Maxim Minim 2000 Minim 2001
Rezerva Rezerva Rmax-R Rezerva Rmax-R
data data data
(mm) (mm) (mm) (mm) (mm)
BOr 160 cm 14/03/01 629 24/08/00 555 74 23/08/01 464 165
0-40cm 187 142 45 94 93
0-60cm 276 213 63 144 132
60-160 cm 353 342 11 34
NbOR 160 cm 14/03/01 621 24/08/00 503 118 23/08/01 467 154
0-40cm 205 115 90 88 117
0-60cm 279 177 102 146 133

60-160 cm 342 326 16 21




Studiul sincronic: abordarea productivitatii prin prisma mecanismelor fiziologice 69

Influenta proprietatilor solului asupra caracteristicilor foliare prin-
cipale. Motivele pentru care productia este mai mare pe soluri bogate in azot
nu apare in mod cert din analiza datelor culese. Modul in care fertilitatea/boni-
tatea solurilor se regdseste in modelele mecanice este numai prin intermediul
proprietatilor coronamentului, adica prin continutul in azot, prin masa specifica
a frunzelor (raportul intre masa si suprafata, g - m=2, “Specific Leaf Area”, SLA).
Obiectivul este de a descrie variabilitatea acestor doua functii pentru suprafetele
de monitorizare.

Analiza confirma faptul ca raportul Intre masa si suprafata frunzelor de litiera
este semnificativ diferit intre diferitele tipuri de soluri (c.f. Bouriaud et al. 2003,
tabel 3). De asemenea, acest studiu arata cd suprafata medie a frunzelor se reduce
o data cu cresterea fertilitatii/bonitatii stationale. Acest studiu a confirmat, de ase-
menea, cd nu exista nici o relatie intre caracteristicile morfologice ale frunzelor
si caracteristicile dendrometrice ale arboretelor, sau indicele foliar. Diferentele
observate Intre suprafetele de monitorizare erau prea mici pentru a fi semnifica-
tive.

Exprimate 1n unitati de masa, gama de variatie a concentratiilor de azot din
frunze este foarte mare: de la 21,90 la 27,73 mg - g, pentru o valoare medie de
25,09 mg - g!. Concentratiile sunt mai putin variabile, de la 477,5 la 504,2 mg - g’!
pentru o medie de 487,7 mg - g'. In comparatie cu valorile de referinta obtinute in
alte situri CarboEuroflux din Comunitatea Europeana, continutul in azot observat
in padurea de la Hesse este foarte mare. Valoarea cea mai mica a fost de 21,90 mg
-g’!, ceea ce corespunde cu clasa de alimentare optimala (de la 18 1a 25 mg - g ™).
In comparatie cu studiul realizat de Duquesnay (1998) cu privire la continutul de
azot in arboretele de fag din nord-estul Frantei, valoarea observata in padurea de
la Hesse la un arboret de 60 de ani a fost de 26,77 mg - g, fata de 24,83 mg - g”!,
valoarea medie raportatd de Duquesnay (1998).

Influenta proprietitilor solului asupra cresterii. Abundenta azotului nu
poate fi considerata ca fiind un element semnificativ in discriminarea cresterii,
dar totusi analizele spatiale au aratat ca solul este un element clar de departajare;
alimentarea cu apa a fost, de asemnea analizatd, deoarece este un element cu-
noscut in literaturd ca fiind deosebit de important pentru fag. Relieful sitului de
studiu este suficient de omogen pentru a nu fi un factor determinant, iar micro-
relieful este complet inexistent, singura sursd de deosebire in privinta stocarii sau
mobilizarii apei 1n sol fiind solul insusi.

Pentru identificarea prezentei unor semne de exces de apa, s-au instalat cap-
tatori piezometrici, care permit analizarea intr-un mod cantitativ a excesului de
apa. Caracteristicile de analizat sunt durata si intensitatea - adica indltimea la care
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ajunge panza.

Observatiile din cei doi ani de inregistrare au aratat ca panza se creeaza la
sfarsitul lunii noiembrie. Precipitiile cumulate din aceastd luna au ajuns la 150
mm 1n 2000 si 108 in 2001, iar cantitatea de apa este destul de mare pentru
o perioada in care arborii doar evaporeaza. Masuratorile de umiditate relativa,
realizate cu ajutorul unei sonde cu neutroni, aratd ca valorile de umiditate sunt
aproape maximale pe tot profilul in acest moment. Fluctuatia nivelul panzei a fost
destul de mare toata iarna, avand o inaltime maxima de peste 40 cm si o medie
de cca. 25 cm. Orizonul impermeabil fiind intre 60 si 80 cm, portiunea de sol fara
exces de apa a fost de numai 40 cm. In ciuda fluctuatiilor, panzele nu au avut un
caracter temporar, deoarece s-au observat pe toatd durata iernii.

Disparitia panzei s-a produs in luna mai (zilele 125-129), adica exact cand au
aparut frunzele, nota medie de dezvoltare a frunzelor fiind de 76%.

Consecintele excesului de apa au putut fi observate datorita analizei foarte
fine a umiditatii solului cu ajutorul sondei neutronice. Aceastd sonda permite o
determinare a umiditatii relative a solului pe profile de 2 m adancime, pe transe de
10-20 cm adancime. La instalarea sondelor, adica a tuburilor in care este coborata
sonda neutronica (cuplatd cu o sonda gama pentru a monitoriza, si eventual com-
pensa orice modificare de densitate aparenta a solului), s-a procedat la o calibrare
find locald. Masurdtorile dintr-o piata de proba au constat intr-un ansamblu de
masurdtori pe 3 tuburi. Doud piete de proba sunt comparate: o piata pe situl cel
mai putin afectat de exces de apa, care este chiar situl CarboEuroflux, si o piata
aleasa pentru a reprezenta opusul, adica excesul de umiditate pe circa 50 cm, cu
un planseu (orizont mai argilos si impermeabil la 70 cm).

Analiza constd In compararea celor douad profile extreme de umiditate
relativa, stabilite pentru fiecare suprafata: unul obtinut cand umiditatea a fost
cea mai ridicata (la sfarsit de iarnd) si unul obtinut in perioada cea mai uscata.
Din diferenta de umiditate relativa, calculata pe nivele de 10 si 20 cm, se deduc
cantitatile de apa folosite pe nivele respective, ceea ce arata partile din sol in care
umiditatea a variat si care sunt zonele din care s-a extras apa (tabelul 25). Aceste
profile de absorbtie a apei pun in valoarea diferentele clare dintre soluri, amplitu-
dinea valorilor de umiditate relativa fiind mai mare pe solul hidromorf, iar adan-
cimea la care apar diferente intre profilul maxim si minim fiind mai mare pe solul
mai putin hidromorf. Asadar, arborii au putut folosi apa pe o addncime mai mica
pe solul mai hidromorf, ceea a adus la o diminuare mai rapida a cantitatilor de
apa disponibile. In primii 40 cm de sol s-au efectuat 76% din prelevirile de apa
din solul hidromorf, comparativ cu 56% in cealaltd suprafata. Aceasta diferenta
s-a tradus printr-o oprire a cresterii pe suprafata hidromorfa in august, oprire care
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nu a avut loc pe solul mai putin hidromorf.

4.3.4 Influenta rariturii

Potrivit monitorizarii realizate cu ajutorul micro-dendrometrelor, cresterea
radiald ale arborilor dominanti a fost, in medie, de 2,1 cm 1n suprafetele martor,
fatd de 2,9 cm pentru suprafetele in care s-a facut réritura, ceea ce reprezintd o
sporire a ratei de crestere de 47%. Este mult, dar nu se reflectd in productiile de
biomasa sau de volum la hectar estimate in anul 2000, care in medie valoreaza
5,9 T - ha'! (respectiv 6,7 m’- ha') pentru ambele categorii. Astfel, raritura nu a
avut un efect negativ asupra productiei ci, dimpotriva, a stimulat-o. Datele sunt
prezentate 1n tabelul 26. O sporire importantd s-a resimtit in anul 2001, care a
fost mult mai putin ploios decat 2000, cu o singura exceptie, care merita o analiza
mai aprofundata. In aceastd suprafati de proba, cresterile radiale sunt cu mult mai
mari ca in celelalte suprafete. Intensitatea rariturii a fost de asemenea extrema,
deoarece s-au extras pana la 55% din suprafata de baza. Suma cresterilor foarte
mari care au fost monitorizate cu ajutorul micro-dendrometrelor nu este suficienta
pentru a compensa numarul prea mic de arbori (doar 1720 la hectar pentru o
varstd de 30 de ani). Deja, in 2001, acest deficit a fost compensat, iar productivi-
tatea 1n aceastd suprafata a fost la acelasi nivel cu celelalte.

Din punctul de vedere al fenomenului, impactul rariturii s-a manifestat
printr-o sporire a cresterii individuale. Fiecare arbore a beneficiat de interventia
realizata, de la arborii din sub-etaj, la arborii dominanti, care totusi aveau deja un
acces la lumina. Per total, productivitatea s-a mentinut, sau chiar a fost sporita,
cum este cazul anului 2001. Motivele sporirii individuale a cresterii radiale sunt
detaliate si discutate in paragraful urmator. In principiu, impactul rariturii este
dinamic si variaza in timp. In cursul primului an, atunci cdnd coronamentul ar-
borilor nu era inca dezvoltat si nu s-au acoperit deschiderile facute, lumina care
penetreaza mai adanc atinge niste parti ale coronamentului care de obicei stau n
umbra. Mai simplu zis, arborii primesc mai multd lumind. Dar in anii urmatori,
coronamentul, care sd dezvolta foarte repede la fag, va inchide ochiurile. Atunci,
o crestere mai mare provine, simplu, de la faptul cd, coronamentul fiecarui ar-
bore este mai mare 1n arboretul ingrijit fata de arboretul neingrijit.

Scopul analizei urmatoare, bazat pe aplicarea unui model ecofiziologic, este
de a explica efectul rariturii prin analiza mecanismelor functionale de baza.

Estimarile realizate cu modelul CASTANEA aratd, in acord cu masuréatorile de
teren, ca raritura nu reduce productivitatea arboretelor (tabelul 27). Acest rezultat
conduce la o concluzie foarte importanta, aceea ca fotosinteza realizata la scara



72 Mecanisme functionale ale productivitatii fagului

arboretului nu este redusa de raritura, in ciuda reducerii numarului de arbori. Din
contra, respiratia si cantitatea de carbon investit in frunze scade. Astfel, bilantul
de carbon este putin influentat sau chiar favorabil.

Efectele rariturii au fost puse in evidentd, prin folosirea modelului CASTANEA,
pentru a simula fluxurile de carbon in suprafetele rarite si a le compara cu ceea
ce ar fi fost daca raritura nu ar fi avut loc. Parametrii folositi sunt prezentati in
tabelul 27. Datele climatice folosite sunt cele masurate pe situl CarboEuroflux.
Aceasta simulare, ale cdrei rezultate sunt prezentate in tabelul 28, arata in mod
cert un impact minor al rariturii asupra asimilatiei brute si un bilant mai favorabil
cu 25% pentru suprafata raritd. Motivul pentru o astfel de diferenta este o re-
ducere foarte importantd a respiratiei, care presupune o reducere mare a cantitatii
de carbon pierdute. In concluzie, raritura permite a fi realizate niste economii de
carbon.

4.4 Discutii

4.4.1 Influenta destul de redusa a caracteristicilor de mediu

Proprietatile chimice ale solului, precum continutul de azot sau raportul car-
bon/azot, nu au aratat o influentd semnificativa a caracteristicilor de mediu asu-
pra arboretelor, in primul rand asupra caracteristicilor foliare sau a compozitiei
frunzelor. Gama de variatie a continutului de azot al frunzelor este relativ
importantd, dar variatiile se fac pe valori foarte ridicate — de la bogat la foarte
bogat in azot. O relatie negativa Intre continutul in azot al frunzelor si cel al
solului a fost observati in anul 2001. In mod similar, o astfel de relatie a fost
descrisd pe un esantion mult mai important ca dimensiune $i cu variatii mai mari
ale caracteristicilor solului de catre Duquesnay (1998), care arata ca indicatorul

Tabelul 26 Comparatie intre caracteristicile dendrometrice principale medii, calculate pentru suprafetele
de monitorizare rarite si cele martor, si estimarile de bilant de carbon realizate dupa modelul

CASTANEA
Martor Rarit Diferenta

Caracteristici

Desime (arbori - ha™') 4550 3050 -33%

Suprafatd de baza (m?- ha') 25,2 16,2 -36%

Biomasa aeriand (T - ha!) 134 106 -21%
Rezultate

Productie 2000 (T - ha™) 11,2 11,8 +10%

Productie 2001 (T -ha') 8,5 11,1 +31%
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Ellenberg EN este corelat pozitiv cu concentratia foliara in azot.

Diferenta dintre continutul de azot indicat de datele floristice si cele rezul-
tate din analize poate fi explicatd prin ipoteza ca indicatorii floristici au o putere
integratoare superioara celei rezultate din masurarea punctuald a compozitiei in
azot a solului. Pe de alta parte, speciile vegetale studiate pot fi indicatoare ale
unei cantitdti de azot disponibile pentru planta, in timp ce masuratorile arata doar
cantitatea totald de azot existentd (Meerts, 1997). O alta ipoteza ce ar explica
incoerenta dintre compozitia solului si a frunzelor este aceea cd alimentarea cu
azot a plantelor este foarte dependenta de activitatea micoritica, care poate mani-
festa o variabilitate independenta de cea a solului. Pe un studiu asupra a 65 de
arborete de fag situate pe statiuni contrastate, in care humusul variaza de la mor
la mul calcic, Le Tacon si Toutain (1973) au observat ca azotul din frunze variaza
putin in functie de tipul de statiune, fagul manifestand astfel o anume indiferenta
fatd de forma si cantitatea de azot din sol. Indiferenta fagului aratd ca aceasta
specie are capacitatea de a se asocia cu ciuperci specifice pe soluri diferite, ceea
ce 1i permite o alimentare normald in azot sub formd amoniacala sau nitrica (Zel-
ler et al., 2001).

Masuratorile de crestere au demonstrat, de altfel, o aparenta indiferenta la
fertilitatea solului. Nivelul de fertilitate existent este poate prea ridicat pentru ca
variatiile sale sa se mai reflecte in cresterile inregistrate. Cu toate acestea, se pune
o intrebare referitoare la faptul ca variatia largimii inelului anual este corelatd
spatial cu variatii locale ale fertilitatii solului. Ipotezele emise fac referire la fap-
tul cd alimentatia minerala nu este un factor limitant in anii studiati, sau cad o
compensatie a diferitilor factori ar fi putut masca efecte ale fertilitatii solului pe
durata efectuarii studiului. Cu toate acestea, observatiile cresterii radiale a fagu-
lui, realizate la scara mai mare, arata, de asemeneca, sensibilitatea sa mai redusa
fata de variatiile bogatiei in substante minerale (Duquesnay, 1998).

Rezerva de apa a solului nu este un factor primordial al variatiilor spatiale ale

Tabelul 27 Estimarea componentelor bilantului anual de carbon

2000 2001
Supr.
de Stare GPP Rauto Rfrunze CF\'UHZC NPP GPP Ralll() Rfrunze CFTH“ZC NPP
proba
Mator 1937 934 268 137 1513 1445 845 245 146 1096
Rarit 1923 857 237 127 1517 1449 807 242 143 1102
Diferenta (%) 1 8 12 7 0 0 4 1 2 -1

Nota: GPP, NPP - fotosintezd brutd, productia primard netd, R - respiratie autotrofd, R
intretinere a frunzelor, C, - cantitate de carbon in frunze.

- respiratie de fabricatie si

frunze
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Tabelul 28 Comparatie intre fluxurile simulate pentru suprafetele rarite sau martor

Martor Rarit Diferenta

Caracteristici folosite (parametri)

Volum (m?- ha'') 220 170 -50

Biomasa aeriend (gC - m?) 6800 5300 -1500

Indicele suprafetei foliare (m*- m?) 7,1 5,7 -1,4
Fluxuri si bilanturi estimate

Asimilatie bruta 1224 1227 -3

Crestere foliard 187 166 +21

Respiratie foliara 184 162 +20

Respiratie autotrofa 774 667 +97

Bilant net anual 450 550 +100

productiei, contrar cu ceea ce s-ar fi putut astepta. In 2000, indiferenta fata de apa
este explicabild prin intrarile de apa frecvente si abundente in fluxul total al apei.
In 2001, rezerva de apa a devenit inca si mai importanti. Impactul sau este totusi
mascat de cel al rariturii efectuate in acelasi an. Deci, ca si in cazul continutului
de azot, nivelurile inregistrate sunt prea ridicate pentru a se putea concluziona cu
privire la aceastd caracteristica.

Efectul principal al tipului de sol se reflecta in final doar prin hidromorfie.
Doua efecte sensibile sunt prezente, in afara celui asupra infrunzirii: primul
priveste profunzimea utilizarii apei din sol, iar cel de-al doilea, sub forma de
ipotezd, cresterea mortalitatii rdddcinilor. Chiar daca profunzimea utilizarii apei
depinde de conditiile climatice si poate creste in mod sensibil in caz de seceta,
utilizarea preferentiald a unei rezerve disponibile, mai la suprafatd, antreneaza
cresterea mortalitatii ridicinilor. In aceasi timp, utilizarea preferentiald a rez-
ervei de suprafatd duce la diminuarea rapida a acesteia. O prima consecinta ar fi,
deci, un bilant hidric mai putin favorabil. In compensare, cresterea mortalititii
radacinilor apare in plus, afectand alimentarea cu apd, cu nutrienti — deci azot,
reducerea rezervei de carbon (excesul de apa avand loc iarna, carbonul provenind
din rezervele arborelui). Cuantificarea efectului sau ar trebui sa treaca prin studii
de evaluare a biomasei rddacinilor, a rezervelor in carbohidrati, pentru a se putea
estima consecintele lor asupra biomasei radicelare si, eventual, asupra dezvoltarii
mugurilor in primdvara. Etapa aceasta va fi absolut necesara in cazul aplicarii
spatiale a unor modele de bilant de carbon sau de crestere.

4.4.2 Impactul rariturii asupra productivitatii arboretului

Structura verticala a arboretului este o caracteristica ce variaza foarte mult
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spatial, cum a fost demonstrat in cursul primului capitol, ceea ce se pare ca este
o sursd importanta de variabilitate a productivitatii.

Importanta structurii coronamentului, in ceea ce priveste productivitatea, a
fost demonstratd de O’Hara (1988 si 1989) si O’Hara et al. (1999) pentru ar-
borete de duglas, de Pinus ponderosa, sau arborete de amestec. S-a demonstrat
ca productivitatea unor arboretele de duglas, avand acelasi indice foliar si care
au fost supuse aceluiasi tratament silvic, poate varia pana la 40% in functie de
caracteristicile structurii verticale a arboretului. Dupa Baldocchi et al. (2002),
influenta distributiei angulare a frunzelor este un factor cu o incidentd mai mare
asupra fluxurilor de materie si energie fata de incidenta indicelui foliar. Se poate
presupune in mod rezonabil cd pietele de proba in care s-au efectuat rariturile vor
prezenta o variatie suplimentara. Totusi, in cazul unor valori mici ale indicelui
foliar, schema de distributie a frunzelor nu are decat un efect minor asupra fluxu-
rilor, din moment ce Intregul coronament a fost deja pus in lumina, ceea ce nu se
mai verifica in cazul unor valori ridicate ale indicelui foliar (Law et al., 2001).
Astfel, erorile care ar fi aparut eventual in pietele de proba in care s-a efectuat
raritura pot fi compensate relativ usor, deoarece agregarea foliard este aparenta.

Dispozitivul de studiu ar fi fost mai complet prin utilizarea unor modele de
tip tridimensional, care ar fi luat In considerare si distributia si starea frunzisului,
precum si gradul de penetrare a lumini in interiorul arboretului. De exemplu, un
model precum MAESTRO (Wang et Jarvis, 1990), considerand coronamentul ca
pe un ansamblu de coroane elipsoidale, ale caror dimensiuni §i pozitionare pot fi
specificate, ar fi putut fi aplicat pentru un studiu precis al impactului rariturii asu-
pra fluxurilor coronamentului. Insa, acest tip de model necesita o cantitate mare
de date si de mdsuratori, care sd permitd reprezentarea in trei dimensiuni a arbo-
retului. Este probabil cd s-ar fi obtinut o precizie mai buna la evaluarea fotosin-
tezei, Tnsd mai putin la evaluarea transpiratiei, din moment ce modelele bazate pe
conductanta coronamentului nu depind de structura coronamentului (Granier et
al., 2000a). Este, deci, evident ca ameliorarea preciziei ce s-ar fi obtinut prin uti-
lizarea unui model 3D nu justifica in mod necesar costurile implicate, cu atat mai
mult cu cat masuratorile s-au efectuat la scara unui arboret intreg, ceea ce implica
luarea in considerare a unei relative constante a procesului de asimilatie.

Cresterea eficacitatii de functionare a coronamentului prin efectuarea rariturii
este o problema conceptuald. Numerosi autori au avansat ipoteza ca distributia
luminii in interiorul coronamentului, la fel ca si diferentierile morfologice si de
compozitie foliard intalnite la cea mai mare parte a speciilor forestiere reprezinta,
in fapt, o adaptare pentru a optimiza absorbtia carbonului (Givnish, 1988). De
exemplu, dupa Monteith (1994), radiatiile din coronament sunt distribuite astfel
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incat cea mai mare parte a frunzelor sa nu fie supusa unei radiatii de saturatie. La
o radiatie incidentd puternica, frunzele de lumina sunt singurele expuse direct,
insa punctul lor de saturatie fiind ridicat, ele sunt capabile sa exploateze acest tip
de radiatii. In acest timp, celelalte frunze sunt mascate, la umbra, deci nesaturate.
In radiatia difuza, un numar foarte mare de frunze sunt supuse unui flux ridicat
de fotoni. Organizarea coronamentului permite deci sa se exploateze lumina in
situatii diferite. Dupa Field (1983) si Evans (1989), distributia verticala a azotu-
lui in coronament se realizeaza incat permite optimizarea luminii interceptate la
diferite adancimi ale coronamentului, ca un rezultat al aclimatizarii frunzelor la
diferite conditii de punere in lumind (Kull si Jarvis, 1995), ipoteza avansata de
asemenea de Medlyn (1997). Cum este atunci posibil de demonstrat ca un corona-
ment rarit este mai eficace? Competitia dintre arbori pentru a ajunge la lumina
este mai puternica decat principiile lor de functionare ecofiziologice? Competitia
dintre arbori justifica poate faptul cd nici indicele foliar, nici structura verticald
nu sunt optimizate pentru asimilarea la scara arboretului, in timp ce ele sunt cu
siguranta optimizate la scara arborelui. In acest context, notiunile de indice foliar
sau de structurd optimala apar ca fiind niste concepte afectate de o anumita doza
de determinism.

In afara actiunii sale asupra modului de exploatare a luminii in coronament,
raritura mai are si un efect de modificare a schemei de alocare a carbonului in
arbori. Principiul conform caruia elementul cel mai limitat al cresterii este cel
care induce dezvoltarea mai cu seama a acelui organ pentru a face fata cantitatilor
limitate ale acelui factor (Lacointe, 2000) sugereaza faptul ca se poate ca raritura
sa fi avut un efect de diminuare a cererii de carbon a sistemului radicelar 1n 2000,
in masura in care apa nu a fost un element limitativ pentru cresterea arborilor.
Acest lucru este evident mai cu seama in arboretele supuse rariturii, mai intai prin
diminuarea interceptarii ploii §i, mai apoi, prin diminuarea evapotranspiratiei ar-
boretului (prin descresterea indicelui foliar, ceea ce In temeni forestieri inseamna
mai putini indivizi - mai multd apa disponibild). Acest principiu, supranumit al
balantei functionale, serveste ca suport pentru numeroasele modele de transfer
de asimilatie din plante. Desi acest principiu nu influenteaza cantitativ schema
de alocare a carbonului in raddcini, mai ales in cele fine, efectul sdu ar fi putut fi
totusi amplificat in anul 2000 prin precipitatiile record inregistrate timp de sase
luni. Rezultatul acesta este similar celui obtinut de Leuschner et al. (2001), care
au observat la fag o crestere a producerii de radacini fine in perioade de seceta.
Producerea de parti aeriene in conditii de apa suficienta a crescut fara a modifica
productia primara neta totald a arboretului, atingandu-se valori ridicate, asa cum
aratd masurdtorile de circumferinta.
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Pe de alta parte, arborii dinainte de rariturd cunoscusera o perioada de crestere
favorabild, dupa cum o aratd masuratorile de flux si masuratorile latimii inelu-
lui anual (capitolul 5). Arborii au constituit, astfel, rezerve importante, puse in
serviciul cresterii radiale la inceputul sezonului si al cresterii foliare si radice-
lare. Totusi, cunostintele existente Tn prezent nu ne permit sa tragem concluzii
cu privire la efectul conditiilor favorabile de crestere asupra rezervelor si, daca
prezenta conditiilor favorabile de crestere induce sau nu o modificare a cantitatii
de carbon produse prin utilizarea rezervelor. De reguld, se considera, precum in
modelul BIOME-BGC, ca un an favorabil va duce la fixarea carbonului in lemn ca
o utilizare ,,de lux”, suplimentara. Este, deci, sigur ca rezervele existd, insa nu
este sigur dacd existenta rezervelor a permis sau nu ameliorarea bilantului anu-
lui urmator. In mod similar, o cantitate mai mare de carbon asimilat ar fi putut,
in cazul arboretelor rarite, sa duca la cresterea frunzelor si a ramurilor, pentru a
ajunge la zone cu mai multa lumina. Conform modelului ,,pipe” (Shinozaki et al.,
1964 a si b; Valentine, 1999) aceasta ar impune arborelui sd mareasca dimensi-
unea trunchiului, pentru a face fata cererii sporite de elemente minerale si de apa,
indusa de o suprafata foliara crescutd. Totusi, echilibrul dintre suprafata foliara
si dimensiunea trunchiului fiind perturbat prin rariturd, trebuie ca In multi ani in
viitor sa fie refacut, atata vreme cat suprafata foliara creste mult mai repede decat
suprafata de baza (Granier, 1981; Aussenac si Granier, 1988).

In sfarsit, efectul rariturii riméne dificil de explicat si, deci, de luat in con-
siderare in modele, datoritd faptului ca arborii din etajul principal, carora li s-a
facut loc prin efectuarea rariturii, sunt oricum arborii cei mai bine conformati, cu
tulpina cea mai bine dezvoltata si echilibrata, fara boli (mai ales cancer). Ceea ce
confirma corelatia dintre intensitatea rariturii si largimea inelelor realizate Tnainte
de raritura este faptul ca raritura oricum se face in favoarea celor mai vigurosi
arbori, care vor intensifica cresterea coroanei lor si, deci, cresterea individuala,
deoarece se selectioneaza cei mai productivi arbori; comparativ cu un arboret
similar fara rariturd, in aceleasi conditii, fireste ca arboretul cu raritura efectuata
este mai productiv. Determinismul asupra predispozitiei anumitor arbori de a
domina pe ceilalti este destul de dificil de studiat. Dupd lucrarile efectuate de
Décourt (1972), arborii dominanti pot proveni din semintisul performant chiar de
la varste tinere (determinism genetic, simbiotic) sau din semintis care a confir-
mat tendinta catre dominare destul de devreme, in gaurile formate prin disparitia
unor arbori batrani sau prin depresaj (determinism silvicultural sau aleatoriu).
Micro-topografia sau prezenta unui strat fertil pot, de asemenea, sa contribuie la
posibilitatea ca un individ sa fie, in mod semnificativ, mai productiv decat media,
si sa reactioneze, incd $i mai puternic, la o rariturd. Raritura de sus conduce la o
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tendintd a etajului dominant al arboretului catre un ansamblu de indivizi oarecum
marginali, in sensul ca indivizii favorizati prin raritura de sus nu sunt in mod
neaparat reprezentativi pentru media existentd nainte de efectuarea rariturii.

4.4.3 Relevanta masuratorilor din teren

Estimdrile realizate prin masuratorile asupra circumferintei arborilor sunt
bazate in cea mai mare parte pe utilizarea unor tarife de biomasa pentru cea
mai mare parte a compartimentelor. Utilizarea acestor tarife implica o ipoteza
de proportionalitate a cresterilor in indltime si diametru, o ipoteza a profilului
regulat al trunchiului si o ipoteza a densitatii constante a lemnului. Daca primele
doua ipoteze nu au consecinte asupra estimarilor realizate, avand in vedere faptul
ca s-a lucrat pe doi ani consecutivi si cad masuratorile realizate pana la 8 metri
indltime de-a lungul trunchiului au permis sa se arate o relativa constanta a aces-
tor doua caracteristici. [poteza cea mai contestabila priveste densitatea lemnului.
Conform studiului realizat pe 30 fagi dominanti, extrasi din parcelele 221 si 222,
densitatea lemnului prezintd o variabilitate anuala relativ importanta, fara ca sa
apard, pentru esantioanele studiate, vreo legaturad directd intre densitatea lemnu-
lui si largimea inelelor. Nu se poate deci spune, pur si simplu, cd un an de crestere
slaba va fi un an de lemn cu densitate ridicata si invers. Variatiile din jurul mediei
de densitati anuale sunt astfel incat ele nu au nici o incidentd asupra estimarii
biomasei pe picior, in masura in care se auto-compenseaza. In schimb, variatiile
inter-anuale pot avea incidente puternice asupra estimarii cresterii anuale a bio-
masei. Precipitatiile bogate din anul 2000 pot sa conducd la ideea ca densitatea
era, mai degrabd, superioara valorii medii. Incertitudinea care persista asupra
acestui aspect ar putea modifica puternic bilantul anual sau valoarea productiei
primare nete, estimata cu ajutorul masuratorilor de circumferinta.

Rezultatul care este Tnsd cel mai interpretabil priveste valoarea foarte ridicata
a variatiilor inter-anuale ale productiei. Numeroase precautii au fost luate pentru
a face estimarile fiabile: numarul de arbori a fost acelasi de la un inventar la al-
tul, masuratorile realizate de aceeasi persoana si in acelasi loc pe trunchi, toate
calculele au fost realizate in SAS. Potentialele erori legate de masuratori sau de
calcul au fost puternic reduse. Chiar daca precizia masurdtorilor efectuate asu-
pra circumferintei este de doar 2 mm, numarul mare de arbori masurati — peste
2000, si efectuarea masuratorilor in doi ani consecutivi fac improbabild existenta
unei erori sistematic pozitive sau negative de supraestimare sau subestimare a
circumferintei. Ceva mai probabil, posibilitatea este ca numarul de dominanti si
codominanti sa nu fie suficient pentru a compensa ceea ce numim ,,efectul indi-
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vidual” tratat in capitolul urmator. Efectul individual poate sd se manifeste sem-
nificativ chiar in relatia dintre crestere si un factor climatic de primad importanta,
cum ar fi, de exemplu, precipitatiile din sezonul de vegetatie. Cu toate aceste
probleme legate de tehnicile de masurare, observatiile si simularile efectuate pe
teren aratd Tn mod clar cd o mare parte din schimbdrile in clasamentele din cadrul
pietelor de proba pot sa se explice printr-o schimbare 1n originea variatiei spatiale
a cresterilor: in 2000, originea principalad a schimbarilor a fost raritura, in 2001
originea este reprezentatd mai ales de rezerva utild si de indicele foliar. Piata de
proba 75, raritd intens, este pe solul cel mai filtrant: in 2000 a putut beneficia din
plin de efectele rariturii §i a dat rezultate puternice; in 2001, rezerva sa utild a
scazut, fiind deja cea mai scazutd dintre toate pietele de proba, ajungand astfel
intr-o situatie delicatd, cu atat mai mult cu cat indicele foliar a mai urcat cu un
punct.

Ca si concluzie, dupd cum a fost ardtat deja in numeroase alte ocazii, la com-
pararea productivitdtii prin masurarea circumferintelor sau prin aplicarea meto-
dei corelatiilor turbulente (Gower et al., 1999), cea mai mare necunoscuta ramane
productia subterana. Departe de a fi neglijabila prin cantitétile de carbon continute,
partea subterand este mult mai dificil de masurat si, deci, putin cunoscuta. Chiar
prezentul studiu arata ca reactia sistemului radicelar este importanta, insa dificil
de cuantificat, referitor la excesul de apa, de exemplu.

4.4.4 Rezultatul modelelor mecaniste — dificultati legate de modelarea
productiei

Modelele mecaniciste nu reusesc sa reproduca variabilitatea productiei esti-
mate pe teren, mai ales pentru anul 2000, desi parametrii ecofiziologici principali
sunt, cu totii, cunoscuti si specificati pentru fiecare piata de proba in parte. O parte,
deloc neglijabila, de determinism al cresterii este deci cu siguranta destul de slab
reprodusd in model. Una din sursele de divergenta dintre simuldri si observatii
poate proveni din starea coronamentului. O alta sursd, insd, ar putea avea un im-
pact si mai puternic §i aceasta este reprezentata de variatiile sezoniere ale carac-
teristicilor foliare si, mai ales, a capacitatilor lor fotosintetice. Mai multe studii
aratd cd existd o variatie intrasezonierd a acestor parametri, destul de importanta.
Este posibil ca, in cadrul dispozitivului studiat, sa se fi manifestat variatii spatiale
ale evolutiei intrasezoniere a acestor parametri, intr-o prima etapa, ar trebui sa
se ia In considerare sau sa modeleze aceste variatii. Variatiile induse de deficitul
hidric sunt deja ceva mai bine cunoscute §i privesc in special trei mecanisme:
(1) schimbarea activitatilor fotosintetice ale mezofilului (Walter si Reich, 1988;
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Harley si Tenhunen, 1991), (ii) inducerea unei inchideri stomatice neuniforme
(,,stomatal patchniness’’)(Beyschlag et al., 1999; Buckley si al:, 1999; Reichstein
et al., 2001), (iii) diminuarea conductantei pentru CO, din mezofil (Roupsard et
al., 1996).

Aceste modificari ale proprietatilor foliare par sa fie pozitive la fag, dupa
testele realizate cu PROXEL pe un deficit hidric moderat. Modelarea bilantului
hidric trebuie sa permita luarea in considerare a reducerii capacitatii de asimilatie
a coronamentului, asa cum se face in PROXEL.

O alta sursa de variatie a productiei aeriene este reprezentata de modificarea
schemei de alocare a carbonului in interiorul arborelui. Intelegerea sistemului
de alocare a carbonului rdmane una dintre problemele cele mai persistente in
studierea ecosistemelor (Landsberg et al., 1991). Schema de alocare nu modifica
foarte mult bilantul anual (Barbaroux, 2002), decat daca se ia in considerare nu-
mai productia aeriand. Exista multe motive pentru care se poate afirma ca alo-
carea carbonului intre diferitele compartimente ale arborelui (frunze, radacini,
trunchi, rezerve) ar putea varia Intre pietele de proba studiate. Lucrdrile efectu-
ate de Barbaroux indica o mare variabilitate a regulilor de alocare intre siturile
studiate. Sursele potentiale indica in primul rand efectuarea rariturii, apoi car-
acteristicile solului. Se poate presupune cd variatiile constrangerilor legate de
inraddcinare implica variatii in concentrarea de carbon in radacini, pentru for-
marea si cresterea lor. De exemplu, o mortalitate superioara pe soluri hidromorfe
impune reconstructia unei parti importante a sistemului radicelar, mai ales pentru
explorarea zonelor putin profunde ale solului in perioadele de uscaciune.

4.5 Concluzii

Exercitiul de urmarire a cresterii §i cuantificarii in sifu a productiei a permis sa
se pund in evidenta o variabilitate ridicata intre pietele de proba mai intai, si intre
ani mai apoi, variabilitate datorata in special conditiilor climatice si perturbatiilor
datorate rariturii. Sursele de variabilitate spatiala nu sunt foarte clar identificate,
fiind fondate pe actiunea simultand a mai multor factori. Se constatd astfel un
efect puternic al rariturii in anul al doilea si al treilea de dupa efectuarea lucrarii.
Raritura a separat in doud categorii pietele de proba studiate, dupa viteza lor
de crestere sau dupd cresterea individuala realizata. Efectul sdu pozitiv asupra
cresterii si a productiei este de netdgaduit, chiar pentru anul 2000, care este un an
fara constrangeri din punct de vedere hidric, ceea ce aratd ca efectele rariturii nu
sunt datorate unei diminudri ale constrangerilor hidrice. Raritura nu se traduce
printr-o modificare sensibild a caracteristicilor si a proprietatilor foliare, nici a
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fenologiei. Compararea diferitilor termeni ai bilantului hidric aratd ca raritura
actioneaza, in principal, prin diminuarea respiratiei autotrofe. Rezultatul acesta
reiese din modelare, ar fi deci util de a fi verificat experimental si de a iden-
tifica limitele unei astfel de ipoteze. De asemenea, dupa efectuarea rariturii se
confirma cresterea eficacitatii coronamentului, implicand o crestere a contributiei
productive a tuturor arborilor din sub-etaj. Un aspect interesant pentru productia
de lemn de calitate ridicata: s-a stabilit ca efectuarea rariturii duce la o crestere
puternica a arborilor dominanti, ajungand pana la 37% in anul al doilea. Raritura
radicald din parcela 91 este cea care a permis inregistrarea cresterilor celor mai
puternice ale dominantilor, iar chiar daca in cursul celui de-al doilea an, productia
arboretului era sub valoarea potentiala maxima, efectuarea rariturii va imbunatati
semnificativ, pe termen lung, productivitatea parcelei.

Un efect al tipului de sol: solul influenteaza dinamica infrunzirii. Solurile
cele mai hidromorfe sunt cele pe care dezvoltarea frunzelor este cea mai lenta.
Intarzierea inseamni circa o saptimana, in functie de conditiile meteorologice,
dar nu influenteaza bilantul anual de carbon. Durata cresterilor, de altfel, pare sa
nu influenteze bilantul de carbon. Impactul asupra caracteristicilor foliare nu este
foarte clar. Frunzele de lumina esantionate nu aratd diferente semnificative ale
caracteristicilor lor morfologice, chiar daca litiera colectata, realizata la o scara
mai mare $i cuprinzand toate categoriile de frunze, pare sa indice o variabilitate a
suprafetei foliare in functie de sol. Efectul tipului de sol se manifesta, astfel, mai
ales prin constrangerea reprezentanta de excesul de apa, si in al doilea rand, de
rezerva utila. De altfel, ambii factori sunt legati de alimentarea cu apa. Fara nici
o indoiala, alimentarea cu apa este factorul determinant pentru productivitatea
fagului, dupa cum arata si numeroase alte studii citate in introducere, sau dupa
cum apare din variabilitatea cresterilor in anii 2000 si 2001.
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5. Studiu diacronic: variatiile inter-anuale ale productiei
5.1 Introducere

Studiile spatiale si sincrone au permis sa fie puse in evidenta si sa fie cu-
antificate efectele rariturii si ale caracteristicilor de mediu asupra productivitati
fagului, in interactiune cu variatiile climatului. Cei doi ani de monitorizare nu au
permis aprofundarea efectelor climatului, deoarece constrangerea principald pe
care o putea reprezenta climatul nu s-a manifestat in aceasta perioada scurta.

Studiile dendrocronologice utilizate pentru determinarea sensibilitatii cli-
matice a arborilor, asa numitele studii dendroclimatice sunt nenumeroase, fiind
dintre cele mai vechi si cele mai raspandite analize pe baza variatiei latimii in-
elelor anuale. Fagul, fiind o specie dominantd in Europa, a fost studiat in detaliu
in ceea ce priveste raspunsul cresterii la variatiile climatice. Analizele dendrocli-
matice aplicate la fag in Franta si in Europa s-au desfasurat conform metodelor
standard, care se focalizeaza pe raspunsul la frecvente inalte, adica la variatiile
meteorologice inter-anuale, acoperind totusi o gama foarte largd de conditii de
crestere. Intr-adevir, fagul se intalneste in arborete pure din Danemarca pani in
Spania sau Italia. Analiza dendroclimatica realizata In acest studiu nu avea scopul
de a analiza, inca o datd, raportul intre cresterea radiala si variatiile climatice,
care pot fi considerate ca fiind foarte bine documentate (mai ales ca aceste studii
dendroclimatice au tendinta de a fi susceptibile la faptul ca autorul este condus
sa formuleze concluzii, dupa o multime de calcule, pe care poate nu le-a inteles;
de exemplu: arborii cresc mai bine cand ploud vara si nu e prea cald, sau daca
iarna nu a fost prea friguroasa, in general, ,,truisme”). De asemenea, nu va avea
nici scopul de a stabili sau de a completa o cronologie pentru fag, pentru ca
acestea nu sunt de niciun folos, In afara de a se justifica doar cercetarea in sine.
Analizele realizate in acest studiu vor avea scopul de a: (i) cuantifica variatiile
inter-anuale de absorbtie de carbon realizate de arbori, (ii) cuantifica impactul
variatiilor climatice asupra productivitatii si a stocarii carbonului in arbori, (iii)
analiza etapelor limitative 1n folosirea datelor dendrocronologice standard, adica,
carote de crestere luate la o Tnaltime de 1,3 m, pentru a deduce variatiile de pro-
ductivitate.

Esantionajul a fost decis dupa o reflectie indelungata, pentru a permite re-
constituirea variatiilor de productivitate la nivel de arboret. Aceasta reconstituire
este necesara pentru a confrunta estimarile din teren cu simuldrile modelelor de
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bilant de carbon. Esantionajul se deosebeste de cele aplicate in alte studii prin
faptul ca scara studiului nu este arborele, ci arboretul, cu focalizare asupra ar-
borilor dominanti, respectiv toti arborii dominanti dintr-o piatd cu marimea de
2000 m?, in mod sistematic. O alta strategie era sa fie luati toti arborii dintr-o
piata de proba de marime mai micd, dar din mai multe pozitii sociale, care nu a
fost retinuta pentru ca variatiile de crestere ale arborilor dominanti sunt mai putin
afectate de fenomenele locale de competitie si de fluctuatii a pozitiei coronamen-
tului, care influenteaza rata individuald de crestere, dar nu reflecta stabilitatea
productivititii. Intr-adevar, productia anuali a arboretului este distribuita intre ar-
bori in functie de pozitia relativa a arborelui fata de competitorii lui si de numarul
de arbori. Fenomenele care dirijeaza aceasta distributie nu sunt stiute sau contro-
late. Dificultatea consta in a face abstractie de fenomenele locale, pentru focal-
izare pe suma cresterilor, si de a reconstitui variatiile anuale de productie. Arbo-
rii dominanti au, in fagete, avantajul de a fi fost dominanti mult timp inainte, cu
o mare probabilitate, deoarece schimbarile de pozitie sociald sunt putin probabile
in sensul retrogradarii (Dhote 1991). Semnalul legat de schimbarea de pozitie
este astfel evitat daca esantionajul se focalizeaza pe arbori dominanti. Mai depar-
te, el reprezintd majoritatea productiei, aga cum a fost demonstrat in paragrafele
anterioare.

Reconstituirea productiei, s-a bazat, pe de altd parte, pe datele din amenaja-
ment, care, fiind foarte detaliate si tinute la zi, contin informatii despre tdierile
intervenite Tn acest arboret, si anume cand si cu ce intensitate. Cantitatile de masa
lemnoasa supraterana extrase din arboret au putut fi astfel estimate.

Studiul are scopul de a determina, pe cat posibil, mecanismele prin care
variatiile meteorologice influenteaza productia si productivitatea arborilor. Stu-
diile dendrocronologice clasice se multumesc la a analiza cresterile la un nivel
standard de 1,3 m, insd legatura dintre cresterea radiald si productia de biomasa
nu este simpla. Legatura poate fi vazuta ca o proiectie dintr-un domeniu cu patru
dimensiuni, intr-unul unidimensional.

De la biomasa la volum, trecerea se face prin intermediul densitatii lemnului,
doveditd in mai multe exemple a nu fi invariabila in timp. Sensibilitatea densitatii
lemnului de fag nu a fost studiata aprofundat si nici nu exista un model suficient
de dezvoltat si robust pentru a clarifica impactul densitatii asupra estimarilor de
crestere de biomasa. Se presupune, totusi, ca influenta climatului asupra densitatii
este destul de diferita, comparativ cu influenta asupra cresterii radiale.

Cea de-a doua reducere a dimensiunii se face prin derivarea volumului intr-o
suprafatd, si anume in suprafata de baza. Pentru a fi studiata, aceasta proiectare
cere ca volumul arborilor sa fie estimat in fiecare an, pe langd masuratorile de
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crestere radiala. O astfel de analizd, numita analizd a trunchiului (“stem analy-
sis” in englezd), cere un esantionaj adaptat, in care sunt prelevate foarte multe
probe de-a lungul trunchiului. Cresterile observate pe aceste diferite nivele ale
trunchiului sunt folosite, o datd cu modelarea geometricd, pentru a reconstitui
volumul succesiv al trunchiului, pentru fiecare an, si prin diferentiere, a cresterii
in volum.

Ultima reducere este cea de la suprafata la latimea inelului. Mult mai bine
documentata, ea cere, totusi, o atentie particulard in esantionajul realizat.

Pentru ca studiul sa fie mai pertinent si sd explice cat mai mult din relatia in-
tre dinamica cresterii fagului si variatiile meteorologice, complementar s-a anali-
zat discriminarea izotopicd a carbonului, anume a raportului de concentratie a
izotopilor 13 si 12 ai carbonului. Discriminarea izotopica este un indicator foarte
fin al modului in care s-au desfasurat procesele de fotosinteza si starea generala
fiziologica a arborelui.

5.2 Material si metoda
5.2.1 Masuratorile dendrocronologice

Arborii studiati au fost alesi din parcela 221, la numai 200-300 m de situl
Carboeuroflux. S-a beneficiat de o doboratura de vant (Lothar), din iarna anului
1999, care a produs o paguba destul de mare: orice arbore din parcela 221 care
avea mai mult de 18 m Tndltime a fost rupt sau doborat. Aceastd doboratura a
avut, asadar, un caracter sistematic, care a fost benefica pentru studiu, deoarece
s-au putut sectiona un numar ridicat de arbori de mari dimensiuni, care altfel ar
fi fost exploatati ca lemn de lucru sau pentru furnir. Deprecierea lemnului a per-
mis ca arborii dominanti (cei mai mari) dintr-o piata de proba de 2000 m? sa fie
selectionati pentru analize, la circumferinte de la 81 la 119 cm.

Analizele realizate de Bouchon (1986), pentru inventarul forestier national,
au ardtat ca nu este nevoie de a masura sau de a preleva esantioane din metru
in metru pentru a avea o estimare fideld a volumului. Iniltimile cheie puse in
evidenta de lucrarile lui Bouchon (1986) au fost: 1,3 m ; 2,6 m ; baza coroanei
si inaltimea intermediara intre 2,6 m si baza coroanei. Pentru a determina varsta
reald a arborilor, s-a prelevat in plus o rondeld de la baza trunchiului, care nu a
fost analizata decat in acest scop. La fiecare din nivelele mentionate mai sus, s-
a prelevat o rondeld de circa 5 cm grosime, care a fost folositd pentru analizele
ulterioare: dendrocronologice, de densitatea lemnului sau izotopice.

Estimarea cresterii in suprafata s-a facut pe baza unor masuratori foarte pre-
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cise ale latimii inelelor pe patru raze, la fiecare rondela. Razele au fost alese pen-
tru ca un model eliptic al formei rondelelor s poate fi aplicat. Latimea inelelor s-
a masurat cu ajutorul dispozitivului Kiitschenreiter Digitalpositionmeter (Wein),
dupa ce fetele rondelelor au fost slefuite.

Reconstituirea cresterii in volum. Suprafata anuala si cresterea
anuald la fiecare nivel al arborelui, o data estimata, volumul trunchiului poate fi
calculat pentru fiecare an. Formulele geometrice clasice au fost aplicate pe di-
versele segmente de trunchi: segment conic, conic. Nu era niciun indiciu ca forma
trunchiului la arborii analizati trebuia reprezentata de o formuld mai complicata
decat cea a conului de revolutie. In unele studii, s-a putut demonstra ca forma
locald a trunchiului este mai bine modelata printr-o ecuatie mai sofisticata, spre
exemplu neloida. Dar masuratorile realizate pe arborii studiati, completate de
masuratori sistematice pe arborii din parceld, de diametre similare sau mai mici,
nu au adus dovezi cd formulele mai simple nu ar introduce o deviatie. Asadar,
partea inferioara a trunchiului, o data ce arborele a atins cel putin nivelul inter-
mediar dintre 2,6 m si baza coroanei, a fost modelatd prin formula lui Newton
(formula a celor trei nivele). Orice alt segment tronconic a fost modelat ca un
simplu segment de con drept.

O dificultate a constat in interpolarea inaltimilor, care este necesard pentru
a calcula volumul ultimului segment din trunchi. Avand ca varsta cinci nivele
diferite, plus indltimea totald a arborelui, s-au putut testa diferite modele de in-
terpolare a indltimii. Potrivit masuratorilor §i testelor realizate, s-a dovedit ca
modalitatea cea mai buna si mai simpla de a estima Tndltimea este prin interpolare
liniara intre nivele. Biomasa sau volumul acestui ultimul segment este mica si nu
reprezintd mai mult de cateva sutimi, o data ce arborele a trecut de cca. 6 m.

Masurdtori densitometrice. Principiul masuratorilor densitomet-
rice este de a stabili o relatie intre densitatea lemnului si transparenta lui la raze
X. O data raportul stabilit, compararea Intre culoarea aparentd a lemnului pe o
radiografie cu culoarea unui sablon de referintd permite a fi dedusa densitatea.
Sablonul este facut fie dintr-o pana de lemn, fie din plastic, la care densitatea
a fost stabilitd cu precizie, si care este folositd numai in conditii standard de
temperaturd si de umiditate. Sabloanele folosite in lucrarea de fata au fost din
categoria pana de plastic, constituitd din trei segmente de grosime variabila, fiind
dintr-un un material foarte omogen, ceea ce a permis sa fi reprodus un gradient
de densitate aparenta.

Esantioanele de lemn au constat in lamele de lemn extrase din rondelele, de
grosime controlatd, de 2 mm. Esantioanele au fost conditionate la o temperatura
constanta si la o higrometrie stabild de 9%, intr-o camera de conditionare. Radi-
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ografiile au fost realizate folosind filmul Kodak Industriex AA 400, prin expunera
la raze tip X de 4 ore (protocol INRA-QB standard). Tensiunea si intensitatea
curentului de acceleratie au fost de 7,5 kV si 1200 mA, respectiv. Radiografiile
au fost scanate (precizie de 1000 dpi optic) si analizate cu softuri specializate re-
alizate la Institutul National de Cercetari Agronomice (INRA)(Mothe et al 1998).
Imaginile au fost prelucrate in prima etapa cu programul CRAD (Calibrage de
RADiographies, Mothe et al. 1998), care decupeaza si calibreaza imaginele
scanate. Al doilea program, CERD (Mothe et al., op. cit.) permite a fi delimitat si
datat pe imaginea fiecarui inel.

Maéasuratorile izotopice. La origine, raportul *C/"?C a fost masurat
pe baza celulozei lemnului, in vederea reconstituirii evolutiei acestui raport in aer
(Tans si Mook, 1980). Dar, s-a dovedit foarte repede ca acest raport este variabil
in inelele de crestere de la un an la altul, si ca existd un lant de procese fiziologice
care stau la baza fluctuatiilor acestui raport. Potrivit modelului de fotosinteza
propus de Farquhar si Caemmerer (1982), concentratia in bioxid de carbon a
aerului continut in spatiul inter-celular al frunzelor este elementul cel mai influ-
ent pentru raport, iar concentratia este determinata de conductanta stomatica si de
fotosinteza. Asadar, raportul *C/?C este un indicator al caracteristicilor anuale
ale fotosintezei si ale conductantei stomatice.

Potrivit lui Craig (1957), raportul “C/"?C, notat 0"°C, este exprimat ca
diferenta de concentratie intre esantionul studiat si standardul international Pee-
Dee Belemnite. O corecturd este necesard pentru a tine cont de faptul ca sem-
nalul izotopic al aerului s-a schimbat in mod cvazi-liniar din 1950 pana in 1999,
trecand de la -6,8%o 1a -8,3%o.

Materialul folosit pentru a determina seria 0"°C a provenit in mod exclusiv
din rondelele prelevate la nivelul de 1,3 m, fiind constituit din 50 de esantioane
de lemn, care reprezentau ani, din 1950 pana in 1999. Fiecare esantion a fost un
amestec de inele anuale prelevate de pe lamele de lemn, cate una pe arbore, de
dimensiuni standardizate: 2 mm grosime si 5 mm latime. Prin standardizare, s-a
asigurat faptul ca numai latimea inelului diferd intre arbori si deci, contributia
fiecarui arbore este proportionala cu latimea inelului. Inelele decupate au fost
pulverizate (moarda Mixer Mill MM200, Retsch), iar pulberea de lemn care a
rezultat a fost tratatd chimic pentru a extrage celuloza. Extragerea s-a realizat
folosind protocolul dezvoltat pentru stejar si gorun (Ponton 2001). Protocolul se
bazeaza pe eliminarea succesiva a moleculelor nedorite - rasini, compusi feno-
lici, orice molecula hidrolizabila si lignina. Celuloza a fost analizatd mai departe
prin spectrometrie, folosind un spectrometru de masa (Finnigan Mat, Delta S,
Bremen, Germany) cuplat la un analizor elementar cu flux continuu (Carlo Erba
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Analyser NA 1500, CE Instruments, Rodano, Italy).
5.2.2 Prelucrari statistice

Analiza seriilor de crestere. Analizaseriilor temporale, fie latimea
inelului, fie cresterea suprafetei de baza, cresterea volumica sau in biomasa, sau
cele densitometrice, se bazeaza pe o gama de tehnici statistice dedicate, care cer
o atentie foarte mare pentru a fi folosite Tn mod potrivit si pertinent. Sigur, mai
multe programe informatice au aparut n ultimii 10 ani, care permit tot felul de
calcule avansate si automate, doar prin selectare de meniuri, precum ARSTAN
(AutoRegressiv STANdardization, Holmes 1983, 1992; Cook si Holmes, 1996),
dar din pacate, nici unul nu a prevazut o verificare pas cu pas a ipotezelor sta-
tistice care stau la baza ajustarii modelelor complexe care sunt folosite, a con-
trolului distributiei rezidurilor modelului. Un handicap consta in aceea ca astfel
de programe nu pot fi folosite de oricine, ci doar de cine doreste sa inteleaga si
sa controleze analizele realizate. De aceea, toate analizele au fost realizate fo-
losindu-se abordari statistice complete, programate in SAS (SAS versiunea 6 pe
UNIX, 7 si 8 pe Windows) si S-plus (S-PLUS 2000 Profesional Release, Math-
soft Inc., Seattle).

Seriile de crestere, in general, prezinta variatii in frecventele lungi (de la 10 la
100 de ani, sau mai mult), medii (5-10 ani) si scurte (anuale). Analiza legaturilor
dintre variatiile meteorologice sau climatice si fluctuatiile seriilor de crestere nu
se pot face decat pentru fiecare frecventd separat. Procesul de separare a sem-
nalelor in functie de frecventa este deseori numita standardizare, ca referinta la
faptul ca rezultatul este producerea unor serii noi, cu aceeasi medie (0 sau 1).
Fiecare serie temporala are caracteristici proprii, iar a aplica o metoda unica de
prelucrare nu este posibil, ci numai cu riscul ca principiile statistice de baza sa fie
incalcate. De aceea, fiecare analiza a avut la baza o prelucrare specificd, in functie
de obiectivul si de materialul folosit.

Seriile de crestere (in suprafata, in volum sau biomasa) au fost prelucrate
pentru a extrage frecventele scurte (inter-anuale) si a le confrunta cu climatul,
dar toate aceste serii aratd o tendintd temporala foarte puternica de crestere, o
tendinta parabolica sau chiar exponentiald, in functie de varsta. Curbele ardtau
variatii decadale suprapuse variatiilor de frecventd lunga, care erau cauzate de
rariturile efectuate in arboret §i prin care spatiul disponibil a fost marit brusc
(aferent cantititilor de lumina si de apa). Intr-adevar, datarea acestor salturi in
curbe coincidea foarte precis cu rariturile. Tendintele si variatiile de crestere im-
pun o prelucrare mai find a curbelor de crestere decit o simpla combinatie de
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standardizare succesiva prin polinoame sau functii spline. S-a preferat o mod-
elare a tendintelor unei elimindri a acestor tendinte, pe baza unui algoritm pur
non-parametric, si tocmai, arborii oferd o astfel de posibilitate prin faptul ca,
precum pentru aproape orice alt organism, cresterea cantitativa (a suprafatei de
baza, in volum) este o functie directd din marimea lui. Dupa acest principiu, uni-
versal, variatiile de nalta frecventa pot fi extrase folosind exact acelasi model,
un model semi-parametric, care exprima cresterea anului curent ca o functie din
marimea observata in anul precedent, dar care contine si 0 componenta stohastica
si 0 memorie, adicd autocorelatia. Modelul a fost ajustat pentru fiecare arbore si
pentru fiecare serie cu parametri specifici. Cronologiile (seriile medii) sunt cal-
culate ca o medie simpld a seriilor de Tnalta frecventa care rezulta din model. Mai
multe detalii pot fi gésite in articolul Bouriaud et al. (2005) anexat.

Prelucrarea datelor densitometrice. Datele densiometrice au
fost prelucrate intr-un mod diferit fata de celelalte serii temporale, pentru ca
scopul studiilor a fost de a testa daca existd o legaturd intre cresterea radiala
anuald si densitatea lemnului produs 1n anul respectiv, si in ce masurd, densi-
tatea este influentatd de climat. Principiul prelucrarii a fost acela de a ajusta un
model, care prezintd in mod separat impactul fiecarui efect care trebuie studiat,
anume al cresterii si al climatului. Laboratorul de analiza a calitatii lemnului
are o experientd bogatd in privinta analizei variatiilor densitatii si legatura cu
viteza de crestere a arborilor sau cu conditiile de crestere. Analizele anterioare,
realizate pe aproape toate speciile forestiere temperate, au aratat ca legatura intre
latimea inelului si densitatea lemnului este de aceeasi naturd intre arborii dintr-o
specie data, spre exemplu liniard sau cuadraticd, doar ca parametrii relatiei nu
se pastreaza de la un individ la altul. Parametrii pot varia chiar si intre arborii
luati dintr-un singur arboret. Analiza relatiilor dintre latimea inelului i densitatea
lui trebuie sa tina cont de aceastd variabilitate, numitd ‘efectul individului’ sau
‘efectul arborelui’, care este inclus in relatia cu cresterea. Modelul ierarhic astfel
dezvoltat permite a fi cuantificata variabilitatea legatd de fiecare factor inclus si
de a estima contributia lui (mai multe detalii in Bouriaud et al. 2004).

Analiza a beneficiat de masuratorile bioclimatice realizate permanent pe situl
CarboEuroflux, care au permis stabilirea unor relatii intre caracteristicile climati-
ce numeroase masurate si transpiratia arborilor, absorbtia diurna a carbonului
prin coronament, prescurtat fotosinteza (se intelege fotosinteza neta la nivel de
coronament). Transpiratia, fotosinteza si indicele de deficit hidric al solului au
fost folosite, alaturi de caracteristicile climatice, ca niste variabile noi, care aduc
o0 viziune mai profunda asupra proceselor studiate.
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5.3 Rezultate si discutii

Rezultatele prezentate in aceasta sectiune sunt o sinteza a rezultatelor rapor-
tate in articolele anexate, Bouriaud et al. (2004) si Bouriaud et al. (2005). Discutii
specifice, argumentate cu citari din literatura de specialitate, se pot gasi in aceste
articole.

Relatiile dintre densitatea lemnului si crestere. Im-
pactul climatului.in ciuda faptului ci densitatea anuald a lemnului este
cunoscuta ca un parametru esential al calitatii lemnului si ca o sursa de informatii
utile despre cresterea arborilor, densitatea a fost studiata destul de putin la speci-
ile de foioase al caror lemn are pori difuzi, precum fagul. In aceasta parte a stu-
diului, s-a analizat relatia dintre densitatea anuald a lemnului, cresterea radiala
(1atimea inelului) si climat. Influenta climatului asupra cresterii radiale este destul
de bine documentatd, si mai multe studii au pus in evidenta, la nivele regionale
sau nationale, sensibilitatea cresterii fagului fata de constrangerile meteorologice
(e.g. Dittmar et al. 2003, Lebourgeois et al. 2005). Se poate presupune ca aceste
constrangeri vor avea o influentd asupra densitatii, fie directa, fie indirecta, daca
o legaturd exista Intre cresterea anuald si densitatea lemnului. Tocmai, scopul
studiilor este de a diferentia ambele efecte, directe si indirecte.

Ca o prima analiza, se poate observa faptul cd densitatea lemnului este o
proprietate mult mai putin variabild decat latimea inelului, daca este observata
intr-un singur arbore sau intre arbori (coeficientul de variatie este in medie de 9
ori mai mare pentru latimea inelului decat pentru densitate). Diferenta de varia-
bilitate avertizeaza faptul ca potentialul de modelare a variabilitatii densitatii prin
latimea inelelor nu este ridicat. Analiza s-a realizat prin ajustarea si compararea
de modele, avand de ales intre mai multi regresori potentiali si clasici, folositi,
de exemplu, pentru lemnul speciilor cu diferenta marcata de densitate dintre lem-
nul timpuriu si lemnul tarziu (Zhang et al. 1993, Guilley et al. 1999). Per total,
corelatia dintre densitatea i varsta cambiala este destul de mica, dar a fost gasita
semnificativd. Asa cum a fost prevazut, legatura intre latimea inelului si densi-
tatea lemnului este variabila intre arbori (c.f. Bouriaud et al. 2004, figura 4), dar
este stabild 1n timp, daca este examinata intr-o serie individuala. Aceste observatii
aduc la formularea unui model in care latimea inelului si varsta cambiala sunt
regresori cu efecte fixe, iar arborii apar ca efecte aleatorii, adica necontrolate, si
pentru care distributia parametrilor urmareste o distributie normala prin ipoteza
(verificatd). Modelul are forma:

DA, = (ata) + (b+p) . Varsta + (c+yi)/LIl.j te, [modelul 1]
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unde DA este densitatea anuald pentru esantionul (arborul) i in anul j, LI este
latimea anuald, a,b si ¢ sunt coeficientii factorilor ficsi, o,/ si y sunt coeficienti
factorilor aleatorii la nivel de arbore, ¢ reziduala presupusa a fi aleatorie (adica
avand o distributie normala de speranta nuld).

Forma relatiei o data stabilitd, modelul de densitate a fost ajustat pe setul
de date, rezultand dintr-o serie de reziduale la nivel de populatie care au
toate proprietatile dorite pentru o analizd dendroclimatica: seria este centrata,
standardizata - in sensul statistic al cuvantului - si de varianta fara tendinta in
perioada 1950-2000, perioada in care datele meteorologice si variabilele sintet-
ice sunt disponibile (c.f. Bouriaud et al. 2004, figura 5). Asadar s-a putut testa
influenta climatului asupra densitdtii lemnului, prin introducerea succesiva a
unor parametri climatici, influenta celorlalti factori fiind deja eliminata. S-a testat
influenta climatului asupra latimii inelelor anuale pentru comparatie, folosind
aceeasi metodologie ca si pentru densitatea lemnului. Analizele au aratat ca cli-
matul poate influenta densitatea lemnului de fag, mai ales prin temperatura sau
prin radiatiile din lunile iunie si septembrie, si precipitatiile din august. Vari-
abilele mai complexe, precum deficitul de apa din sol sau fotosinteza, nu sunt mai
bine legate de variatiile densitatii decat variabilele climatice clasice.

Sensibilitatea cresterii la climat s-a dovedit a fi diferita fata de sensibilitatea
densitatii, cu o influentd mai mare a conditiilor climatice de la Inceputul si mi-
jlocul sezonului de vegetatie. Este important de observat faptul ca efectele clima-
tului s-au manifestat numai ca efecte fixe si nu ca efecte aleatorii, ceea ce arata ca
sensibilitatea sau raspunsul arborilor esantionati nu variaza in mod semnificativ
intre arbori.

Studiul a demonstrat ca variatiile densitatii lemnului sunt slab legate de
variatiile cresterii radiale sau de varsta cambiala la fag, desi au fost semnifica-
tive. Studiul a demonstrat o variatie individuala mare in privinta legaturii in-
tre varsta, crestere si densitate, care este observata in multe studii si nu numai
pentru specii cu lemn omogen (Guilley et al. 2003, Nepveu 1981). Climatul nu
influenteaza decat minor densitatea, avand influenta, mai ales, la sfarsitul sezonu-
lui de vegetatie.

Relatia dintre cresterea radiald si productivitatea ar-
borilor. Analizele densitatii lemnului au permis sa fie studiat unul din factorii
de scalare dintre cresterea radiald, observata la nivel de referinta, si cresterea in
biomasa, densitatea fiind factorul de conversie din cresterea volumica in cresterea
de biomasa. Partea urmatoarea are scopul de a studia raportul intre cresterea
volumica si cresterea radiala.

Cresterea volumica a fost estimata datoritd unor masuratori ale cresterii si for-
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mei trunchiului la mai multe Tnaltimi ale fusului. Patru nivele de crestere au fost
retinute, care au fost demonstrate a fi cele mai pertinente pentru a studia volumul
trunchiului de fag (Bouchon et al. 1986): la 1,3 m, la 2,6 m, la baza coroanei si
la o Tndltime intermediara intre 2,6 m si baza coroanei. Cresterea volumica are la
baza o integrare a cresteri radiale de-a lungu fusului, fara a fi formulata ipoteza ca
cresterile radiale sunt proportionale peste tot in trunchi. O crestere proportionald
ar conduce la o proportionalitate mare intre cresterea la orice nivel si cresterea
volumica. Numarul inelelor scdzand odatd cu inaltimea pe trunchi, o fereastra
de 36 de ani, comuna pentru toate nivelele, a fost alesa. Cresterea In suprafata,
observata la toate nivelele, scade de la baza arborelui spre varf, dar variabilitatea
inter-anuala a fost remarcabil de uniforma. Corelatiile intre cresteri au fost, de
asemenea, foarte mari, dar au scazut in mod clar cu distanta intre nivele, pentru a
fi numai de 0,89, intre 1,3 si baza coroanei.

Pentru a studia diferentele de crestere, s-a calculat raportul intre seriile de
2,6 m, intermediara si baza coroanei si seria de la 1,3 m, care a dus la formarea
unor noi serii. Aceste noi serii arata o variabilitate temporald marcanta, cu variatii
in multe frecvente. Frecventele 1nalte au fost filtrate prin ajustarea unor functii
spline cubice cu rupturd de raspuns de 50% la frecventa de 10 ani (parametri
conform practicilor dendrocronologice, dar fara fundament teoretic). Rezidualele
ajustdrilor functiilor spline au fost folosite pentru a cauta un semnal climatic n
variatiile diferentelor de crestere de la diferite nivele. Analizele au aratat ca exista
un astfel de semnal, care este crescator cu inaltimea 1n trunchi (c.f. Bouriaud et al.
2005, figura 3). Se observa o influentd a temperaturii, a deficitului de saturatie de
apa n aer si a deficitului de apa in sol, in luna iunie asupra seriilor, semnificativa
si pozitiva. O corelatie pozitiva arata ca cresterea este, proportional, mai mare in
indltime decat la nivelul de referinta, (1,3 m). Au fost ajustate o serie de regresii
multiple pe seriile de indici de crestere, pentru a face o comparatie a nivelului de
variantd, care poate fi explicat de climat pentru fiecare nivel, in raport cu seria
de referinta (tabelul 29). Astfel, s-a demonstrat ca cresterea nu este proportionald
in inaltime cu cea de la 1,3 m, si cd raportul de crestere variaza in functie de cli-
mat.

Avand o sensibilitate diferita la variatiile climatice in functie de pozitia pe
trunchi, era de asteptat ca cresterea in volum sau Tn biomasa sa nu fie proportionala
cu cresterea radiald la 1,3 m. Din nou, s-a putut demonstra ca fluctuatiile anuale
ale raportului intre cresterea in suprafatd de baza si cresterea volumicd sau In
biomasa sunt legate de variatiile climatului.

Seriile de crestere in biomasa au fost exprimate ca o functie a cresterii in
suprafata de baza, cu corecturd pentru auto-corelatie, intr-un model mixt semi-
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Tabelul 29 Sinteza modelelor de regresie ale indicilor de crestere radiala si de crestere in biomasa, in

functie de climat (pentru o fereastra constanta de 30 de ani)

Indice: Variabila
variabila Step adaugata Parametrul® F Pr>F R? model R? ajustat C(p)
dependenta
ic 1,3 1 T6 20,045+ 1505 00004 02638 02462 36,85
2 P6 -0,021% 1420 0,0005 04532 04265 19,08
3 Ps 0,029%* 7,72 0,0083  0,5417 0,5073 11,84
4 T9 0,001%* 5,02 0,0308  0,5940 0,5523 838
5 T7 0,001% 6,16 0,0176  0,6506 0,6046 4,47
ic 2,6 1 P6 -0,041%* 1663 00002 02836 02666 31,05
2 T6 -0,017% 1442 0,0005 04701 0442 14,56
3 Ps 0,024* 8,09 0,0070  0,5593 0,5262 7,71
4 T9 0,001%* 4,07 0,0507  0,6009 0,5599 5,59
5 T7 0,001* 448 0,0409  0,6429 0,5960 3,41
ic 15 BC 1 P6 0,043+ 1497 0,0004 02628 02453 2328
2 T6 0,019% 11,53 00015 04246 0,3966 11,39
3 Ps 0,001* 7,33 0,0099  0,5138 04773 5,74
4 T9 0,001%* 3,28 0,0779  0,5515 0,5055 4,50
5 Rgl7 SLLIO** 326 0,0791  0,5869 0,5325 3,16
ic BC 1 Rgl6 -0,0002* 1440  0,0005 02553 02376 193
2 Ps 0,001 % 5,68 0,0219  0,3439 03140 14,1
3 P6 0,001 % 6,51 0,0146 04375 03953 88
4 T9 0,030% 3,92 0,0547  0,4889 04375 67
5 T7 -0,022% 5,49 0,0245  0,5534 04947 3.6
ic1,3 1 ;‘t‘f;‘;“t de 0,00188 3424 <0001 0,4433 04304 239
2 deficit -0,00309 11,10 0,0018 0,5597 0,5387 124
3 T9 0,02680 6,57 0,0141 0,6205 0,597 73
4 T6 -0,02362 3,19 0,0819 0,6485 06133 6,0
ic 2,6 1 ;‘:f;‘;“t de 0,00217 3439 <0001 0,4444 04315 17,7
2 deficit -0,00301 1027 0,0026 0,5535 0,5323 82
3 T9 0,02247 5,13 0,0288 0,6032 0,5742 49
ic 15 BC 1 ;‘t‘f;‘;“t de 0,00211 2630 <0001 0,3795 03650 14,0
2 deficit -0,00311 8,51 0,0056 0,4841 04595 6,7
3 T9 0,02064 3,12 0,0848 0,5205 04854 55
ic BC 1 P5678 0,0007 2122 <0001 0,3305 03149 21,9
2 T9 0,0390 12,65  0,0009 04854 04609 94
3 T6 -0,0250 5,23 0,0274 0,5437 0,5103 57
4 deficit -0,0018 2,74 0,1059 0,5729 0,5302 5,1

Nota: ic — indice de crestere.
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parametric. O lista de variabile climatice au fost introduse succesiv in model,
pentru a compara raspunsul seriilor si sensibilitatea lor. Compararea modele-
lor obtinute s-a efectuat prin testul raportului de verosimilitate, si prin analiza
semnificatiei parametrilor modelelor (c.f. Bouriaud et al. 2005, tabel 3). Astfel,
s-a demonstrat ca devierile de proportionalitate sunt influentate, in mod prioritar,
de deficitul de apa din sol, variabile care caracterizeaza intensitatea si durata defi-
citului, ambele fiind foarte semnificative (tabelul 30). Influenta deficitului de apa
(secetd) se manifesteaza printr-o scadere mai mare a cresterii la nivelul de 1,3 m
decat 1n alta parte a trunchiului, ceea ce aduce la o reducere mai mare a cresterii
in suprafata de baza decat in volum sau biomasa.

Astfel, studiul a demonstrat ca cresterea la nivel de 1,3 m este, pentru fag,
un estimator biasat al productivitatii, deoarece seriile de la baza trunchiului sunt
mai marcate de fenomenele climatice, si in particular, de seceta. O sensibilitate
mai mare fata de seceta la nivel de 1,3 m poate fi explicata prin faptul ca ince-
perea cresterii la fag este determinatd de un semnal hormonal, care se difuzeaza
din partile somitale ale arborilor spre baza lui. Asadar, inceperea cresterii este
graduala, fiind mai precoce sus, inspre coronament, decat spre baza trunchiului.
Monitorizarea rezervelor de apa din sol a aratat cd, in aprilie, rezervele de apd din
soluri sunt, dupa perioada de iarna, la capacitate maxima sau aproape de maxim.
Inceputul sezonului de vegetatie inregistreaza, asa cum a fost demonstrat in capi-
tolul I, o perioada de crestere radiala foarte activa si rapida. Distributia cresterii
pe luni este data de figura 6 din Bouriaud et al. (2004). Se poate vedea faptul ca
primele luni ale sezonul de vegetatie au o importanta deosebita. Daca seceta in-
cepe devreme, cresterea se va opri repede, iar inelul anual va fi subtire (1976 spre
exemplu). Cresterea incepand mai devreme sus pe trunchi, cresterea realizata va
fi mai mare cand arborele se va opri din cauza secetei. Un alt factor care poate sa
duca la formarea unui inel mai subtire in partile inferioare ale trunchiului este dat
de principiul potrivit caruia elementele de baza construite prin fotosinteza sunt
distribuite de sus, unde sunt produse, in jos. Astfel, daca cantitdtile asimilate nu
sunt suficiente pentru a acoperi nevoile, ele vor fi oricum mai prezente in partile
superioare ale trunchiului decat jos.

Analiza fiziologica a fluctuatiei productivitdtii. Analizele
anterioare au demonstrat ca cresterea fagului este afectata cel mai mult de seceta,
dar cd impactul este exagerat in seria de la 1,3 m, pentru ca cresterea mai sus de
trunchi nu este atat de sensibila, si nu este redusa proportional cu cea de la 1,3 m.
Analiza discriminarii izotopice *C/>C are drept scop de a studia in detaliu me-
canismele pentru care seceta poate sa afecteze cresterea si productivitatea, fiind
alaturi de implementarea unui model de bilant de carbon, modelul CASTANEA.
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Tabelul 30 Compararea corelatiilor liniare observate intre datele climatice sau intre cele ale bilantului de
apa si seriile cronologice de crestere

Ic suprafata (1,3 m)  /c volum Ic biomasa Ic carbon
Temperatura iunie -0,514%* -0,458* -0,405%* -0,364%*
Temperaturd iulie -0,337* -0,469%* -0,409%* -0,252N8
Precipitatii iunie 0,509%%* 0,288Ns 0,184N8 0,383%*
Precipitatii august 0,240N8 0,332* 0,377* 0,259Ns
ETP iunie -0,505%* -0,458* -0,343* -0,385%
Radiatie iunie -0,432* -0,424* -0,367* -0,347*
Radiatie septembrie 0,048Ns 0,310 0,328* 0,222N8
Datd de inceput de stress 0,654%** 0,549%** 0,504%*%* 0,543%**
Numar de zile de stress -0,609%** -0,519%* -0,501** -0,421%**
Deficit hidric -0,661%** -0,561%** -0,546%** -0,512%*

Nota: Ic — indice de crestere. ***, ** * - njvele de semnificatie la p <0.001, 0.01, 0.05. NS — nesemnificativ.

Motivul principal al variatiei discriminarii izotopice (figura 24) a fost, potri-
vit corelatiilor, deficitul de apa din sol si variatiile rezervei de apa pe parcursul
sezonului de vegetatie (simulate de modelul CAsTaNEA). Valorile simulate sunt
foarte strans legate de indiciile dendrocronologicei (tabelul 31 si 32). Acesti
coeficienti de corelatie aratd ca transpiratia nu este legatd de indicele de dis-
criminare. Acest rezultat nu trebuie sa fie surprinzator, chiar daca indiciele de
discriminare este considerat drept raportul dintre fotosinteza si cantitatea de apa
evaporata. Potrivit modelului de Farquhar, discriminarea se face mai intai prin
conductanta stomaticd. Acest fapt explica si corelatia ridicatd dintre indicele de
discriminare si radiatiile sau deficitul de saturatie de apa din aer, care influenteaza
mult conductanta stomatica. Intr-adevar, potrivit lui Jarvis (1976) si Steward
(1988), conductanta la nivel de coronament sa poate exprima ca si conductanta
maxima, inmultitd cu functiile reductoare din indicele foliar, dintr-un indice de
rezerva de apa din solul, din temperatura aerului si din deficitul de saturatie de apa
din aer. Granier (2000a) a aratat ca, conductanta coronamentul unui faget poate
fi modelata ca o functie din deficitul de saturatie de apa din aer, si din radiatiile
incidente, in conditiile in care rezerva de apa din sol nu este limitativa.

Variatiile simulate de fotosinteza anuala reproduc foarte bine variatiile indice-
lui de crestere radiala (suprafata de bazd), cu pana la 43% din varianta explicata,
dar numai 30% din cresterea volumicd sau in biomasa. Legdtura dintre variatiile
indicelui de discriminare si fotosinteza este foarte buna, fiind tot in acord cu
modelul Farquhar, chiar mai buna decat legatura cu indicele de crestere radiala
sau in volum.
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0.8 - Cresterea in suprafata de baza Discriminare izotopica A13C

2000 2005

Fig. 24 Compararea valorilor anuale ale indicelui de cresterea radiala si a valorilor de discriminare A"*C

Tabelul 31 Corelatia liniara dintre seriile dendrocronologice medii de crestere radiala sau in volum si
seria de discriminare izotopicd, pe o fereastra constanta de 30 de ani

Ic

IcS13m IcS26m IcS"™BC IcSBC Ic Volum . Ic Carbon
Biomasa
7 porson 0,537 0,540 0,579 0,453 0,714 0,698 0,535
P 0,0001 0,0001 <,0001 0,0018 <,0001 <,0001 0,0002
Nota: Ic — indice de crestere, S - suprafata de baza, 1/2BC - nivelul intermediar intre 2,6 m si baza coronamentului
(notat BC).

5.4 Concluzii

Desi recunoscut ca fiind un parametru esential al calitati lemnului, densitatea
inelului anual nu a fost studiata la specia fag, care are vasele distribuite in mod
omogen in inelul anual. In acest studiu, s-a analizat variabilitatea inter-anuala
a densitatii lemnului in legatura cu latimea inelului, varsta arborelui si variatia
climatului. Analiza s-a facut pe un esantion constituit din 30 de arbori din acelasi
arboret, a carui varsta era de aproximativ 55 de ani.

S-a dovedit ca latimea inelului variaza mai mult decat densitatea lemnului.
Relatia dintre aceste doua caracteristici a fost semnificativa si a fost foarte diferita
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Tabelul 32 Comparatie a corelatiilor obtinute de seriile dendrochronologice de crestere radiala, in volum,
de discriminare izotopica si climat.

Mai Iunie lulie August 567 678
Il(j3sm P 0,278 0,509%* 0,240 0,283 0,558*** 0,496**
T -0,058 -0,514** -0,337* -0,056 -0,391* -0,396**
R -0,135 -0,432% -0,167 -0,279 -0,392% -0,400%*
Dsat -0,151 -0,663%** -0,576%**  -0,383*  -0,607*** -0,605%**
Ic Volum P 0,199 0,288 0,156 0,332 0,381* 0,381*
T -0,081 -0,458%* -0,469* -0,259 -0,477* -0,534%*
R -0,176 -0,424%* -0199 -0,313*%  -0,428** -0,425%*
Dsat -0,190 -0,618%** -0,612%*%*  -0,486%*  -0,619*** -0,646%**
giomasé P 0,184 0,184 0,146 0,377* 0,370%* 0,405*
T -0,067 -0,405%* -0,409%* -0,248 -0,416* -0,477*
R -0,197 -0,367* -0,113 -0,316*  -0,364* -0,354*
Dsat -0,218 0,591 %** -0,564***  .0,507*%*  -0,592%** -0,627%%*
Ic ABC P -0,078 0,458%* 0,356* 0,318* 0,445%* 0,580%***
T -0,131 -0,411%* -0,374%* -0,209 -0,424%* -0,439%
R -0,044 -0,441* -0,321* -0,345%  -0,429** -0,507**
Dsat -0,181 -0,637%%* -0,648***  -0,469*%  -0,642%*** -0,661%**

Nota: Ic — indice de crestere. ***, ** * - njvele de semnificatie la p <0.001, 0.01, 0.05. NS — nesemnificativ.

de la un individ la altul. De asemenea, raspunsul latimii inelului la variatia clima-
tului a fost foarte diferit fatd de raspunsul densitatii lemnului. Latimea a fost mai
sensibild la influenta secetei, iar densitatea a fost mai legata de temperaturile si de
precipitatiile din august. Intr-adevar, densitatea lemnului a fost mai influentati de
climatul din ultima perioada a sezonului de vegetatie decat de cresterea radiala,
reflectata de latimea inelului. O parte mare din variabilitatea densitatii lemnului
a ramas ne-explicatd, chiar cu ajutorul unui model complex de bilant de apa.
S-a propus ipoteza cd o parte substantiald a determindrii formarii lemnului care
controleaza densitatea anuald se bazeaza pe mecanisme interne. Acest studiu a
demonstrat, 1n sfarsit, o pregnantad diferentiere de la un individ la altul, care se
manifested nu numai printr-o densitate diferita, ci si printr-o relatie climat/densi-
tate specifica fiecarui arbore.

Relatia dintre crestere in suprafata de bazd si productie, exprimatd prin
cresterea in volum sau biomasa, a fost analizata asupra unui esantion de 30 fagi
alesi din vecindtatea sitului experimental CarboEuroflux. Arborii selectati au fost
sectionati la patru inaltimi diferite, de la care s-au luat discuri de lemn. Estimarile
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pentru cresterea in volum sau in biomasa au rezultat din aceste masuratori si nu
din aplicarea unor modele biometrice. S-a realizat o comparatie intre cresterea
radiald la diferite Tndltimi ale trunchiului. Analiza a demonstrat o diferenta
semnificativa de sensibilitate la climat intre cele patru nivele de esantionaj, pot-
rivit caruia impactul secetei este mult mai pregnant la Tnéltimea de 1,3 m decét la
baza coronamentului. Raportul dintre cresterea radiala si cresterea in volum sau
de biomasa variaza in timp si s-a dovedit, de asemenea, a fi influentat de climat.
Variatiile densitatii lemnului nu au fost suficient de mari ca sa modifice semnifi-
cativ raportul dintre cresterea radiald si productia de biomasa. Din acest studiu,
s-a concluzionat ca seriile dendrocronologice luate la nivel de 1,3 m sunt indi-
catori foarte buni, deoarece semnalul climatic este mai mare la aceastd indltime
decat mai sus pe trunchi. Dar seriile dendrocronologice luate la 1,3 m nu per-
mit o analiza a productivitatii, suficient de precisa, deoarece ele induc o eroare
sistematicd, prin sub-estimarea productivitdtii in anii cu cantitati mai reduse de
ploi sau secetosi.

Analizele izotopice au aratat ca cresterea radiala este strans legata de schimbari
ale conductantei stomatice, care, la rindul ei, este foarte dependentd de variatiile
rezervei de apd din sol. Acest rezultat explica sensibilitatea mare a fagului in
raport cu seceta, care este resimtitd cand rezervele solului sunt prea mici pentru
a sustine transpiratia potentiala maxima, condusd de conditiile micro-meteoro-
logice, si care este redusa prin ajustarea conductantei stomatice. Fotosinteza este
direct dependentd de conductanta stomatica, care defineste cantitatile de apa care
pot fi schimbate cu aerul, dar si cantitatile de carbon care pot fi preluate.
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6. Concluzii

6.1 Concluzii asupra ecologiei fagului

Factorul principal si cel aflat in atentia acestui studui a fost, fara indoiala,
aprovizionarea cu apa a arborelui si tot ceea ce o poate modifica: rezerva de apa
din sol, adancimea pana la care se dezvolta radacinile sau excesul de apa in sol.
Chiar daca seriile dendrocronologice luate la o inaltime de 1,3 m au tendinta de a
amplifica semnalul secetei, deficitul de apa ramane factorul cel mai influent asu-
pra variabilitatii inter-anuale a cresterii si a productiei. Prin comparatie, raritura a
avut un efect mai moderat la scara arboretului, dar raimane un factor major si cu
efecte durabile. Valorile de discriminare izotopica sunt, in aceasta privinta, niste
indicatori foarte buni pentru ceea ce se intdmpla la nivelul arborilor dominanti cu
ocazia unei rarituri i care dovedesc impactul pozitiv si durabil al rariturii asupra
productivitatii.

Asadar, productivitatea fagului pe soluri brune pare a fi determinata mai intai
de alimentarea cu apa si, numai intr-o masura mai redusa, de alimentarea cu azot.
Pe solurile mai favorabile, interventiile silvice s-au dovedit a fi mai intense, ceea
ce conduce, inapoi, la o imbunatatire globald a conditiilor de crestere. Altfel,
productivitatea poate fi sporitd o datd cu calitatea lemnului produs. Importanta
interventiilor s-a resimtit mai mult in conditii de seceta, in care s-a demonstrat ca,
cantitatile de apa disponibila sunt mai mari in arboretele rarite, iar pierderile leg-
ate de temperatura sunt foarte limitate: doi factori foarte favorabili. Interventiile
silvice reprezinta cea mai buna cale de a influenta nivelul de alimentare cu apa
al arborilor, rariturile conducand la o reducere a cantittii de apa interceptate
de frunze (si deci de apa care ajunge in sol si este disponibila cresterii) si la o
crestere a cantitatilor de apa disponibile individual, fiind mai putin arbori.

Un alt aspect subliniat prin aceste studii privind ecologia fagului este faptul
ca excesul de apa din sol, care este cunoscut ca fiind un factor negativ sau limi-
tativ pentru aceasta specie, nu a impiedicat arborii sd aiba o ratd de crestere si
o calitate a lemnului acceptabile. Sigur ca arborii care cresc pe un astfel de sol
nu pot produce lemn din clasa de calitate cea mai mare (cu inele mai late de 4
mm dupa normele franceze CTBA). Generalizarea acestor rezultate la alte situri
cere prudentd, atita timp cat mecanismele prin care excesul de apa influenteaza
cresterea arborilor nu sunt suficient documentate.

In sfarsit, s-a demonstrat ca densitatea lemnului nu este legatd de cresterea
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radiald, asa ca o crestere sporitd nu se traduce printr-o reducere a proprietatilor
mecanice ale lemnului.

6.2 Analiza functionala si modelarea productivitatii

Lucrarea a permis sa se realizeze o sinteza asupra mai multor domenii de cer-
cetare diferite, cu scopul de a intelege cat mai bine mecanismele ce stau la baza
determindrii productivitatii fagului. Sigur, multe eforturi mai sunt necesare. Stim,
in mod empiric, cum ar trebui sa fie o silvicultura bund, dar tot mai sunt multe
aspecte ne-explicate. Spre exemplu, stim sd explicam foarte bine cauzele care
duc la reducerea cresterilor in anumiti ani, dar nu stim sd explicdm de ce arborii
cresc foarte bine in alti ani (ca in anul 2000, de exemplu).

In perioada actuald, cand se pune tot mai mult accent pe rolul padurii ca
resursa naturala regenerabild, cresterea productiei de biomasa vegetald forestiera
devine o preocupare primordiald a silviculturii. Prin faptul ca determina dinam-
ica dezvoltarii ecosistemelor forestiere, lucrarile silvotehnice aplicate au un rol
deosebit de important, care trebuie analizat si cuantificat. In aceasta directie s-a
cuantificat influenta unei rarituri asupra cresterii, productivitatii si bilantului de
carbon dintr-un faget tanar din nord-estul Frantei. Raritura aplicata, sub raportul
intensitatii s1 a modului de alegere al arborilor de extras, se incadreazd in noul
concept de silviculturd dinamica, aplicata in fagetele din Franta. Analiza s-a bazat
pe aplicarea a trei metode de evaluare: monitoringul cresterii radiale, inventari-
eri repetate si implementarea unui model de bilant de carbon bazat pe procese
fiziologice. Acest studiu a dovedit efectul benefic al rariturii aplicate pentru toti
arborii din arboret, cu precadere asupra stimularii cresterii radiale a arborilor din
etajul dominant. Intensificarea ratelor de crestere ale fiecarui arbore a permis o
compensare a productiei de biomasa la nivelul arboretului, aceasta mentinandu-
se la nivelul arboretului martor sau chiar depasindu-1 in conditii de seceta (in anul
2001). Acest efect, asupra productivitatii la nivel de arboret, se poate explica prin
cresterea indicelui de eficientd fotosintetica al coronamentului. Aplicarea unui
model de bilant de carbon a dovedit ca raritura nu a avut efect asupra fotosintezei,
aceasta mentinandu-se la nivelul arboretului martor. In schimb, respiratia (pier-
derea de carbon) a fost redusa substantial. Asadar, arboretul in care s-a aplicat
raritura a avut un bilant de carbon pozitiv, mai ridicat fata de arboretul martor,
coroborat cu o productivitate mai mare In conditii de seceta.
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Résumé

Analyse fonctionnelle de la productivité du hétre: influences des
conditions de milieu, de la structure du peuplement et du couvert,
effets de I’éclaircie

La forét domaniale de Hesse sert de support depuis 1996 a des mesures con-
tinues de flux de carbone et d’eau échangés a I’échelle du couvert entre les peu-
plements de hétre et I’atmosphére dans le cadre des programmes Euroflux puis
Carboeurofiux. Ces programmes ont pour objectif de quantifier la force de puits
de carbone que représentent les foréts, ainsi que d’en connaitre les variations en
liaison avec celles du climat.

L’un des objectifs de la thése était de quantifier et d’analyser, a I’échelle
d’environ une centaine d’hectares, la variabilité spatiale des principaux facteurs
a méme d’influencer la productivité, et d’en étudier les effets en s’appuyant sur
les mécanismes de la croissance mis en jeu. Les effets du climat ont été abordés
par une ¢étude dendrochronologique en complément des observations réalisées
pendant les travaux de thése et s’appuyant sur une collection de placettes.

Les mesures réalisées ont permis de confirmer 1’existence de variations de
la richesse trophique, mais les productions observées n’y ont pas été sensibles,
ce qui corrobore I’idée d’une grande plasticité¢ du hétre. De méme, bien que la
structure du couvert ait été 1’une des caractéristiques les plus variables, son in-
fluence sur les productions observées ne s’est que faiblement manifestée, ce que
confirment les modéles mécanistes employés. L’alimentation en eau aura donc
¢té un dénominateur commun majeur aux ¢tudes de productivité réalisées sur la
collection de placettes, ou rétrospectivement par dendrochronologie. Son influ-
ence s’est manifestée entre placettes de suivi soit au travers de la réserve utile
-bien que celle-ci soit treés €levée sur le site- mais seulement lors de I’année 2001
modérément seche, soit au travers des exces temporaires d’eau (nappe perchée
hivernale) entrainant un retard dans la feuillaison ainsi qu’une croissance plus
faible.

Enfin une éclaircie pratiquée sur une partie du dispositif un an avant le début
du suivi de croissance a permis de mettre en évidence a la fois la vigueur de la
réponse du hétre quelle que soit la position sociale des individus, la durabilité de
ses effets (d’apres les estimations de 1’efficacité d’utilisation de I’eau) ainsi que
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I’étonnante rapidité de la fermeture du couvert.
Mots Clés: Fagus sylvatica L., production, couvert, variabilité spatiale, bilan
de carbone, bilan hydrique, modélisation, éclaircie

Summary

Functional analysis of beech productivity: effects of site conditions, of

stand and canopy structure, thinning effects

Carbon and water fluxes exchanged at canopy scale between beech stands and
the atmosphere are being monitored since 1996 at the Hesse State Forest within
the context of Euroflux and now Carboeuroflux programs. These programs were
settled to quantify the carbon sink strength of forest ecosystems and to analyze
its sensitivity to climate fluctuations.

One of the aims of the Ph. D. was to quantify and analyze the spatial vari-
ability at the scale of ca. 100 ha of the main factors having potential influence
on productivity, and to study their effects considering the growth processes they
involve. Climate effects were studied apart in a dendrochronological study.

Measurements realized revealed the existence of soil nutrient properties vari-
ations within the experimental site, but the observed productions were not sensi-
tive to it so far, confirming the great plasticity of beech trees. Canopy character-
istics were found to show one of the greatest spatial variability, but did neither
have a link with observed production variations as confirmed by process-based
simulations. Thus, water supply was the main driving factor for production as
underlined by both field and dendrochronological approaches. Its influence was
observable between growth monitoring plots, acting through soil water reserve
even if the reserves are at high level among the site (only during the year 2001
that was moderately dry) and through soil water excess (temporary ground water
table) that induced a delay in bud burst and a decrease of annual growth.

Keywords: Fagus sylvatica L., production, canopy, spatial variability, carbon
balance, water balance, modelisation, thinning
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Leaf area index from litter collection:
impact of specific leaf area variability within
a beech stand

O. Bouriaud, K. Soudani, and N. Bréda

Abstract. Litter fall collection is a direct method widely used to estimate leaf area index (LAI) in broad-leaved forest
stands. Indirect measurements using radiation transmittance and gap fraction theory are often compared and calibrated
against litter fall, which is considered as a reference method, but few studies address the question of litter specific leaf area
(SLA) measurement and variability. SLA (leaf area per unit of dry weight, m?>g™") is used to convert dry leaf litter biomass
(g'm™2) into leaf area per ground unit area (m>-m2). We paid special attention to this parameter in two young beech stands
(dense and thinned) in northeastern France. The variability of both canopy (closure, LAI) and site conditions (soil
properties, vegetation) was investigated as potential contributing factors to beech SLA variability. A systematic description
of soil and floristic composition was performed and three types of soil were identified. Ellenberg’s indicator values were
averaged for each plot to assess nitrogen soil content. SLA of beech litter was measured three times during the fall in 23
plots in the stands (40 ha). Litter was collected bimonthly in square-shaped traps (0.5 m?) and dried. Before drying, 30
leaves per plot and for each date were sampled, and leaf length, width, and area were measured with the help of a LI-COR
areameter. SLA was calculated as the ratio of cumulated leaf area to total dry weight of the 30 leaves. Leaves characteristics
per plot were averaged for the three dates of litter collection. Plant area index (PAI), estimated using the LAI-2000 plant
canopy analyser and considering only the upper three rings, ranged from 2.9 to 8.1. Specific leaf area of beech litter was
also highly different from one plot to the other, ranging from 150 to 320 cm?g™'. Nevertheless, no relationship was found
between SLA and stand canopy closure or PAIL. On the contrary, a significant relationship between SLA and soil properties
was observed. Both SLA and leaf area had the lowest values in the most hydromorphic soil with the highest nitrogen
content. On the other hand, the highest values of SLA and leaf area were observed on the plots with the lowest nitrogen
content. This spatial variability of SLA was taken into account to estimate LAI from litter collected at eight plots. For our
study site, we conclude that neglecting SLA spatial variability is at the source of 8-24% error in the calculation of LAIL

Résumé. La collecte de liticre est une méthode largement employée pour estimer 1’indice foliaire (LAI) des peuplements
feuillus. Les méthodes indirectes basées sur I’inversion du modele de Poisson de distribution des transmittances ou des
fractions de trouées, sous sa forme simple ou modifiée, sont souvent calibrées et comparées a la collecte de litiere, qui est
considérée comme une méthode de référence. Peu d’études ont porté sur la mesure de la surface spécifique des feuilles de
litiére (« specific leaf area », SLA) et sa variabilité. Le SLA (surface de feuille par unité de masse, m>g™') est utilisé¢ pour
convertir la masse séche des échantillons de feuilles (g:cm™) en surface de feuilles par unité de surface de sol (m?m2).
Nous avons apporté une attention particuliére a ce paramétre dans un jeune peuplement de hétre (dense et éclairci) dans le
nord-est de la France. La variabilité de la structure de la canopée (ouverture du couvert, indice foliaire LAI) et des
conditions locales du milieu (propriétés du sol, végétation) ont été investiguées comme facteurs pouvant potentiellement
contribuer a la variabilité du SLA du hétre. Une description systématique du sol et de la végétation herbacée a été réalisée,
et trois types de sol ont été identifiés. Les coefficients ont été calculés sur chaque point afin d’estimer la quantité d’azote du
sol disponible. Le SLA du hétre a été estimé a trois reprises durant la chute des feuilles sur 23 placettes dans le peuplement
(40 ha). La litiére a été collectée toutes les deux semaines dans des bacs de 0,5 m? et séchée. Avant séchage, 30 feuilles par
placette et par date ont été échantillonnées et les caractéristiques telles que longueur et surface élémentaire foliaire, ont été
mesurées a I’aide d’un planimetre LI-COR. Le SLA est calculé comme le rapport de la surface cumulée des 30 feuilles sur
leur masse. Les caractéristiques de feuilles ont été calculées en moyenne sur les trois dates de ramassage. L’indice foliaire,
estimé a 1’aide de I’analyseur du couvert LAI-2000 en conservant les trois anneaux supérieurs, varie entre 2,9 et 8,1. Le
SLA de la litiére du hétre est également trés variable d’un point de mesure a un autre, allant de 150 a 320 cm?g'.
Néanmoins aucune relation n’a été trouvée entre le SLA et I’ouverture du couvert ou le LAI. Au contraire, une relation
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significative entre le SLA et les propriétés du sol a été observée. SLA et la surface élémentaire foliaire prennent les valeurs
les plus faibles sur le type de sol le plus hydromorphe, possédant aussi la plus forte teneur en azote. A I’opposé, les plus
fortes valeurs de SLA et de surface foliaire élémentaire ont été mesurées sur les placettes possédant la plus faible teneur en
azote. La variabilité spatiale du SLA a été prise en compte dans le calcul du LAI a partir des collectes de litiere sur huit
placettes. Dans le cas de notre site, nous concluons que la non prise en compte de la variabilité spatiale du SLA est a la
source d’erreurs allant jusqu’a 8-24 % dans le calcul ponctuel du LAIL

Introduction

It is now largely recognised that leaf area index (LAI),
defined as the total one-sided area of leaves per unit ground
surface area (Watson, 1947; Lang et al., 1991), is a key
parameter describing canopy structure, driving both gas fluxes
(water and CO,) and energy. It has therefore been quantified in
most forest ecophysiological experiments and is studied by
itself, since it describes the canopy—atmosphere interface
(Ehleringer and Field, 1993). The indirect methods used to
estimate LAI on large areas or numerous plots are faced with
problems of intrinsic assumptions violation, such as the non-
randomness of the spatial distribution of leaves, and are for that
reason often compared or calibrated against leaf litter
collection for broad-leaved species (Chason et al., 1991;
Dufréne and Bréda, 1995). This commonly used approach
consists of measuring leaf mass and calculating LAI from the
ratio of leaf mass to leaf area (Aber, 1979). There are several
ways to assess leaf mass, either by allometric relationships or
by collecting leaf litter fall. Concerning this last method, the
only assumption made is that the collectors obtain a random
sample of the overlying leaves (Chason et al., 1991). The
success of this direct method, especially for broad-leaved
species, can be explained by the relatively moderate amount of
labour involved. In this method, the total dry weight of leaves
collected within traps of known dimensions is converted into
area using a species-specific leaf area to dry weight ratio,
specific leaf area (SLA, in m?-g!). As the SLA determination is
the harder step in the direct LAI measurement, it is generally
determined on a subsample of collected leaves and is applied
during the whole leaf-fall period or even for different years, as
in the studies reported by Neumann et al. (1989) and Chason et
al. (1991).

Few studies have examined the effects of in situ spatial and
temporal variability of SLA on LAI estimation. However, it has
been known for a long time that leaf morphological
characteristics may change with resource availability (Jurik,
1986; Walters and Reich, 1989; Castro-Diez et al., 1997). In
beech stands, Aussenac and Ducrey (1977) and Cermak (1998)
reported a strong SLA vertical gradient that was related to the
cumulated LAI profile from the top to the bottom of the crowns.
The strong leaf differentiation resulting in morphological
adaptation to available light leads to the determination of so-
called sun and shade leaves already observed on several species
(e.g., Abrams and Mostoller, 1995). At the largest scales,
canopy SLA was reported to decrease with a decrease in water
availability (Jose and Gillespie, 1997; Hobbie, 2000) or
nutrient resource (Coyne and van Cleve, 1977). These results
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established on green leaves address the question of litter SLA
variability. We hypothesized that such environmental effects
may also be found on litter SLA, particularly those concerning
soil conditions and canopy structure. The aims of our study are
thus to (7) describe the spatial variability of beech SLA in two
pure even-aged beech stands, (77) identify the influences of both
soil moisture or nutrient regime and stand canopy structure
characteristics on SLA, and (#i7) quantify the consequences of
the observed variability on LAI calculated from litter
collection.

Materials and methods
Site description

The study was conducted in the Hesse State Forest, located
in the east of France in the eastern side of the plateau of
Lorraine (48°40'N, 7°05E, altitude 300 m above sea level). The
climate is semicontinental, with average annual temperature of
9.2°C and average annual rainfall of 820 mm. The experimental
site was composed of two adjoining stand management units
named P217 and P218 covering 45 ha, treated as high forest.
Both stand units have the same age (35 years) and are
composed mainly of beech (Fagus sylvatica L.), which
represents 75% of the total basal area, hornbeam (Carpinus
betulus L.), sessile oak (Quercus petraea Matt. Liebl.), and
silver birch (Betula pendula L.). Stand P217 was thinned by
foresters during the winter of 1998-1999, resulting in the
removal of 20-25% of the total basal area, mainly involving
trees from the upper diameter classes. Stand density in 2000
was 4473 and 4957 stems-ha! for P217 and P218, respectively.
The total basal area in the thinned stand P217 was 21.6 m*ha™!,
and dominant height ranged from 10.7 to 15.5 m (mean =
13.9 m). In the unthinned stand P218, total basal area was
23.9 m*ha!, and dominant height ranged from 7.2 to 16.4 m
(mean = 13.7 m).

Soil and vegetation description

A systematic network of 182 plots measuring 50 x 50 m was
created in 1998 to describe soil and understory vegetation
within the stands (Figure 1). The centre of each plot was
marked with a white stake. An exhaustive phytosociological
relevé of species was carried out in 1999 within a circle of
radius 12 m centred on each plot (plot area 452 m?). The relevés
were used to compute Ellenberg’s indicator values (IV) at each
plot (Ellenberg et al., 1992). Plot average IVs were calculated
for the four cited factors as the mean of IVs given for every
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species present within the plot for which IV was not zero.
Briefly, the Ellenberg IV provides quantitative estimates of soil
factor influence on about 3000 vascular plants of Central
Europe. The factors we considered in our analysis characterize
soil nitrogen availability (N), soil moisture (F), soil reaction
(R), and light (L). The IVs range from 1 to 9 (except 1 to 10
for F), reflecting species ecological behaviour and preferences.
For one given species, a low IV value indicates the species
preference for low availability of the studied factor, e.g., light,
water, or nitrogen. Several studies already focused on the
Ellenberg IV validity at the scale of large ecological gradients
(Ter Braak and Gremmen, 1987, Hawkes et al., 1997;
Dickmann and Falkengren-Grerup, 1998; Schaffers and
Sykora, 2000) and at the scale of a forest unit (Kirby and
Thomas, 2000). In a study conducted in northeastern France,
Thimonier et al. (1992) and Thimonier (1994) observed that N-
Ellenberg IV was sensitive enough to reveal changes in soil

eutrophication caused by aging of stands and deposition of
atmospheric nitrogen.

Soil description was performed in 1999 from drill
observations following a sampling frequency of one sample
every two lines on the grid. For each sampled point, texture,
thickness, and stone content of each soil horizon were
observed. Depth to the groundwater table was recorded
according to an assessment of oxydo-reduction spots in the clay
layer. The parent material is sandstone, and soil type was
intermediate between a luvisol and a stagnic luvisol according
to the Food and Agriculture Organization (Granier et al.,
2000a; 2000b). The humus at both stands was of the oligo-mull
type. Three soil types were identified from field observations:
dystric cambisol (DC), dystric cambisol stagnic (DCS), and
luvisol stagnic (LVS). The main differences among types were
the depth at which a silt—clay layer appears and the degree of
wintery water excess, as revealed by oxydo-reduction spots. A

Figure 1. Systematic network plots and spatial
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complete description of the three soil types is given in Quentin
et al. (2001).

Indirect plant area index measurements

Plant area index (PAI) and canopy openness (CO), defined as
gap fractions averages over the whole hemisphere, were
estimated using the LAI-2000 plant canopy analyser (LI-COR,
Inc., Lincoln, Nebr.). Measurements were performed in mid-
June of 2000 as maximum leaf expansion was achieved. Two
intercalibrated sensors were used, one for below-canopy
transmittance measurements, and the other at the top of a 22 m
high scaffolding tower set up in the middle of the stands for the
above-canopy incident diffuse radiation measurements. The
two acquisitions were synchronized between the two operators
using walkie-talkies. A view cap of 180° was adapted on both
sensors to mask the operator, and two measurements were
performed on each plot, in the east and west directions. To
avoid direct sunlight, measurements were performed at sunset
and sunrise. PAI values were calculated with C2000 software
(LI-COR, Inc.) using the three upper rings of each sensor.
According to Fassnacht et al. (1994), Dufréne and Bréda
(1995), and Planchais and Pontailler (1999), PAI values
estimated using the three upper rings of the LI-COR, Inc.
sensor were close to those obtained using direct techniques
such as litter collection or allometry.

SLA measurements

A subsample of 23 plots was stratified from the grid
according to soil types and PAI (LI-COR, Inc.) spatial
variability to test both soil properties and canopy structure
effects on litter SLA. These plots are representative of the
variability that may be encountered on the 45 ha of the two
stand units (see Table 1 for more details). The plots chosen are
mainly located in the two young beech stands (P217 and P218).
Measurements were also made in one plot located in an older
stand (P221) close to P217 from the point of view of
dendrometrical and soil conditions (45 years old, density 4500
stems-ha™!, total basal area 28 m>ha™').

To take into account possible temporal variability of SLA
during the fall, leaf litter was collected three times (biweekly),
on days of the year (DOY) 291, 304, and 325, from November
to December. Leaf litter was collected within self-made square-

shaped (0.5 m?) traps. The bottom of the trap is self-draining,
thus avoiding leaf decomposition. For each date and trap, a
subsample of 30 leaves was randomly selected for SLA
measurement. Leaf area was measured with the help of a leaf
area meter (Licor 3000, LI-COR, Inc.) with a conveyor system
(Licor 3050, LI-COR, Inc.). Individual leaf area, length, and
width were recorded. The sampled leaves were then dried at
60°C to a constant weight (2 days) and weighed at the nearest
0.001 g.

Direct LAI estimates from litter collection

To properly measure leaf litter biomass, eight of the 23 plots
were equipped with four additional traps located in the four
cardinal directions, 4 m far from the plot centre. These eight
plots were used to evaluate the impact of the SLA spatial
variability on LAI calculation from litter collection. These
eight plots for litter biomass monitoring were selected to screen
the maximum variability of stem density and PAI found within
the 23 plots and included all three soil types identified
(Table 1). The subsample of leaves selected for SLA
measurement was collected exclusively from the central trap
for consistency of sampling among the 23 plots. Leaves
collected in the four other traps were conditioned for dry mass
measurements as detailed previously.

Testing the impact of the observed SLA variability on
the LAI estimation

To test if the spatial variability of SLA has a significant effect
on LAI calculation from litter fall, LAI estimations were
implemented on the eight plots equipped with five traps
according to four procedures. These procedures differ in the
SLA employed to convert leaf biomass to leaf area. For the first
procedure, the litter collected and dried at one date is converted
using the date- and plot-specific SLA. This is the most accurate
procedure and is referred to as 1-exact LAI (procedure 1). We
then tested the impact of the temporal variability negligence by
converting the total dry mass of litter collected during the three
dates with the plot-specific SLA averaged over the three dates
(referred to as 2-time neglected, or procedure 2). The between-
plot variability was tested by converting the litter collected time
by time (date per date) with date-specific SLA averaged over
the eight plots: we used the same SLA for every plot, calculated

Table 1. Characteristics of beech litter leaves during the fall.

SLA (cm?/g)

Avg. leaf Avg. leaf
DOY 291 DOY 304 DOY 325 Avg. area (cm?) weight (mg)
Mean 230a 209a 253b 232 23.00 101.00
Min. 153 155 199 190 19.00 73.00
Max. 358 283 319 321 27.00 143.00
SE 12 6 5 6 0.50 3.00
CV (%) 24.00 14.80 9.80 12.40 10.30 20.50
No. of plots 23 23 22 68 68 68
No. of leaves 2070 2070 1980 6120 6120 6120

Note: Means followed by a different letter are significantly different at p = 0.05 according to the Tukey test. CV,

coefficient of variation; SE, standard error.

374

© 2003 CASI



Canadian Journal of Remote Sensing / Journal canadien de télédétection

at each date (referred to as 3-plot neglected, or procedure 3).
Lastly, the coarse LAI (referred to as 4-coarse, or procedure 4)
was calculated by averaging the SLA over both dates and plots.

Statistical analysis

Statistical analyses were conducted using SAS software
(SAS Institute Inc., 1988). Assessment of spatial variability of
SLA and morphological leaf characteristics was based on the
coefficient of variation statistic as a normalized measure of the
relative dispersion of each variable. General linear model
ANOVA (Proc GLM of SAS software) was used to examine
mean differences and interactions between leaf characteristics
or Ellenberg IV and soil types. Means grouping was realised
using the Tukey test, with significant differences at p = 0.05.
The degree of correlation between leaves and soil or stand
characteristics was assessed using Pearson’s coefficient of
correlation (r). The level of statistical significance was
determined for a two-tailed P-value level of 5%. A stepwise
regression (Proc reg of SAS software) was fitted to the 23 plots
between soil and leaf characteristics to evaluate sources of SLA
between-plot variability.

Results
Temporal and spatial variability of SLA

Descriptive statistics of SLA measurements and the average
characteristics of leaf size and weight for each of the three
collection dates are given in Table 1. SLA was on average
230+ 11,209 + 6, and 253 + 5 cm?>g! (x1 standard error) for
DOY 291, 304, and 325, respectively (18 Oct., 31 Oct., and
21 Nov.). For the three dates, average SLA was 232+ 3 cm?-g .
Multiple comparison of means (according to the Tukey test at a
significance level of 0.05) shows that the SLA measured on
DOY 291 was significantly lower (P = 0.0021) than that
measured on DOY 325. In our site, the period of leaf fall for
beech ranges from mid-September to the end of November.

Spatial variability of SLA was quantified at each collection
date as the coefficient of variation calculated among the 23
plots. Coefficients of variation were 24.0, 14.8, and 9.8% on
DOY 291, 304, and 325, respectively. On average over the three
dates, the coefficient of variation was 12.4%, which is quite
high considering the spatial observation scale. The maximum
of between-plot variability occurred during the first collection
date, where 32% of the total amount of litter was obtained.

In the following we attempt to explain this spatial variability,
according to canopy structure and soil properties. As the plot
locations were chosen according to a PAI gradient that was as
large as possible, the PAI ranged from 2.9 to 8.1, as shown in
Table 2 and Figure 2. No significant influences of PAI (r =

Table 2. Characteristics of plots chosen for SLA and LAI estimations, including soil type, plant area
index (PAI), and litter specific leaf area (SLA) averaged among the three collection dates.

Plot Soil PAI SLA No. of Measurements
No. type* (m*m2) (cm?-g™) Thinned® traps on litter
72 LVS 4.64 219 Yes 1 SLA
25 LVS 5.98 188 No 1 SLA
35 LVS 6.73 211 No 5 SLA, LAI
29 LVS 6.91 207 No 1 SLA
53 LVS 7.52 291 No 5 SLA, LAI
32 LVS 7.79 210 No 1 SLA
24 LVS 7.89 210 No 5 SLA, LAI
91 DC 2.88 211 Yes 5 SLA, LAI
78 DC 4.24 186 Yes 1 SLA
75 DC 4.67 275 Yes 5 SLA, LAI
63 DC 4.72 264 Yes 1 SLA
60 DC 4.839 229 Yes 1 SLA
61 DC 5.50 216 Yes 1 SLA
79 DC 6.47 214 No 1 SLA
106 DCS 4.54 218 Yes 1 SLA
67 DCS 4.55 228 Yes 1 SLA
73 DCS 4.72 259 Yes 5 SLA, LAI
111 DCS 5.49 222 Yes 1 SLA
98 DCS 5.66 210 Yes 1 SLA
128 DCS 5.66 230 No 5 SLA, LAI
116 DCS 6.60 321 Yes 5 SLA, LAI
90 DCS 7.63 272 No 1 SLA
113 DCS 8.09 238 No 1 SLA

© 2003 CASI

*DC, dystric cambisol; DCS, dystric cambisol stagnic; LVS, luvisol stagnic.
Indicates if sampled stands were thinned in 1999 or not.
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Figure 2. Specific leaf area variation of litter leaves versus plant
area index as measured by the LAI-2000. Solid symbols are for
control plots, and open symbols for thinned plots. The correlation
between the two variables is not significant (r = 0.297).

0.297) or canopy openness (CO) (r =—0.19) were observed on
SLA. PAI and CO did not correlate with average leaf area (=
—0.23 and 0.185, respectively) or leaf weight (» = —0.28 and
0.237, respectively) (Figure 2). The plots were gathered in a
second step in two groups: thinned (from P217) and unthinned
(from P218). No significant difference was pointed out
between these two groups for SLA (ANOVA: F(1,21) =0.12,
P = 0.72) or leaf weight and leaf area (P = 0.19 and 0.27,
respectively). These results indicate that the morphological
characteristics of leaf litter are not influenced by canopy
structure, even after a thinning.

Relations with soil properties

The soil properties of the 23 studied plots, related to water
and nitrogen, and Ellenberg’s indicator values averaged by soil
types are presented in the Table 3. The soil chemical analyses
indicate differences in nitrogen content, which is in agreement
with the estimated N-Ellenberg IV, which is significantly
different for the three soil types (P = 0.0164). According to

hydric properties, the three soils exhibited different extractable
water content as calculated from soil texture (P = 0.0116) and
different depth of appearance of hydromorphy spots (P =
0.0001). The F-Ellenberg IV, reflecting soil moisture, also
differs among the three groups of plots (P = 0.0117) but is not
related to depth of hydromorphy or soil extractable water. Its
significance in these site conditions is then redundant with the
N-Ellenberg IV, as both are highly correlated (correlation
coefficient = 0.44). We can then consider that the three groups
of plots, according to their soil properties, are discriminated
according to both water and nitrogen fertility. The next
question is to test if the fertility can explain the differences in
litter SLA. According to the average values per soil type, SLA
decreases when N-Ellenberg IV increases (i.e., when N
availability increases) (ANOVA: F(2,20) =2.634, P =0.0965).
The decrease in SLA may be attributed to the decrease of
individual leaf area, as this parameter is significantly different
among soil types (P = 0.0196). Leaf area was then driving part
of the spatial variability of SLA, and leaf dry weight (resulting
from both leaf thickness and leaf density) was varying
according to a random spatial pattern (P = 0.7074).

The most complete model suitable to explain the variance in
SLA among the 23 studied plots involves a negative effect of N-
Ellenberg IV (explaining 18.6% of total variance), a positive
effect of plot PAI (12.0%) and individual leaf area (12.1%), and
a negative effect of soil extractable water (10.2%) (Table 4).
Only 52.9% of total variance is explained in this way, so the
residual error term is high. One may hypothesize that either
other site factors and climatic conditions are involved or the
remaining variance is due to a random effect. In any case,
numerous factors are responsible for SLA spatial variability,
with nitrogen and canopy leaf area index being the most
significant.

Impact of the observed SLA variability on the LAI
estimation

LAI was calculated according to the four procedures
described previously: the reference LAI, a procedure
neglecting variability between collection dates, a procedure
neglecting plot variability, and a rough estimation. These four
procedures led to quite different LAI values (Figure 3;
Table 5). The differences between exact and approximate

Table 3. Comparison among the three plot groups (i.e., soil types) of SLA, soil nitrogen content, acidity, water regime, and light regime.

Nitrogen Acidity Water regime Understory light regime

SLA N N-Ellenberg R-Ellenberg  SEW DWT F-Ellenberg  PAI L-Ellenberg
(ecm*g) CN (mggh IV pH IV (mm) (cm) v (m*m?) IV

LVS (n=8) 216 128 197 3.7 51 3.6 156 54 4.5 6.5 4.6

DC (n = 6) 232 133 195 35 48 32 101 78 4.4 4.8 4.4

DCS (n=9) 246 149 1.61 3.4 49 34 149 69 4.3 59 43

F(2,20) 2.67 5.09 2.14 5.62 21.50 5.61 2.60 3.59

P>t 0.070 0.0164 0.144 0.0116 0.0001 0.012 0.099 0.047

Note: Ellenberg IV (F, available water; L, understory light; N, nitrogen; R, acidity) values are calculated from soil vegetation on each plot and averaged by
group. Pedological data presented concern the organic layer and come from pith observations (C:N, N, pH, one analysis per pith and type of soil). Soil
extractable water (SEW) and depth of water table (DWT) are averaged values from observations on each plot. PAI is calculated from LI-COR, Inc. LAI-2000

measurements on each plot and averaged by group.
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Table 4. Regression of SLA on the N-Ellenberg index, PAIL individual leaf area (iLA), and soil

extractable water (SEW).

Standard F Adjusted Partial
Coefficient SE coefficient value R? R?
Intercept 205.096
N-Ellenberg IV —43.762 18.814 —0.366 5.410 18.6 18.6
PAI 14.016 3.704 0.686 14.320 30.6 12.0
iLA 6.141 1.993 0.507 9.498 42.7 12.1
SEW -0.298 0.132 -0.407 5.092 52.9 10.2

Table 5. Statistics on differences between different
LALI calculation procedures 1-4 from litter biomass
performed on eight plots.

Difference Mean Min. Max.

1vs. 2 0.27 (5) 0.07 0.54 (8)
1vs. 3 0.52 (9) 0.01 1.61 (24)
1 vs. 4 0.59 (7) 0.02 1.03 (16)

Note: 1, exact calculation, taking into account both time-
and plot-specific SLA; 2, time neglected, with only time
variability of SLA neglected and plot variability taken into
account; 3, plot neglected, with plot variability of SLA
neglected and variability among time collections taken into
account; 4, coarse, with both time and plot variability of
SLA neglected. Percentages are given in parentheses.
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Figure 3. Scatter plot of plot LAI calculations based on varying
SLA estimations (procedures 2 to 4) versus LAI estimated from
plot- and time-specific SLA estimates (procedure 1).

procedures ranged from 1 to 24%; every approximate
procedure leads to an overestimation of LAI (Figure 3). The
differences in LAI estimations also increased with an increase
in the LAI value, as a result of multiplying SLA differences by
largest collected litter biomass. We note that the between-plot
variability has a greater consequence than variability between
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collection dates, leading to serious errors that may overcome
the sensitivity levels of some water-balance processes. LAI
estimation errors in our example would reach 7-24% at one
plot estimation while using the mean SLA value for all plots
(procedure 3 or 4), but LAI averaged among plots was not
significantly different between calculations (Table 6). If we
had used a single SLA value measured at one location for all
eight plots, however, we would have found an average LAI
value significantly different from estimations using plot-
specific SLA in three cases out of eight (Table 6).

Discussion

The average SLA we measured in this study (232 cm?g) is
in the same order of magnitude as estimates given by
Vanseveren and Herbauts (1977) in different Belgium—Lorraine
beech stands, the value 256 cm?-g™! reported by Chason et al.
(1991) in an American mixedwood stand, and the value
242 cm*g ! measured by Hochbichler (1997) in beech stands
in the Vienna area.

Although our study site has a small spatial extent (45 ha), a
large range of SLA values was observed (191-267 cm?-g ™).

Table 6. Average LAI values (calculated over the eight sampling
plots) using different SLA values measured at one plot only or
using four procedures.

Average
SLA provenance SLA value used LAI
taken from plot (cm?>g™) (m*>m2)
53 291, constant 7.72a
75 267, constant 7.08b
73 230, constant 6.20c
Time specific (procedure 3) 230, 209, 253 6.18¢
Coarse (procedure 4) 233, constant 6.10c
128 230, constant 6.10c
106 226, constant 5.99¢d
Plot specific (procedure 2) Variable among plots 5.83cd
Exact (procedure 1) Variable among plots 5.79cd
35 211, constant 5.60d
24 210, constant 5.57d
91 191, constant 5.07e

Note: Procedure 1, SLA measured at each time and plot; procedure 2,
SLA plot specific, with time neglected; procedure 3, SLA time specific,
with plot variability neglected; procedure 4, average value over time and
plots. LAI values followed by the same letter are not significantly different
at P < 0.05 according to the Tukey test.
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This result is consistent with observations from ecologically
contrasted forests (166-200 cm?-g! in three different aspen
stands of low soil fertility; Jurik et al., 1985). Mean leaf area
contributed more to this variability than leaf weight, which
appears to be more randomly distributed among dates and
plots. Vanseveren and Herbauts (1977) have already pointed
out a significant decrease in beech litter SLA with an increase
in both the C:N ratio and the nitrification index along an
ecological gradient. Our results on leaf litter are also in
agreement with results found on green leaves. Minotta and
Panzauti (1996) and Heath and Kerstiens (1997) reported that
beech seedlings grown with a high nutrient supply had
considerably lower leaf area to tree dry mass ratios and lower
SLA under both ambient and elevated CO,. Coyne and van
Cleve (1977) also observed a decrease in SLA with an increase
in fertilization in aspen stands. Little is known about
mechanisms leading to the interactions between SLA and
nutrient conditions for forest trees. Moreover, the complexity
of such mechanisms is reflected by the fact that opposite effects
of nutrient availability on SLA have already been reported
(e.g., Jose and Gillespie, 1997; Jurik, 1986; Garnier and
Freijsen, 1994). The main effect we found was that the decrease
in individual leaf area (leaf size) was even greater than the
decrease in SLA. It is conceivable that large leaf nitrogen
content per unit mass, as a result of good nutrient availability,
permits a decrease of leaf size. The resulting nitrogen content
per unit area, which was proved to be a key parameter for
photosynthesis, would then be conserved with a lower carbon
investment in leaves. In contrast, SLA was not found to react to
fluctuations in soil water regimes in our study, probably
because soil extractable water was quite high in all plots.
Another study along a precipitation gradient has already noted
the low influence of water availability on leaf parameters,
including SLA, of a deciduous species, Quercus faginea
(Castro-Diez et al., 1997). By contrast, Kubiske and Abrams
(1992) reported a higher SLA in Quercus rubra L. seedlings
from a xeric site than from a mesic site.

The influence of light environment on green leaf
characteristics within the canopy is well known (Goulet and
Bellefleur, 1986; Niinemets and Kull, 1994). Light microclimate
influences the geometrical and optical properties of leaves and
determines the proportions of sunlit and shaded leaves within
the canopy. Beech presents a strong leaf differentiation
between these two leaf categories that is reflected by both leaf
thickness and SLA (Aussenac and Ducrey, 1977; Bartelink,
1997). As the pattern of leaf differentiation follows the light
extinction profile, the amount of so-called sunlit leaves is
limited to the upper parts of the canopy. One could therefore
expect a relationship between LAI and litter SLA that would
reflect the average SLA profile: a high LAI value would involve
a great amount of shaded leaves and then decrease the mean
SLA value. The fact that we did not find such a relationship can
be explained by the consequences of thinning on the extinction
profile, but no significant relationship was found, even within
unthinned plots. This could be due to a high within-habitat
variance of SLA, especially for beech, which is a shade-tolerant
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species. The variance was even higher than that reported for
green leaves (Knapp and Carter, 1998). Moreover, litter leaves
are dissimilar from green leaves, being transformed by element
migration that occurs before they fall down, and continuing
with lessiviation and decomposition when the leaf stays in the
trap. These two processes may introduce some random noise,
hiding a relationship, even if leaf lessiviation is minimized by
low temperature and short residence time within the traps
(2 weeks maximum). We cannot assess here if site fertility and
canopy leaf area influence mainly litter properties, or if a
similar pattern of SLA spatial variability would be observed on
green leaves during the season. Complementary investigations
are needed to answer this question. Jurik et al. (1985) noted that
SLA of high-light leaves sampled just before leaf fall in
October was approximately 30% lower than that of leaves
during most of the year. Estimates of LAI derived from litter
traps are highly dependent on the ratio of leaf area to leaf mass,
as reported by Jurik et al., who noted that the greatest
uncertainty in the litter fall method is probably the relationship
of litter weight to leaf area. The most likely error is an
overestimation of SLA owing to leaf decomposition. This is the
reason why the frequency of litter collection is crucial, and
likewise traps with good drainage are recommended rather than
collection next to the soil. Our results underline another source
of variation in the ratio of litter weight to leaf area, that is the
within-stand spatial variability. One may suggest determination
of SLA in each location where litter biomass is collected, i.e.,
sample leaves for SLA measurement from all the traps.

Our results illustrate the successful application of understory
vegetation in assessing site quality at a within-forest unit scale.
The below-canopy light gradient we observed from understory
vegetation resulted from variability in local canopy PAI,
leading to L-Ellenberg IV values ranging from 4.0 to 5.2. A
similar range was reported in a study including 6285 beech
forest plots in Nordic countries (Diekmann et al., 1999). The
light gradient we described within a stand was comparable to
that reported at a regional scale. Concerning the variability of
site fertility, the nutrient regime reflected by the N-Ellenberg
IV was consistent with soil chemical analysis and suitable to
quantify spatial variability in nitrogen supply on this scale.
Hawkes et al. (1997) already reported a strong correlation
between soil data and both R (acidity) and N (nitrogen)
Ellenberg indices. The N-Ellenberg IV values were quite
variable between plots; a similar range was observed in forest
(Thimonier, 1994) or regional (Badeau, 1995) scales in beech
stands in northeastern France. Hawkes et al. also indicated
ranges of two units of N-Ellenberg IV among plots within a
mixed stand of larch, beech, and sycamore. Nevertheless,
variability in the soil moisture regime in our study area was
better quantified by soil observation than with F-Ellenberg IV.
This lack of soil vegetation performance for soil moisture
assessment could partly be due to the fact that fewer species
have been assigned F-Ellenberg values as compared with N or
R. A similar conclusion was also reported in a wider range of
soil moisture regimes (Hawkes et al., 1997) and a limited
variability on F-Ellenberg IV, restricted to less than 1 unit (4.8—
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5.7), in the beech communities from the previously mentioned
meta-analysis in Nordic countries (Diekmann et al., 1999).

Conclusions

Even within a small experimental study area, commonly
considered as homogeneous, litter SLA showed spatial
variability as great as that encountered at a regional scale. The
results also showed to what extent litter SLA influences the
estimation of LAI. This between-plots variability in SLA was
mainly explained by leaf area, which was found to be sensitive
to soil properties, especially nitrogen and water content. The
influence of environmental conditions on SLA should be
investigated to understand the processes and causes of the
relation linking leaf parameters with soil properties, not only on
litter leaves but also on green leaves.

Our results clearly showed that the between-plot SLA
differences were large enough to generate bias in the calculated
values of LAI, even working within a small area, i.e., within a
forest stand. This implies that SLA should not be estimated
only in one particular location and then applied elsewhere to
convert litter fall biomass to leaf area per ground unit area.
Therefore, the SLA ratio should be determined at each location
where traps are used to monitor litter biomass, to take into
account the spatial variability of the SAL ratio. The
determination of SLA requires the measurement of individual
leaf area, which by itself represents important ecophysiological
data that allow determining if LAI variability results from a
change in the number or size of leaves. The fact that variability
in soil conditions influences SLA emphasizes the necessity of
site-specific measurements for both litter biomass and SLA for
studies at larger scales. A previous exploratory analysis of
fertility conditions may be quite useful, for example, based on
the understory species composition and its bio-indicator ability
of site fertility. On the other hand, temporal variations in SLA
during the fall did not significantly influence the LAI estimate
and may therefore be omitted. Nevertheless, even if SLA could
be determined once during the fall, we recommend that the
litter be collected, dried, and weighed more frequently to avoid
litter decomposition and mass loss. Lastly, interannual
variations in SLA may also be large enough to be accounted for
in LAI estimations. A study conducted by Bussotti et al. (2000)
on the green leaves of beech trees revealed variations in the
SLA value of up to twofold about the average value. Drought
effects were responsible for the variability in the study by
Bussotti et al., but seed production and defoliation have also
been proven to dramatically decrease litter SLA as a result of
modification of the allocation of tree carbon (Burton et al.,
1991).
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Abstract Although it has been recognized as a key
parameter of wood quality and a good source of
information on growth, annual wood density has been
little studied within diffuse-porous trees such as beech
(Fagus sylvatica Liebl.). In this paper we examine the
variability encountered in beech ring density series and
analyze the influences of ring age, ring width, climate and
between-tree variability on density. Thirty ring sequences
were sampled from 55-year- old dominant beech trees
growing within the same stand; ring density and width
were measured using radiography. Ring density proved to
be less variable through time than ring width. The
relationship between these two variables was less than
observed in ring-porous trees and it showed great
variation between trees. The sensitivity of ring width
and density to climate was also different; width was
strongly linked to soil water deficit whereas density was
correlated to temperature and August rainfall. Unlike ring
width, wood density showed sensitivity towards climatic
characteristics of the late growing season. A large part of
annual density variability remains unexplained, even
using advanced modelled water balance variables. We
hypothesize that a significant part of the tree ring is under
internal control. We also demonstrated great inter-tree
variability (the tree effect) in ring density, which has an
influence on density but not on trees’ response to climate.
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Introduction

In addition to its direct effect on the carbon content of
wood products, wood density is well known in most tree
species as a major parameter of wood quality, at
interspecific as well as intraspecific levels. It has been
shown to be closely associated with mechanical proper-
ties, as well as swelling. For that reason, wood density has
been frequently studied, mainly in connection with
silvicultural practice, geographical origin, site quality
and tree characteristics such as age and ring width. But
wood density should not be limited to timber end-use
characteristics, as it is also of great importance when
analyzing the past tree growth or predicting future tree
productivity as a result of climate change. Indeed,
analyses of long term ring width series have demonstrated
that ring width should increase as a result of temperature,
atmospheric CO, content and nitrogen deposition (Becker
et al. 1995). However, greater ring widths do not
necessarily imply higher wood production, because wood
density could decrease. One of the most powerful
approaches to predict wood productivity in such a
changing environment is to use process-based modelling,
including both tree increment and biomass accumulation,
as a result of the product of volume increment by wood
density. Ring width has proven to be very useful for
relating tree growth to climate, as shown by numerous
dendro-climatic papers (e.g. Fritts 1976; Schweingruber
1983; Cook and Kairiukstis 1990). In most studies, ring
width is the only parameter taken into account to compute
past biomass increments. Wood density is considered as a
constant multiplying factor to convert volume into
biomass. Nevertheless, if wood density varies from year
to year or in a long term trend, its variation may have
substantial consequences on the observed correlation
between estimated biomass growth and climate. Hence
annual variation of wood density may be considered as an



integrator of yearly ecophysiological activity, which
provides additional information on growth (Hughes et
al. 1984; D’Arrigo et al. 1992). Thus density variation
measurements were performed in some dendro-climato-
logical studies (Parker and Henoch 1971; Hughes et al.
1984; Briffa et al. 1990, 1995). However such studies
mainly focused on coniferous, or deciduous ring-porous
trees like oaks (Guilley et al. 1999; Berges et al. 2000;
Guilley et al. 2003), since these species present a sharp
contrast between early and latewood. In contrast, little is
known about wood variation of diffuse-porous trees like
beech (Fagus sylvatica Liebl.), even though these species
are of great ecological and economic interest. Moreover,
long-term trends in ring width have been clearly demon-
strated in beech (Badeau et al. 1995), but nothing is
known about the physiological or climatic control of
beech wood density.

Therefore the aims of this study were (i) to investigate
temporal (inter-annual) beech wood density variability
with regard to the ring width and ring age from the pith;
(ii) to quantify the amount of variability attributable to
within-tree and the between-tree density changes, which
is an important factor to scale from trees to stand; and (iii)
to investigate their relationships with fluctuations in
climate.

Materials and methods
Site description

The study was conducted in the Hesse State forest, located in
eastern France, on the eastern side of the plateau of Lorraine
(48°40'N, 7°05'E, altitude 300 m a.s.l). The climate is semi-
continental, with an average annual temperature of 9.2°C and
average annual rainfall of 820 mm. The studied stand is a
management unit covering 20 ha, treated as even-aged high forest.
The stand was 55 years old in 1999 and was mainly composed of
beech (Fagus sylvatica Liebl.) that represented ca. 75% of the total
basal area, in addition to hornbeam (Carpinus betulus Liebl.),
sessile oak (Quercus petraea Matt. Liebl.) and silver birch (Betula
pendula Liebl.). Stand density was 1,540 stems/ha in 1999, total
basal area was 30 m*ha and dominant height 26.5 m.

Climatic data, water and carbon balance estimations

Trees were sampled in a stand located near the Carboeuroflux site,
which is designed to monitor carbon and water vapour fluxes at
stand scale, in relation to climate. At this experimental site,
numerous climatic data have been monitored daily since 1996 (for
more details, see Granier et al.2000). Monthly meteorological data
was computed from the Carboeuroflux site during the period 1996—
1999. For the period 1950-1996, daily precipitation was recon-
structed using a cross-calibration performed in 1996 between
measurements from the Carboeuroflux site and from a Météo-
France weather station (Sarrebourg; 48°44'N, 7°03'E, altitude
250 m a.s.l). Temperature, radiation and vapour pressure deficit
were calculated in the same way, but using data from another
Météo-France weather station (Danne les Quatre Vents; 48°46'N,
7°17'E, altitude 350 m a.s.l). To quantify drought constraint on tree
physiology, a daily soil water balance model (Granier et al. 1999)
was used to estimate soil water deficit, transpiration, and carbon
fluxes at the stand level. These variables are more likely to relate
climatic factors to stand growth, as compared to climatic index
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(Rainfall—evapotranspiration), as far as they account for stomatal
regulation occurring during water shortage. Water stress is assumed
to occur when soil water content drops below 40% of its maximum
value (Granier et al.1999); in this paper, the threshold of 0.4 was
shown to be independent of both species and soil type. The ratio
(transpiration/potential evapotranspiration) is then reduced linearly
with increasing soil water deficit. Monthly estimates were then
established on the basis of the daily outputs computed by the
model. The water balance model was recently improved by
including carbon fluxes, under the same assumption of big leaf
function. The main carbon fluxes are modelled, i.e. (i) diurnal
canopy assimilation, as a function of PPFD, leaf area index and
water stress, and (ii) ecosystem respiration, as related to soil
temperature. Those functions were calibrated at the eddy covari-
ance site using the flux data from 1996 to 2000 (Granier et al.
2000), located in the centre of the study area.

Radial growth monitoring

Intra-annual growth was monitored within the same stand (60 years
old) using homemade dendrometer bands. A sample of 12 trees was
measured weekly during the 2000 growing season. Results are
expressed as a percent of total girth increment for the year 2000.

Tree sampling

Thirty dominant beech trees were cut for the study. In order to
reduce the variability of both stand or soil conditions, they were
sampled within a small area (ca. 4 ha). Age and girth at breast
height (1.3 m) of sampled trees ranged from 45 to 70 years and
from 81 to 119 cm respectively (Fig. 1), average age being
57+7 years (x1 SD). One disk per tree was sawn at breast height.
Four radii per disk were distinguished, two of them along the
longest diameter, the other two being orthogonal. For the following
analyses, one radius per disk was randomly chosen from the four
cited.

Ring width and ring density measurements

According to the methodology described by Polge and Nicholls
(1972), longitudinal strips were sawn at right angles to the fibre
direction, following the delimited radii. The strips have a constant
thickness of 2 mm (Perrin and Ferrand 1984), and were conditioned
to standard moisture content (ca. 11%) for X-ray micro densitom-
etry analysis (air dried in a controlled room). Humidity content was
estimated by comparing weights of a sub-sample during radiogra-
phy and after a complete oven-drying. They were exposed for 4 h to
X-ray radiation, the source being 2 m from samples, using Kodak
Industrex AA 400 film, and standard electrical conditions (accel-
erating tension=7.5 kV; flux intensity=12 mA). The resulting
radiographs of the samples and the calibration plastic wedge were
digitized and analyzed using specific image analysis software
(CERD) (Mothe et al. 1998). To correct the estimated density that
proved to be slightly different from the gravimetric density (Mothe
et al. 1998), the density from radiographs analysis was divided by a
sample-specific control ratio. The control density ratio was
obtained by the following procedure using sample gravimetric
density: the total weight of the samples was measured at the nearest
0.001 g, the volume was calculated as the sum of the (known)
thickness and the area of the samples, estimated from the
radiograph by the software. The CERD software also provides
annual ring width, estimated on the strips after ring limits are semi-
automatically located. Figure 2 gives an example of the density and
ring width measurements from an X-ray photomicrograph. Annual
density and ring width series were cross-dated by visual superim-
position of time curves. In the following text age refers to ring age
counted from the pith, and ring density to micro-density estimates
from the radiography.
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sequence measured from a strip from a sampled beech

Statistical analyses

A linear mixed effects model was used to partition variability
between within-tree or between-tree components. The model splits
the total variance according to the cited sources using a fixed part
(predictive) and a random part (associated to the tree and residual
variation). This tool has already been successfully used for both
wood density analysis (Guilley et al. 1999; Le Moguedec et al.
2002; Guilley et al. 2003), and ring chronology analysis (Ryan et al.
1993). The model has the general form for an individual
observation:

y=x'p+z'v+e (model[1])

where y is the yearly ring characteristic studied, x is the incidence
vector of fixed effects for this ring, f the associated vector of fixed
effects parameters; z is the incidence vector for the random effects,
v is the vector of random effects and ¢ the residual random

variation. We assume that ¢ and v are inde;)endent, centred and
normally distributed, that is & follows N (0, ) and v follows N (0,
G), G being the variance-covariance full-matrix of random effects
v. The unknown parameters 3, G and o are estimated by restricted
maximum likelihood method (REML), using the MIXED procedure
(Littell et al. 1996) of the SAS software (version 8.01). In all the
application of the formula or derivates, random effect vector and
incidence vector of random variable will refer to a random tree
effect (or so-called tree-effect). Models were compared using the
Akaike information criterion (AIC), enabled by use of maximum
likelihood for estimating parameters, which takes into account the
number of parameters introduced.

In order to quantify the variation associated with each part
(fixed, random), wood density variance for an individual observa-
tion was split according to Eq. 2 (Hervé 1999):

Var(y;)=p"- Var(x;) - B+Z' - G - Z+Trace[Var(z;) - G| +0?
(model[2])

where y j; is the wood density of the j th ring for the i th tree; 8 is
the fixed effects parameter vector; Var (x;) and Var (z;) are
respectively the empirical variance-covariance matrix of fixed and
random incidence vectors; Z is the means of the incidence vector of
random effects, calculated over i and j; G is the variance-covariance
random effects matrix and o7 is the residual random variation term.
In this formula, B'xVar(x;j)x represents the variance associated
with the fixed effects (e.g. age effects); Z'xGxZ represents variance
associated with random tree effects for the mean incidence vector
Z, the sum Z lxGxZ+Trace[Var(zij)xG] accounts for the total
variance associated with tree effect.

Results

Ring age (from the pith) and ring width effects
on wood density

The inter-annual variability in wood density encoun-
tered is not negligible within a single tree between years,
or among trees for a given year: the range is from 200 kg
m™ to 850 kg m™ or even more (Fig. 1). This variability
was observed for every tree, and had the same magnitude
in rings located close to the pith as in the oldest ones
formed when trees were 60 years old (Fig. 3). The overall

trees’ average density was 764x43 kg m>, with a
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Table 1 Average ring characteristics (density, age from the pith,
width) and Pearson correlation coefficients estimated between
average density and other ring characteristics estimated on the

pooled data (over the 30 trees sampled and years, n=1,567).
Standard deviations are indicated in brackets

Ring d3ensity Ring age year

Ring width mm Squgred ring width

1/Ring widih (I/Ring width)x2

kg m™ mm mm mm™
Mean (SD) 764 (43) 31.7 (15.9) 2.90 (1.22) 9.91 (8.12) 0.44 (0.34) 0.031 (0.101)
Correlation -0.271 —-0.139 —-0.091 0.170 0.110
with annual
ring density
P <0.0002 <0.0001 0.0004 <0.0001 <0.0001

coefficient of variation of 5.8% on the entire rings’
population but reaching 6.5% in one particular tree. Ring
widths were found to vary more than ring densities as
reflected by their coefficients of variation: 42.1% over the
entire population, the maximum within-tree CV was
58.8% that is nine times the maximum found for ring
density. Ring width ranged from 0.40 to 7.55 mm, the
mean value being 2.90+1.22 mm.

On the whole, the correlation between density and ring
age or ring width was quite low but significant (Table 1).
The highest correlation was obtained with ring age
(r=—0.27), and inverse ring width (l/ring width:
r==0.17). It appears from the ring data set structure that
ring age and date would be confused and are hardly
separable because the sampling focused on an even-aged
stand (Fig. 3).

Ring age and inverse width variables were selected
both by stepwise regression calculated tree by tree as well
as on the pooled data. They are the most suitable for
density modelling. This exploratory step indicates the
decreasing effect of both age and ring width on density.
We also noticed the great inter-tree variability of density
behaviour in relation to these regressors, as illustrated by
Fig. 4 for two trees exhibiting contrasting patterns.
Indeed, density linear regression models adjusted tree
by tree showed a slope varying substantially, from 0.002
to 0.752, for the model including age; and from 0.001 to
0.401 for the model including 1/(ring width).

Modelling age and ring width effects
on wood density variability

The preliminary results led us to test a first model
including age from the pith, and inverse ring width. It was
written as follows:

AD;=(a--03) +(b-+5,) - AGE;+ (c-+7,) [RW, e
(model[3])

where AD is the annual wood density; a, b and c are the
coefficients associated with the fixed element; @, 8 and p
to the random tree effect; age is the age of the ring
counted from the pith and RW its width; ¢ is the residual
term. It was applied on the whole data set of 1,567 rings
from 30 trees (Table 2). The REML parameter estima-
tions indicate that there is little evidence that coefficient
¢, associated with inverse ring width, is different from 0.
We had already noticed the large inter-tree discrepancy in
the relation between inverse ring width and ring density.
The non-significance of the fixed-effect parameter asso-
ciated to ring width (c) stresses even more the fact that a
relation between ring density and ring width should be
considered only at the intra-tree scale. This parameter,
and the corresponding random parameter (y;) was signif-
icant and was kept in the model.

Then we supposed that two successive annual densities
may be correlated to each other, and an autoregressive of
order 1 residual covariance structure was added in a new
model (model 4). Accounting auto correlation model
residuals does not imply changing the model structure as
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Table 2 Statistics of mixed-effects linear fit of model 3 Density=f
(age, l/ring width) displaying estimated fixed effects parameters,
random effects variances with statistical significance. Model 4

contains the residual autocorrelation parameter; 30 trees (1,567
rings) were used in computation for each model

Model REML Residual Parameter Units Fixed effects Random tree effect
variance - . N
Estimates (Precision) Variance

3 14,482 866 Intercept kg m™3 798 (7.80) ok 1,460 o
Age year -1.02 (0.18) ko 0.83 ok
1/Ring width mm™! -0.61 (0.59) N.S 4.67 o

4 14,139 962 Intercept kg m™3 789 (5.70) Ak 1,143 *
Age year -0.86 (0.15) ok 0.63 #*
1/Ring width mm™! 0.32 (0.59) N.S 4.57 *
Autocorrelation 0.51 stk

*: P<0.01; *#*: P<0.001; ***: P<0.0001

compared to model 3 but only changes the computation of
the random residual term &/

ADj=(a+a;)+(b+p;) - AGEjj+(c+y;) /RW ;+¢
(model[4])

with & following N(O, 6?). The random residual varia-
tions were expressed in the previous model as o2 I,
where [ is the identity matrix. While integrating auto-
correlation in model 4, the identity matrix is replaced by a
new one integrating the quantification of first order
autocorrelation. This improvement caused by accounting
for auto-correlation is significant at the level of 0.0001, as
tested by comparison between the —2logL. decrease (from
14,482 to 14,139) and the chi-square value (1 df).

Variation split

The variation terms presented in Eq. 2 were calculated for
model 4, where S is the vector of age and 1/RW variance,
Z the vector of age and 1/RW means. Results are shown in
Table 3, where every source of variance is expressed as a
fraction of the cumulated variance that was very close to

Table 3 Contribution of fixed effects and random effects on total
variation of average ring density, expressed in percent of the
cumulated variance terms, for the model 3 or for the model
accounting for residual auto-correlation 4

Model 3 4
Fixed effect age, I/RW 10.2 9.4
Random effect Tree 36.1 33.5
Treexage 9.4 7.0
Treex1/RW 1.7 1.7
Sum of random effects 47.2 422
Residual variance 42.7 48.3

the empirical variance of the density calculated over all
the trees and years (1,987 against 1,851 respectively) as
expected. This splitting reveals the strong individual
variability (33.5% of total variation), that represents in
itself the major part (64.8%) of explained density
variation.
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Climate effects on wood density variability

The residuals of the adjusted model 4 were found to
contain some structures, and even more showed a high
inter-annual variability (Fig. 5). An analysis of variance
applied on the residuals with year as the single factor
showed that residuals still contain a significant year signal
[F(49,1,327)=11.77, P<0.0001]. The amount of variation
represented by year reaches one-third of total variance
(R*=0.30). The introduction of year as a variable in model
4 would have been a straightforward and sound method to
quantify density variations; this calculation is unfortu-
nately not possible for reasons of convergence, mostly
because age and date are largely correlated.

Part of the yearly variations observed on residuals
could be explained by climate. The climatic and func-
tional variables were successively introduced into the
mixed-effect model, together with age effect. The model
was adjusted for the time period when climatic data are
available, from 1950 to 1999. The relevance of one
variable adjunction was examined on the basis of both
—2logL and random residual variation decrease compared
with model 4 adjusted for the same period, on the same
set of data (Table 4). The model was as follows for an
individual observation:

ADjj=(a+ai) — (b+5;) - AGE;j+(c+y;) /RW;;
+(d+5i) . CLIMU + &ij (model[S])

where CLIM was successively monthly meteorological
variables (temperature, rainfall or radiation) or functional
variables (transpiration, photosynthesis or soil water
deficit). As a second step, cumulated estimates of pairs
or multiple months were additionally tested as explana-
tory variables. In every case, the coefficient d; associated
with the random part of the climate effect was not found
to be significant, leading to simplification of the model:

ADj=(a+a) + (b+p;) - AGEj+(c+7;) /RWy

+dCLIMij =4 Ejj (model[6])
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The variance terms were calculated following the
method cited above. Variables improving the most
complete model 6 were also added together in the same
model, the relevance of adjunction was in that case
examined using the AIC criterion. Results are presented
in Table 5.

Only 3 months of the growing season (from April to
late October) were found to have a significant influence
on average ring wood density: June, August and Septem-
ber (Table 4). Temperature has a greater influence than
rainfall, because temperature in June and September
reduces the residual variation significantly; both temper-
ature and rainfall have a positive effect on density.
Rainfall was only significant once, in August. Global
radiation offered exactly the same results as temperature,
and reduced residual variance even more (Table 5). In the
cases of both temperature and radiation, the variables
associated with July or August did not obtain significant
coefficients and were thus excluded. The best climatic
model that rose from the data set is a function of June and
September radiation, and August rainfall, offering a
reduction of residual variance from reference model that
reaches 5.2% (o? decreases from 865 to 820).

The monthly functional variables selected were char-
acterizing the same months, which is June concerning
transpiration and photosynthesis, and September concern-
ing transpiration. All of these variables had a positive
effect on density. Unlike temperature or radiation,
photosynthesis cumulated from May to June and transpi-
ration cumulated from May to September proved to have
significant influence, even if not decreasing ¢ or —2logL
as much as single monthly values. Surprisingly, Septem-
ber photosynthesis alone does not improve model 6 (the
fixed parameter associated d ; is not significant and AIC
value reaches 13,000 against 13,002 for reference model 5
even though September temperature, radiation and tran-
spiration were significant. It is noticeable that soil water
reserve indices, considered as single monthly data or even
cumulated over months, were not significant or did not
lead to a significant improvement. More generally,
functional data did not explain annual density variations
better than simple climatic data.

Nevertheless, a large part of variation associated with
year still remains unexplained. The maximum variation
that can be associated to year was 30% in our example.
While taking climatic data into account, explained
variation in wood density increased by 5.2% compared
to the model that includes age from the pith and ring
width. Year effect was thus reduced appreciably to the
same extent although significantly, but in fact quite
modestly even using integrative and improved vari-
ables.

Ring width versus ring density sensitivity to climate
In order to compare ring density and ring width sensitivity

to climate, the same methodology was applied on the ring
width time series coming from the same rings data set.
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Table 5 Contribution of fixed effects and random effects on total
variation of average ring density, expressed in percent of the
cumulated variance terms for the model 6. The residual variance
reduction is calculated as a percentage of reference model 4
residual variance (model 4 includes age and 1/RW as fixed and as
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random tree effects and an autocorrelation variance term). [T
average temperature (°C), Rain rainfall amount (mm), Rad
radiation (W m™), TR cumulated transpiration (mm), Phs cumu-
lated photosynthesis (2C m~2). Months are indicated by numbers: 5
for May, 6 for June, etc]

Model 4 6
Parameters included T6 T9 Rad6 Rad9 Rain8 Rain8 Tr6  Tr6789 Phs6 Phs56 Phs9  Rad9,
Rad6, Rad9 Phs56
% total Fixed 124 127 129 132 13.1 12.7 12.7 12.7 133 13.6  13.5 12.8 14.6
variance  effects
Random 463 46.6 464 46.7 46.3 459 47.5 46.5 46.0 477  46.3 478  44.6
effects
Residual 413 40.7 40.7 40.1 40.6 41.5 39.8 40.8 40.8 41.6  40.2 427 407
Random residual 031 143 0.89 2.57 0.34 52 -0.64 1.17 1.77 1.58 =092 426

reduction (%)

Table 6 Comparison of estimated (REML) fixed effects parame-
ters, random effects variances of the models including age and the
climatic or functional variables selected. [SWD cumulated soil
water deficit (mm), Rain rainfall amount (mm), Phs cumulated

photosynthesis (gC m™), TR the transpiration (mm). Months are
indicated by numbers: 5 for May, 6 for June, etc. Letters indicate
probability: a for P<0.05; b for P<0.001; ¢ for P<0.0001]

Model Reference

Parameter introduced  Climatic none Rain 8 Rain5to 8 Tr8 Tr9 Phs 5to8 SWD61t09
Functional none

—2logL 15,887 15,825 15,684 15,825 15,694 15,614 15,613

AIC value 15,894 15,835 15,694 15,835 15,704 15,624 15,623

Fixed effect Intercept (Int.) 157.02¢ 125.57¢ 67.47¢ 102.73¢ -2.99¢ -66.79* 173.01¢
Age 4.20° 4.37° 4.15¢ 4.13¢ 2.86¢ 4.09¢ 4.43¢
Climatic 0.37¢ 0.32¢ 1.18° 4.66° 0.22¢ —4.38°
Functional

Random effect Var (Int) 12,1552 12,1522 11,876* 12,007* 12,034 11,780* 11,9392

variances cov (Int, Age) —224° -222% -219* -223% -219 -219* -218*
Var (Age) 5.512 5.43* 5.44* 5.49* 5.39 5.47* 5.39*

Residual variations Ar (1) 0.55¢ 0.56° 0.58° 0.56° 0.59¢ 0.59¢ 0.59¢
Var (g;) 7,973¢ 7,789¢ 7,331¢ 7,848¢ 7,569¢ 7,028¢ 7,136°

Table 7 Contribution of fixed effects and random effects on total
variation of ring width, expressed in percent of the cumulated
variance terms. The residual variance reduction is calculated as a
percentage of reference model (age as fixed effect) residual

variance. (SWD cumulated soil water deficit (mm), Rain is the
rainfall amount (mm), Photos is the cumulated photosynthesis
(gC m™), TR the cumulated transpiration (mm). Months are
indicated by numbers: 5 for May, 6 for June, etc

Model 5 6

Parameters included Rain 8 Rain 5-8 Tr8 Tr9 Phs 5-8 SWD 6-9

% total variance Fixed effects 24.1 24.7 26.9 29.8 27.0 28.2 28.0
Random effects 27.5 20.5 20.1 19.4 20.6 20.1 20.7
Residual 48.4 47.3 45.4 43.9 45.6 44.0 43.8

Random residual reduction (%) 10.5 8.05 11.85 6.15 5.07 2.31

Results of model adjustment are shown on Table 6. The
reference model constructed only with age of rings
explained 24.1% of total variance, that is already much
more (twice) than the same model applied for density.
Climatic variables contributed 29.8% of explained vari-
ance (Table 7). Large differences between ring width and
ring density appeared in the sensitivity to climate. Firstly,
we may notice that monthly climatic variables did not
improve the ring width modelling, unlike ring density,
except for transpiration in August and September. August
rainfall did not reduce residual variance strongly, whereas

the cumulated rainfall from May until August decreased
—2logL from 15,884 to 15,684 and ¢? from 7,973 to 7,331
(—=8%). Even reducing significantly —2logl, monthly
transpiration was not as influent as for density, and
rainfall; soil water deficit indices or photosynthesis
brought far higher results. According to the AIC infor-
mation criterion, the best model integrates soil water
deficit cumulated from June to September, which is only
part of the growing season. In fact, during the time period
analyzed, a soil water deficit never happened in May, as
the winter rainfall refilled soil water reserves, so that May
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did not have to be included. Cumulated photosynthesis
from May to August offered a very similar AIC value, and
the random residual variance is even smaller representing
87% of that of the reference model (62=7,028).

The intra-seasonal monitoring of growth shows that
girth increment achieved during August and June repre-
sents almost 30-50% of annual growth (Fig. 6). Beech
ecophysiology during May to August only contributes to
stem growth. For that reason radiation and temperature
during the end of the growing season were not as
significant as they were for density: for example, the
introduction of September temperature reduced the ran-
dom tree residual variance from 960 to 852 (-11.3%) for
density, but only from 7,973 to 7,952 (-=0.3%) for ring
width.

While splitting variance according to identified
sources (Table 7) it appears that the individual or so-
called ‘tree-effect’ was not as dominant as observed for
ring density (Table 5). The comparison of calculated
values resulting from the same model applied on both
density and ring width reveals that within ring width tree-
effect was only half that of the value for density. This
decrease was not obtained through the random residual
part increase but rather through the fixed-effect increase.

Discussion

Relations between wood density and ring width

Despite the ecological and economic importance of beech
in European countries, few studies were conducted on its
wood density and on the relations between wood density
and age from the pith or ring width.

Beech wood density proved to be less variable than
ring width in our study. One could have expected a
stronger relation between ring density and ring width than
the one we found, as already observed in oak (Zhang et al.

1993, 1994; Degron and Nepveu 1996; Berges et al.
2000), in Scots pine (Morling 2002) or in Norway spruce
(Pape 1999). According to these last two authors, the
relation may explain the effect of thinning on wood
density by increasing ring width. But our result is in
agreement with the conclusion of several previous studies
on beech wood density, based on torsion torque mea-
surements that pointed out the absence of a relationship
between annual increment and wood density in this forest
species (Tsoumis 1958; Polge 1973; Keller et al. 1976).
Nepveu (1981a) observed a population of trees having a
positive link between width and density, and trees having
a negative link. By definition, the wood of diffuse-porous
trees does not present heterogeneity in the ring anatomy
that could be linked with the annual growth time-course.
The transition between what one could call earlywood and
latewood—by comparison with ring-porous wood—is
very progressive. The maximum density difference
encountered within parts of one ring may not be sufficient
to induce a significant change in annual average ring
density, even if tree reaction to specific growth conditions
is limited only to part (e.g. latewood) of the ring. The
large discrepancy found in our study between ring width
and ring density sensitivity toward climate fluctuations
also converges towards the conclusion of a relative
independence between ring width and ring density.

Density and ring age from the pith

Annual ring density is linked to ring age from the pith, the
density decreasing with increasing age. The intensity and
quality of this relation was highly variable among trees, as
reflected by the very large random tree effect evidenced
by the relationship between ring age and ring density. The
age of the tree sampled was only 60-70 years. Some
analyses would have been more enlightening if they had
been conducted on older trees of 120—140 years, offering
longer time series and stronger responses to age. On this
topic the literature shows that density decreases from the
pith to the bark, reducing by 10% when comparing rings
established at 0-30 or at 180-210 years (see Nepveu
1981b). De Bell et al. (2002) showed with young poplars,
another diffuse porous tree species, that wood density was
0.37 g cm™ during the first 3 years, decreased somewhat
at age 4 or 5, and then increased to an average of
0.45 g cm™ at age 9. However, no attempt was made to
study the climate and its year to year variability. On a set
of 60 beech trees with age ranging from 70 to 100 years,
Nepveu (2001) reported a decrease of wood infra-density
(i.e. dry weight at 105°C divided by fresh volume) with
ring age as counted from the pith. Keller et al. (1976)
observed a relation between beech tree diameter and
density of rings sampled near bark, but with the same data
concluded that annual ring density was independent from
ring increment. In that case, the diameter-density relation
could hide some age effects, a large diameter being
explained by high age and not by high increments.
Recently, new hypotheses have been suggested to explain



why trees exhibit changes in wood characteristics as a
function of cambial age. Domec and Gartner (2002) have
measured an increase in wood density by 18% from the
pith to the outer growth rings in Douglas-fir. They
attributed this difference in wood density to a difference
in hydraulic and mechanical functions between juvenile
and mature wood. For this coniferous species, the wood
density was correlated to percent latewood, which is not
the case in beech.

Climate effects

The incidence of June climate or calculated transpiration
on beech ring width was once again illustrated by our
results, as almost 30-50% of annual growth is achieved
during this month. In contrast, the average ring density
appears less sensitive to this month. But this result is not
in contradiction to the relatively low part of variance
associated with the year effect. Previous studies on
coniferous species already pointed out the influence of
May and June temperatures on wood density, by affecting
cell size of larch (Larix decidua Mill.) in ideal water
supply conditions (Vaganov 1987). Both temperature and
radiation in June, and resulting transpiration and photo-
synthesis, may converge towards the same conclusion. On
a deep soil offering a large extractable water amount (up
to 180 mm in our site, Quentin et al. 2001), the high
radiation (and consequently high temperature and high
photosynthesis) allows the trees to divide and enlarge
cells, as transpiration and photosynthesis are not limited
by soil water deficit. A strong relationship between
photosynthetic production and tracheid-wall thickness
was seen in coniferous trees (Larson 1994; Yasue et al.
2000) and our results exhibited a similar correlation with
ring width in beech trees, allocating photosynthates to a
large extent to wood formation. Also, soil moisture
conditions and depletion proved to promote latewood
initiation for various tree species: Douglas fir (Brix 1972),
red pine (Zahner and Whitmore 1960), and loblolly pine
(Cregg et al. 1988). Reducing a part of earlywood in the
total ring width, or so-called lightwood (Z’Graggen
1990), would influence average ring density in the same
way.

Soil moisture may also be considered as a key
parameter of vessel size that is under the control of
turgor pressure in the tree (Ray et al. 1972). This
parameter does not appear to be limiting at the studied
site at the beginning of the growing season, but would
quickly become critical. The role of rainfall amount and
distribution through the growing season depends strongly
on soil storage capacity. For example, Sass and Eckstein
(1995) found on beech trees growing on a dry site
significant correlation between July rainfall and vessel
formation of late parts of the ring, whereas on the Hesse
site, only August rainfall was significant. The fact that
ring densities were not sensitive to soil water deficit
indices may thus appear contradictory, as ring width is
strongly dependent, as already reported for beech (Aranda
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et al. 2000; Rozas 2001). This may involve a radial
growth cessation occurring earlier than processes of wood
densification, or a higher sensitivity to drought for radial
growth. The radial increment is quickly stopped or
strongly limited as soon as soil water deficit occurs.
Two hypotheses of wood formation behaviour could then
be proposed. The first one is that cell wall thickening
stops at the same time as radial increment, the densities
encountered within dry years will then reflect mainly
growth activities that occurred when water was not
limiting, and thus being at a normal magnitude. The
second hypothesis is that cell wall thickening may
continue or even differ from cell division and enlarge-
ment, and could even benefit from the recovery of good
soil water conditions after sufficient rainfall events.
Whatever the hypothesis, a small radial increment would
not imply smaller density values and a low correlation
between ring density and ring width is observed.

Soil water availability during the late growing season
leads to high stomatal conductance and allows a consis-
tent photosynthesis in September. At this period, radial
increment is almost stopped (Schmitt et al. 2000) as
confirmed by our seasonal radial growth monitoring
(Fig. 6). Some assimilates may be allocated towards
secondary cell wall building that may continue for several
weeks (2-3 for beech) after the cell division and
enlargement stop (Lachaud and Bonnemain 1981), or
even more for latewood cells (Whitmore and Zahner
1966; Gindl et al. 2000).

The main effect in September was temperature, more
than photosynthesis. The effect of high temperatures on
cell wall thickening has already been described as a
positive one for coniferous trees, while activating en-
zymes, increasing ability of membranes to transport
substances (Antonova and Stasova 1997), and decreasing
duration of tracheid development in the secondary
thickening zone (Whitmore and Zahner 1966; Antonova
and Stasova 1993). Some effects of temperature may be
due to radiation, as these variables are significantly linked
(Pearson =0.28, P<0.0001). Yasue et al. (2000) under-
lined the positive effect of light quantity (i.e. both day
length and light intensity) on Picea glehnii Mast. wood
density. The effects of temperature and radiation may thus
be direct, and not expressed through photosynthesis
stimulation, explaining the non-significance of this vari-
able in September. Furthermore, photosynthate concen-
tration is not limiting at the end of the growing season,
unlike temperature or radiation.

However, beech wood density was not found to vary as
much as radial increment. These findings confirm the
results obtained by Z’Graggen (1990), who mentioned a
mean sensitivity of maximum density very low (4%) as
compared to ring width (30%) in beeches from a central
alpine valley. Even when significant, the influence of
climate effects did not offer a large reduction of annual
density variation, accounting for almost 19% of variation
attributable to year.
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Tree effect

From a climatic and physiological analysis, we pointed
out the unequal contribution of months to the part of
variance associated with climate. The strongest effects
were obtained during the last part of the growing season
that would correspond to latewood, where maximum
density is recorded. The results are in agreement with
several studies based on density profiles or tracheido-
grams that stressed the increasing role of external
influences such as climate (Woodcock 1989; Sass and
Eckstein 1995), or forest site (Ackermann 1995). This
assumption is illustrated by the numerous studies that are
based on latewood density (e.g. Parker and Henoch 1971;
Hughes et al. 1984; Briffa et al. 1990; Schweingruber and
Briffa 1996; Gindl et al. 2000). Latewood density was
even proved to be more linked than ring width with year-
to-year temperature variations during the growing season
(Hughes et al. 1984; Kienast et al. 1987; D’ Arrigo et al.
1992). The fact that a large part of the ring is set mostly
under control of internal factors is illustrated by the large
amount of inter-tree variance (‘tree effect’) found in every
model tested. Large tree effects have already been
reported for beech, concerning for example the relation
between ring width and density that showed a significant
individual variability (Von Pechmann 1958; Nepveu
1981a). Savva et al. (2002) found in Scots pine an
individual variability of all tree-ring characteristics that
was 1-4 times greater than chronological variability.

In contrast, climate variables always entered as fixed-
effects only. This may be due also to the fact that all the
trees studied were dominant, and had comparable com-
petition constraints for light and water. The reason for the
predominance of internal factors at the beginning of the
growing season, which may introduce a part of the tree
effect found, is not completely understood. Some authors
involve the phytohormonal control of cambium reactiva-
tion that was shown to be stronger for diffuse-porous trees
than for ring-porous trees (Lachaud 1981; Schmitt et al.
2000). Anyway the largest part of the tree effect may be
explained by genetic determinism, and also by environ-
ment X genetic interactions. While studying wood density
of spruce clones grown on two stands having a different
fertility level, Chantre and Gouma (1993) proved that
differences in wood density were higher between clones
than between fertility level, and that the interaction
fertility x clone was not significant. The intrinsic tree
effect driven by a genetic determinism is not likely to be
limited to coniferous trees. For example, Beismann et al.
(2002) has shown that beech wood density could have
different reaction to CO, and N treatments depending on
genotype. De Bell et al. (2002) also concluded that ring
width, wood density and fibre length differed significant-
ly among clones of Populus, while no relationship was
observed between ring width and ring density. Using
mixed effect models, Guilley et al. (2003) analyzed the
variability existing in the relation between density, ring
age and ring width. They tested whether relations were
sensitive or not toward provenance of trees, silviculture or

site quality (and their interactions). That relation between
wood density and radial growth was strongly changing
according to the provenance and site quality. Moreover,
most of the intra-stand level is caused by between-tree
variability, which was as high as between regions or site
quality classes. This finding based on 82 oaks corrobo-
rates our result on beech and stresses the importance of
individual determinism on wood density.

Conclusion

The comparison between ring-porous trees and diffuse-
porous trees already proved that differences are not
limited to wood anatomy, but also concern seasonal
growth pattern, cambium reactivation and stored carbo-
hydrate mobilization (Barbaroux and Bréda 2002). The
wood density of diffuse-porous trees seems to be less
variable and sensitive to environmental conditions than
ring width. However, density of diffuse-porous trees
appears to respond quite similarly to coniferous or
deciduous ring-porous trees to climatic fluctuations, even
if the magnitude of its responses is far weaker. Wood
density in particular, was sensitive to temperature,
through direct influence on cell wall thickening, or
through stimulating carbon fixation and allocation to
wood lignification. These results suggest new elements of
interest for process-based modelling of biomass produc-
tion. The densification of the wood seemed to be de-
correlated to the radial growth and to remain substantial
during the late growing season. Biomass production has to
be broken down into dimension (via ring with) and mass
(via ring density) increments. This conclusion is a
significant advance in our understanding of biomass
accumulation in beech, and will be of major importance
in future development of process-based modelling.

Finally, the modelling process we employed allowed
us to separate the different sources of variance existing
within the annual mean density, and emphasized the
major role played by inter-individual variance. This last
effect was surprisingly high, while studying trees sampled
within the same small area and having the same social
status in canopy. It stresses the importance of scaling up
from trees to the stand and this result will probably incite
us to enlarge our sample size of trees.
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Anexa 3

Is ring width a reliable proxy for stem-biomass
increment? A case study in European beech

0. Bouriaud, N. Bréda, J.-L. Dupouey, and A. Granier

Abstract: The relationship between basal-area increment and stem-volume increment or biomass annual production was
investigated in 30 dominant European beech (Fagus sylvatica L.) in northeastern France. The trees were sampled at
four heights along the stem for dendrochronological and densitometric measurements. Annual stem-volume and stem-
biomass increments were computed from the measurements and were not obtained by applying allometric relationships.
A comparison of the ring-area increments at the four stem heights indicated that the vertical distribution of annual
growth fluctuates at an interannual time step and is influenced by climate during the growing season, particularly
drought events. Ring-area increments were more strongly reduced at breast height than in the upper parts of the tree
during dry years. Relationships between basal-area increment and volume or annual biomass production were very
strong, but the residuals of these relationhips contained up to 50% climate information. The amplitude of the breast-
height radial-growth response to drought is much larger than the volume and biomass-production responses. Variations
of wood density in this diffuse-porous species are not large enough to consistently modify the estimates of annual stem
biomass production. Breast-height series are a valuable tool for dendrochronological investigations, but as they are
more sensitive to drought, they greatly underestimate tree biomass increments during drought episodes.

Résumé : La relation entre I’accroissement en surface terriere et la croissance en volume ou en biomasse a été ana-
lysée sur un échantillon de 30 hétres communs (Fagus sylvatica L.) provenant du nord-est de la France. Les arbres ont
été échantillonnés a quatre hauteurs le long du tronc pour des mesures dendrochronologiques et densitométriques. Les
accroissements annuels en volume et en biomasse du tronc ont été déduits des mesures et ne proviennent pas de
I’application de relations allométriques. La comparaison des accroissements observés sur les quatre hauteurs de mesure
a révélé que la distribution de la croissance le long tronc fluctue entre années et est influencée par le climat lors de la
saison de végétation, et particulierement par les épisodes de sécheresse. La croissance était plus réduite a hauteur de
poitrine que plus en hauteur lors des années seches. Les relations entre I’accroissement en surface terriere et la produc-
tion de volume ou de biomasse étaient trés fortes, mais les résidus de ces relations présentaient jusqu’a 50 % de signal
climatique. L’intensité de la réponse a la sécheresse de la croissance radiale a hauteur de poitrine est plus forte que
celles de I’accroissement en volume ou biomasse. La variation de la densité annuelle du bois pour cette espece a pores
diffus n’est pas assez grande pour modifier sensiblement les estimations de production annuelle de biomasse. Les séries
chronologiques a hauteur de poitrine sont donc de bons outils de recherche dendrochronologique, étant plus sensibles a

la sécheresse, mais induisent des erreurs systématiques non négligeables de sous-estimation de la production de bio-

masse durant les épisodes de sécheresse.

Introduction

In the context of the threat of global change, numerous
process-based models have been developed over the last
30 years. The models are designed both to improve our
knowledge of growth processes and to simulate stand behav-
ior beyond the range for which they were calibrated, as with
climate change, for example. Those models that have proved
their ability to predict growth and yield under various exper-
imental conditions (e.g., Kramer et al. 2002; Reichstein et al.
2002; Battaglia et al. 2004) have already reached a high de-
gree of complexity and accuracy. The necessity to validate
these models against field measurements will increase. In
this context, dendrochronological studies could offer great
support, as they can be undertaken across very large scales,

encompassing numerous stand or soil conditions, and over
long time series. The problem with the comparison, espe-
cially for retrospective analyses, lies both in the sampling
and field-measurement techniques employed, which should
be suitable for the time and spatial scales to be used, and in
finding common elements between simulation data and field
data. However, process-based models used at the stand level
do not always offer a prediction of stand growth that is eas-
ily comparable with that from radial increments, as such
models focus on the cumulative aboveground biomass or
even the flux balance, while estimating annual aboveground
increment or carbon balance from ring series requires spe-
cific and intensive measurements. Past estimates of biomass
increments, from ring series used in previous studies, were
based on allometric relationships and ignored interannual
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variations in wood density or stem taper (e.g., Graumlich et
al. 1989; Korol et al. 1996; Hingston and Galbraith 1998).

Variations in ring width at breast height have been inten-
sively used in studies of stand yield for research or practical
purposes. The common underlying assumption of most stud-
ies is that ring increment at breast height is an unbiased pre-
dictor of tree volume or biomass increment. However, it has
been shown that the distribution of annual growth along the
bole fluctuates (e.g., Farrar 1961; Larson 1963; Fayle 1973)
and may be influenced by sylvicultural practices and fertil-
ization (Mitchell and Kellogg 1972; Snowdon et al. 1981;
Valinger 1992) or irrigation (Wiklund et al. 1995). Variations
in stem taper and distribution of growth along the stem have
been attracting attention for as long as 40 years. Indeed,
some studies, such as Meng (1981), have suggested that the
estimates of growth responses could be biased if treatment
effects on the stem form were not considered. Despite nu-
merous implications and reported evidence, the relationship
between ring width measured at breast height and stem vol-
ume or biomass increment has been quite poorly investi-
gated. Moreover, only coniferous species were considered in
those studies. Little is still known as to how the variations of
growth at breast-height reflect quantitative variations of stem
biomass production at short time steps.

In this context, computing the annual variation of stem
biomass production or carbon-stock increase from basal-area
increment involves unverified or biased assumptions. For ex-
ample, the relative contribution of the variation in ring shape
or annual fluctuations in wood density to estimates of woody
biomass increment are not assessed, or even qualitatively
compared. Recent work on carbon assimilation and transpor-
tation and on growth simulation also emphasizes the need
for quantitative information on the control of wood forma-
tion, its dependence on climatic conditions, and variation of
radial growth up the stem (Fritts et al. 1999; Deleuze and
Houllier 1995, 2002). Currently, work is generally more ori-
ented towards the short term than it used to be, as many
physiological processes are being modeled at daily or even
hourly time steps.

The two main objectives of this work were to test the ex-
tent to which radial growth at breast height is a reliable indi-
cator of whole-stem biomass increment and to compare the
climatic signals contained in ring-area increments and whole-
stem biomass increments.

We analyzed the main stages required to scale up ring-
area increments at breast height to whole-stem biomass in-
crements. We focused on annual variation in the relationship
between basal-area increment and volume or biomass incre-
ment in a European beech (Fagus sylvatica L.) stand. The
influence of climate on sensitivity at each stage of this pro-
cess of scaling up from ring width to biomass was examined.

Materials and methods

Site description

The study was carried out in the Hesse State Forest, lo-
cated on the eastern side of the Lorrain Plateau in eastern
France (48°40’N, 07°05’E, 300 m a.s.l.). The climate is
semicontinental, with average annual temperature of 9.2 °C
and average annual rainfall of 820 mm. The studied stand is
a management unit covering 20 ha, resulting from natural re-
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generation and treated as even-aged high forest. The stand
was 55 years old and composed mainly of European beech
that represented about 50% of the total basal area, in addition
to European hornbeam (Carpinus betulus L.), sessile oak
(Quercus petraea (Mattuschka) Liebl.), and silver birch (Betula
pendula Roth). Stand density was 1520 stems-ha™!, total basal
area was 14.6 m>ha~!, and the dominant height was 25.7 m.
Trees were sampled in a stand located near the Carboeuroflux
site (FRO2) in northeastern France, which is designed to
monitor carbon and water-vapor fluxes at the stand scale in
relation to climate. Numerous climate-monitoring data have
therefore been collected at a daily time step since 1996 (for
more details see Granier et al. 2000a, 2000b). Monthly me-
teorological data were collected from the Carboeuroflux site
during the period 1996-1999. For the period 1950-1996, total
precipitation was simulated on the basis of an intercalibration
performed in 1996 between measurements from the Carboeuro-
flux site and from the Sarrebourg Météo-France weather sta-
tion (48°44’N, 07°03’E, 250 m a.s.l.). Temperature, solar
radiation, and vapour-pressure deficit (VPD) were simulated in
the same way, but the measurements were done at the Danne
les Quatre Vents Météo-France weather station (48°46'N,
07°07’E, 350 m a.s.l.). To quantify drought constraint on tree
physiology, a daily soil water balance model (Granier et al.
1999) was used to estimate soil water deficit. Water stress is
assumed to occur when the soil water content drops below
40% of its maximum value, independently of both species
and soil type (Granier et al. 1999). This threshold was also
confirmed on the beech stand studied here from measurements
of sap flow and soil water content (Granier et al. 2000a,
2000c). The ratio of transpiration to potential evapotranspiration
is then reduced linearly with increasing soil water deficit.
Annual estimates were then established on the basis of the
daily outputs computed by the model: the index of drought
intensity (cumulative soil drought, CWD), drought duration
expressed in days (DD), and the first day of drought (FD).

Tree sampling and ring-width and wood-density
measurements

A total of 30 dominant beech trees were harvested for this
study. To reduce the variability of both stand and soil condi-
tions, trees were sampled within a small area (ca. 4 ha). Age
and girth at breast height (1.3 m) of sampled trees ranged
from 45 to 70 years and from 810 to 1190 cm, respectively.
Four disks per tree were sawn at four locations along the
stem: 1.3 m, 2.6 m, and 30 cm below the base of the crown
(at a height of 10.8 m, on average) and at an intermediate lo-
cation between 2.6 m and the base of the crown (at a height
of 6.7 m, on average). Four radii per disk were distinguished,
two of them following the longest diameter and the other
two being orthogonal. The quadratic mean of the ring widths
measured along the four radii was used to compute the stem
area at the sampling heights. The annual area increments
were obtained by subtracting the previous year’s disk area
from the current year’s disk area.

Rings widths were measured along the four radii to the
nearest 0.01 mm using a dendrochronometer (digital positio-
meter, Kiitschenreiter, Austria). Calibrated wood strips were
sawn at a constant thickness of 2 mm for taking X-ray mea-
surements from breast-height disks. The radius of a given disk
was randomly chosen from among the four measured radii.
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Strips used for X-ray measurements were conditioned to
12% moisture content before radiography. The X-ray nega-
tive radiographs of the samples and the plastic calibration
wedge were digitized and analyzed using CERD image-analysis
software (Mothe et al. 1998; for more details see Bouriaud
et al. 2004). Annual microdensity and ring-width series were
cross-dated by visual superposition of individual time curves
with the aid of pointer years. These pointer years had been
previously identified in the same region by several authors
(Picard 1995; Lebourgeois 1997). Partly because of large
ring widths (2.9 mm at breast height, on average), all cores
were easily cross-dated. The average intercorrelation between
all pairs of standardized series was 0.69.

Computation of volume and biomass increments

Stem-volume increment was computed on the basis of es-
timated disk areas and heights. The volume between the
ground and the breast-height disk was computed as a cylin-
der. A truncated cone represented the volume between two
sampling disks, while the volume of the last stem segment
(tree top) was computed as a cone (Mallett and Volney 1999;
Rytter and Stener 2003), involving a previous estimate of to-
tal stem height for each year. Several equations can be used
to estimate the volume of tree stems. Smalian’s formula,
which assumes that the shape is a paraboloid, was rejected
because its use should be restricted to measurements of short
sections, typically up to 1 m (Husch et al. 2003). Huber’s
formula also assumes that the shape is a paraboloid, and
tends to overestimate the volume if the surface line of the
section is more convex than the paraboloid frustum (Husch
et al. 2003). The difficulty in using the equation for a para-
boloid lies in the fact that the parameters of the equation
should be known and are changing over time. Using a cone
frustum avoids any assumption about the curvature of the
section (Philip 1994). Annual height was estimated by linear
interpolation between observation levels. On average, annual
height increments were fairly constant among years and trees,
being around 50 cm. The error in estimating volume induced
by a lack of accuracy in height interpolation was found to be
insubstantial because the volume represented by the ultimate
(conic) segment was a maximum of 5% of total volume
when tree height was between 1.3 and 2.6 m, 5%0 when tree
height was between the third- and fourth-disk sampling heights,
and less than 1%o farther up. The volume increment for a
given year was computed as the difference between tree vol-
ume of the current year and the previous year. Biomass incre-
ments were obtained by multiplying the annual volume
increments by the corresponding tree-specific ring (yearly)
wood density. Therefore, the estimates of biomass increment
were obtained solely from measurements and not from any
allometric model.

Data analysis

Three different analyses were designed to address our ob-
jectives of (i) describing the variations in radial growth along
the stem in relation to climate, (ii) quantifying the influence
of climate on the relationship between growth at breast height
and stem-biomass increment at an annual time step, and
(iii) comparing sensitivity to climate of basal-area increment
and stem-biomass increment.

Can. J. For. Res. Vol. 35, 2005

First, to compare growth variations along the stem, ratios
of ring-area increments were computed for each sampled
tree as (ring-area increment);;,/BAL;;, where BAI is the
basal-area increment and i denotes the ith tree, j the jth year,
and k one of the three stem heights (2.6 m, intermediate
height, or crown base). A spline function with 50% fre-
quency cutoff at 10 years was fitted to the resulting individual
series to extract long- and medium-term variations. Resid-
uals, hereinafter denoted Ir2, Ir3, and Ir4, were considered to
be high-frequency differences in ring behavior according to
the location along the stem.

Second, we tested the hypothesis that BAI can be a pre-
dictor of annual volume and biomass production. Linear mixed
effects models of annual volume and biomass production
were fitted against BAI. Mixed models were used instead of
simple regression models to explicitly integrate among-tree
variations (considered to be random effects), thus producing
a tree-population-level representation of the process studied.
Variation of the coefficients estimated by simple regressions
indeed proved to vary strongly among trees, even if the fits
were of comparable high quality. The models were therefore
written as

[1]  log(AProd;) = (a + o) + (b + B,
x log(BAL)) + g;

where AProd is the annual volume or biomass production of
the stem, a and b are the coefficients associated with the
fixed effect, and oy and f3; are random tree coefficients; i de-
notes the ith tree and j the jth year. The residuals, €, which
were assumed to follow N(0, 62), were taken as new chro-
nologies in which climate information was screened. Parame-
ters were estimated using the restricted maximum likelihood.
Response functions were computed for the new chronology
of residuals according to the methodology presented below.
Further, the quantitative importance of the relevant climate
parameters was tested at the level of the tree population by
including them in the prediction of volume increment ac-
cording to the following model:

[2] log(AProd;) = (a + 0y) + (b + By x log(BAIL)
+ ¢ x CLIM; + ¢

where AProd is either annual volume or biomass production,
a and b are fixed-effect coefficients, ¢ is the coefficient asso-
ciated with the climatic parameter introduced (fixed), denoted
CLIM, o; and B; are the random-tree coefficients, and 8',-] are
the residuals assumed to follow N(0, 6"%). A parameter was said
to be significant when the reduction of log likelihood (-2 x
log(likelihood)) was greater than a XZ value (1 df) at p =
0.0001 while including the parameter in the model (i.e.,
comparing model 2 with model 1).

To compare sensitivity to climate, response functions for
ring-area increment, stem-volume increment, and stem-biomass
increment were established after standardization. When plot-
ted against tree age, tree dimensions (disk area, stem vol-
ume, or stem biomass) or annual increments (expressed as
area, volume, or biomass) exhibited an exponential shape.
These series were therefore transformed to logarithmic val-
ues. Individual increment series were subsequently expressed
as a function of the previous year’s cumulative dimension,
e.g., the disk-area increment was expressed as a function of

© 2005 NRC Canada



Bouriaud et al.

2923

Table 1. Averages, standard deviations and mean sensitivity of the ring area increment se-

ries for the period 1963-1999.

Mean SD Coefficient of ~ Mean Mean ring

Ring-area series (mm?) (mm?) variation (%) sensitivity width (mm)
1.3 m 2047 1161 57 0.205 3.47

2.6 m 1831 1019 56 0.202 3.31
Intermediate height 1569 879 56 0.200 3.15

Base of crown 1409 834 59 0.232 345

2 0.90 0.14 15 0.064

Ir3 0.77 0.13 17 0.096

Ir4 0.66 0.16 24 0.115

Note: The corresponding mean ring width is provided for each height on the stem. Ring-area ratios

are presented for comparison.

the disk area of the previous year. The efficiency of this
standardization process, based on the tree dimension prior to
growth, for climatic signal extraction has been repeatedly
proved (Le Goff and Ottorini 1993). The individual increment
indices were computed as residuals (g;, zero mean random
error) from an integrated regression-spline function accord-
ing to the following semiparametric model:

log(Ad)) = f(y) + B x log(d;)) + ¢

where Ad; represents either annual ring-area, stem-volume,
or stem-biomass increments for year j, f(y;) is the nonpara-
metric part of the model, y; being the years (i.e., the smooth-
ing variable), and d;_; is the cumulative dimension of the
tree the previous year (disk area, stem volume, or stem bio-
mass); 3 is a parametric vector to be determined. The spline
parameter was estimated according to Cook and Peters (1981)
to set the cutoff response of the function to 50% at 10 years.
The final chronologies were constructed by computing arith-
metic means of residuals over the 30 trees for a given year.
The chronologies were tested for stationarity and autocorrelation
but no transformation was needed.

The sensitivity of the different chronologies to climate
was investigated using response and correlation functions.
An orthogonal regression approach was used for the response
function. Principal component analyses of climate data were
carried out on a restricted constant time window, from 1963
to 1999. The period was reduced to ensure that mean growth
index curves did not represent a varying number of rings.
The principal components used for the regression were se-
lected using the Guttman—Kaiser criterion. Stepwise regres-
sions were computed on the set of components, which were
retained with an F value of 0.15 at most (Fritts 1976). Then
OLS multiple regressions were fitted using the selected sig-
nificant components and the original climate parameters and
their confidence intervals were computed. Then ¢ tests were
performed to assess the significance of the parameters at p =
0.0s.

All computations and statistical analyses were carried out
using SAS/STAT® software (version 8.02).

Results

Distribution of area increments along the stem

The trees studied had been growing in favorable edaphic
conditions on a deep soil with good fertility. Ring width at
breast height was then quite large: 2.90 £ 1.22 mm (mean +

SD) for trees during the past 50 years (from 1950 to 1999).
Mean age in 1999 was 55 years. Ring widths varied signifi-
cantly among the four observation levels over the previous
36 years: F3 4004 = 25.6 (p < 1 X 107#). We observed a sig-
nificant decrease in ring area from breast height to the base
of the crown (Table 1). In contrast, the between-year coeffi-
cient of variation as well as mean sensitivity (Fritts 1976)
remained fairly constant among observation levels.

The standardized ring-area series corresponding to the four
levels are presented in Fig. 1. Correlations between series of
area increments were all high and significant at p < 0.0001,
presenting a clear pattern of decrease with increasing dis-
tance between levels (Table 2). According to the linear re-
gressions, BAI explained 96% of the variance in the index of
area increment at 2.6 m but only 78% of the index for the
base of the crown. Among trees, BAI explained a minimum
of 61% of the variance in the index of area increment at the
base of the crown over the previous 37 years.

The series of ring-area ratios proved to be quite dynamic
(Fig. 2). The influence of climate on these ring-area ratios
was tested by computing correlation and response functions
for the period 1963-1999. Climate information on the pre-
ceding calendar year was included as is usually done in
dendroclimatic studies, but none of the month before growth
had a significant influence. A further principal component
analysis was computed on a reduced set of climatic variables
including rainfall, temperature, VPD, and solar radiation from
April to September of the current year, plus the set of mod-
eled drought indices. The results are presented in Fig. 3 to-
gether with correlations. The series of ring-area ratios differed
in their relationship to climate and modeled drought indices.
The number of significant parameters increased from Ir2 to
Ir4, while the variance explained by the response function
remained around 20% for each. Temperature, solar radiation,
and VPD had a significant positive influence in June. In con-
trast, August precipitation had a negative impact on all indi-
ces, indicating a greater influence of rainfall on the basal
area than on the upper stem in August, while VPD and solar
radiation still had a positive influence. The sensitivity of the
series to soil water deficit was positive for all the ratios, de-
noting a stronger decrease in growth at breast height.

Ring area and biomass increment

Annual stem-volume increment (AV) and, to a lesser ex-
tent, stem-biomass increment (AB) displayed the highest cor-
relation with radial growth measured at an intermediate level
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Fig. 1. Ring area increment indices for the four different European beech stem levels from 1950 to 2000, calculated as the arithmetic

mean over the 30 trees sampled.
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Table 2. Correlations among standardized ring-area series for different levels up the stem,
volume increments, and biomass increments (N = 36 years).

Volume Biomass
Level 2 Level 3 Level 4 increment increment
Level 1 0.985 0.948 0.885 0.969 0.961
Level 2 0.977 0.917 0.978 0.964
Level 3 0.964 0.984 0.968
Level 4 0.951 0.940
Volume increment 0.992

Note: Level 1 is 1.3 m; level 2 is 2.6 m; level 3 is an intermediate height; and level 4 is the base of

the crown.

Fig. 2. Mean standardized indices of ring-area ratios from 1963 to 2000. Ir2 is the ratio of ring-area increment at a height of 2.6 m to
the area increment at breast height, Ir3 is the ratio of the ring-area increment at the intermediate height to the area increment at breast
height, and Ir4 is the ratio of the ring-area increment at the base of the crown to the area increment at breast height.
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along the stem (level 3 in Table 2). Since the distribution of
ring-area increments along the stem was found to be subject
to climatic influence, it was likely that AV and AB would not
react proportionally to changes in BAI. The consequences of

climatic fluctuation on the relationship between BAI and AV
or AB were tested by computing deviations between actual
biomass production and estimates from model 1. Deviations
that represent the sum over the 30 trees in model 1 residuals,
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Fig. 3. Response function coefficients of the monthly climate and drought variables estimated for the ratio index chronologies (at the left;
error bars represent 95% confidence intervals for response function coefficients) and correlations between the monthly climate variables
and the index chronologies (at the right; horizontal broken lines represent 95% confidence level significance for correlation coefficients).
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Fig. 4. Illustration of the model 1 fitting (biomass increment as a function of basal-area increment) and the resulting residual chronol-
ogy. (a) Annual biomass increments as a function of the basal-area increment. (b) Resulting residuals. (¢) Corresponding average an-
nual chronology from 1963 to 1999. Error bars represent 95% confidence intervals.
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considered as actual minus estimated biomass, are shown in
Fig. 4. They ranged around 15% for a given year, but
peaked at 50% for dry years (e.g., 1976). In such years, the
deviation of AB estimates mainly comes from the variation of
radial growth along the stem, whereas density fluctuations
only modify the deviation by a few percent, as its own an-
nual variation ranges around 7%. As an example, the aver-
age reduction of BAI between 1975 and 1976 was 70% at
breast height, against only 57% at the base of the crown, and
the reduction in stem volume or stem biomass production
was 45%. Wood density was 780 * 50 kg-m~ (mean + SD)
among trees in 1976 against 772 + 40 kg:m= in 1975 and
764 + 43 kg-m™ from 1950 to 1999. The amplitude of
interannual variations was more than six times greater for
BAI than for wood density; mean sensitivities were 0.205 and
0.030, respectively. Also variations in wood density are neg-
atively related to ring width, although the relationship is
weak. Since there was a reduced contribution of wood den-
sity to the discrepancy between BAI and AB, and therefore
to the small difference between AV and AB, only results in-
volving AB will be presented thereafter.

The BAI and AB series were very closely related both at
the tree level and on average over the standard indices (Ta-
ble 2 and Fig. 4). To assess climatic influence on the rela-
tionship between BAI and AB, the residuals of the regression
between AB and BAI (model 1) were used to compute a re-
sponse function. Model 1 residuals showed a strong pattern

1960 1965 1970 1975 1980 1985 1990 1995 2000

of variation among years that contained a high climatic sig-
nal, as the portion of variance explained by the response
function reached 48%. Positive residuals indicate that pre-
dicted AB values are smaller than measured values. The co-
efficients of the fitted function and their confidence intervals
are presented in Fig. 5. The residuals responded strongly and
negatively to the precocity of drought, but positively to its
intensity and duration (Fig. 6), indicating a larger response
to drought by BAI than by AB. Precipitation had a significant
influence on residuals throughout the growing period: positive
in April, May, and September and negative in June and July.
Biomass increments therefore tend to be overestimated by
BAI in rainy years.

The quantitative importance of the climate parameters was
further assessed by including them in model 2, which pre-
dicted annual AB as a function of BAI and climate. The re-
sults are presented in Table 3. Almost all the parameters
introduced improved the model, based on the log-likelihood
reduction. Drought indices (intensity and duration) offered
the greatest reduction of residual variance when compared
with model 1. Those modeled indices scored comparatively,
but were also very collinear during the time period studied
(Peason’s r = 0.93). June and July VPD were the most im-
portant factors among the climate variables, more important
even than temperature. Overall, June climate contributed the
most to the residuals. Unlike the drought indices, precipita-
tion, although significant, did not explain a large portion of
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Fig. 5. Response function coefficients of the monthly climate and drought variables estimated for the residuals of model 1 computed
for volume and biomass increments (actual volume and biomass increments minus increments predicted from the basal-area increment).

Error bars represent 95% confidence intervals.
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the residual variance, and September precipitation even con-
tributed negatively to the residuals. The inclusion of the two
parameters cumulative soil drought and June VPD in model
2 improved the estimation of AB while reducing residual
variance by one-third compared with model 1.

Consequences for dendroclimatic studies

Fluctuations in stem form and wood density were shown
to contain climatic signals. The sensitivity of BAI to climate
might therefore differ from that of biomass production at an
interannual time step. Standardized high-frequency chronol-
ogies of BAI and biomass production were computed for the
period 1963-1999 (Fig. 7) and used for response function
analysis. The coefficients computed, which are presented in
Fig. 8, reflected great sensitivity to the water status of the
two high-frequency chronologies. The climate characteristics
in June and July proved to have the greatest influence on
each series. A slight decrease in the portion of variance ex-
plained is observed from the BAI to the biomass series: the

adjusted R? values were 0.50 and 0.46, respectively. The
BAI series had the largest number of significant parameters.
June and July characteristics were the most influential of the
climatic factors over the two series, with little variation in
either response function or correlation coefficients. The di-
vergence between the two series was essentially due to greater
sensitivity of BAI to precipitation, solar radiation, and VPD
in the early growing season (April). The positive impact of
September temperatures and VPD on AB was not observed
in the BAI series. On the other hand, the responses of each
series to the drought indices were very significant and quite
comparable.

Discussion

The ratios of ring-area increments measured at different
positions up the stem to BAI showed a response to climate at
the interannual step. Although the length of the time window
imposed by the sample was restricted in order to minimize
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Table 3. Fitting statistics of the model describing annual biomass production as a function of basal-area increment and a monthly cli-

mate parameter; only significant climate parameters are shown.

Model and climate Climate parameter -2 log L Residual Residual-variance
parameter® estimate t 4 AICP -2 log L reduction variance reduction (%)
Model 1 — — — 1700 1694 0.207
Model 2

P5 —-0.0015 -3.77 0.0002 1700 1694 0 0.205 1.0

P6 -0.0030 -8.64 <0.0001 1642 1636 58 0.193 6.8

P7 —-0.0018 -3.85 <0.0001 1699 1693 1 0.205 1.0

P8 -0.0032 -8.72 <0.0001 1641 1635 59 0.193 6.8

P9 0.0015 4.36 <0.0001 1696 1690 4 0.204 1.4

R6 0.0006 8.03 <0.0001 1655 1649 45 0.195 5.8

R8 0.0013 9.32 <0.0001 1633 1627 67 0.193 6.8

VPD6 0.1629 15.72 <0.0001 1486 1480 214 0.167 19.3

VPD7 0.1228 14.48 <0.0001 1517 1511 183 0.172 16.9

VPD8 0.1334 11.22 <0.0001 1589 1583 111 0.185 10.6

T6 0.1374 11.98 <0.0001 1573 1567 127 0.182 12.1

T7 0.0847 9.35 <0.0001 1624 1618 76 0.191 7.7

T8 0.0777 5.70 <0.0001 1675 1670 24 0.201 2.9

CWD 0.0127 17.77 <0.0001 1437 1430 264 0.159 23.2

DD 0.0059 17.80 <0.0001 1438 1432 262 0.159 23.2

FD 0.0052 -10.21 <0.0001 1614 1608 86 0.189 8.7

“P is rainfall, R is solar radiation, VPD is the vapor pressure deficit, T is temperature, CWD is the cumulative soil water deficit, DD is drought dura-
tion, and FD is the first day of drought during the growing season (see the text for definitions); numbers denote months (5 = May, 6 = June, etc.).

’Akaike’s Information Criterion.
‘Likelihood test.

Fig. 6. A comparison of biomass prediction deviations (solid line) and the index of cumulative soil water deficits for the period 1963-1999
(shaded areas), computed by soil water modeling (see the text for details). Bars represent standard deviation computed among trees.
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undesired noise in the series and improve their comparabil-
ity, a longer period might have offered a clearer climatic sig-
nal. It is also likely that trees subjected to more constrained
growing conditions would exhibit a greater difference in ra-
dial growth along their stems. Drought and June tempera-
tures had a positive effect on the ratios and a strong negative
effect on breast-height growth indices, indicating that growth
was more strongly limited at breast height than higher up the
stem. In contrast, August precipitation that was negatively
related to the indices would favor breast-height growth. These
results are in agreement with those obtained for loblolly pine
(Pinus taeda L.), which showed a higher relative reduction

J
140
120
-140 ’ r : . . . 0

1985 1990 1995 2000 2005

in growth at breast height as a result of drought (Zahner
1968). Similarly Cherubini et al. (1996) observed a higher
occurrence of so-called light rings (rings exhibiting very low
latewood density) at breast height than at 4 m height in Nor-
way spruce (Picea abies (L.) Karst.) growing in the subal-
pine eastern Alps. Although there are only a few studies
assessing the influence of climate on variations in ring width
up the stem, our observations find indirect support from nu-
merous former studies on stem form, suggesting that grow-
ing conditions modify the pattern of growth allocation along
the stem. Wiklund et al. (1995) showed that for Norway
spruce, water had a greater influence on stem taper than nu-
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Fig. 7. Time-series plot of standardized indices of basal-area increment and biomass increment from 1963 to 2000.
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trient availability did, and observed a reduction of taper with
water availability. In Scots pine (Pinus sylvestris L.), Valinger
(1992) observed that thinning promoted growth of the lower
bole but fertilization stimulated growth of the upper bole.
Myers (1963), Thomson and Barclay (1984), and Tasissa and
Burkhart (1997) reported an increase in growth along the upper
stem in various species in response to thinning. More gener-
ally, Larson (1963) concluded that under favorable condi-
tions, growth is diverted from the upper to the lower parts of
the stem and the converse applies under unfavorable condi-
tions. It has been argued for a long time that these observa-
tions support the idea of physiological control of growth
distribution along the bole, based on the regulation of the dis-
tribution of assimilates (e.g., Farrar 1961). It is commonly
agreed that the distance between carbon sinks and sources is
also a major factor in the allocation of assimilates (Lacointe
2000). Sevanto et al. (2003) provide some recent experimen-
tal observations on the patterns of time lag between varia-
tions in xylem and whole-stem diameters, supporting the
idea that growth would be more suppressed at the tree base
during drought. In their experiment on Scots pine, they ob-
served that the dynamics of xylem and whole-stem shrink-
age at the tree base would discourage sink activity according
to Miinch’s theory. They also observed a greater reduction
in growth at the stem base than at the top during a dry pe-
riod. Their experiments illustrate the role of both nutrients
and water circulation. The relative importance of variation in
water status along the stem was underlined in our study by
the large influence of both VPD and solar radiation, which
drive evaporative demand on the residuals of the relation-
ship between BAI and AB.

One other explanation for the variation in sensitivity to
drought along the stem could be a time lag in growth dy-
namics between the upper and lower parts of the stem. If
growth started earlier in the upper part, ring development
would be less affected by drought events, which do not oc-
cur until June. The positive relationship observed between

T T T T T

1980 1985 1990 1995 2000

ring-area ratios and the first day of drought also suggests the
existence of such a mechanism. Basipetal xylogenese reacti-
vation in spring would lead to such a pattern. But if it is
largely accepted that a basipetal auxin gradient is maintained
in the tree stem, which plays a central role in the functioning
of the cambium (Savidge 2001), the idea of basipetal cam-
bium reactivation in diffuse-porous trees is more controver-
sial. In particular, generalized cambium reactivation along
the bole has been demonstrated in mature European beech
trees (Lachaud et Bonnemain 1981). The pattern of reactiva-
tion might also be sensitive to climate. At the same site as
our study but on younger trees, Ceschia et al. (2002) ob-
served a synchronous growth start in spring at breast height
and the mid-stem level. Nevertheless, the peak of stem res-
piration (which is visible in the middle of the growing sea-
son) occurred 27 days after the peak of growth at breast
height, but only 18 days after at midstem. In agreement with
Myers (1963) and Mitchell and Kellogg (1972) we conclude
that there is greater climatic sensitivity towards the stem
base than towards the crown, regardless of the underlying
driving processes.

It is well recognized that diameter at breast height reacts
strongly to thinning and could lead to overestimation of bole
volume for relatively short time steps (Farrar 1961). In the
same manner, the variability in the distribution of radial
growth along the stem at an interannual time step leads to
variations in stem taper and annual volume increment that
are not exactly proportional to the variation in BAL. McTague
(1992) presented a comparative study of volume equations
that pointed out the great improvement in volume estimates
resulting from the use of any single upper-stem diameter. It
was shown that equations using diameter at breast height
had the largest bias when applied to an independent data set,
and that the improvement provided by the use of an upper-
stem diameter did not depend on the relative height of the
measurement. Those findings can be interpreted as resulting
from the variations in radial growth along the stem, and
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Fig. 8. Response function coefficients of the monthly climate and drought variables estimated for the ratio of basal area increment and
biomass increment index chronologies (at the left; error bars represent 95% confidence intervals for response function coefficients) and
corresponding correlations (at the right; horizontal broken lines represent 95% confidence level significance for correlation coefficients).
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more precisely, from the greater sensitivity of radial growth
to the effect of environmental changes at breast height than
on the upper stem. The discrepancy between the predicted
and actual stem-volume increments was large in the case of
extreme events. To our knowledge, there are no reports of
such behavior in the literature. Mékinen et al. (2002) com-
pared the radial increment at breast height with the volume
increment over both the short and the medium term for Nor-
way spruce and observed divergence only in the medium
term that resulted from thinning. In this study, volume was
computed using taper curve and volume functions. The pro-
cedure used was therefore unlikely to reproduce the varia-
tion in stem taper at short time steps. Stem-profile models
were indeed shown to be inaccurate for predicting ring pro-
files, and models of ring profiles should be preferred for
such studies (Courbet and Houllier 2002). LeBlanc (1990)
reported broadly similar curves of basal area increment and
annual volume increments for red spruce (Picea rubens Sarg.)
and concluded that breast-height increments are a “useful
though flawed representation of stem growth”. The strength
of the relationship observed in our study between BAI and
stem volume production is in the same range and confirms
the tight link between these two dimensional increment indi-
ces. Nevertheless, even though the residuals of the relation-
ship showed a satisfactory distribution, they contained a
strong climatic signal. The annual under- or over-estimation
might be compensated for if the working time window was
large enough because the residuals were normally distributed.
Substantial errors can be made at annual time steps, or at the
scale of a short time step in the case of consecutive con-
straining years during which growth would be more reduced
at breast height than higher up in the stem.

The estimates of stem volume and annual volume incre-
ments were made at four levels along the stem and not at
1 m intervals or per growth unit as is often done in stem
analysis. Bouchon et al. (1986) showed that the four levels
offer adequate and unbiased prediction of stem volume in
the context of national inventories. They compared the esti-
mates of oak and beech stem volumes made at the four levels
considered with those made using the intensive measurement
of girth, i.e., at 1 m intervals, and found a 2% discrepancy.
As demonstrated by McTague (1992), the use of even a sin-
gle upper-stem diameter improves the volume estimates con-
siderably. We give an additional example to illustrate that it
is worthwhile to add information on the upper stem to allometric
relationships related to the prediction of stem or bole dimen-
sions. Also, the strength of the relationship between breast
height and stem volume or biomass production is likely to
decrease with tree age, as the upper parts of the stem in-
crease their contribution to total production. The discrepancy
between breast-height variation and stem-volume predictions
is therefore likely to be greater in older trees. In turn, the er-
rors in the estimates would not have the same amplitude in a
long-term application. Such a trend is important for assess-
ing past production based on tree rings. A study on older
trees would be required to investigate such long-term devia-
tions.

As previously established using the same data set, interannual
variations in ring width and wood density are not equally re-
lated to climatic fluctuations (Bouriaud et al. 2004). Many
studies have already proved that for many coniferous spe-
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cies, wood density is an alternative source of information to
ring width (e.g., Hughes et al. 1984; D’Arrigo et al. 1992).
In this study, this is shown by the relative independence of
ring area from average (annual) density. The amplitude of
the interannual variations of wood density was greatly re-
duced compared with that of ring width. Wood density mod-
ified the quantitative estimate of biomass production only
slightly, but enough to alter the computed response function.
Accounting for wood-density variation decreased the sensi-
tivity of the time series compared with BAI or AV, mostly
because variations of wood density and ring area can re-
spond in opposite ways, as, for example, during the very dry
year 1976, when ring width decreased but wood density in-
creased. It can be hypothesized that the time lag between
growth and cell-wall thickening and lignification is the ma-
jor reason for the difference in sensitivity to climate. Indeed,
radial growth is almost completed by August, whereas in-
tense photosynthetic activity may continue until October,
providing assimilates to complete cell-wall thickening. This
hypothesis is supported through the monitoring of beech
stem respiration, which showed that respiration could be
maintained at a high level in August, while the growth rate
decreased substantially (Ceschia et al. 2002).

Even though the soil of the sampling plot offers a large
water reserve, up to 180 mm according to Quentin et al.
(2001), many drought episodes occurred during the period of
the study. As illustrated in Fig. 6, the frequency of such
events was particularly great during the last decade. Beech
trees were found to be quite sensitive to drought, in agree-
ment with several previous studies (Le Goff and Ottorini 1993;
Rozas 2001; Dittmar et al. 2003; Lebourgeois et al. 2005).
The dramatic consequences of water stress on transpiration
and carbon exchange of beech trees were also observed in
the same forest at the Carboeuroflux site (Granier et al.
1999, 2000c) as well as in other forest stands (Ciais et al.
2005). The drought index alone explained most of the inter-
annual variation in each dendrochronological index computed.
Lebourgeois et al. (2005) found a predominant influence of
soil water deficit on radial growth variability while investi-
gating 15 chronologies from the French Permanent Plot Net-
work. BAI and volume and biomass increments showed the
same high sensitivity to this integrated index. Beech is a
shade-tolerant species, stands of which can have large leaf
area index values (Bréda 2003) leading to large rainfall in-
terception and large evaporative loss as well, which might
contribute to its predisposition to drought exposure. In the
same way, precipitation during the growing season promoted
growth, as is seen in BAI, and equally in volume and bio-
mass increments. The importance of precipitation outside the
growing season might have been overshadowed by the fact
that the water reserve was always full at the start of the
growing season during the period of the study. According to
the water-balance calculations for this site, soil water re-
serves reach a maximum by the end of the winter, owing to
the large rainfall events that occur from autumn to spring, at
a time when the trees bear no leaves.

Conclusion

Our results suggest that the pattern of growth distribution
along the stem of beech trees fluctuates at an interannual
time step and under the influence of climate. As a conse-
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quence, BAI is not an unbiased predictor of annual stem vol-
ume increments in the trees studied. The proportionality of
annual area increments at various levels up the stem was
strong, but systematic annual deviations were caused by the
water regime: growth appeared to be more strongly limited
at breast height than higher up the stem. For this case study,
water deficits and high VPD values during the growing pe-
riod were the principal predictors of these deviations. Wood-
density variations in this diffuse-porous species did not in-
fluence the annual biomass estimates as strongly. Neverthe-
less, the pattern of growth distribution along the stem of
beech trees and the annual wood-density variations were
found to influence sensitivity to climate as deduced by means
of a dendroclimatic approach.

This analysis of radial-growth distribution along the stem
provides information of interest for understanding carbon al-
location within trees, and also for improving the assessment
of the actual influence of environmental constraints on tree
biomass production.
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Abstract

Estimating spatial variability of carbon and water fluxes is an essential task in ecological modelling. In this article, the sensitivity of
carbon and water fluxes to the spatial variability of biochemical and structural properties of canopies is assessed in beech forests using a
process-based model (CASTANEA). Firstly, a sensitivity analysis was carried out by varying simultaneously a combination of six key
parameters within a realistic range: the above ground wood biomass (B), the soil water reserve (Swr), the canopy clumping factor (Cg),
the leaf area index (L), the leaf mass per area of sunlit leaves (My,,) and the leaf nitrogen content (). Secondly, three spatial scales of
variability were considered using three study sites whose areas ranged from 0.8 to 1000 ha. The first area studied was a heterogeneous
stand located in old-growth forest in Fontainebleau (south of Paris, France). The spatial variability of the biophysical and biochemical
ecosystem characteristics in 80 m? out of 100 m* was determined. For the two other case studies, we selected a sample of nine plots in
which the key input parameters were measured. Sensitivity analysis indicated that photosynthesis and ecosystem respiration show a
moderate non-linear response to L, Swg and B. In spite of these non-linear responses, the three case studies revealed that using
parameters averaged over the whole area, induces only a slight bias in the estimation of carbon fluxes and almost no bias in the
estimation of water fluxes. The implication of the low sensitivity of carbon and water fluxes to parameter aggregation is discussed in
relation to the general problem of the scaling up fluxes from ecosystems to large forest regions.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Deciduous forest; Carbon balance; Simulation models; Spatial scale; Parameter averaging

1. Introduction

Carbon and water fluxes are controlled by a
combination of several biophysical processes (photo-
synthesis, respiration, transpiration, evaporation, drai-
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nage, etc.), which generally occur at high spatial and
temporal resolutions: from seconds to hours and from
micrometers (organelle and microbe) to square meters
(organ, plant and soil profile). In order to scale carbon and
water fluxes up to higher spatial and temporal scales, each
process should first be properly scaled. Because these
processes do not respond linearly to the biochemical and
structural properties of ecosystems, assessment of the
spatial variability of ecosystem characteristics is an
essential first step for ecological modelling. The use of an
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Nomenclature

B Above ground wood biomass (kg(C)
m2

Cg canopy clumping factor

GPP  gross primary production (g(C) m >
year ')

Hgoil soil depth (mm)

kima  Exponential coefficient of My decrease
L true leaf area index (m,,,..m7)

Lip v equivalent leaf area index (mf., .. mg2)

Mg,  leaf mass per area of sunlit leaves

(2DM) m )

My leaf mass per area per leaf layer
(g(DM) m™?)

N leaf nitrogen content (g(N) g(DM)”)

N, leaf nitrogen per unit leaf area
(2(N) my.2)

NEP  net ecosystem productivity (g(C)m *
year’l)

P gap fraction

REW relative extractable water

Reco ecosystem respiration (g(C) m~2 year ")

Ry heterotrophic ~ respiration  (g(C) m 2
year ')

Swr soil water reserve (mm)

TR transpiration (mm)

Vemax ~ maximal carboxylation rate (umol(CO,)
m~2 s’l)

Vimax ~ potential ~ rate of electron flow

(Lmol(CO,) m2 s~ 1)

Greek letters

Obase standard deviation obtained when all
input parameters are variable together

Osum sum of the standard deviations, obtained
when input parameters are variable one

by one

wj azimuth angle for hemispherical photo-
graphs (radian)

0; zenith angle for hemispherical photo-
graphs (radian)

O soil water content at the field capacity
(m—*(H,0) mg})

Owilt soil water content at the wilting point

arithmetic average of a spatially variable parameter could
be inappropriate when processes exhibit strong non-
linear responses to this parameter. This can lead to a
significant bias in output variables (Kicklighter et al.,
1994; Wollenweber, 1995; Arain et al., 1999).

Plant physiological processes have been scaled-up
from cells to the entire canopy to assess carbon
exchanges between the canopy and the atmosphere
(Farquhar et al., 1980; De Pury and Farquhar, 1997).
Several stand-level process-based models have been built
and simulate canopy photosynthesis, soil heterotrophic
and autotrophic respiration, energy budget and water
balance (Running and Gower, 1991; Rasse et al., 2001;
Kramer et al., 2002; Dufréne et al., 2005). These models
have also been evaluated through comparison with eddy
flux measurements (Law et al., 2000; Baldocchi and
Wilson, 2001; Clark et al., 2001; Kramer et al., 2002;
Rasse et al., 2001; Arain et al., 2002; Churkina et al.,
2003; Ogée et al., 2003; Davi et al., 2005). Regional and
global models often estimate the carbon balance using
the same algorithms (Sellers et al., 1997) but with a
broader resolution, typically at least 50 km x 50 km, in
order to be coupled with a global circulation model
(GCM). To date, however, model parameterisation is
based on studies performed at the stand level or using
remotely sensed data, and is homogeneously applied at
broader scales using spatial aggregation of the input
parameters. In this article, the term ““spatial aggregation”
is used when the arithmetic mean of a parameter is used
instead of its explicit distribution for a specific area. The
error due to the spatial aggregation of input parameters is
rarely quantified using both ground data measurements
and process-based models. In this context, analysis of
carbon and water balances of ecosystems at landscape
and regional scales is extremely important, since
simulations made at these scales can provide a theoretical
framework useful for evaluating the aggregation effect on
global models simulations.

In this paper, a process-based model (CASTANEA;
Dufréne et al., 2005) was used to evaluate the effect of
aggregating spatial parameters on modelling carbon and
water fluxes in temperate deciduous forests. Each sub-
model of this model was accurately evaluated in a beech
ecosystem by comparison to eddy flux measurements, to
individual fluxes (soil, wood respiration and branch
photosynthesis) and to tree growth data (Davi, 2004; Davi
et al., 2005). The fact that this model was validated at the
stand level for most of the elementary processes, impro-
ves the model’s reliability, validity and applicability.

To begin, a sensitivity analysis was carried out to get
the response of gross primary production (GPP),
ecosystem respiration (R..,) and transpiration (TR) to
six ecosystem ‘‘parameters’”’, aboveground wood
biomass (B), available soil water storage or soil water
reserve available for the tree (Swg), canopy clumping
factor (Cg), leaf area index (L), leaf mass per area of
sunlit leaves (M,,) and leaf nitrogen content (N). Based
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Subplot scale Stand scale
u

Tillaie 0.8 ha ngz:rens?eza
80 squares of 100m? P

ranged from 531 to 1385 m?

Landscape scale
Fontainebleau 1000 ha
9 samples
ranged from 5.6 to 14.7 ha

Fig. 1. Presentation of the three case studies.

on the sensitivity analysis, the ecosystem parameters
among the six defined above were determined, for
which the simulated carbon and water fluxes exhibited a
non-linear response.

Next, the error caused by aggregating the parameters
was quantified in three beech forests at three different
scales (subplot, stand and landscape, see Fig. 1). For
each of them, the spatial variability of the six ecosystem
parameters described above and the budburst date (only
in one case study) were quantified using ground
measurements. The subplot scale (0.8 ha), was covered
by a highly heterogeneous natural (i.e., not managed)
stand (named La Tillaie hereafter) located in the
Fontainebleau forest (south-east of Paris). The stand—
level study was based on a sample of nine plots
representative of the Hesse forest (60 ha—north-east of
France). Carbon dioxide, water vapour, and energy
exchange were measured using the eddy covariance
technique (Granier et al., 2000a). At the landscape level,
the spatial variability was estimated using a sample of
nine beech stands (average area of 8.7 ha) in the
southern Fontainebleau forest. Comparisons with tree
growth measurements were previously carried out
(Barbaroux, 2002; Davi, 2004; Le Maire et al.,
2005). Carbon and water fluxes were simulated using
CASTANEA both on each individual plot and on a
“virtual” plot where averaged input parameters were
applied. The effect of spatial aggregation of parameters
was tested by comparing simulations using averaged
parameters to averaged values of the simulations using
plot specific parameters.

2. Materials and methods
2.1. Sensitivity analysis of key model parameters

2.1.1. Model description

CASTANEA is a multi-layer process-based model
that is used to predict the carbon, water and energy
balance in temperate forests (Dufréne et al., 2005).
The main output variables are: (i) state variables (leaf

area index evolution, biomass of above- and below-
ground tree compartments, soil carbon and water
content) and (ii) flux density variables (canopy
assimilation, maintenance and growth respiration,
organ growth, soil heterotrophic respiration, transpira-
tion, and evapotranspiration). A canopy is assumed to
be homogeneous horizontally, and vertically subdi-
vided into a variable number of layers (i.e., multi-
layer canopy model), each of them enclosing the same
amount of leaf area (0.1 m? m ?). No variability is
assumed between trees and one ‘‘averaged” tree is
considered to be representative of a given area. Three
different radiative balances are performed, in the PAR
[400-700 nm] in the NIR [700-2500 nm], and in the
thermal infrared. Canopy clumping is taken into
account in the model of radiative transfer by using a
clumping factor (Cg). This factor reduces the leaf area
used by the SAIL sub-model (Verhoef, 1984, 1985) to
compute radiation interception for each leaf layer.
Gross canopy photosynthesis is calculated every half
hour following Farquhar et al. (1980) coupled with a
stomata conductance model according to Ball et al.
(1987). The nitrogen effect of leaves on photosynth-
esis is taken into account assuming a linear relation-
ship between the maximal carboxylation rate (V.pax),
and the leaf nitrogen content per unit area N,, and a
fixed ratio between V..« and the potential rate of
electron flow (Vjmax). The leaf nitrogen concentration
(per mass) N (g(N) g(DM)’l) is assumed to be
constant inside the canopy. The leaf nitrogen per unit
leaf area Na(g(N)my2) is then calculated for each
layer from the leaf mass per area (My) profile, which
decreases exponentially within the canopy (M, is the
leaf mass per area of sunlit leaves and kpya the
exponential coefficient):

My = Mgy, exp(—kpma L) (1)
N, =M N 2)

Photosynthesis is computed for developed leaf area by
square meter of soil, that is to say the leaf area index (L),
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while PAR interception is computed using the effective
leaf area (Cg x L). Maintenance respiration depends on
biomass (B), temperature and nitrogen content of var-
ious organs (Ryan, 1991); whereas growth respiration
depends on fixed construction costs which in turn
depend on organ type (Dufréne et al., 2005). Hetero-
trophic respiration (Ry,) is derived from a soil organic
carbon sub-model (based on the Century model from
Parton et al., 1987). Heterotrophic respiration mainly
depends on temperature and soil water content. Spatial
variability of soil water content depends also of litter
fall, which depends on leaf area index and branch and
coarse root mortality (Epron et al., 2001). The big-leaf
Penman—Monteith equation (Monteith, 1965) is applied
to calculate both transpiration (TR) and evaporation.
The soil water balance model is a bucket-type model
with three layers. During a water stress period, the slope
of the relationship, proposed by Ball et al. (1987)
between leaf assimilation and stomatal conductance
is assumed to decrease (Sala and Tenhunen, 1996). In
CASTANEA, this slope is linearly linked with the
relative extractable water (REW) when it falls below
a threshold of 0.4 (Granier et al., 1999, 2000b). A
complete description of the model and its parameter-
isation for a beech stand is given in Dufréne et al.
(2005). The modelling of each individual processes
were evaluated for the Hesse flux site (Davi et al.,
2005) by comparison with local (respiration chambers
and branch bags) and flux (eddy covariance techniques)
measurements. The main species-specific input para-
meters are given in Table 1 for beech.

2.1.2. Model simulations

The response of carbon and water flux to six key
input parameters that characterise the spatial variability
of forest ecosystems were first assessed through
sensitivity analysis. Seventeen key input parameters
(which include the two initialized state variables) have

been previously obtained trough an uncertainty analysis
(Dufréne et al., 2005). Among these 17 parameters, 6
spatially variable structural and biochemical parameters
were retained for the sensitivity analysis: stand biomass
(B), soil water reserve (Swr), clumping factor (Cg), leaf
area index (L), leaf mass per area of sunlit leaves (M)
and nitrogen content per mass unit (N). For each of the
six parameters, five values were used in the range of
values commonly observed in beech ecosystems, for the
sensitivity analysis (Table 2). All combinations between
the key input parameters were tested. Simulations were
performed using 6 years of meteorological data in
Fontainebleau (1994-1999) including various meteor-
ological conditions. The mean response of four
variables (GPP, R..,, NEP and TR) to these input
parameters over the 6 years was analysed. For each
output variable, the average response curve to each
input parameter is shown (Figs. 2—4). For one value of a
given parameter the other five parameters can have all
the possible values (i.e., 5° values for a given output
variable). Mean and standard deviations were then
calculated. In total, 6 x 56~ 100,000 simulations were
performed with the CASTANEA model.

2.2. Effect of spatial variability of measured
biophysical parameters: three case studies

2.2.1. Characteristics of sites

2.2.1.1. Fontainebleau forest and La Tillaie plot. -
Fontainebleau forest (17,000 ha) is located south east of
Paris, France (48°25'N, 02°40'E, elevation 120 m). The
dominant forest species are oak (Quercus petraea
(Matus) Liebl., Quercus robur (Matus) Liebl.), beech
(Fagus sylvatica L.) and Scots pine (Pinus sylvestris L.).
The climate is temperate with a mean annual temperature
of 10.6 °C and a mean annual rainfall of 750 mm. This
forest is managed by the French National Forest Office

Table 1
Main input parameters of CASTANEA for Fagus sylvatica L
Value Unit References

Slope of the dependency between Vepax" 20 rmol(CO,) g(N)’l s71 Liozon et al. (2000)

and leaf nitrogen density
Ratio between V. and ijﬂxb 2.1 Dimensionless Liozon et al. (2000)
Quantum yield 0.292 mol electrons (mol quanta) ' Ehleringer and Bjorkman (1977)
Curvature of the quantum response of 0.7 Dimensionless Fixed

the electron transport rate
Slope of the ball relationship 11.8 Dimensionless Medlyn et al. (2001)
Temperature effect for respiration (Q;) 1.84 Dimensionless Damesin et al. (2002)
Nitrogen dependency for all organs 5.5e—4 mol(CO,) g(N)’1 h! Ryan (1991)

# Maximum carboxylation rate.
® Potential rate of electron flow.
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Table 2
Range of input parameter values used for the sensitivity analysis

Parameter Symbol Unit Minimum value Maximum value
Nitrogen content of leaves per mass unit N % g(N) g(DM) ! 1.5 3
Leaf mass per area of sunlit leaves Mg g(DM) m2 80 120
Leaf area index L m?m~? 1 8
Clumping factor Cr Dimensionless 0.45 1
Soil water reserve Swr 80 250
Biomass of aerial wood B kg(C) m2 1 15

(ONF), old growth plot excepted. The soil is mainly
sandy.

Spatial heterogeneity in a natural, old, 36 ha portion
of the Fontainebleau forest (La Tillaie 48°43’N, 2°68'E,
elevation 120 m) was investigated. This forest area has
been protected for royal hunting since the 17th century
and has not been subjected to forestry practices since
that time. The canopy structure showed a very high
heterogeneity, horizontal and vertical, due to numerous
canopy gaps caused by wind throw (Pontailler et al.,
1997). As a result, the canopy structure and light
environment were much more variable here than in a
managed stand. In this old forest mainly dominated by
beech, an area of 80 m x 100 m (0.8 ha) was delimited.
This selected area was characterised by a gradient in the
canopy openness, from a clearing in the west to a dense
pole stand in the east. The area was staked out every
10 m (99 stakes) allowing the delimitation of 80 squares
of 100 m?. The average density was 659 stems ha™".
The soil types were luvisol and podzosol (Pontailler,
1979) with calcareous substratum at about a 1-m depth
and humus types ranging from mull to moder.

Nine beeches were also sampled in the southern part
of this forest. These stands represent a gradient from
young to mature forests (i.e., from 30 to 135 years old).
Stem densities range from 639 to 5053 stems ha~' and
stand areas from 5.6 to 14.7 ha. The soil type is mainly
gray Luvisol with a large range of humus type from acid
mull to moder. The nine stands sampled are representa-
tive of the ecosystem variability of beech stands in the
southern forest in terms of canopy characteristics, age
and fertility. However, the stands underrepresent the
variability of forest on the whole 17,000 ha. For example,
the stands dominated by seed bearers were not
represented in this sample. For that reason, this sample
was considered to only be representative of 500-1000 ha
of forest landscape. For more details see Le Dantec et al.
(2000).

2.2.1.2. Hesse forest. Hesse forest (60 ha, four stands)
is located in eastern France (48°40'N, 7°05'E, elevation
300 m). It is mainly composed of beech with a very

sparse understorey. The plot where the flux tower was
installed covers 0.63 ha of a young beech forest (33
years old in the year 2000) with a density of
3482 trees ha~' and a dominant height close to 15 m.
The soil type was intermediate between luvisol and
stagnic luvisol, with a hydromorphic layer and clay
content ranging from 25 to 40%. The annual precipita-
tion was 820 mm and the average temperature 9.2 °C.
For more details, see Granier et al. (2000a). Since 1997,
CO, flux has been measured at 18 m (i.e., 3 m above the
canopy) on a meteorological tower using the eddy
covariance method (Leuning and Moncrieff, 1990).

A grid with a resolution of 50 m and covering 60 ha
was installed around the Hesse site (CARBOEUROPE
site). One hundred and eighty two plots were then
defined. Soil type and leaf area index were estimated on
the 182 plots (Bouriaud et al., 2003). In addition to the
CARBOEURORPE site, eight plots were sub-sampled
(average area of 835 m?) inside the three surrounding
forest units, which include the footprint of the eddy
covariance measurements (Bouriaud, 2003; Bouriaud
et al., 2003). The plots were selected in order to reflect
the highest variability in terms of leaf area index (L) and
soil type (Bouriaud et al., 2003). The L variability
among plots was caused by a recent forest thinning on
five out the nine studied plots. Beech represented more
than 75% of the total basal area. The other tree species
were hornbeam (Carpinus betulus Liebl.), sessile oak
(Q. petraea, Matt. Lieb.) and silver birch (Betula
pendula Liebl). Eight plots were 30—40 years old, and
one plot was 50 years old.

2.2.2. In situ measurements of main canopy
characteristics

2.2.2.1. First case study at the subplot scale: “La
Tillaie”. The leaf area index (L) and the clumping
factor (Cr) were estimated above the 99 stakes (every
10 m) by using hemispheric photographs. The photo-
graphs were taken at 1.5 m above the ground using a
digital camera (CoolPix 950, Nikon Corporation,
Tokyo, Japan) equipped with a fisheye lens. The images
were recorded in FINE mode (slightly compressed in
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Carbon fluxes are expressed in g(C) m~2 year™ ' and water fluxes in mm year™'. Vertical bars are the standard deviation of the ensemble of simulations.



H. Davi et al./Agricultural and Forest Meteorology 139 (2006) 269-287 275

1600
300
200
1200 100
1
& z 0
O
800 -100
-200
-300
400
1000
300
5
2 o
® 500 =
a 200
(7]
(0]
SIS
100
O L n n
80 100 120 80 100 120
(a) Leaf Mass per area of sunlit leaves
2
g(C)m leaves
1600
1200 200
8 &
[©] 2 o
800
-200
400
1000
H/}/H 300
=
hel
©
£ 500 o
x = 200
[]
) F4-F-
100
0
1 2 3 1 2 3
(b) Leaf nitrogen content

mg(N) g(DM) !

Fig. 3. Sensitivity analysis of gross primary production (GPP), net ecosystem production (NEP), ecosystem respiration split into the autotrophic
respiration (solid line) and the heterotrophic respiration (dashed line) and Transpiration (TR) to: (a) leaf mass per area of sunlit leaves (M, in
g(DM) m~2) and (b) leaf nitrogen content per biomass unit (Nin %). Carbon fluxes are expressed in g(C) m 2 year’1 and water fluxes in mm yea.r".
Vertical bars are the standard deviation of the ensemble of simulations.
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deviation of the ensemble of simulations.
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JPEG, no effect was observed) with a 1600 x 1200
pixel resolution. Measurements were made on cloudy
days to prevent multiple scattering effects caused by
direct radiation. Using Adobe Photoshop™!, a threshold
process was applied to several areas of each photograph
using the threshold intensity for RGB images. The best
calibration data determined for the Nikon Coolpix 950
was used to divide the photograph into sectors of 10° of
azimuth angle (w;) and 5° of the zenith angle (6;). The
gap fraction (P) was estimated using Gap Light
Analyser Software (Frazer et al., 2000). Then L and
Cr were calculated following methods in van Gardingen
et al. (1999). For the L calculation, the first 45° of the
zenith angles were used. Based on van Gardingen et al.
(1999) an “equivalent” leaf area index (L, av),
assuming no clumping in the azimuth (Eq. (3)) and a
“true” leaf area index (L) taking into account this
clumping (Eq. (4)), were calculated. The ratio between
the two estimates (Eq. (5)) provided the clumping factor
(Cg). Cr was low when the canopy was clumped. To
prevent a logarithm of zero, a minimum gap fraction of
one pixel was assumed.

Zzl‘:lpln P(6)cos(6;)sin(6;)

Linaw = = 1 — cos(m/4) )

L Pimi92jm136I0 P(0i ©)c0s(0;, ))sin(6;, ;)
1 — cos(/4)

“)

CF _ Llnav (5)

L

L and Cg were then estimated over the 80 squares by
interpolation using the weighted inverse distance
centred on each stake with a 10 m radius. Average L
and Cg were then determined over the 80 squares.

Diameter at breast height, tree height and geographic
position were measured for the 527 trees in the study
area. From these measurements, aboveground wood
biomass was estimated using allometric relationships
(Bouchon, 1982; Barbaroux et al., 2003). Tree age was
also assessed from allometric relationships between tree
height and tree age (Davi, 2004). Living biomass that
drives simulated respiration was quantified by using a
relationship between tree age and the proportion of
living biomass (Barbaroux, 2002; also see Section
2.1.1).

One hundred and sixty two samples, each with 10
leaves, were obtained from 27 trees at various heights
(by shooting twigs with a rifle), in order to estimate leaf
mass per area and nitrogen (N) content per mass unit.
The leaf area was measured using a leaf area meter

(Delta-T Area meter, Delta-T Devices, Cambridge,
UK). The leaves were dried (60 °C), ground into
powders and weighed to obtain dry leaf mass. Next an
elementary analyser (Thermo-Quest NCS 2500, France)
was used to obtain nitrogen and carbon content
according to Dhum’s method. A linear relationship
was found between N and L of the square where the
leaves were sampled:

N = 0.20L +2(n = 27)

This relationship was then used to estimate the
nitrogen content of leaves in each of the 80 squares. A
measured average value of 98 g(DM) m > (o‘2 =12
g(DM) m %) was used (Davi, 2004), because no
significant spatial variation of Mg,, was found.

Soil types were surveyed for the entire reserve of
“La Tillaie”” (Bouchon et al., 1973; scale: 1/1000). The
volumetric soil water content at the wilting point (Oy;y,),
at field capacity (fg.), and soil depth (H,), were
measured on this site for the two main soil types:
podzosol and grey Luvisol (Pontailler, 1979). 6. was
determined in situ in March (during the leafless period)
at the end of a rainy winter (March) but following 2
weeks without rain. Soil samples were obtained using
250 cm® steel cylinders and they were dried at 105 °C
until a constant weight, so soil moisture per unit volume
and weight, and soil bulk density could be determined.
Soil moisture at wilting point was determined following
equilibrium in a pressure membrane extractor at 15 bar
(Soil Moisture, Santa Barbara, CA, USA). The above-
mentioned bulk density values were used to calculate
moisture values per unit volume. Both determinations
were performed along vertical profiles, at 10-cm
intervals, with three replicates per layer. The available
water storage, called soil water reserve (Swr) hereafter,
was then estimated from these measurements as
follows:

SWR = Hsoi](efc - ewilt)

2.2.2.2. Second case study at the stand level: the
Hesse forest (CARBOEUROPE site). On the nine
selected plots, L was measured using litter collection
and two optical methods: hemispherical photographs
and a Plant Canopy Analyser (PCA LAI-2000, Li-Cor,
Nebraska, USA). Leaf litter was collected in 0.5 m?
square-shaped traps on three pick-up days, respectively
days of year 291, 304 and 325 (see Bouriaud et al., 2003
for details). PCA measurements were performed using
two inter-calibrated sensors in the middle of June, when
maximum leaf expansion was achieved and at sunset or
sunrise to avoid direct sunlight. L was calculated using
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C2000 software (Li-Cor, Nebraska, USA) and the three
upper rings to provide a better agreement with litter
collection (Fassnacht et al., 1997; Dufréne and Bréda,
1995; Planchais and Pontailler, 1999). The hemisphe-
rical photographs were taken and analysed for each of
the nine plots using the protocol described in the first
case study. The L estimates using litter collection were
then used for the simulations. In this case study, the
estimations of L by litter collections permitted the
evaluation of the two indirect methods (PCA and
hemispherical photographs). The results were discussed
in Bouriaud (2003) and Davi (2004).

Diameter at breast height was measured on all trees
inside the plots. Tree volume and biomass were then
estimated from tree diameter using allometric relation-
ships that were established on the same site (Le Goff
and Ottorini, 2001).

Using the methodology described in the first case
study, the leaf mass per area and the foliar nitrogen
content per mass unit were estimated using samples of 10
sunlit leaves per tree for six trees in each of the nine plots.

A pedological study was carried out on the same site
(Quentin et al., 2001). Several drilled pits enabled the
determination of the chemical and physical properties
of the soil. The different soil types were determined and
a classification of the nine plots according to their soil
type was established (Bouriaud et al., 2003). From these
measurements, the soil water reserve was determined in
each plot following the method described in the first
case study. Finally, the date of budburst was determined
for each of the nine plots in the year 2000.

2.2.2.3. Third case study at landscape level: the
southern part of Fontainebleau Forest. L was esti-
mated using ground measurements performed in 1996.
The measurements were made using PCA (LAI-2000)
between June and mid-July, and the L estimation was
performed using the three upper rings. For each stand
and according to its size, 40—150 LAI-2000 measure-
ments were taken at intervals ranging from 5 to 10 m
and on several transects. See Le Dantec et al. (2000) for
a precise description of those measurements. The spatial
variability of the clumping factor was not assessed in
this last case study and an average measured value of
0.79 was used (data not shown).

During the winter of 1995-1996, the distribution of
the stem diameters was measured in every stand. Tree
volume in each diameter class was assessed by allometry
according to Bouchon (1982) and converted into biomass
using wood density measurements (Barbaroux et al.,
2003). The aboveground wood biomass was then
calculated from the diameter distribution and the tree

biomass in each diameter class. For further details see
Barbaroux (2002).

The biochemical and biophysical characteristics of
leaves were determined in July 1996, using samples of
10 sunlit leaves and 10 shaded leaves on five trees per
stand. Nitrogen content and leaf mass per area were then
determined using the method described in the first case
study (see above).

A soil database was built by the French National
Forest Office in 1995. It relies on about 8600 drilled pits
evenly distributed within the Fontainebleau forest (one
every 2 ha). The samples were obtained using a 2-m
manual drill. Attributes given to each point included soil
and humus type, and the underlying parent material and
its depth, and for each horizon the type, depth, texture,
proportion of coarse elements, effervescence and pH.
The nomenclature of soil and humus types was based on
Duchaufour (1982). The texture was determined by
hand. From soil depth and texture, the soil water reserve
(Swr) was estimated according to Saxton et al. (1986).
Then Swr was spatially estimated for the Fontainebleau
forest using the inverse distance weighted interpolation
method for two adjacent points. The average values of
Swr in the nine studied plots were estimated from the
Swr map covering the entire forest. A description of this
methodology is given in Le Maire et al. (2005).

In the three case studies, the carbon input and the soil
texture was used to estimate the initial soil carbon
content, by assuming a steady-state hypothesis. Under
this hypothesis, for each soil carbon pool, the same
annual amount of carbon enters and leaves the pool.

2.2.3. Plan of simulations

The variability of the key input parameters measured
in situ in the three case studies enables: (i) the
estimation of the variability of four output variables:
gross primary production (GPP), ecosystem respiration
(Reco), carbon net ecosystem production (NEP) and tree
transpiration (TR), and (ii) the determination of the
main input parameters, which explained the water and
carbon fluxes variability. For each site, simulations were
performed for two contrasted years with regard to
rainfall during the leafy period: 1996 was a dry year
(from early May to the end of September, 200 mm of
rain fell in Fontainebleau, and 264 mm fell in Hesse)
with a pronounced soil water shortage, while 2000 was
wetter year (440 mm of rain fell in Fontainebleau and
514 mm in Hesse), even though the soil water stress sill
occurred in the year 2000 (but to a lesser degree).

(i) For the three sites, CASTANEA was used to
estimate carbon and water flux in each plot, with k



H. Davi et al./Agricultural and Forest Meteorology 139 (2006) 269-287 279

variable input parameters named X (Table 5).
Eighty sets of simulations were performed for la
Tillaie (n=80; k=15), whereas nine sets of
simulations were performed for Hesse (n=9
k = 8) and for Fontainebleau (n =9; k =5). Then,
for each case study, using these n simulations, the
average and standard deviation of each of the four
output variables (Y) were calculated. The standard
deviation, named oy, hereafter, was used as an
estimate of the spatial variability of a given output
variable:

Obase — §

i=1ln

Y(allX), — Y(allX))

(ii) For each study case, the average values of k key
input parameters were fixed, while the kth remained
free (named hereafter X;). A new standard deviation
of each output variable was calculated (0pyr x).

OparX = §

i=1n

Y(onlyX;), — Y(onlij))2

The comparison of the different standard deviations,
calculated when only one parameter was variable,
indicated which parameter contributed the most to the
variability of the output variables considered. Results
were represented with piled histograms (Fig. 6). op,se
was also compared with oy, as follows:

Osum = ( Z (oparx)2>

X=1k

The difference between oy, and oy, Was used to
evaluate the compensatory effects between parameters.
If the sum of the standard deviations, obtained when one
input parameter is variable (ogm), iS superior to the
standard deviation obtained when all parameters are
variable (Op,se), We can assume that some compensa-
tions between parameters occurred.

2.3. Comparison of model outputs using spatially
variable and aggregated parameters

For each case study, a final simulation was performed
with the average values of the input parameters. The
comparison of the outputs variables, which were
simulated when all parameters varied spatially, to this
last simulation, allowed quantification of the effect of the
aggregation of input parameters. In addition, the
simulated daily NEP and the relative extractable water
(REW) for Hesse the year 2000, were also compared to

the NEP measurements performed by the eddy covar-
iance technique (Granier et al., 2000a) and to the REW,
that was measured weekly with a neutron probe (Granier
et al., 2000b). These last simulations permitted the
evaluation of the model and the analysis of the effect of
the spatial parameters aggregation on a daily basis.

3. Results and discussion
3.1. Sensitivity analysis of key model parameters

The gross primary production (GPP) and the
transpiration (TR) increase with leaf area index (L),
with saturation for the high L values (Fig. 2a).
Ecosystem respiration (R..,) increases almost linearly
with L (mainly due to a linear increase of heterotrophic
respiration), and consequently, the NEP (i.e., difference
between GPP and R..,) increases until L reaches a value
of 5 and then shows a plateau above 5. GPP, R.., and
NEP, all decrease slightly when the canopy clumping
(Cg) increases, but this effect is small in comparison to
the other effects (Fig. 2b). When the canopy clumping
increases (i.e., Cg decreases), there is more light
available to the lower parts of the canopy, which
improves the light use efficiency at the canopy scale.
For that reason, for the same L, low Cg values contribute
to higher GPP. This result agrees with the study by Law
et al. (2001), in which the simulated GPP was
stimulated when the clumping was taken into account
in their model. The raise of the leaf mass per area of
sunlit leaves (Mg,,) or of the leaf nitrogen content (),
leads to a positive linear effect on the four fluxes (i.e.
GPP, R..,, NEP and TR, Fig. 3a and b). These two
parameters have a similar effect on GPP, an effect which
nevertheless remains smaller than the effect of L
(Figs. 2a and 3a and b). In theory, a strong increase of
M, and N should lead to a plateau in GPP by saturation
as the increase of photosynthetic capacities cannot be
infinite. In CASTANEA however, the sensitivity of GPP
to Mg, and N is linear, which can indeed be true for the
range of observed values. Finally, the increase of the
aboveground biomass (B) has no effect on GPP but a
strong positive non-linear effect on autotrophic respira-
tion (R,). The non-linearity is due to a non-linear
relationship between aboveground biomass and the
proportion of living cells in the wood (Barbaroux,
2002). Because few data exist concerning the evolution
of this proportion with age (Ceschia et al., 2002), the
response of R, to aboveground biomass remains
uncertain. Nevertheless, we know qualitatively that
the autotrophic respiration increases more slightly than
the aboveground biomass (Ryan and Waring, 1992),
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which causes a saturation plateau for large values of
aboveground biomass. NEP shows a non-linear
decrease with B (Fig. 4a). The increase of soil water
reserve (Swr) leads to an increase in GPP, NEP, TR and
to a lesser extent of R, (Fig. 4b). To conclude, three
main causes of non-linearity were highlighted by the
sensitivity analysis: high values of L for GPP, high and
low values of B for R.., and to a lesser extent, the high
values of Swg for GPP.
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3.2. Effect of spatial variability of measured
biophysical parameters: 3 case studies

3.2.1. First case study: La Tillaie

The L showed a strong variability between a clearing in
the southwest of the area where L ranges from 0.75 to 2.5
and a dense canopy at the north and east where L reached
values higher than 8 (Fig. 5). The average value of L on the
surface of 0.8 ha was 5.79 (¢* = 1.21). Clumping was
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Fig. 5. Spatial distribution over the 80 squares of 100 m” in the Tillaie of the measured “true” leaf area index (L), clumping factor (Cp),
aboveground biomass (B in kg(C) m’z) and soil water reserve (Swg in mm) and the simulated net ecosystem production (NEP in g(C) m~2 year’l)

and transpiration (in mm year ') using meteorological data from 2000.
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Table 3
Main stand specific input parameters in nine beech plots in Hesse forest
N (%) M® L° Clumping Swr B¢ Budburst Age Plot

(gDM) m™?) (m*m™?) (Cp) (mm) (gC)ym™ date area (m?)
2.25 91 7.89 0.74 130 6192 120 30 0.07
2.62 74 6.73 0.80 130 6765 120 30 0.08
2.38 88 7.52 0.66 130 5311 117 30 0.09
2.32 91 4.72 0.53 105 5079 114 30 0.07
2.53 76 4.67 0.55 86 5787 114 30 0.09
2.62 85 4.70 0.55 149 4857 114 30 0.08
2.56 81 5.89 0.61 140 4741 115 30 0.06
2.38 83 6.91 0.55 140 7714 116 50 0.14
2.38 33 7.30 0.66 140 5135 114 30 0.12

# Nitrogen content.

® Leaf mass per area of sunlit leaves.
¢ Leaf srea index.

9 Soil water reserve.

¢ Stand aerial wood biomass.

generally larger when L was lower (Fig. 5). The spatial
distribution of the canopy clumping presented a west to
east gradient. The average clumping factor (Cr) was 0.62
with values ranging from 0.38 to 0.81 (6 = 0.10). Bio-
mass reached a high average value of 14,900 g(C) m >
and showed strong spatial variations (coefficient of
variation of 108%), mainly due to the variations of stem
density and tree age (data not shown). Soil water reserve
(Swr) showed little variation from 120 to 140 mm, with
smaller values in the northern part of the stand.

3.2.2. Second case study: Hesse

The leaf nitrogen content per mass unit (N) ranged
from 2.25% to 2.62% (Table 3), but its variability was
negatively correlated to the leaf mass per area (Mj,,) of
sunlitleaves (R = —0.76). Consequently, the leaf nitrogen
content per surface unit (N, = Mg,, X N), which controls

Table 4

photosynthesis, was less variable. L ranged from 4.67 to
7.89; this variability was partly explained by a thinning,
which occurred in January 1999, in five plots. This thin-
ning increased the heterogeneity of the canopy structure
and explained the clumping variability. Clumping factor
(Cg) ranged from 0.55 to 0.80 in the nine plots (Table 3).
Its average value was 0.60 in the thinning area and 0.70
outside. Swr exhibited stronger variations in Hesse than
in La Tillaie, and ranged from 86 to 149 mm, with an
average value of 130 mm. Small Sywg values could also
contribute to explaining the lower L values in plots 73 and
75.Boththe age of trees and the thinning were responsible
for the spatial variability of aboveground biomass, which
varied from 4741 to 7714 g(C) m 2 (Table 2). The plot
where trees were 20 years old of greater than in the other
plots, had a stronger aboveground biomass (+30%) and
thinned plots had a lower biomass (—19%).

Main stand specific input parameters in nine beech stands in Fontainebleau forest

N* (%) Mg (g(DM) m™?) L° (m*m™?) Swr” (mm) B (g(C)m™?) Age Stand area (ha)
239 109 4.69 99 5021 46 6.6
2.33 115 4.94 112 6514 48 6.0
2.74 102 6.49 115 4194 44 8.2
2.29 97 495 126 11876 79 8.6
2.40 9 6.10 136 5570 80 10.4
2.19 113 6.60 101 4423 28 5.6
2.26 90 3.80 101 13628 131 11.8
2.50 104 7.83 106 2912 33 6.7
2.80 106 7.61 133 3494 29 147

* Nitrogen content.

® Leaf mass per area of sunlit leaves.
¢ Leaf area index.

4 Soil water reserve.

¢ Stand aerial wood biomass.
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3.2.3. Third case study: Fontainebleau

N ranged from 2.19% to 2.80% (Table 4). This
variability was stronger in Fontainebleau than in Hesse
forest. M, ranged from 96 to 115 g(DM) m~2 and the
average value of 103 g(DM) m 2 was close to the value
found in La Tillaie (98 g(DM) rnfz) but stronger than in
Hesse (83 g(DM) m 2. L ranged from 3.80 to 7.83 and
Swr from 99 to 136 mm. The aboveground biomass
showed a large variability ranging from 2912 to
13,628 g(C) m 2.

The variability of the different parameters, measured
in the three case studies, was estimated using the
coefficient of variation. By comparing the three cases,
the variability of the aboveground biomass was higher
in La Tillaie, while the soil extractable water showed a
greater variability in Hesse and in Fontainebleau.
Finally N and M,,, showed few spatial variations
comparatively to the other parameters (Table 5).

3.2.4. Effect of the measured variability on the
simulated outputs

In La Tillaie, the spatial variability of simulated NEP
mainly correlated the aboveground biomass, while L and
Swr seemed to control the spatial variability of TR
(Fig. 5). L variability also explained 82% of the hetero-

Plot scale: Tillaie
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Table 5
Coefficient of variation (CV in %) of the different input parameters in
the three case studies

Parameters Symbol Tillaie Hesse Fontainebleau

Leaf area index L 14 21 23

Clumping factor Cg 12 15 -

Leaf mass per area Mg, - 7 8
of sunlit leaves

Foliar nitrogen N 6 6 9
concentration

Aerial wood biomass B 108 17 59

Soil water reserve Swr 5 16 12

Budburst date Bud - 2 -

trophic respiration variability (data not shown). However,
the strong variation of the aboveground biomass implied
high local variations of the R, that masked the effects of
the other parameters acting on photosynthesis (N, L and
Cr) oron heterotrophic respiration (i.e., L). Consequently,
the standard deviation of R.., on the 80 plots was mainly
due to the autotrophic respiration (Fig. 6a). This
conclusion was strengthened by the analysis of causes
of spatial variability in which the impact of varying the
spatial parameters are tested one by one. The above-
ground biomass variability alone explained 62% of the

Stand scale: Hesse
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Fig. 6. Standard deviations of gross primary production (GPP), net ecosystem production (NEP), ecosystem respiration (R.,) and transpiration (TR)
simulated when spatial parameters are varying one by one during a wet year (2000). The total variability is thus shared out into the various
components: leaf area index (L), clumping factor (C), leaf mass per area (My,,), leaf nitrogen content (N), aboveground biomass (B), soil water
reserve (Swr) and budburst date (bud).
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total variability of the NEP, while L and Swr explained
76% of the variability of TR (Fig. 6a). There were
compensatory effects between the input parameters for
the NEP, as the o, (181 g(C) m™> yearfl) was stronger
than the oy (154 g(C) m 2 year’l). This effect was
caused by a positive correlation between L and Cg
(R =0.73). As the effect of L on NEP was positive, while
the effect of Cr was negative, a correlation between the
two parameters contributed to a compensatory effect.
There was also an antagonistic effect of L on NEP through
the GPP and through heterotrophic respiration (Ry,), and
since Ry, was positively correlated to the GPP (R = 0.89),
this also contributed to the compensatory effect.

Plot scale: Tillaie
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0O Average of 80 simulations in 1996

[@ Simulation with average input parameters in 1996
B Average of 80 simulations in 2000

M Simulation with average input parameters 2000
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In 2000, the GPP and the NEP were lower in the Hesse
forest than in La Tillaie. In the Hesse forest, L, N, Mg,
and B played similar roles in explaining the NEP
variability, while the clumping factor (Cg) appeared to be
slightly more important than the other parameters
(Fig. 6b). The fact that L and Cg variability was
essentially due to the effect of thinning, revealed the
importance of theses spatial variation of forestry
practices that generate an NEP spatial variability. Higher
L, M,, or Nled to increases in both the GPP and the R.,,
but because the NEP is the difference between GPP and
Reco, the effect of these parameters (L, My,, and N) on
NEP was reduced. This is not the case for clumping
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Fig. 7. Comparison of gross primary production (GPP), net ecosystem production (NEP), ecosystem respiration (R..,) and transpiration (TR)
simulated with average parameters and with the average of n simulations. Vertical bars are the standard deviation of the n simulations. Comparison is
carried out at three spatial scales (0.8, 60 and 1000 ha) and in each case for a dry (1996) and a wet year (2000).
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factor, which had no effect on R}, and few on R.,. This
suggests its relative importance in explaining the NEP
variability. There were some compensatory effects, as
Opase (74 g(C) m> yearfl) was smaller than oy, (107
g(0) m 2 year’l). M, was negatively correlated to the
nitrogen content, so the My, variability partly compen-
sated the effect of nitrogen content on the GPP, which
explained the compensatory effect.

In Fontainebleau, the simulated GPP was smaller
than in la Tillaie. The above ground biomass varied
more in Fontainebleau than in Hesse and consequently
tends to explain most of NEP variability (Fig. 6¢). As in
Hesse, the L, N and My,, effects on NEP, were reduced
by their antagonistic effects on NEP through R.., and
GPP. There is less compensation between parameters in
the NEP variability; indeed o, (155 g(C) m ™2 year ")
was closer to the op,s (140 g(C) m~2 year’l).

3.2.5. Comparison of model outputs using spatially
variable and aggregated parameters

In La Tillaie, NEP was strongly reduced in 1996
compared to 2000 (—20%), because of the water stress
effect on GPP (Fig. 7a). For the 2 years, there was very
little bias when using the simulations with average
parameters in comparison to averaging the 80 outputs
(Fig. 7a). In the simulation using the average input
parameters in 2000, GPP R.., and NEP were slightly
overestimated, respectively only, of 28, 11 and 17 g(C)
m ? year '. The aggregation effect induces only a +3%
bias on the simulated NEP. By analyzing of the
simulations when the parameters varied one to one, it
was observed that this bias was mainly due to L (data not
shown). In Hesse, using average input parameters also
induces little effect (Fig. 7b). Indeed, in Hesse, a small
positive bias on NEP was observed (+24 g(C) m 2

NEP g(C) m-2d-

« measured NEP

——simulated NEP with average parameter
simulated NEP average of 9 simulations

REW (%)

e measured

simulated REW with average parameter
——simulated REW with average of 9 simulations

Fig. 8. (a) Daily net ecosystem production (NEP) and (b) daily relative extractable water (REW) measured and simulated in Hesse in 2000. One
simulation done with the average input parameters (black line) is compared with the average of nine simulations (grey line) done on nine plots from
the 60 ha surrounding the flux measurements. The error bar is the standard deviation of the nine simulations.
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year ' in 2000 and +34 g(C) m > year ' in 1996). At a
daily time step, the model correctly reproduces the
measured NEP (Fig. 8a). The correlation coefficients
between daily simulated and measured NEP were equal
in the two case studies, with or without aggregation of the
input parameters: R = 0.88. Moreover, it was difficult to
graphically distinguish the two kinds of simulations
(Fig. 8). NEP and REW variability between the nine plots
represented by the error bar (1S.D.), was small and
cannot explain all of the differences between simulated
and measured NEP or REW (Fig. 8). In 2000, the annual
NEP simulated in the Carboeuroflux plot was equal to the
annual measured NEP (438 g(C) m > year ). In Fon-
tainebleau in 2000, no bias was observed when the NEP
simulated with the average input parameters was
compared with the average of nine of each of the stand
simulations (+0.4 g(C) m~2 year’l). On the contrary, a
negative bias was found in 1996 (—37 g(C) m? yearfl).

When aggregating spatial input parameters, in the
three case studies, few biases were found for NEP, and
no bias for TR, neither for a dry year nor for a wet year.
A positive bias that was produced was expected, due to
saturation occurring. For this case the saturation curve
was very progressive, which explains the small
amplitude of the bias. The effects of non-linear response
of NEP to the parameters would have been greater if
there had been a real threshold, above which the
variability of a given parameter would have had no
effect on the NEP. This was not found in the three case
studies, but theoretically, this could be the case for the
soil water reserve (Swr) or for L at the regional level (Le
Maire, 2005). A negative bias on NEP was also found in
Fontainebleau during the dry year. This was mainly due
to a negligible bias on GPP and a positive bias on R.,.
This result showed that different positive biases on GPP
and R, could either induce a positive or a negative bias
on NEP according to the site and the year.

4. Summary and conclusion

Using a process-based model, the effects of spatial
variability of the main input parameters driving the
carbon and water fluxes were investigated. A sensitivity
analysis and three case studies were used to determine:
(i) which input parameters explained the majority of the
spatial distribution of carbon and water flux and (ii)
what were the effects of aggregating spatial parameters
on the estimation of these fluxes? It was observed that
the aboveground biomass explains a great part of net
ecosystem productivity (NEP) variability at the small
scale (1 ha), and is co-dominant at larger scales (60—
1000 ha). Leaf area index (L), Leaf mass per area of sun

leaves (My,,) and nitrogen content in leaves (N) play
similar roles, while soil water reserve (Swr) variability
seems to be more important at a larger scale (60-
1000 ha). The clumping factor (Cg) variability also
influenced the NEP variability; consequently more
efforts are required in order to quantify this parameter.
Transpiration (TR) varied less spatially than the NEP
and its variations were mainly explained by Swr and L.

The most interesting and unexpected result is that
despite the non-linear responses of NEP to L and to the
wood biomass (B), a negligible bias was found when
input parameters were aggregated. This result tends to
prove that the use of process-based model at larger
scales in order to couple them with global circulation
models, can be justified. It is now necessary to perform
similar studies at regional scales (50 km x 50 km)
using remote sensed data for areas that include several
dominant species and cover types.
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